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ABSTRACT 

 

 

NUMERICAL AND EXPERIMENTAL ANALYSIS OF SINGLE PILE 

FOUNDATION BEHAVIOR IN EXPANSIVE ANKARA CLAY  

 

 

Yēldērēm, Sefa 

Doctor of Philosophy, Civil Engineering 

Supervisor : Prof. Dr. Erdal Çokça 

 

 

July 2025, 206 pages 

 

 

Ankara, Türkiye, has a semi-arid climate, where moisture content variations in 

expansive soils cause swelling movements, potentially damaging lightweight 

structures. Pile foundations are commonly used in expansive soils when 

superstructure loads need to be transferred to depths where moisture change is 

ignorable. To design safe pile foundations in such conditions, it is crucial to 

determine the necessary anchorage depth to counteract uplift forces. The soil 

surrounding the pile in expansive clays is typically unsaturated, and matric suction 

significantly influences the mechanical behavior of the pile. 

To achieve the objectives of this study, the Thornthwaite Moisture Index (TMI) 

was determined to classify the regional climate zone. Scanning Electron 

Microscope (SEM) images and X-ray Diffraction (XRD) results were analyzed to 

identify the soil mineralogy. The index properties of the soil were characterized 

through sieve and hydrometer analyses, specific gravity tests, Atterberg limits, 

compaction tests, free swell tests, and methylene blue tests. The mechanical 

behavior of the soil was investigated using direct shear, unconfined compression, 

triaxial, and one-dimensional consolidation tests. Additionally, the soil water 

retention curve (SWRC) was obtained using the axis translation, filter paper, and 
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salt solution methods. The findings were then combined to derive the parameters of 

the Barcelona Basic Model (BBM) for numerical modeling. 

Furthermore, small-scale laboratory experiments were conducted to simulate the 

behavior of a single pile foundation in expansive clay. The displacement of the pile 

at varying anchorage depths was measured to determine the minimum required 

anchorage depth for a safe and stable design.  

According to the results of the experiments carried out in the laboratory, it was 

observed that if 3/5 of the total length of the single piles is placed in the anchor 

zone in the Ankara clay, there will be no movement of the pile. This study shows 

that Ankara-Cubuk clay, which is very difficult to predict the behavior and model 

because of the change in material properties depending on the water content, can be 

modeled using the BBM method. 

Keywords: Clay, Expansive Soil, Pile Foundation, SWRC, BBM, FEM 
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ÖZ 

 

 

ķĶķEN ANKARA KĶLĶNDE TEKĶL KAZIK TEMEL DAVRANIķININ 

SAYISAL VE DENEYSEL ANAL ĶZĶ 

 

 

Yēldērēm, Sefa 

Doktora, Ķnĸaat M¿hendisliĵi 

Tez Yöneticisi: Prof. Dr. Erdal Çokça 

 

 

Temmuz 2025, 206 sayfa 

 

 

Ankara, T¿rkiye, zemindeki su i­eriĵi deĵiĸimlerinin ĸiĸme hareketlerine neden 

olduĵu ve potansiyel olarak hafif yapēlara zarar veren yarē kurak bir iklime sahiptir. 

Kazēklē temeller, ¿styapē y¿klerinin su içeriĵi deĵiĸiminin önemsiz olduĵu 

derinliklere aktarēlmasē gereken ĸiĸen zeminlerde yaygēn olarak kullanēlmaktadēr. 

Bu t¿r koĸullarda g¿venli kazēk temel tasarēmē için, kaldērma kuvvetlerine karĸē 

koymak ¿zere gerekli ankraj derinliĵini belirlemek ­ok ºnemlidir. ķiĸen killerde 

kazēĵē ­evreleyen zemin tipik olarak doymamēĸ durumdadēr ve matrik emme 

kazēĵēn mekanik davranēĸēnē ºnemli ºl­¿de etkiler. 

Bu ­alēĸmanēn ama­larēna ulaĸmak i­in, Thornthwaite Nem Ķndisi (TMI) bölgesel 

iklim zonunu sēnēflandērmak i­in tespit edilmiĸtir. Zemin mineralojisini tanēmlamak 

için Scanning Electron Microscope (SEM) görüntüleri ve X-ray Diffraction (XRD) 

sonu­larē analiz edilmiĸtir. Zeminin indeks özellikleri elek ve hidrometre analizleri, 

ºzg¿l aĵērlēk testleri, Atterberg limitleri, kompaksiyon testleri, serbest ĸiĸme testleri 

ve metilen mavisi testleri ile tanēmlanmēĸtēr. Zeminin mekanik davranēĸē direkt 

kesme, serbest basēn­, ¿­ eksenli ve tek boyutlu konsolidasyon deneyleri 

kullanēlarak incelenmiĸtir. Ayrēca, zemin su tutma eĵrisi (SWRC) eksen ºteleme, 

filtre kaĵēdē ve tuz ­ºzeltisi yºntemleri kullanēlarak elde edilmiĸtir. Bulgular daha 
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sonra sayēsal modelleme i­in Barselona Basic Modeli'nin (BBM) parametrelerini 

belirlemek ¿zere birleĸtirilmiĸtir. 

Ayrēca, ĸiĸen kilde tekil kazēklē temelin davranēĸēnē sim¿le etmek i­in k¿­¿k ºl­ekli 

laboratuvar deneyleri yapēlmēĸtēr. Kazēĵēn farklē ankraj derinliklerindeki yer 

deĵiĸtirmesi ºl­¿lerek g¿venli ve stabil bir tasarēm i­in gerekli minimum ankraj 

derinliĵi belirlenmiĸtir. Laboratuvarda yapēlan deneylerin sonu­larēna gºre, tek 

kazēklarēn toplam uzunluĵunun 3/5'i Ankara kilinde ankraj bºlgesine yerleĸtirilirse 

kazēĵēn hareket etmeyeceĵi gºzlemlenmiĸtir. Bu ­alēĸma, su i­eriĵine baĵlē olarak 

malzeme ºzelliklerindeki deĵiĸim nedeniyle davranēĸēnē tahmin etmenin ve 

modellemenin ­ok zor olduĵu Ankara-¢ubuk kilinin BBM yºntemi kullanēlarak 

modellenebileceĵini gºstermektedir. 

Anahtar Kelimeler:  ķiĸen Zemin, Kazēk Temel, SWRC, BBM, FEM 
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CHAPTER 1 

 

 

INTRODUCTION  

 

 

This study holds significant implications for the field of geotechnical engineering 

and construction in regions with expansive clay soils, particularly in semiarid 

climates like Ankara, Türkiye. 

The shrinkage and swelling behavior of expansive soils have been a recurring 

challenge for lightweight construction projects. Despite extensive investigations 

under various conditions, the behavior of expansive soils remains an active 

research topic. The findings of this study will provide clear insights into how the 

swelling phenomena of soil affect the performance of pile foundations in expansive 

clay soils. Such information will be invaluable for geotechnical engineers and 

construction professionals, enabling the design of more reliable and safe foundation 

systems by taking into account the mechanics and behavior of soils under changing 

conditions. 

Expansive clays are frequently seen across the world in semi-arid or arid climate 

type and the behavior of these clays is generally an important concern for 

geotechnical engineers (Dafalla et al., 2012). Ankara, Türkiye is in a semi-arid 

climate type and expansive clays are distributed all over the city. The behavior of 

Ankara expansive clays may vary from region to region, and it can be affected by 

many factors such as confining pressure, over-consolidation ratio, and their 

mineralogy as all the other expansive clays. The active zone where the significant 

water content change occurs is directly related to the volumetric change in 

expansive soils. The soils are generally unsaturated in this zone, so defining 

unsaturated soil behavior is one of the key and challenging parts of working in 

expansive soils. 
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Geotechnical engineers use pile foundations so that swelling forces coming from 

the active zone can be carried out by the anchorage zone. A safe and detailed pile 

foundation design requires determining many parameters such as clay mineralogy, 

active zone depth, swelling potential and pressure of the soil, soil water retention 

curve, and engineering parameters of the clay to predict the behavior of the soil and 

its interactions with the pile. 

The outcome of research carried out in the expansive soil of Ankara to develop 

guidelines and design parameters for the single concrete piles in expansive Ankara 

clay is presented in this thesis study. 

1.1. Research Objectives 

The main objective of this study is to establish design guidelines for piles 

constructed in expansive Ankara clay. To achieve this, comprehensive laboratory 

experiments are conducted to characterize the geotechnical properties of the clay in 

detail, thereby contributing to the understanding and prediction of similar soil 

behavior. Another key objective is to investigate the performance of piles 

embedded in expansive clay through both experimental studies and numerical 

analyses. Based on the predicted pile movements, the study ultimately aims to 

determine the minimum required anchorage depth to ensure safe and effective 

design. 

The following steps are defined separately and gathered together to achieve the 

main objective. 

Gathering soil samples all around Ankara to perform quick laboratory testing to 

determine their swelling pressures and decide which soil to select for further 

advanced testing to be used in this study. 

Determining the Thornthwaite Moisture Index (TMI) specifically for the location 

of the selected clay samples. 
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Determining the index parameters for the soil by performing laboratory tests such 

as grain size distribution by performing sieve and hydrometer tests, free swell tests, 

and Atterberg limit tests. 

Performing a compaction test to determine the optimum water content and 

maximum dry density of the soil. 

Performing a consolidation test to determine the consolidation curve of the soil. 

Determining the shear strength parameters of the soil and soil-pile interface by 

conducting direct shear tests. 

Determining the behavior of a single pile in the Ankara expansive clay by 

conducting small-scale laboratory experiments. 

Determining soil parameters required for the Barcelona Basic Model (BBM) 

numerical modeling. 

The findings of this study will provide clear insights into how the swelling 

phenomena of soil affect the performance of pile foundations in expansive clay 

soils. 

The graphical abstract of the research is presented in Appendix F. 

1.2. Expansive Soil 

Expansive soils have significant volume changes depending on their moisture 

content and are mostly found in arid and semi-arid regions. Increasing the moisture 

content causes a volumetric increase, which is known as swelling, and decreasing 

the moisture content causes a volumetric decrease, which is known as shrinkage. 

This volumetric change can cause serious damage to overlaying structures. 

1.3. Active Zone Depth 

The zone of the soil where moisture content variation can occur due to climatic 

changes contributes to the swelling-shrinking action. This zone is called the active 

zone. 
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TMI was found as -22.4 and the site is considered a semiarid climatic type 

according to Table 2.1. Depth of soil suction change was found to be less than 3m 

according to Table 2.3. Ergular and Ulusay (2001) performed a comprehensive 

study on Ankara expansive clay to determine the swelling parameters of 20 soil 

samples collected from different locations. The authors determined the active zone 

depth based on water content variations and suggest that it can be taken as 2 meters 

in Ankara. 

Figure 1.1 shows a pile foundation in the expansive clay and the forces acting on it. 

Chen (1975) recommended the use of Equations 1.1 and 1.2 for the safe design of 

piles in expansive soil. 

 

 

Figure 1.1. Forces acting on the pile in expansive soil (Modified from Chen, 1975) 

 
(Eq. 1.1) 

Where; 

Fu : Uplift force 

Za : Active zone depth 

ɓ : Uplift factor 

L 
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Ps : Swelling pressure 

 
(Eq. 1.2) 

Where; 

W : The withholding force 

Qd :Load acting on pile  

L : The length of the pile 

Solar panels, electricity poles and some structures are significantly affected by the 

volume change of expansive soils due to their lightweight. The use of pile 

foundations is a very common method for such structures. Figure 1.2 shows a 

typical pile foundation design under lightweight structures.  The air space or sand 

gravel fills are used to prevent the volumetric increase in the active zone from 

affecting the structure, while the extended pile length is used to carry the structure 

by the stable ground in the anchorage zone and to balance the uplift forces acting 

on the pile from the active zone. 

 

Figure 1.2. A typical pile foundation design under lightweight structures (Nelson 

and Miller, 1997; Alnmr et al., 2023) 

 

Pile 
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The main purpose of the pile foundations analysis and design is to determine the 

safe diameter and length (US Army, 1998). Considering the equations above, it is 

necessary for the safe pile design to determine the adhesion factor Ŭ, bearing 

capacity factor Nc, uplift factor ɓu, and active zone depth Za parameters to find the 

uplift and withholding forces acting on the pile (Chen, 1975). 

1.4. Development of the Design Parameters 

The design parameters developed in this study were based on laboratory and field 

tests carried out on expansive clays from Ankara, Türkiye. The volume change 

characteristics and shear strength of partially saturated expansive soils are known 

to be very sensitive to changes in moisture content and matric suction; therefore, 

for safe design, the effects of wetting of the tested soils on these parameters were 

considered.  

The tests performed for the development of the design parameters under 

consideration were grouped into shear and interface shear strength tests, model 

tests, and numerical analysis. The shear tests included direct shear in the shear box 

apparatus and triaxial compression tests. Interface shear strength tests were 

performed in the shear box apparatus and were intended to determine the adhesion 

between soil and concrete and the effects of wetting on adhesion. The model tests 

were intended to determine the uplift factor and study the effects of wetting on the 

skin frictional resistance of small model piles. The Barcelona Basic Model is used 

for numerical analysis. 
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CHAPTER 2 

 

 

LITERATURE REVIEW  

 

 

2.1. Clay Mineralogy 

The term ñclayò can be used to refer to soil size and the type of mineral. The clay 

size generally refers to all particles in soil that are smaller than 0.002 mm. The term 

ñclay mineralogyò refers to a special type of soil mineral that varies from other 

types of soil. The main characteristics that distinguish clay minerals from other soil 

types, rather than the particle size, are a negative electrical surcharge, plasticity, 

high resistance to weathering, and particle shapes. Although clay size refers to a 

particle that is finer than 0.002 mm, not all clay minerals are finer, and not all 

nonclay materials are coarser than 0.002 mm. Therefore, using two different terms, 

clay size and clay mineralogy, to describe the clay might be quite beneficial to 

avoid confusion (Mitchell and Soga, 2005). 

Clays and clay mineralogy have been studied over the centuries due to their 

abundance on the earth and widespread usage in both geotechnical and agricultural 

industries. Behaviors and the properties of the clays are highly variable. Even in the 

same area and climate zone, clays might behave differently (Grim, R. E.,1962). 

Therefore, studying the natural soil and predicting its behavior might be quite 

challenging. The amount of clay in the soil has a great influence on soil behavior, 

as well as the mineralogical structure of the clay. A natural soil deposit can contain 

many different types of elements, but the most abundant ones are oxygen, silica, 

hydrogen, and aluminum. In addition to these elements, calcium, sodium, 

potassium, magnesium, and carbon make up 99 percent of the Earth's crust. 

Different organizations of atoms in these most abundant elements can create the 

minerals in the soil. Although the amount of nonclay materials on the earth is 
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higher than the clay, the most influential materials that affect the behavior of the 

soils are clays and organic materials (Mitchell and Soga, 2005). 

Clay mineral structure consists of a silica sheet, an octahedral sheet, water 

molecules, and ions. The variety of combinations of each component forms a 

different type of clay mineral. The different orientations of these components and 

the resulting some of the well-known clay minerals are sketched by (Mitchell and 

Soga, 2005) as shown in Figure 2.1. Silica tetrahedron consists of 1 silica and 4 

oxygens. Silica tetrahedra combine by sharing 3 of their oxygens with another 

silica tetrahedra and form silicate sheets. Similarly, a combination of aluminum or 

magnesium octahedral forms an octahedral sheet. The octahedral sheet is called 

Gibbsite (G) if the cations are mainly aluminum, and the octahedral sheet is called 

Brucite (B) if the cations are mainly magnesium. The terms 1:1 and 2:1 semibasic 

units refer to the combination of one silicate sheet to one octahedral sheet and two 

silicate sheets to one octahedral sheet, respectively. Kaolinite, smectite 

(montmorillonite), and illite are the most well-known main clay minerals (Verruijt, 

2001). 

 
Figure 2.1. Components of a variety of clay minerals (Mitchell and Soga, 2005) 
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2.1.1. Kaolinite 

Kaolinite consists of a 1:1 semistructural unit as shown in schematic diagrams in 

Figure 2.1. It has a very strong interlayer bonding between the silica and the 

octahedral sheet (Grim 1959). On the other hand, the bonds between the two semi-

units are generally weak hydrogen bonds. Those weak hydrogen bonds are still 

capable of keeping several semi-units together (Nelson et al., 2015). 

The thickness of nonhydrated kaolinite is about 7.2 angstroms. When it gets 

hydrated, the thickness might increase to 10.1 angstroms, and the difference of 2.9 

angstroms shows the thickness of the water layer between the semiunits. The 

activity of kaolinite might differ between 0.33 and 0.46 (Skempton, 1953). The 

Cation exchange capacity (CEC) of kaolinite is generally between 1 to 6 meq/100 

g. The Specific surface area is between 5 to 55 m2/g according to (Mitchell and 

Soga, 2005), and 10 to 15 m2/kg according to (Baker et al, 2017). 

2.1.2. Illite  

Illite is a mica-like clay mineral, and it is the most common type of clay mineral 

encountered in geotechnical engineering (Mitchell and Soga, 2005). The structure 

of illite consists of a 2:1 semistructural unit with two silica and one octahedral 

sheet, as shown in Figure 2.1. There are mostly potassium (K) cations between the 

adjacent units. The potassium cations form a strong bond to connect sheets. Illite is 

the only clay minerals that have potassium in its structure (Nelson et al., 2015). 

Therefore, determining potassium in clay is a very simple and quick identification 

of illite existence (Chittoori and Puppala 2011). 

The thickness of illite structural units is around 10 Ångström. The activity of illite 

is typically 0.9 (Skempton, 1953). The Cation exchange capacity of illite is 

generally between 15 to 50 meq/100 g. The Specific surface area is between 80 to 

120 m2/g according to (Mitchell and Soga, 2005). 
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2.1.3. Montmorillonite 

Montmorillonite consists of a 2:1 semistructural unit as shown in schematic 

diagrams in Figure 2.1. The connections of the two adjacent units are provided with 

very weak van der Waals bonds. Therefore, these very weak bonds are easily 

breakable and only capable of connecting one or two units (Nelson et al., 2015).   

The thickness of montmorillonite structural units is 9.6 angstrom or higher, 

depending on the type of cations it contains. The typical activity of montmorillonite 

is typically 1.5 and 7.2 for calcium and sodium montmorillonite (Skempton, 1953). 

The Cation exchange capacity of montmorillonites is generally between 80 to 150 

meq/100 g. The Specific surface area is between 600 to 800 m2/g according to 

(Mitchell and Soga, 2005). 

2.2. Expansive Soil 

Expansive soils have significant volume changes depending on their moisture 

content and are mostly found in arid and semi-arid regions. Increasing the moisture 

content causes a volumetric increase, which is known as swelling, and decreasing 

the moisture content causes a volumetric decrease, which is known as a shrinkage 

phenomenon. This volumetric change behavior can cause serious damage to 

overlaying structures (Al-Mukhtar, Lasledj, & Alcover, 2010; Al-Rawas, Hago, & 

Al -Sarmi, 2005; Basma & Tuncer, 1991; Cokca, 2001; Rao, Rahardjo, & Fredlund, 

1988; Rosenbalm & Zapata, 2017). 

2.2.1. Global Distribution of the Expansive Soil 

Nelson et al. (2015) stated that the swelling shrinkage behavior of the soils has 

been reported in 6 continents and 40 countries worldwide and shared the general 

expansive soil distribution in the United States as shown in Figure 2.2. The study 

states that expansive soils are not only limited to as shown in Figure 2.2, but there 

are also considerable amounts of expansive soils, which are quite severe, in other 

parts of North America. 



 

 

11 

 

Figure 2.2. Distribution of expansive soils in the USA (Nelson et al, 2015) 

Expansive behavior causes cracks in foundations, and damage on lightweight 

structures such as floors and basement walls. The annual average cost spent on 

expansive soil-related infrastructure damages is 9 billion dollars in the United 

States of America (Lyons & Ross, 2015). 

Shi et al. (2002) state that expansive soil is a common problematic soil that is 

distributed all around the world. China is one of the countries that contains a high 

amount of expansive soil. 20 provinces and regions roughly about 600,000 km2 

areas are covered by expansive soils in China. The annual structural damage cost 

due to the swelling-shrinkage behavior of the expansive soil is more than 1 billion 

US dollars in China. Figure 2.3 shows the general expansive soil distribution in 

China taken from (Shi et al., 2002). 
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Figure 2.3. Distribution of expansive soils in China (Shi et al., 2002) 

Verma and Maru state that 20 percent of India is covered by expansive soil. The 

most common regions that contain a high amount of expansive clays are the 

Deccan Plateau, Andhra Pradesh, Uttar Pradesh, Karnataka, Maharastra, and some 

parts of Gujarat. Black Cotton type of expansive soil is the most dominant soil in 

the Malwa region in India (Verma and Maru, 2013). 

Australia is another country that faces many challenges due to the presence of 

expansive soils. Six of the eight capital cities in Australia are covered by expansive 

soils (Ahmed, Evans, & Imteaz, 2016). According to (Richards et al., 1983), 20 

percent of Australia is covered by expansive soil as shown in Figure 2.4 and most 

of them are in the semi-arid climate zone. In the semi-arid zones, reddish brown 

clay with some amount of bentonite results in swelling shrinkage behavior and 

creates Australian gilgais, which is an Australian word that means small waterholes 

(Wagner, 2002). 
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Figure 2.4. Distribution of expansive soils in Australia (Richards et al., 1983) 

2.2.2. Expansive Soils in Türkiye  

Çokça (1991) worked on determining the swelling characteristics of Ankara clay. 

He worked on a variety of clays in the Ankara region and developed a new 

classification method using the methylene blue test and clay content to predict 

swelling potential. 

Çokça (2001) studied the stabilization of expansive soil with a variety of fly ashes 

from Soma and Tuncbilek thermal power plants in Türkiye with a variety of curing 

times. He found that adding fly ashes reduced the swelling potential up to 68 

percent when Tuncbilek Fly ash was used. (Ünver, Lav, & Çokça, 2021) studied 

Ankara expansive clay from the Akyurt-Ankara. They aimed to reduce the swelling 

potential of high plastic Ankara expansive clay and increase the strength of the soil. 

They reported that adding lime for the stabilization of expansive clay is a more 

effective approach than adding fly ash for stabilization. 
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Nalbantoglu and Gucbilmez (2001) worked on expansive clay in Cyprus and stated 

that adding 15 percent Soma fly ash and 3 percent lime reduced the swelling 

potential of Cyprus expansive clay to almost zero. They indicate that after adding 

fly ash and lime, the structure of the expansive clay becomes silt-sand-like 

structures. Nalbantoglu and Tawfiq (2006) studied the stabilization of Northern 

Cyprus expansive clay by adding olive cake residue. 3 percent of olive cake residue 

was found to be efficient in decreasing swelling pressure and increasing the 

strength of the soil significantly. Therefore, they highlighted that olive cake residue 

can be used as a good environmentally friendly alternative to be used for the 

stabilization of expansive soils. 

Yilmaz and Karacan (2002) determine both the geotechnical parameters and the 

mineralogy of expansive clays in the Erbaa Basin by performing both field and 

laboratory tests. Comparing the swelling potential of expansive soils, they indicate 

that overconsolidated soils with higher strength contain less potential to cause 

damage, regardless of their high swelling potential. 

Ergüler and Ulusay (2003) studied expansive clay taken from 20 different locations 

in Ankara and identified the factors that affect swelling behavior. When water 

contents increased to 30 percent or higher, they observed a significant decrease in 

swelling potential. They reported that active zone depth is between 1 to 2 meters in 

Ankara. They also showed that anisotropy is one of the critical factors that has a 

significant impact on swelling behavior. Comparing the vertical and horizontal 

swelling, they found that horizontal swelling is much higher than vertical swelling. 

This is especially very critical for retaining walls and lateral swelling might cause 

significant damage to drainage systems (Ozer, Ulusay, & Isik, 2011). 

Mollamahmutoĵlu, Yēlmaz, and G¿ngºr (2005) worked on the stabilization of 

expansive clay with fly ash in Bursa, Türkiye. They stated that adding 35 percent 

of fly ash can stabilize the Bursa expansive clay (a liquid limit of around 80 

percent) and reduce the swelling pressure to a tolerable level to use in highway 

construction. 



 

 

15 

Kalkan and Bayraktutan (2007) show the existence of expansive clay in Oltu-

Narman in Erzurum. According to their study, swelling potential and pressure of 

the clay in that region vary between 3.1 - 6.0 percent and 181 - 267 kPa, 

respectively. The plasticity index of the clay was reported as between 22 and 42 

percent. 

Oncu and Bilsel (2018) investigated the stabilization of expansive clay in Cyprus, 

adding waste marble powder and marble dust. Based on the laboratory tests, the 

researchers showed that the addition of 10 percent marble powder or 5 percent 

marble dust results significant reduction in swelling potential and a significant 

increase in compressive strength. Using waste material as a stabilization agent is 

both an environmentally friendly solution and a good alternative to other 

stabilization agents. 

Deliktaĸ and ¢ok­a (2020) worked on several Ankara expansive clays from Bilkent 

University Campus, Middle East Technical University Campus, and Ege Plaza in 

Ankara and investigated the relationship between the swelling capacity of the 

Ankara expansive clay and its undrained strength. The study showed that the shear 

strength of the Ankara Clay was reduced by 70 percent when the clay had 10 

percent of swelling and reduced by 90 percent when 100 percent of swelling 

occurred. 

Özdemir, Kalkan and Turhan (2024) determine the properties of Ankara clay in 

Ayas region. They stated that the swelling potential of the clay varies with depth. 

In Ayas-clay, swelling potential varies between 3.9 percent to 6.9 percent, and the 

max swelling pressure they determined was 37.5 kPa. 

Türkiye is one of the countries that has expansive clays in a variety of regions. This 

has been demonstrated above by numerous studies carried out in different regions 

in Türkiye. Ankara is located in a semi-arid climate zone where expansive soil 

behavior is an important concern. As can be seen from the above studies, the 

identification, behavioral determination, and stabilization of the Ankara expansive 

clay is an important research topic and continues to be important at present. 
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2.3. Identification and Classification of Expansive Clays 

The behavior of the expansive clay depends on many factors. Mitchell and Soga 

(2005) group these factors into two groups: environmental and compositional 

factors. Compositional factors are the type of minerals, adsorbed cations, and the 

amount in the soil, pore water distribution in the soil, grain size distribution, and 

the shapes of the particles. Environmental factors are confining pressure, 

temperature, soil fabric, water content, density, and the availability of water. 

Both compositional and environmental factors can have a significant impact on the 

behavior of the soil. Therefore, both site investigations and laboratory tests can be 

essential to define the soil and determine its engineering properties. 

2.3.1. Signs for the Existence of Expansive Soil on the Field 

Chen (2012) suggests that geotechnical engineers gather as much information as 

possible for the site before starting work on a soil investigation. Topography, 

surficial geology, existing structures, drilling and sampling, and performing in-situ 

tests such as standard penetration tests can help geotechnical engineers to have a 

comprehensive idea about the soil. Therefore, it would be unwise for engineers to 

skip site investigation to avoid some extra cost for a project. 

One of the main signs of the existence of expansive soil is crack patterns in the soil 

and cracks in the structures. These damages highly increase the amount of project 

costs. Even minor cracks in the properties might be an early sign of bigger damage 

(Radevsky, 2001). 

Lightweight structures are much more likely to be affected by expansive behavior 

because they cannot apply enough pressure to prevent upward movement. 

Therefore, observation of differential movements between the houses and the 

sidewalks would be a sign of the presence of expansive soil. 

Expansive soil shows a volumetric increase when there is available water to absorb. 

Therefore, a local volumetric increase adjacent to local water sources is a sign of 

expansive soil presence (Wise and Hudson, 1971). 
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2.3.2. Climate 

The swelling and shrinkage action in the soil is related to the amount of water in 

the soil. The moisture content increments or decreases cause the behavioral change 

in the soil. The availability of water and the potential change in the moisture 

content are directly related to climate. Therefore, the climate has a significant 

influence on the behavior of the expansive clays (Karunarathne, 2016). 

Thornthwaite (1948) used climate factors of temperature and rainfall to determine 

average potential evapotranspiration (PE). When the average PE is more than the 

monthly rainfall, the condition is defined as a water deficit. In contrast, if monthly 

rainfall is higher than the average potential evapotranspiration (PE), the excess 

water is stored up to the maximum capacity of 100 mm in the soil. When the 

amount of excess water exceeds the maximum capacity of storage, the condition is 

defined as a water surplus. Thornthwaite suggested calculating the Thornthwaite 

Moisture Index (TMI) parameter using monthly water surplus-deficit and potential 

evapotranspiration data that may occur in the region to identify different climate 

types. 

Table 2.1. Thorntwaite Moisture Index for the different climate types 

(Thornthwaite, 1948; Ikizler, 2018) 

Climate Type Thornthwaite Moisture Index (TMI) 

(A) Perhumid >100 

(B4) Humid 80 to 100 

(B3) Humid 60 to 80 

(B2) Humid 40 to 60 

(B1) Humid 20 to 40 

(C2) Moist Subhumid 0 to 20 

(C1) Dry Subhumid -20 to 0 

(D) Semiarid -40 to -20 

(E) Arid -60 to -40 
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In Türkiye, there may be significant variations in the amount of precipitation and 

temperature averages from region to region. Therefore, the TMI value should be 

calculated separately for each region. Figure 2.5 shows the general distribution of 

TMI in Türkiye. 

 

Figure 2.5. The general distribution of TMI in Türkiye (Ikizler, 2018) 

2.3.3. Active Zone Depth 

The zone of the soil where moisture content variation can occur due to climatic 

changes contributes to the swelling-shrinking action. This zone is called the active 

zone. The existing drainage or irrigation water can change the depth of the active 

zone (Nelson, 2015). 

The active zone depth can vary from location to location in a site, and it can be 

determined by plotting the liquidity index and soil depth profile over different 

seasons. In the western part of the United States, the active zone depth can reach up 

to 15 meters. On the other hand, active zone depth varies between 1.5 to 3 meters 

in Houston, 2.1 to 4.6 meters in Dallas, 3 to 9 meters in San Antonio, and 3 meters 

in Denver (Das, 2011). 
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An Australian standard of AS2870 (2011) defines the Hs for the cities shown in 

Table 2.2. It is also indicated that TMI values can be used to determine the Hs 

using Table 2.3. It is noted that if the water table elevation is lower than the depth 

of the design soil suction change, Hs should be taken equal to the depth of the 

water table. 

Table 2.2. Depth of design suction change for cities in Australia (Adopted from 

AS2870, 2011) 

Cities in Australia Depth of soil suction change (Hs) m 

Adelaide 4.0 

Albury/Wodonga 3.0 

Brisbane/Ipswich 1.5 ï 2.3 

Gosford 1.5 ï 1.8 

Hobart 2.3 ï 3.0 

Hunter Valley 1.8 ï 3.0 

Launceston 2.3 ï 3.0 

Melbourne 1.8 ï 2.3 

Newcastle 1.5 ï 1.8 

Perth 1.8 

Sydney 1.5 ï 1.8 

Toowoomba 1.8 ï 2.3 

 

Table 2.3. Relationship between TMI and depth of soil suction (Adopted from 

AS2870, 2011) 

TMI Depth of soil suction change (Hs) m 

>10 1.5 

Ó-5 to 10 1.8 

Ó-15 to Ò-5 2.3 

Ó-25 to Ò-15 3.0 

Ó-40 to Ò-25 4.0 

Ò-40 >4.0 
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Lucian, 2011 stated that volumetric increase due to water content change over 

seasons occurs only in the active zone. The author measured the water content over 

depth in a variety of locations in September and April which are the driest and 

wettest months in Tanzania to determine active zone depth as shown in Figure 2.6. 

He found that active zone depth in Tanzania is between 1.5 meters and 2 meters. 

 
Figure 2.6. Water content variations in a variety of locations in Tanzania (Lucian, 

2011) 

Ergular and Ulusay, 2001 performed a comprehensive study on Ankara expansive 

clay to determine the swelling parameters of 20 soil samples collected from 

different locations. The authors determined the active zone depth based on water 

content variations and suggested that it can be taken 2 meters in Ankara. 

2.3.4. Direct Tests for Determination of Swelling Parameters 

Swelling parameters are swelling potential and swelling pressure. These parameters 

can either be directly measured with some specific tests in the soil laboratory tests 

or can be obtained using some empirical formulas or charts by the index parameters 

of the soil (Sapaz, 2004). 
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2.3.4.1. Swell Potential 

Swelling potential defines an expansive soil's ability to increase volume when 

water is added (Holtz, Kovacs, & Sheahan, 1981). ASTM D5890-11 describes the 

free swell percentage as the ratio of volume change over the initial volume, as 

shown in Equations 2.1 and 2.2. ASTM D4546-14 suggests using an oedometer 

ring to prevent lateral movements, so volumetric increments can be defined as 

increments in height. Therefore, swelling potential can be simply determined as the 

height increment of the specimen over the initial height of the specimen. 

 

 (Ὁή. 2.1) 

 

 (Ὁή. 2.2) 

Table 2.4. USBR classification for expansive soils 

Swelling Potential Degree of Expansion 

>25 Very high 

5 - 25 High 

1.5 - 5 Medium 

0 ï 1.5 Low 

 

Table 2.5. Expansive soil classification (Adopted Sridharan and Prakash, 2000) 

Swelling Potential from 

oedometer (%) 

Clay Type Degree of Expansion 

<1 Non-swelling Negligible 

1 - 5 A mixture of swelling 

and non-swelling 

Low 

5 - 15 Swelling Moderate 

15 - 25 Swelling High 

>25 Swelling Very high 
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The ASTM D-4829 suggests applying 7 kPa normal pressure to the specimen and 

soaking it in water. The ratio of the height increments to the initial height is 

described as the expansion index (EI). The soil can be classified by its expansion 

index according to Table 2.6 (Nelson, 2015).  

 

 

 

(Ὁή. 2.3) 

Table 2.6. Classification of the soil based on the expansion index (Nelson, 2015) 

Expansion Index (EI) Expansion Potential 

0 - 20 Very low 

21 - 50 Low 

51 - 90 Medium 

91 - 130 High 

>130 Very High 

 

2.3.4.2. Swell Pressure 

When expansive soils absorb water, they attempt to swell. If volume is prevented 

from expanding, the soil develops pressure, which is called swelling pressure. 

ASTM D4546-14 suggests three different methods to determine this stress. 

According to the first method, the soil can be allowed to swell freely and then 

apply stress to force it to return to its initial volume. The applied pressure can be 

defined as swelling pressure. The second method prevents soil from having volume 

increase by applying additional stress to the soil when it attempts to swell. This 

method is also known as the constant volume method. When there is no further 

volume increment attempt in the soil, the final applied pressure is defined as swell 

pressure. The last method is applying alternative loads to the specimen and 

measuring the swelling pressure for different swell pressures. 
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The amount of deformation caused by the swelling pressure depends on the type of 

structure to be overlaid. If the stress, caused by the overlying structure, is lower 

than the swell pressure, some level of damage to the upper structure may be 

observed. Pruġka and ĠedivĨ (2017) studied a different type of cracks that can 

occur on asphalt and concrete surfaces when different ranges of swelling pressure 

are applied as shown in Table 2.7. 

Table 2.7. Swelling pressure effect on asphalt and concrete surface (Pruġka and 

ĠedivĨ, 2017) 

Swelling Pressure 

(kPa) 

Evaluation Asphalt Surface Concrete Surface 

<30 Negligible No deformation Virtually 

impossible 

30 - 60 Increased Little noticeable 

deformation 

First signs of 

cracks 

60 - 100 High Slight 

undulations 

Clear visible 

cracks 

>100 Very high Significant 

undulations 

Significant cracks 

 

2.3.4.3. Modified Free Swell Test 

The modified free swell test is the easiest and quickest test to determine the 

swelling potential of the soil. 10 grams of soil passes No: 40 sieve is required to 

perform the test. Then the soil samples should be divided into two portions and 

each portion should be placed in 100 ml cylinders. One of the cylinders should be 

filled with distilled water and the other with kerosene. After 24 hours of waiting the 

ratio of the difference in volume of soil in the distill ed water and kerosene over the 

volume of the soil in the kerosene defines the free swell index (FSI). The test can 

be performed in both according to the standards ASTM D5890 for geosynthetic 

liners and IS 2720 for natural soils. FSI can be used for the classification of the soil. 
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Table 2.8. Classification of expansive soil using FSI (Bureau of Indian Standards 

1987) 

Degree of Expansion Free Swell Index (FSI) 

Low < 50 

Medium 50 - 100 

High 100 - 200 

Very High >200 

 

2.3.4.4. Lateral Swell Test 

Water adsorption in an expansive clay causes a volumetric expansion. This 

expansion is not limited to vertical but also lateral movements. Although the 

vertical pressure is generally higher than the lateral pressure in the soil, depending 

on the geology and the stress history, vertical pressures might be balanced by the 

pressure that comes from the overlying soils. Therefore, the impact of the lateral 

swell pressure on the geotechnical structures might be critical to be considered (Ito 

and Azam, 2013).  

Sapaz (2004) conducted a series of laboratory tests in the Middle East Technical 

Universityôs soil laboratory using a thin wall oedometer technique to determine 

lateral swell pressure and a constant volume swell test for the vertical pressure. The 

study showed that the initial moisture content and the dry strength of the clay are 

important influencing factors in lateral and vertical swell pressure. The author 

reported that increments in the initial water content cause a decrease in both 

vertical and lateral swell pressure. A constant increment in the initial dry density 

causes an increment in both vertical and lateral swell pressure. The ratio of lateral 

to vertical swelling pressure was identified as the swelling pressure ratio, and the 

study found that it is between 0.59 and 0.86 according to a variety of tests 



 

 

25 

performed under different conditions, as shown in Figure 2.7. On the other hand, 

Ertekin (1991) indicates that in some cases swelling ratio can be higher than 1.0. 

 
Figure 2.7. The relationship between swell ratio, initial water content, and dry 

density (Sapaz, 2004) 

2.3.5. Laboratory Tests to Identify and Classify Expansive Soils and 

Determine Swell Parameters 

2.3.5.1. Sieve and Hydrometer Tests 

The soil consists of coarse materials such as sand and gravel and fine materials 

such as clay and silt. The sieve and hydrometer tests can be conducted to determine 

the grain size distribution for coarse and fine materials. The combination of them 

can provide geotechnical engineers amount of each material in the soil from clay to 

boulders. The procedures to perform these tests are explained in the ASTM 

standards of D6913 ï 04, 2009, for the sieve test and D7928 ï 17, 2017 for the 

hydrometer test (Germaine and Germaine, 2009). 

One of the most critical influential factors of the expansive behavior of the soil is 

the clay content and it can be easily determined from the grain size distribution 

(Basma, Al-Homoud, & Husein, 1995). Also, the percentage of clay content can be 

used to calculate the activity of the clay, which is a useful parameter for the 

classification of the soil. 
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2.3.5.2. Specific Gravity Test 

The specific gravity is the ratio of the mass of the soil to the mass of the water at 4 

°C in the same volume. Determining the specific gravity is very important for 

geotechnical engineering because it is required to be known for almost all 

geotechnical tests. The procedure to perform the test is explained in the ASTM 

D854-06e1, 2006 (Germaine and Germaine, 2009). 

Expansive soil data collected from 119 international case studies show that the 

specific gravity (Gs) of most expansive clays ranges between 2.5 and 2.9 (Jalal et 

al., 2021). Ergular and Ulusay (2001) state that the GS of Ankara soil can be 

changed between 2.52 and 2.66 based on 20 tested soil samples taken from 

different locations in Ankara. 

2.3.5.3. Atterberg Limits Test  

Atterberg limits tests are performed to determine the liquid limit (LL), plastic limit 

(PL), and Shrinkage limit (SL) for the soil. The liquid limit is the water content 

where the consistency of the soil changes from fluid-like behavior to a plastic 

behavior.  The plastic limit is a water content where the consistency of the soil 

changes from plastic behavior to semi-solid behavior. Similarly, shrinkage limits 

are the boundary between semi-solid behavior to solid behavior. Most of the 

natural soils are determined between the boundaries of plastic limits and liquid 

limits.  These limits were first developed by A. Atterberg (1911) for the 

classification of agricultural soils and then standardized by Casagrande, in 1932. 

Liquid and plastic limits are also used to determine the plasticity index (PI) as it is 

the difference between these two parameters as shown in Equation 2.5. High PI 

values indicate that the soil shows plastic behavior in a high range of water 

contents. Using the parameters PI and clay percentage in the clay, Skempton 

(1953) determined a term activity as shown in Equation 2.6 (Germaine and 

Germaine, 2009). Table 2.9 classifies the clay into three groups based on their 

activity and Table 2.10 shows the typical activity values for some clay minerals. 
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The detailed description of conducting Atterberg limits tests is explained in the 

ASTM standards of D4318, 2017, and D4943, 2018. 

Atterberg limits, plasticity index, and the activity of the soil are related to clay 

mineralogy and the clay fraction in the soil, similar to the swelling characteristics 

of the soil. Therefore, many researchers used these parameters to predict the degree 

of expansions. Table 2.11 summarizes the previous studies that correlate liquid 

limit, plasticity index, and the clay content of the soil to the degree of expansion. 

Figure 2.8 shows the location of montmorrilite, illite and kaolinite on the plasticity 

chart. The figure indicates that clay minerals with higher plasticity index tend to 

have higher expansion. 

 

 

 (Ὁή. 2.5) 

 

 (Ὁή. 2.6) 

 

Table 2.9. Skempton, 1953 Classification of clay based on activity 

Activity  Soil Classification 

<0.75 Inactive 

0.75-1.25 Normal 

>1.25 Active 

 

Table 2.10. Skempton, 1953 Activity values for typical clay minerals (Nelson, 

2015) 

Activity  Mineral 

0.33-0.46 Kaolinite 

0.9 Illite  

1.5 Ca Montmorillonite 

7.2 Na Montmorillonite 
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Table 2.11. Previous studies to classify expansive soils using Atterberg limits and 

clay content 

Resources SL LL  PI Clay 

content 

(%)  

Swelling 

Potential 

(%) 

Degre of Expansion 

Altmeyer,1955 <12     Noncritical 

10-12     Marginal 

>10     Critical 

Holtz and Gibb, 1956 >15  <18 <15 <10 Low 

10-16  15-28 13-23 10-30 Medium 

7-12  25-41 13-20 20-30 High 

<11  >35 >28 >30 Very High 

Terzaghi and Peck, 

1967 

  <15   Low 

  10-35   Medium 

  20-55   High 

  >55   Very High 

Raman, 1967 <15  <12   Low 

15-30  12-23   Medium 

30-40  23-32   High 

>40  >32   Very High 

Sowers and Sowers, 

1970 

>12  <15   Low 

10-12  15-30   Moderate 

<10  >30   High 

Peck et al., 1974   <15   Low 

  10-35   Medium 

  20-35   High 

  >35   Very High 

Snethen et al., 1977  >60 >35  >1.5 High 

 50-60 25-35  0.5-1.5 Moderate 

 <50 <25  <0.5 Low 

USAEWES 

Classification (OôNeil 

and Poorymoayed, 

1980) 

 <50   <0.5 Low 

 50-60   0.5-1.5 Marginal 

 >60   >1.5 High 

Pitts, 1984; Kalantari, 

1991 

 <50 <25   Low 

 50-60 25-35   Marginal 

 >60 >35   High 
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Table 2.11. (continued) 

Chen, 1988  >60  >95 >10 Very High 

 40-60  60-95 3-10 High 

 30-40  30-60 1-5 Medium 

 <30  <30 <1 Low 

Bowels,1988   <15   Low 

  10-35   Medium 

  20-55   High 

  >35   Very High 

Kay, 1990  <20    Low 

 20-40    Moderate 

 40-70    High 

 >70    Very High 

 

 

Figure 2.8. Location of Kaolinites Illites and Montmorillonites on the plasticity 

chart (Holtz, Kovacs, and Sheahan 2011, Nelson 2015) 

Seed, H. B., Woodward, R. J., and Lundgren, R. (1962) showed that the degree of 

expansiveness is related to the clay content and activity, and it can be classified 

into 4 groups: low, medium, high, and very high as shown in Figure 2.9. On the 

other hand, Figure 2.10 shows that different researchers found different 

relationships between plasticity index and swelling potential. Therefore, although it 

is obvious that the plasticity of the soil is related to swelling potential, swelling 



 

 

30 

potential calculated by this graph can show different amounts of swell. Conducting 

relevant laboratory tests to determine each parameter of the plasticity index and 

swelling pressure might be necessary if exact values are needed. 

 

Figure 2.9. Classification of expansive soils based on clay contents and activities 

(Seed, Woodward and Lundgren, 1962; Chen, 1975) 

 

Figure 2.10. Relationship between plasticity index and swelling potential (Chen, 

1975) 
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In addition to previous charts and tables to classify expansive soils, many resources 

found an empirical relationship between swelling pressure and index parameters. 

Hergul (2012) collected past empirical predictions of swelling pressure as shown in 

Table 2.12. 

Table 2.12. Empirical predictions for expansive Soils (Hergul, 2012) 
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2.3.5.4. Compaction Test 

The main purpose of the compaction test is to determine the compaction 

characteristics of the maximum dry density and the optimum water content of the 

soil. The test aims to provide a curve that demonstrates the dry densities for 

different water content values when standard energy is implemented a soil for 

compaction. The ASTM D698 standard named standard effort test, specifies that 

energy is 600 kN-m/m3. Other methods can be used to perform compaction tests as 

modified effort (2700 kN-m/m3) or the Harvard compaction tests. The procedures 

of modified effort compaction tests are explained in detail in ASTM D1557. This 

method uses larger types of equipment that enable geotechnical engineers to use 

larger soil particles and better simulate the field condition (Germaine and 

Germaine, 2009). Similarly, the Harvard compaction test uses smaller apparatuses 

and is used for fine soils (Wilson, 1970). 

Figure 2.11 demonstrates an example compaction curve. The black square points 

represent the dry density for each corresponding water content. The best-fit line 

that connects all data points is named the compaction curve. The peak point on the 

compaction curve corresponds to the optimum water content on the x-axis and the 

maximum dry density on the y-axis. The part of the curve with higher water 

content than the optimum water content is defined as wet of optimum and reversely 

the part of the curve with less water content than the optimum water content is 

defined as dry of optimum. A sequence of degree of saturation (S) curves can be 

drawn on the graph to determine the corresponding degree of saturation for each 

data point (Germaine and Germaine, 2009). 
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Figure 2.11. Compaction curve (Germaine and Germaine, 2009) 

The type of soil has a great influence on the compaction curve as shown in Figure 

2.12. Soil with a high amount of coarse material generally tends to have high dry 

density and low optimum water content. Oppositely, soil with high amounts of fine 

material like silts and clay tends to have low dry density and high water content. 

Typical values for maximum dry densities and corresponding optimum water 

contents are shown in Table 2.13. 

 

Figure 2.12. Compaction curves for different soil textures (Germaine and 

Germaine, 2009) 
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Table 2.13. Typical values of maximum dry densities and corresponding optimum 

water contents (Germaine and Germaine, 2009) 

 

Akgün et al. (2017) studied the hydraulic conductivity of the Ankara clay to 

determine if it can be used as a clay liner. According to the data set they provided, 

high plasticity Ankara clays have an optimum water content between 22 and 28 

percent, and maximum dry density between 13.9 and 14.4 kN/m3. 

2.3.6. Laboratory Tests for Mineralogical Identification of Expansive Soil 

Clay fraction and the mineralogical composition of the clays play an important role 

in dominating the swelling behavior of the soil. Although it is quite beneficial to 

identify the mineralogical components of the soil, it might require some costly 

sophisticated equipment (Cokca, 2002). 

2.3.6.1. Methylene Blue Test 

The methylene blue test was first developed in France to determine the amount of 

clays in aggregates (Taylor, 1985; Cokca, 1991). The test is economical and 
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practical to determine the surface area of a clay particle and cation exchange 

capacity, and it can be correlated with index soil laboratory tests to evaluate 

swelling potential (Türköz and Tosun, 2011). The surface area of a clay particle is 

a useful parameter to identify the type of mineral and it can provide how much 

water the clay particle can absorb (Cokca, 2002). Therefore, it is considered a 

direct reflection of clay mineralogy and an indirect indicator for the expansion of 

soil (Fityus and Smith, 2000; Cokca, 2002). 

The test procedure according to a France standard ANFOR (1993) was schematized 

by (Cokca, 2002) can be seen in Figure 2.13. 

 
Figure 2.13. The schematic graph to perform methylene blue test (Cokca, 2002) 
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The specific surface area (SSA) and cation exchange capacity (CEC) are the most 

common parameters that are being used for the identification of clay particles. The 

clay particles have negative surcharged surfaces. The total amount of cations to 

neutralize the negative surface of the clay particles is defined as cation exchange 

capacity (CEC). Active clays that have a higher potential to swell have higher 

CEC. The SSA is the total surface area of clay particles in a unit weight of soil. 

SSA increases when the particle size of clay decreases. The clay with higher SSA 

might have a higher potential to adsorb water and expand. However, if there is a 

considerable amount of organic material in the clay, the swelling capacity may be 

low even though the SSA is high. Therefore, SSA might not directly reflect the 

expansion of soil (Jury, Gardner, and Gardner, 1991; Nelson, 2015). Table 2.14 

shows the typical values of CEC and SSA for different clay minerals. Figure 2.14 

shows the potential expansion according to CEC and activity. 

Table 2.14. Typical values of CEC and SSA for different clay minerals (Mitchell 

and Soga, 2005, modified from Nelson, 2015) 

Clay Mineral Cation Exchange 

Capacity (CEC) 

(meq/100g) 

Specific Surface Area 

(m2/g) 

Kaolinite 1-6 5-55 

Illite  15-50 80-120 

Montmorillonite 80-150 600-800 
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Figure 2.14. Potential expansion of the clay according to CEC and activity (Nelson 

and Miller, 1992; Nelson, 2015). 

2.3.6.2. X-Ray Diffraction Analysis 

X-ray diffraction analysis is one of the most common types of methods to 

determine soil composition and specifically to identify fine-grain minerals. 

Different X-ray diffraction peaks represent different minerals. A combination of 

this knowledge with simple grain size distribution can help to define soil and help 

to predict its behavior (Mitchell, 2005). 

X-rays consist of wavelengths between 0.01 and 100 Å (Angstrom). Mitchell 

(2005) states that when a high-speed X-ray electron is sent to the soil, it either 

displaces one of the electrons from the target material's inner shell and lowers the 

vacancy of the material or it might not strike an electron and replace any electrons. 

X-rays with different wavelengths can be filtered before sending them to the target 

soil sample. Therefore, it is possible to send an X-ray with a single wavelength. 

Copper radiation with a wavelength of 1.54 Å (Angstrom) is most used to identify 

the soils (Mitchell, 2005). Figure 2.15 shows the diffraction of X-rays from target 
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material according to Braggôs law as defined in Equation 2.7. The angle of 

diffraction (ɗ) is dependent on the interatomic spacing (d), which is identical for 

each mineral. In Equation 2.7, (n) is the order of diffraction that can be any whole 

number and (ɚ) is the wavelength of the X-rays. 

 

Figure 2.15. X-ray diffraction according to Braggôs law (Mitchell, 2005) 

nɚ=2dsinɗ (Eq. 2.7) 

 

The reflected X-rays from different angles and intensities are collected by a 

detector. Each peak intensity corresponding to different diffraction angles 

represents a different mineral in the soil. Table 2.15 shows the interatomic space 

(d) for different common types of minerals in soil. 
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Table 2.15. Interatomic spaces for common minerals in soil (Mitchell, 2005) 

 

Sharma et al. (2012) stated that crystal structures can be used to identify the 

material and refer to the X-ray pattern as a fingerprint of the crystal structure. X-

ray diffraction analysis can be used in a wide variety of fields. Bunaciu et al. 

(2015) emphasize the importance of the test in the pharmaceutical industry, 

forensic science, microelectronics industry, and glass industry, in addition to 

geological applications.  
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2.3.6.3. Scanning Electron Microscope (SEM) 

The scanning electron microscope (SEM) is a common method for the 

compositional analysis of fine soils. It has a magnification range of x20 to x150000 

and makes it possible to reveal and identify clay particles. The limit of SEM is 100 

angstrom but generally using lesser magnifications is sufficient to resolve clay 

particles in soil compositions. The typical SEM images for kaolinite, illite and 

montmorillonite are shown in Figure 2.16. 

 

Kaolinite 

 

Illite  

 

Montmorillonite 

Figure 2.16. SEM images of kaolinite, illite and montmorillonite (Murray, 2007, 

Adopted from Özkan, 2021) 

2.4. Soil Water Retention Curve (SWRC) Measurements 

Soil mechanics emerged around the 1930s as a discipline that considers only the 

saturated conditions of the soil. The concept of the suction effect on the soil was 

not known in those years. After that, the effect of negative pore pressure in the soil 

was recognized but ignored because it would reveal more conservative safety 

designs. In humid climate zones, water level elevations are quite high, so generally 

positive pore pressures occur in the soils. However, in arid and semi-arid regions 

where expansive soils exist, assuming the soil is fully saturated or ignoring the 

suction would not be tolerable. Later on, independent stress state parameters 

(Fredlund et al., 1978), volume change behavior (Fredlund and Morgenstern,1976), 

shear strength (Fredlund et al., 1978), and seepage analysis for the unsaturated soils 

were studied. Nevertheless, there was a lack of knowledge between theories and 
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practical geotechnical problems. This inadequacy has been mitigated by SWRC 

(Fredlund, 2012). 

SWRC consists of a series of data points showing the correlation between water 

content (gravimetric or volumetric) or degree of saturation and suction (matric or 

total). It is generally drawn as matric suction on the logarithmic x-axis and 

volumetric water content on the y-axis (Rajesh et al., 2017; Soltani et al., 2019). 

Fredlund (2012) explained some advantages and disadvantages of defining SWRC 

with gravimetric water content, volumetric water content, or degree of saturation, 

as shown in Table 2.16. 

Table 2.16. Advantages and disadvantages of different designations on SWRC 

(Fredlund, 2012) 

 

Brooks and Corey (1964), van Genuchten (1980), and Fredlund and Xing (1994) 

models are the most common mathematical approaches to fit data points to create 

the SWRC (Lu and Likos, 2004). Different fitting models for SWRC are shown in 

Table 2.17. 
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Table 2.17. SWRC empirical equations (Leong and Wijaya, 2023) 

 

The SWRC consists of three main zones: saturated (boundary effect zone as named 

in Figure 2.17), transition, and residual, and two important boundaries that separate 

those zones as air entry value (AEV) and residual suction value, as illustrated in 

Figure 2.17. Air entry value (AEV) is the boundary between the saturated zone and 

the transition zone. Under lower suction than AEV, the soil has the highest water 

content and becomes fully or nearly saturated. The zone describes the lower suction 

and the highest water content is described as a saturated zone. When a higher 

suction than AEV is applied to the soil, air entry to the soil begins and removes 

water. The main characteristic of the transition zone is the rapid decrease in water 

content when suction increases. Further increase in suction removes water in the 

soil until it reaches the residual suction value. At this boundary condition water that 

remains in the soil is tightly attached to the soil particles. Soil goes to the residual 

zone after a further increase in suction. In this zone, hydraulic flows become 

negligible, so the mobility of the water in the soil significantly decreases to vapor 
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equilibrium in pore air. The specimen prepared with different methods or stress 

histories can have different SWRC. Figure 2.18 shows SWRC determined from 

compacted, undisturbed, initially slurried, and slurried and then preconsolidated 

specimens. 

 

Figure 2.17. Properties of Soil Water Retention Curve (SWRC) (Soltani et al., 

2019) 

 
Figure 2.18. Effect of stress history and method on SWRC (Fredlund, 2012) 
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2.4.1. Suction Measurement Techniques for SWRC 

Many different suction measurement techniques with different measurement 

ranges, complexities, and costs can be used to create SWRC. Some of these 

techniques with their recommended suction ranges and related references are given 

in Table 2.18 provided by Lu and Likos (2004). 

Frelund (2012) stated that early laboratory equipment to measure SWRC consisted 

of large pressure chambers. Several soils could be tested at the same time, but it 

took a long time to test soils for different suction values. However, recent types of 

equipment are much smaller, allowing engineers to test different soils individually. 

The laboratory methods to create SWRC are generally categorized into two groups. 

First, the types of equipment that apply matric suction to the soil, and second, the 

types of equipment that apply controlled total suction. The methods used in this 

study (Axis translation, filter paper, and salt solution) are explained in the 

following sections. 

Table 2.18. Common techniques for soil suction measurements (Modified after Lu 

and Likos, 2004) 

Type of Suction Technique Suction 

Range (kPa) 

 

Matric Suction 

Tensiometers 0-100 

Axis translation 0-1500 

Contact filter paper Entire range 

 

 

 

Total Suction 

 

Thermocouple psychrometers 

 

100ï8000 

Chilled-mirror hygrometers 1000ï450000 

Resistance/capacitance 

sensors 

Entire range 

Isopiestic humidity control 4000ï400000 

Two-pressure humidity control 10000ï600000 

Noncontact filter paper 1000ï500000 
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2.4.1.1. Axis Translation Method 

The axis translation technique is the first and most common suction-controlled 

method developed to measure SWRC (Hilf, 1956; Delage et al., 2008; Kenanoĵlu, 

2023). Negative pore water pressure may cause cavitation of water in conventional 

pressure measurement devices. That would make the measurements of matric 

suction impossible or unrealistic. Axis translation technique overcomes this 

problem by elevating pore air pressure while keeping the pore water pressure over 

a pressure that can cause cavitation. Therefore, the matric suction (ua - uw), the 

difference between pore air pressure and pore water pressure, can be kept under 

control. High air entry (HAE) discs or ceramics (maximum suction capacity of 

1500 kPa) are required to be used in this method to prevent the entry of high-

pressurized air into low-pressurized water systems (Lu and Likos 2004; Fredlund, 

2012). Air entry through the ceramic might create air bubbles in the lower 

pressurized water compartment and cause errors in suction measurements. 

Preventing occurrence of the air bubbles can be achieved by regularly flushing the 

air bubbles (Fredlund, 1975; Kenanoĵlu, 2023). A detailed sketch of the axis 

translation technique provided by Kenanoĵlu (2023) can be seen in Figure 2.19. 

 

Figure 2.19. Sketch of the oedometer cell for axis translation method (Kenanoĵlu, 

2023) 
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2.4.1.2. Filter Paper Method 

This method was first introduced by agronomists and soil scientists (Gardner, 

1937; Shen et al., 2013). The filter paper method has become a frequently preferred 

suction measurement method by geotechnical engineers because it is the only 

method that can measure both total and matric suction in the same experiment, it is 

cost-effective because it requires minimum equipment, it can be used for all types 

of soil and it can be used in all suction ranges (Hamblin, 1981; Likos and Lu, 2002; 

Ridley et al., 2003; Mabirizi & Bulut, 2009; Shen et al., 2013). Figure 2.20 

illustrates the general schematic sketch for the filter paper method. The filter paper 

in the middle of the two specimens has direct contact with the soil and it is used to 

measure the matric suction. The filter paper at the top without direct contact with 

the soil specimen is used to measure the total suction.  

The test procedure is outlined in the ASTM D5298-03 standard. The standard 

suggests using Whatman No. 42 type of filter paper. For the matric suction 

measurements, three filter papers should be used. Top and bottom filter papers can 

protect the middle filter paper from getting any soil particles attached to it. The 

water directly transfers from the soil to the filter paper. For the total suction 

measurements, no contact with the soil specimen can be achieved using some wire 

netting as in Figure 2.20, or simply a small O ring can be located between the soil 

specimen and the filter paper. The water transfer from the soil to the filter paper 

occurs through the air (vapor equilibrium). 
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Figure 2.20. Sketch of filter paper (Shen et al., 2013) 

The water content of the filter papers can be calculated using Equations from 2. 8 

to 2.10. 

M f= M2 - Th (Eq. 2.8) 

Mw= M1- M2 + Th-Tc (Eq. 2.9) 

 

(Eq. 2.10) 

Where; 

M f : Mass of dry filter paper (g) 

M2 : Total dry mass (g) 

Th : Hot containerôs mass (g) 

Mw : Mass of water in the filter paper (g) 

Tc : Cold container's mass (g) 

wf : Water content of the filter paper (g) 

The total suction corresponding to the calculated water content of the filter paper 

(wf) can be determined using Equations 2.11 and 2.12 (Wang et al.,2003; Shen et 

al., 2013) and the matric suction can be determined using Equations 2.13 and 2.14 

(Bai et al., 2011; Shen et al., 2013). 
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 if w  (Eq. 2.11) 

if w  (Eq. 2.12) 

 if w  (Eq. 2.13) 

if w  (Eq. 2.14) 

2.4.1.3. Salt Solution Method 

The salt solution method is a humidity-controlled technique to indirectly measure 

total suction from relative humidity. The temperature affects the relative humidity 

and therefore the total suction. The total suction can be calculated by Kelvinôs 

equation (Equation 2.18). This method can provide a high suction application as 

can be seen in Table 2.20. A variety of salt solutions can be used to create different 

relative humidity and total suction to determine several data points for SWRC. 

Figure 2. 21 shows a general scheme of a desiccator where salt solutions are 

located at the bottom and specimens are elevated from the solution to prevent direct 

contact. ASTM E104.02 provides some relative humidity values for different types 

of salts. The corresponding total suctions can be calculated by using Equation 2.15. 

Table 2.19 shows five different types of salt, their relative humidity at 25 °C, and 

calculated total suction ranging approximately from 3.7 MPa to 74.5 MPa. 

 

(Eq. 2.15) 

Where; 

Ɋ  : Suction (kPa) 

◓w  : Density of the water 

(MW)w : Molar weight of water (18.016 g/mol) 

R  : Ideal gas constant (8.314 J/mol) 

T  : Temperature (Kelvin) 

RH  : Relative humidity 
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Figure 2.21. Salt solution desiccator (Fredlund, 2012) 

Table 2.19. Relative humidity of common types of salts and corresponding total 

suctions (Kenanoĵlu, 2023) 

 

2.5. Barcelona Basic Model (BBM) 

Barcelona Basic Model (BBM) is the most widely used constitutive model to 

define the behavior of the unsaturated soil (Wheeler et al, 2002). BBM simulates 

the swelling behavior of expansive soils better than its contemporaries. The model, 

developed by Alonso et al. (1990), extends the modified clay model considering 

net mean stress (p) and suction (s) as state variables. The net stress is defined as the 

difference between total mean stress and pore air pressure. The increment in 

suction decreases the swelling and increases the strength and the preconsolidation 

mean stress (p0) in the soil. The BBM consists of two yield surfaces named suction 
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increase yield surface (SI) and loading-collapse yield surface as shown in Figure 2. 

22 (Alonso et al., 1999).  

 

(Eq. 2.16) 

 
(Eq. 2.17) 

 
(Eq. 2.18) 

Where; 

p : Mean net stress 

ů1 : Major principal stress 

ů3 : Minor principal stress 

s : Suction 

ua : Pore air pressure 

uw : Pore water pressure 

  

 

Figure 2.22. Barcelona Basic Model yield surfaces in p-q-s plane (Alonso et al., 

1999) 
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The volume change can be defined using equations from Equation 2.19 to 2.24 

under isotropic stress conditions. Additional figures for graphical explanation of 

BBM parameters are given in Appendix A.  

 
(Eq. 2.19) 

 
(Eq. 2.20) 

 
(Eq. 2.21) 

 

(Eq. 2.22) 

 

(Eq. 2.23) 

 
(Eq. 2.24) 

Where; 

v : Specific volume 

ɚ(s) : Slope of the virgin compression line (constant suction) 

pc : Reference stress 

N(s) : Specific volume corresponds to ɚ(s) 

ə : Slope of the elastic compression line due to the suction change 

patm  : Atmospheric pressure 

N (0) : Specific volume at the reference stress 

p0*  : Preconsolidation pressure in mean stress terms 

ɚ(0) : Slope of the saturated virgin line 

ɓ : Hardening effect with suction 

r : Ratio compression index at the high suctions and slope of the saturated 

virgin line (ɚ(0)) 
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The yield surfaces of loading-collapse (LC) and suction increase (SI) in p-s space, 

as shown in Figure 2. 22, are defined in Equations 2.25 and 2.26 for volumetric 

plastic strain increments. 

For LC Curve; 

 

(Eq. 2.25) 

For SI Curve; 

 

(Eq. 2.26) 

Modified Cam Clay (MCC) theory defines the elliptical yield surface in the p-q 

space as written in Equation 2.27. 

 
(Eq. 2.27) 

 

The BBM model similarly defines the elliptical yield surface like modified cam 

clay model but extends it by considering the suction effect and using it as a state 

parameter as shown in Equation 2.28. 

 
(Eq. 2.28) 

Where; 

q : Deviatoric stress 

p : Mean net stress 

pc : Preconsolidation pressure with suction 

M : Critical state parameter 

The ratio of plastic shear strain to plastic volumetric strain is; 
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(Eq. 2.29) 

Where; 

Ŭ : Parameter to define flow rule 

The parameter Ŭ is defined by Alonso et al. (1990) as 

 

(Eq. 2.30) 

 

In Figure 2. 24, Alonso et al show the different loading-collapse (LC) that occurs in 

the soil as stress and suction change. The reduction in suction causes the LC curves 

to shift to the left side, causing wetting of the soil and therefore weakening. At a 

constant suction value, the SI line shows the suction increase value and the soil 

yields if the suction exceeds this value. A, B, C, D, E, F represent stress-suction 

paths and they stated that different suction and loading conditions acting on the soil 

will create different LC curves. In the experiments on 3 soil samples, they noted 

that different loading paths of the soil from point A to point F resulted in different 

LC curves. In the A-B-F path, the first sample is loaded from point A to point B in 

the saturated condition where suction is zero. In this case the soil showed plastic 

deformation causing the LC curve to shift to the right. Then the suction was 

increased by drying and moved to point F, but this path did not cause any plastic 

deformation because it remained within the LC curve. In the A-E-F path, the soil 

was first dried by applying internal suction and then loaded. The suction applied 

before loading made the soil stiffer and resulted in the LC curve being on the left 

compared to the first case. In the A-B-F path soil shows the highest volume change 

while in the A-E-F path soil shows the lowest volume change. 
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Figure 2.23. Effect of different loading paths on LC curve (Alonso, Gens, and Josa, 

1990) 

2.5.1. Determining Barcelona Basic Model Parameters 

Gallipoli et al. (2010) proposed calibration methods to determine each BBM 

parameter. Researchers suggest suction-controlled isotropic compression tests to 

determine ɚ(s), ɓ, N(0), and pc(s) parameters, saturated isotropic compression tests 

to determine ɚ(0), suction-controlled unloading-reloading tests to determine elastic 

parameters of ə and əs and suction-controlled triaxial tests to determine the slope of 

the critical state line (M). 

Zhang and Xiao (2013) conducted suction-controlled isotropic compression tests 

under the constant suction of 0, 100, 200,300 kPa and elastic unloading-reloading 

tests and used a modified state surface approach and Newton optimization 

technique to calibrate BBM parameters.  

Zhang et al. (2016) proposed an alternative methodology to determine BBM 

parameters using suction-controlled oedometer tests instead of triaxial tests. They 

performed the tests under multiple constant suctions of 0, 100, 200, 300 and 400 
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kPa.   The authors emphasize that it requires less time and lower cost compared to 

the suction-controlled triaxial tests. 

Kenanoĵlu (2023) classified the BBM parameters into three groups: the parameters 

to define the initial conditions, the loading-collapse (LC) curve, and the strength as 

shown in Table 2.20. 

Kenanoglu and Toker (2024) state that soil laboratory testing for unsaturated soils 

requires costly equipment and a long testing time. Therefore, they proposed a 

practical framework to determine BBM parameters using a straightforward and 

rapid process rather than suction-controlled tests which are complex and require 

long testing time. Their proposed approach for determining BBM parameters 

comprises: 1 standard oedometer test, 2 triaxial CD tests, evaporation tests, 3 

unsaturated K0 tests, 4 unsaturated undrained tests, and a soil water retention curve. 

They provide step-by-step procedures that demonstrate calibration for each 

parameter. 

Table 2.20. The required parameters for the BBM (Adopted from Kenanoĵlu, 2023) 

Initial Conditions  Loading-collapse (LC) Strength 

The initial specific 

volume (v0) 

Reference stress (pc) Shear modulus of 

elastic state (G) 

The initial suction (s0) The slope of the saturated virgin 

line (Ë(0)) 

The slope of the 

critical state line 

(M) 

Saturated 

preconsolidation stress 

(p0*)  

The slope of the elastic 

compression line (Ê) 

The contribution of 

suction to cohesion 

(k) 

 Hardening effect with suction 

(ɓ) 

 

 The slope of the compression 

line at the high suction values (r) 
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2.6. Pile Foundation in Expansive Soil 

The swelling or shrinkage behavior that may occur due to the change in water 

content in the expansive soils may cause serious damage to the structures located 

on them. The use of pile foundations is one of the common methods used to 

prevent damage to structures due to the behavior of the expansive soils. (Poulos, 

1993; Xiao et al., 2011; Wu and Vanapalli, 2022). 

Mittal, Samanta and Maurya (2025) stated that the use of pile foundations increases 

the strength of soils, increases the natural frequency of the soil-structure system 

and improves the seismic performance of the buildings built on it. Increasing the 

pile length reduces the amplification of seismic waves and thus makes the 

structures more stable in earthquakes. 

Zhang and Acosta Martinez (2023) stated that pile foundations are often used in 

large solar farms with expansive soil, thus avoiding the damage to the structure 

caused by swelling pressures and the impact of strong winds acting on the 

lightweight structures above them. 

In the design of pile foundations in expansive soils, the uplift forces acting on the 

pile due to the water content change in the active zone should be lower than the 

withholding forces acting on the pile in the anchoring zone. If this cannot be 

ensured, the uplift forces acting on the pile will cause the pile to move upward with 

the ground. In order to prevent this condition from occurring, the pile length should 

be increased and the pile should be inserted more into the anchorage zone and the 

forces acting on the pile should be equal to or higher than the uplift forces (Chen, 

1975).  

2.6.1. Adhesion Factor 

The adhesion factor describes the strength reduction between the pile foundation 

and the soil and can be calculated from Equation 2.31 (Chen, 1975; Prakash and 

Sharma, 1991; Elsharief, Ahmed and Mohamedzein, 2016, Mulrosha and Arifin, 

2021). 
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f = Ŭ . cu (Eq. 2.31) 

Where; 

f : skin friction 

Ŭ  : adhesion factor 

cu : undrained shear strength of the soil 

According to Prakash and Sharma (1991), it is very difficult to determine the 

adhesion factor between soil and pile. The adhesion factor varies according to the 

type of pile as well as the consistency of the soil, water content, and the method of 

installation of the pile. If the concrete is wet, the strength of the clay in contact with 

the pile will decrease since there will be water transfer from the concrete to the soil.  

Skempton (1959) stated that in London clay, the adhesion factor can vary between 

0.3 and 0.6 for the bored piles. According to Mohan and Chandra (1961), it can be 

taken as 0.5 for the medium to hard clays. 

According to Tjandra and Soemitro (2013), seasonal changes affect the adhesion 

factor significantly. A decrease in water content increases the undrained strength of 

the clay and the adhesion factor, while an increase in water content decreases the 

undrained strength of the clay and therefore the adhesion factor. Also, they stated 

that the adhesion factor may decrease over time in clays with shear strength less 

than 30kPa.  

Elsharief, Ahmed, and Mohamedzein (2016) emphasize that the adhesion factor is 

a very important parameter for safe pile design in expansive clays. They found the 

interface shear strength value from the shear test between clay and concrete in 

direct shear apparatus in high plasticity clays and found the adhesion factor from 

the ratio of this value to the undrained shear strength of the clay. According to the 

authors' findings, the adhesion factor varies with the water content.  At water 

contents lower than the plastic limit the adhesion factor remains constant at 0.45 

for the high plastic clay they used in their study, while at water contents higher 

than the plastic limit the adhesion factor increases linearly.  
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2.6.2. Uplift Factor  

The uplift factor (ɓu) is the ratio of the uplift pressure to the swelling pressure of 

the soil as shown in Equation 2.32.  Chen 1975 conducted experiments on 2-inch 

diameter and 6- and 9-inch-long pile foundations placed in expansive clay. The 

uplift pressure was found by calculating the stress that should be applied to prevent 

the movement of the pile due to the swelling of the soil. From the ratio of the uplift 

pressure to the swelling pressure of the soil, the uplift factor was found to be 0.15. 

This indicates that 15 percent of the swelling pressure causes the uplift pressure at 

the concrete pile foundation. 

 

(Eq. 2.32) 

Nelson (2015) stated that uplift skin friction will take place in the active zone while 

negative skin friction will occur in the anchorage zone, as shown in Figure 2.25. 

Nelson also recommended the use of Equation 2.31 used by Chen 1975 for pile 

foundations completely located in expansive clay but stated that different values 

have been used for the uplift factor according to different studies over time. Chen 

(1988) reported a range of 0.09 to 0.18 for the uplift factor, and Nelson and Miller 

(1991) reported a range of 0.1 to 0.25. According to the results of the experiment 

conducted at Colorado State University (CSU), which was performed on full-size 

(36 cm in diameter and 760 cm in length) drilled concrete piers and measured for 

10 years, the uplift factor between concrete and expansive soil can vary between 

0.4 and 0.6 (Benvenga, 2005; Nelson, 2015). Nelson 2015 evaluated all these 

different studies and results and concluded that it would be more accurate to use 

the results of the experiment conducted at CSU for the uplift factor because it uses 

full -scaled testing and long-term measurements. 
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Figure 2.24. Forces acting on a pile in expansive soils (Nelson, 2015) 
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CHAPTER 3 

 

 

FIELD AND LABORATORY STUD IES 

 

 

This section describes each step of the study and the methods followed in detail. 

Initially, different soil samples were collected from various parts of Ankara. Quick 

laboratory experiments were carried out on these samples to determine their 

swelling potentials. Thus, the most critical clay was determined as the main 

material to be used in the study. The TMI value of the determined region was 

calculated, and its correspondence with the literature was investigated.  

A considerable amount of soil samples taken from the region were brought to the 

laboratory and index tests, free swell, lateral swell, compaction, consolidation, X-

ray Diffraction (XRD), scanning electron microscope (SEM), and methylene blue 

tests were performed to determine the mineralogical compositions and engineering 

parameters of the soil. In addition to these tests, unsaturated soil laboratory 

experiments, including filter paper, salt solution, and axis translation methods, 

were performed to determine the soil water retention curve (SWRC) of the clay.  

The methodology of Kenanoglu and Toker (2023) was adopted to determine the 

engineering parameters required for the Barcelona Basic Method (BBM), which 

was chosen to simulate the soil behavior in RS-2. For this reason, a shrinkage curve 

was drawn by measuring the volume and unit weights of the specimens prepared 

with different water contents.  The critical water content of the clay was determined 

by an evaporation test. Unsaturated triaxial and oedometer tests were performed on 

the samples prepared at the critical water content value and by increasing two and 

four percent from this value. 

Chen's (1975) design methodology was used to determine safe design requirements 

for the clay and the parameters needed for the design were determined from 
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required laboratory tests. Undrained shear strength parameters of the clay to be 

used in Chenôs method were determined by performing direct shear and unconfined 

compression tests. The shear strength between the clay and concrete block prepared 

at the same water/cement ratio as the pile was determined using direct shear tests. 

Therefore, adhesion factor (Ŭ) was determined. The swell pressure of the clay was 

determined using oedometer apparatuses and a small-scale laboratory set-up 

prepared to measure the uplift force applied on the pile. So, the uplift factor (ɓu) is 

determined as it is the ratio of the swelling pressure of the soil to the uplift 

pressure. 

3.1. Site selection 

It is very common to name soils based on their region's name, such as London clay, 

Boston blue clay, Oslo clay, Ottawa sand, etc., although the properties and the 

behavior of the soil may vary significantly from location to location in the same 

region. Differences in environmental conditions and clay compositions play an 

important role in determining the behavior of the soil. Therefore, although the clay 

used in this study is generally referred to as Ankara expansive clay, it should be 

known that the engineering properties of the Ankara clay vary over the city. 

At this stage of the study, two selection criteria were used to determine from where 

to take the soil samples to be used in this study. The first, chosen soil should have 

high expansive potential, therefore, the effects of the soil swelling on the pile can 

be measured clearly. Second, considering the quantity of soil needed for many 

laboratory tests, the site should be available for excavation and the collection of 

more clay samples. 

Eight different disturbed soil samples were collected from different regions of 

Ankara. Three from Yuvakoy, one from Batikent, two from Cubuk, and two from 

Golbasi. Samples were taken after excavating approximately 50 cm of soil at each 

location, to avoid vegetation and organic materials. Some quick laboratory tests 

such as free and modified free swell, and Atterberg limit tests were conducted for 

each of them to decide which one to proceed with for the rest of this study. The 
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following figures from Figure 3.1 to Figure 3.5 show the soil samples and quick 

laboratory tests performed to determine their swelling potentials. 

  

 
 

 

Figure 3.1. Golbasi clay sample-1 

   

Figure 3.2. Golbasi clay sample-2 and MFSI Test 
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Figure 3.3. Cubuk clay dample-1 and free swell test 

 

Figure 3.4. Cubuk clay sample-2 and modified free swell tests 
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Figure 3.5. Batikent and Yuvakoy soil samples and modified free swell tests 

3.2. Determination of Thornthwaite Moisture Index (TMI)  

The Thornthwaite Moisture Index (TMI) can be used to relate the effect of climate 

conditions on the variation of the soil moisture profile. Monthly average 

temperature and rainfall data from 1927 to 2003 (t) were taken from the Republic 

of Türkiye Ministry of Environment, Urbanisation and Climate Change, General 

Directorate of Meteorology website to estimate Ankara's potential 

evapotranspiration (PE). The equations provided by Thornthwaite (1948) are used 

to calculate potential evapotranspiration (PE), adjustment factor (a), heat index (I), 

water balance, storage, deficit, and surplus. Each month's latitude correction factors 

were taken from the state hydraulic work (DSI) technical bulletin #105. Then TMI 

is calculated as it is a function of potential evaporation, deficit, and surplus. 
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3.3. Soil Collection and Preparation Process 

3.3.1. Soil Collection Process 

An excavation pit was opened at a depth of approximately 4 meters in Cubuk 

Akkuzulu, Ankara to determine the variation of water content with depth and to 

avoid plant or organic materials. Approximately 3 tons of disturbed soil samples 

were collected for this study. The exact location (40°11'48"N 33°08'32" E) of the 

pit excavation is marked as a red star in Figure 3.6. 

 

Figure 3.6. Location of the soil sample 

The excavation process of the pit excavation, collection of soil samples to 

determine the water content, measuring the depth of soil samples from the ground 

surface, and filling the samples into the bags are shown in Figure 3.7. 
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Figure 3.7. Soil collection process 

After a pit excavation, 8 disturbed soil samples from each of three different profiles 

were taken from depths of 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 meters to measure water 

content change over the depth. All soil samples are packed in 3 plastic bags to 

make sure that no moisture loss would occur. Figure 3.8 shows the collected clay 

samples in the bags and a sufficient amount of them in a tare to oven-dry for water 

content measurements. 
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Figure 3.8. Disturbed soil samples taken from different depths and water content 

measurements 

3.3.2. Preparation of Soil Samples for the Laboratory Tests 

Approximately 3 tonnes of disturbed soil samples were collected for this study. All 

experiments throughout this study used the material passing through sieve #40 (425 

microns). Manual pulverization of these samples is very challenging, as all samples 

are flocculent and gain very high strengths due to the drying. The hammer was 

used to break the large blocks of clay into smaller pieces. Then, the smaller pieces 

were put into the jaw crusher to gain further smaller pieces. They were then thrown 

into the soil pulverizer, which is capable of separating the soil blocks into much 

smaller diameters. Then they were collected and tried to be grinded by hand using a 

piece of wood. After going through all these steps, the material was sieved through 

a #40 sieve and the soil was ready to be used in the soil laboratory tests. They are 

packed in a double plastic bag and stored. All soil preparation processes can be 

seen in Figure 3.9. 
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Figure 3.9. Soil preparation stages before the laboratory tests 

3.4. Laboratory Tests 

3.4.1. Atterberg Limit Tests 

Atterberg limit tests are one of the most common soil laboratory tests that were 

used to classify the clay. The plastic limit and liquid limit of the clay were 

determined using the ASTM D4318 standard Fig.3.10. The Casagrande cup method 

was chosen for liquid limit determination. 

  
  

Figure 3.10. Atterberg Limits LL and PL tests 

3.4.1.1. Shrinkage Limit Tests 

3 different methods were used to determine the shrinkage limit for the clay.  

 

(a) (b) (c) (d)

d 

(e) 
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Linear Soil Shrinkage Test 

The test was performed according to AS 1289.C4.1-1977. The linear shrinkage bar 

mold as shown in Figure 3. 11, was cleaned and the inner surface was slightly 

greased. The soil, prepared with a consistency two percent higher than the liquid 

limit, was carefully placed in the mold. Special care was taken to ensure that the 

soil placed in the mold was homogeneous and no air bubbles remained in the mold. 

The mold was left at room temperature for 1 day to dry slowly. It was then placed 

on the top of the working oven for another 1 day (to provide a warmer environment 

than room temperature). Finally, the experiment was completed by keeping it in a 

104-degree oven for another 24 hours. The linear shrinkage (LS) is calculated as it is 

the ratio of the length difference of the soil before and after drying to the initial length. 

  

Figure 3.11. Linear shrinkage limit test 

Shrinkage limit determination by using mercury 

Soil with a consistency of 2 percent higher than the liquid limit was used for the 

test. Shrinkage dishes as shown in Figure 3.12, were cleaned and the inside 

surfaces of the dishes were greased with a thin layer. The soil is gradually placed in 

a dish and compacted by tapping the dish after each addition of the soil until the 
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dish is completely full. Thus, entrapping air bubbles during the process was 

prevented. Similar to the drying process used for the linear shrinkage test, the 

shrinkage dishes were left at room temperature for 1 day to dry slowly. Then, they 

were placed on top of the working oven for another day. Then they were placed in 

a 104-degree oven to dry.  

The volume of the shrinkage dishes and the dry samples were determined using 

mercury. First, the mass of an empty shrinkage dish was measured. The dish was 

then filled to the top with mercury. Excess mercury was removed from the top 

surface of the dish by using a plexiglass apparatus. The dish was then completely 

filled with mercury so that the top surface was completely flat. The weight of the 

dish filled with mercury was measured. Thus, the volume was found with mercury 

with a known density and measured weight. The same process was repeated for all 

four containers separately. 

The volume of the dry soil specimen was also determined using a container filled 

to the top with mercury. The dry soil specimen was carefully placed on the 

mercury-filled container. It was then slowly pushed into the mercury-filled 

container with the help of the plexiglass so that it submerged completely. 

Therefore, the mercury with the same volume as the dry soil specimen was ejected 

out of the container. This mercury was collected and weighed. The volume of the 

dry soil was then determined using mercury of known density and weight. 

     

Figure 3.12. Shrinkage limit determination by using mercury 



 

 

72 

Water submersion technique 

The same specimens used to determine the shrinkage limit with mercury were also 

used for this method. Mercury is a very toxic material and using it without caution 

can cause serious health damage. Therefore, ASTM D4943-18 suggests using the 

submersion technique to determine the volume of the dry soil specimens. The test 

was performed according to this standard.  The dry soils were covered with a thin 

layer of wax by dipping them into the melted wax. Then the volume of each soil 

was determined by using the submersion technique explained in detail in the 

shrinkage curve test. 

3.4.2. Specific Gravity Test 

The test was conducted to determine the specific gravity (Gs) of the clay. The 

method suggested for the plastic materials by ASTM D854 was used. Three tests 

were performed as it is the minimum number of required tests according to the 

standard, and specific gravity was calculated as the mean value of these three tests. 

 

  

Figure 3.13. Specific gravity (GS) photos 

3.4.3. Sieve and Hydrometer Tests 

Both tests were performed to derive the grain size distribution and determine the 

clay content of the soil. The sieve and hydrometer analyses were performed 

according to ASTM D6913 and ASTM D7928 standards, respectively. For the 

particles larger than No. 200 (75 microns) sieve analysis and the particles smaller 

than 75 microns hydrometer analysis was performed and grain size distribution was 

drawn by combining both. Grains smaller than 2 microns are defined as clay. 
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3.4.4. Compaction Test 

The standard proctor method was used to conduct the compaction test according to 

ASTM D698 standard. The purpose of this test is the determine the relationship 

between water content and the dry unit weight of the clay under standard energy. 

The test result provides the optimum water content, which is the water content 

corresponding to the maximum dry density. In other words, it can provide a 

specific water content that, when clay is compacted under a standard energy, the 

maximum amount of soil particles can be packed in a unit volume.  

The very common and fast way to perform this test is to begin the test with 

relatively dry soil and take a sufficient amount of soil to measure the water content. 

Then, continue for the next data point measurement by wetting the soil a little more 

than the previous data points. Another and more appropriate approach to drawing a 

compaction curve is to prepare clay samples for each data point can be prepared 

before performing the test and leave them for tempering for 24 hours. This 

approach requires more soil samples, but it is much more appropriate than the first 

one because the tempering period ensures that the water is evenly distributed in clay 

samples. This approach was used in this study and clay samples with different water 

contents were prepared and left for tempering for a day, as can be seen in Figure 

3.12. The dry density corresponds to two percent less than the optimum dry density 

is found and used as an initial condition of the soil sample for the rest of the tests. 

   

Figure 3.14. Compaction test photos 
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Figure 3.15. Tempering of the clay samples for compaction test 

3.4.5. Modified Free Swell Test 

The modified free swell test is a quick and easy test to predict the swelling 

potential of soil. The test is performed according to the Bureau of Indian Standards 

(1977) IS 2720. The soil passing through sieve 40 was dried in an oven for 24 

hours. Two 10 grams of dry clay were placed in two graduated cylinders (10 grams 

for each cylinder). One of the graduated cylinders was filled until 100 mL with 

water and the other was filled until 100 mL with kerosene oil. Both graduated 

cylinders were sealed and left for 24 hours. Kerosene prevents swelling of the clay 

in the first graduated cylinder while the clay in the water swells. Then the Modified 

free swell was calculated as it is the ratio of the volumetric increase of swollen soil 

to the volume of soil in the tube filled with kerosene. 

3.4.6. Swelling Potential and Swelling Pressure Tests 

ASTM D4546 standard was used to perform this test. According to the standard, 

there are different methods to perform a swell test. A very low load (around 5 kPa) 

can be applied to a specimen and then by adding distilled water to the specimen, it 

can be allowed to swell freely. So, swelling potential can be found as it is the ratio 

of the change in volume over the initial specimen volume. Because the diameter of 

the oedometer ring is constant, it can also be simply defined as the ratio of the 

height difference to the initial height. 
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One of the most common ASTM methods to determine the swelling pressure is the 

constant volume method. In this method, some additional loads are applied to the 

specimen after adding distilled water, to prevent the swelling and keep the initial 

volume constant. The swelling pressure is the stress applied on the specimen such 

that no volumetric changes can be observed due to swelling. 

One of the other ASTM methods allows to measurement of both swelling potential 

and pressure. The soil specimen can be allowed to swell freely until no swelling 

can be measured. So, swelling potential can be calculated as it was mentioned for 

the first method. Then, some stress can be applied to the specimen to make it return 

to its original initial height. So, that amount of the applied stress would be swelling 

pressure.  

In this study, an oedometer set-up as shown in Figure 3.16 was used to perform the test.  

The specimen is compacted in the oedometer ring to have water of 23 percent and a 

dry density of 1.462 g/cm3. A filter paper was placed at the bottom and top of the 

specimen. Then, the ring was placed in the oedometer device and the top cap was 

placed at the top of the specimen. Approximately 7 kPa vertical pressure was 

applied to the specimen. Then water is added to let the soil free swell for 24 hours. 

When free swell was completed, stresses were applied to the specimen by degrees. So, 

the variety of swelling pressures for corresponding swelling potentials are measured. 

  

Figure 3.16. Apparatus to measure swelling potential and swelling pressure 



 

 

76 

3.4.7. One-Dimensional Consolidation Test Using Incremental Loading 

The test was performed according to ASTM D2435 to determine the coefficient of 

consolidation (cv), compression index (cc), and recompression index (cr) to estimate 

the magnitude and rate of consolidation. 

The soil sample with a water content of 23 percent was prepared and left in a 

humidity room for tempering for 48 hours. It is compacted in an oedometer ring 

with a diameter and height of 6.3 and 1.9 cm, respectively. Approximately 7 kPa 

surcharge pressure was applied to the specimen and the test started with the free 

swell stage by filling the cell with water. Vertical displacements versus time are 

recorded immediately after adding the water. Time intervals to record 

displacements were chosen as the squares of multiples of 0.5 in minutes up to 5 

(corresponds to a reading at 25 minutes) as suggested in the standard to have 

better-looking time- displacement plots. In general, displacement readings were 

recorded at the times of 15 sec, 1 min, 2, 4, 6, 9, 12, 16, 20, 25; 36, 49, 64, 81, 100, 

121; and 24 hours. Extra readings between 121 minutes and 24 hours were tried to 

record.  

After the free swell stage of the test, load increments started and the same 

procedures were followed to draw a time-displacement plot for each load 

increment. Each load increment was adjusted to double the previous load. To 

determine the slope of the unloading-reloading line (cr), two times applied loads 

decreased as ¼ of the previous loads. At the end of the test, the specimen was 

extruded and water content measurement was taken. The same oedometer 

equipment as shown in Figure 3.16 was used to perform the test.  

3.4.8. Direct Shear Tests 

The direct shear tests were performed to determine the shear strength of the soil 

under both drained and undrained conditions using square and circular shear boxes.  

The drained direct shear test was performed according to the ASTM D3080 

standard.  
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The soil specimen with 34.56 mm (it should be higher than approximately 12 mm 

according to the standard), a 23 percent water content, and 1.462 gr/cm3 dry 

density (corresponding dry density for 23 percent of water content from 

compaction curve) was compacted in a square direct shear box with dimensions of 

59.5 mm by 59.5 mm. Similar to the 1-D consolidation tests, a small surcharge load 

was applied to the specimen, the cell was filled with water, and swelling versus 

time was plotted. After the swelling is completed (at least 24 hours), the 

determined load is applied to the specimen, and consolidation under the applied 

load is recorded over time. Then the shearing rate is decided based on the 

consolidation characteristic of the soil, the minimum time to failure, and the 

estimated displacement at the failure. 

   

 

Figure 3.17. Direct shear test apparatus 
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The undrained direct shear tests were performed using a circular shear box with a 

diameter of 60 mm. The tests were performed for soil specimens with water 

content of 17, 19, 21, 23, 25, 28 and 31 percent. The dry density that corresponds 

to each water content, was taken from the compaction curve. Soil samples were 

prepared for each different water content and placed in two plastic bags to prevent 

water loss. Then, all plastic bags were kept in a humidity room for 48 hours for 

tempering. Soil samples of each different water content were compacted in a shear 

box at a height of 34.1 mm. 0.06 mm/sec of shearing rate was chosen as ASTM 

D4767-11 suggests using 1 percent of the specimen height per minute. The soil 

samples, compacted soil samples, and the testing device can be seen in Figure 3.17 

and 3.18. 

 

  

Figure 3.18. Direct shear testing procedures 

The direct shear apparatus is also used to determine undrained interface shear 

strength between the soil and the concrete block. The same procedures were 

applied to prepare soil specimens with different water contents. The soils were 

compacted in the upper part of the shear box, and the concrete block was located at 

the bottom of the cell. 

The concrete was produced using fine sand with a maximum grain size of 0.425 

mm, using a water-cement ratio of 0.75, and a sand-cement ratio of 2.5. The same 

concrete is used that will be used in the following part of the study to produce 
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small concrete piles. The surface of the concrete block was sanded with P40-type 

sandpaper and adjusted to exactly match the cutting surface in the direct cutting 

cell. The same sandpaper was also used for concrete piles to have the same surface 

friction. Figure 3.19 shows the prepared concrete block and the test set-up for the 

interface shear strength tests. 

    

  

Figure 3.19. Interface direct shear test apparatus 

3.4.9. Unconfined Compression Tests 

The unconfined compression test is one of the quickest tests to determine the 

unconfined compression strength (qu) of cohesive soils. Therefore, it is widely 

being used by geotechnical engineers.  

The tests were performed to determine the unconfined compression strength (qu) of 

the soil with different water contents and dry unit weights to define the change in 

soil strength. 
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First, similar to the previous soil specimen preparation, the soils with water content 

of 17, 19, 21, 23, 25, 28, and 31 were prepared and left in the humidity room for 

tempering for 48 hours. The dry densities that correspond to each water content 

from the compaction curve were determined. The soil was compacted in 5 equal 

layers in the mold shown in Figure 3.20. The previous surface of the soil layers was 

scarred by a spatula to gain interlocking between each layer. 7 specimens with 

different water contents were prepared and the unconfined compression strength of 

each of them was determined. 

 

Figure 3.20. Unconfined compression specimen preparation 

Second, instead of taking the dry densities for each specimen from the compaction 

curve, 7 identical specimens were prepared with a water content of 23 percent and 

corresponding dry density from the compaction curve. Then, three of these samples 

were air-dried according to Kenanoglu and Toker (2018) until the water content 

dropped to 17, 19, and 21. Each specimen was weighed from time to time to check 

if the water content dropped to the required final water content. The specimens 

reaching the desired water content were placed in two layers of plastic bags to 

prevent any water loss. The water contents of the other 3 specimens were increased 

using the water spraying method described by Kenanoĵlu and Toker (2018) until 

they reached values of 25, 28, and 31. Wetted specimens were covered by a bigger 

mold to prevent direct contact with plastic bags. All prepared specimens were 

placed in a humidity room for 48 hours of tempering, before starting the test. 


























































































































































































































































