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ABSTRACT

NUMERICAL AND EXPERIMENTAL ANALYSIS OF SINGLE PILE
FOUNDATION BEHAVIOR IN EXPANSIVE ANKARA CLAY

Yél d8eafaé m
Doctor of PhilosophyCivil Engineering
Supervisor Prof. Dr. Erdal Cokca

July 2025 206 pages

Ankara, Turkiye, has a semarid 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 saill
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-rdy 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 onelimensional consolidation tests. Additionally, the soil water

retention curve (SWRC) was obtained using the axis translation, filter paper, and



salt solution methods. The findings were then combined to derive the parameters of

the Barcelona Basic Model (BBM) for numerical modeling.

Furthermore, smalcale 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 AnkaraCubuk clay, which is very difficult to predithe behavior and model
because of the change in material properties depending on the water content, can be

modeled using the BBM method.

Keywords: Clay, Expansivé&oil, Pile Foundation, 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 AnkaraJurkiye.

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 arfequentlyseen across the world in searid or arid climate

type and the behavior of these claigs generally an important concern for
geotechnical engineers (Dafalla et al., 2012). Ankatakiye is in a semarid
climate type and expansive clays are distributed all over the city. The behavior of
Ankara expansive clays may vary from regiorégion,and it can be affected by
many factors such as confining pressure, -@omsolidation 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.



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 outthie expansive soil of Ankara to develop
guidelines and design parameterstfog singleconcrete piles in expansive Ankara

clay is presented in this thesis study.
1.1. Regarch 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 stepsare defined separately and gathered together to achieve the

main objective.

Gathemg 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.

Determinng the Thornthwaite Moisture Index (TMI) specifically for the location
of the selected clay samples.



Determinng 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 determirtee optimum water content and

maximum dry density of the soil.
Performing a consolidation test to determine the consolidation curve of the soil.

Determinng the shear strength parameters of the soil andpdeilinterface by

conductingdirectshear tests.

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

conducting smalkcale laboratory experiments.

Determinng 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 gaphical abstract of thesearchs presented in Appendi
1.2. Expansive Soil

Expansive soils have significant volume changes depending on their moisture
content and are mostly found in arid and sanl 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 volumetricchangecan 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 swellisigrinking action. This zone is called the active

zone.



TMI was found as-22.4 and the site is considered a semiarid climatic type
according to Table 2.1. Depth of soil suction chawge foundto beless tharBm
according toTable 2.3. Ergular and Ulusg001) 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 badakeeters

in Ankara.

Figure 1.1 showa pile foundation in the expansive clay and the forces acting on it.
Chen(1975 recommended the use of Equatdnl and 1.2 for the safe design of

piles in expansive soil.

Void Space ¢

S v

Pile Foundation

Anchorage Zone

Figure 11. Forces acting on the pile in expansive soil (Modified from Chen, 1975)
E,=01dZ,B P (Eq. 1.1)
Where;

Fu . Uplift force

Za : Active zone depth

b . Uplift factor



Ps : Swelling pressure

W=ndac,(L—-2Z,)+ Qq4 (Eq. 1.2
Where;

W : The withholding force

Qu :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 structur&be 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.

Exterior Wall Interior Wal
Il Floor Slap
Reinforced ; + Air Space (Sand and Gravel
Concrete Beam ¢ _‘ Fill May Be Used)
LR

—rF—1  E— v it T AL

Expansive Soil
Reinforced —H
Concrete

Pile

Figure 12. A typical pile foundation design under lightweight structures (Nelson
and Miller, 1997; Alnmeet al, 2023)



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 forthe saf pi l e design to determine the ad
capacity factor I upl i f,&and actdve roonerdeptihn garameters to find the

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

1.4. Development of the Design Parameters

The degn parameters developed in this study were based on laboratory and field
tests carried out on expansive clays from Ankdiikiye. 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 subioefore,

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 pil@$e Barcelona Basic Model is used

for numericalanalysis.



CHAPTER 2

LITERATURE REVIEW

2.1. Clay Mineralogy

The term Aclayo can be used to refer t
size generally refer®ll particles in soithatare smaller than 0.002 mm. The term
Aiclay mineralogyo refers to a special
types of soil. The main characteristics that distinguish clay minerals from other soil
types rather than the particle sizare 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,fexed not all
nonclay materials are coarser than 0.002 mm. Therefenmgg two different terms

clay size and clay mineralogyo describe the clay might be quite beneficial to
avoid confusion (Mitchell and Soga, 2005).

Clays and clay mineralgghave 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 deposibcaain

many different type of elementsbut the most lBundant ones are oxygen, silica
hydrogen, and aluminumin addition to these elements, calcium, sodium,
potassium, magnesium, and carbiorake up 99 percent of theEarth'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 @f silica sheet,an octahedrh 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 weédthown clay minerals are sketched by (Mitchell and
Soga, 2005ps shown in Figure 2.1. Silidatrahedron consists of 1 silica and 4
oxygens. Silia tetraheda combine by sharing 3 of tireoxygens 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 shestspectively. Kaolinite, smectite
(montmorillonite), and illite are the mostell-known main clay minerals (Verruijt,
2001).
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Figure 21. Components of a variety of clay minerals (Mitchell and Soga, 2005)



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 seamits together (Nelson et.a2015).

The thickness of nonhydrated kaolinite is about mBs&oms When it gets
hydrated the thickness might increase to l@rigstromsand the difference of 2.9
angstromsshows 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 meqg/100
g. The Specific surface area is between 5 to %% mccording to (Mitchell and
Soga, 2005), and 10 to 15%/kg according to (Baker et al, 2017).

2.1.2.1llite

lllite is a micalike 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
sheetas 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. lllite is
the only clay minerals that have potassium in its structure (Nelson, 0ab).
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 Angstréom. The activity of illite

is typically 0.9 (Skempton, 1953). The Cation exchange capacity of illite is
generally between 15 to 50 meg/100 g. The Specific surface area is between 80 to
120 m2/g according to (Mitchell and Soga, 2005).



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. Therefdrese very weak bonds are easily

breakable and only capable of connecting one or two units (Nelsanz9%3).

The thickness of montmorillonite structural units is @tgstom 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 mbntmorillonitesis generally between 80 to 150
meqg/100 g. The Specific surface area is between 600 to 8@0awcording 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 sanml 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 (AMukhtar, Lasledj, & Alcover, 2010; ARawas, Hago, &
Al-Sarmi, 2005; Basma & Tuncer, 1991; Cokca, 2001; Rao, Rahardjo, & Fredlund,
1988; Rosenbalm & Zapata, 2017).

2.2.1. Global Distribution of the Expansive Soll

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 Figyieup there

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

parts of North America.
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LOW: Low to moderately expansive soils
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Nonexpansive to low expansive soils or areas of
insufficient data

Figure 22. Distribution ofexpansivesoils 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 cosinspent
expansive soitelated 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 600,600 km
areas are covered by expansive soils in China. The annual structural damage cost
due to the swellinghrinkage 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 23. Distribution ofexpansivesoils 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 Pradeshateliey 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 serairid climate zone. In the sesarid zones, reddish brown

clay with some amount of bentonite results in swelling shrinkage behavior and
creates Australian gilgaisvhich is an Australian word that means small waterholes
(Wagner, 2002).
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Figure 24. Distribution ofexpansivesoils in Australia (Richards et al., 1983)

2.2.2. Expansive Soils i urkiye

Cokca(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 usinthe methylene blue test and clay content to predict

swelling potential.

Cokga (2001) studied the stabilization of expansive soil with a variety of fly ashes
from Soma and Tuncbilek thermal power plant3imkiye 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. (Unver, Lav, & Cokca, 2021) studied
Ankara expansive clay from the AkyuAinkara. 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 becomesasiiiike
structures. Nalbantoglu and Tawfig (2006) studied the stabilization of Northern
Cyprus expansive cldyy adding olive cake residue. 3 percent of olive cake residue
was foundto be efficient in decreasing swelling pressure and increasing the
strength of the soil significantly. Therefotbey highlighted that olive cake residue
can be used as a good environmentally friendly alternative to be usekefor

stabilization ofexpansive solls.

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

damageregardless of their high swelling potential.

Erguler 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, Ulu&dsik, 2011).

Mol |l amahmutoj | u, YéIl maz, and Ge¢gng®or (2005)
expansive clay with fly ash in Bursaijirkiye. They stated that adding 35 percent

of fly ash can stabilizéhe Bursaexpansive clay (a liquid limit of around 80

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

construction.
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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 varbetween 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. Usimastematerial as a stabilization agent is
both an environmentally friendly solution and a good alternative to other
stabilization agents.

Deli ktak and ¢ok-a (2020) worked on seve:!
University Campus, Middle East Technical University Campus, and Ege Plaza in
Ankara and investigated the relationship between the swelling capacity of the
Ankara expansive clagnd 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.

Ozdemir, Kalkan and Turhan (2024) determine the properties of Ankara clay in
Ayas region. They stated that the swelling potential of the clay vartesdepth.
In Ayasclay, swelling potential varies between 3.9 percent to 6.9 perardtthe

max swelling pressure they determined was 37.5 kPa.

Tarkiye is one of the countries thatdexpansive clays in a variety of regions. This

has been demonstrated above by numerous studies carried out in different regions
in Tudrkiye. Ankara is located in a semirid 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. ldentification and Classification of Expansive Clays

The behavior of the expansive clay depends on many factors. Mitchell and Soga
(2005) group these factors into two grougsivironmental and compositional
factors. Compositional factors are the type of minerals, adsorbed ¢atrwhshe
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. Therefarboth 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)suggestghat 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 performisgun

tests such as standard penetration tests can help geotechnical engineers to have a
comprehensive idea about the soil. Therefareould 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 patténesail

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 byrestpa behavior
because they cant 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.
Thereforg 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. Therefdree 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 stragmndition is
defined asa watersurplus.Thornthwaite suggested calculatitite Thornthwaite
Moisture Index (TMI) parameter using monthly water surulagcit and potential
evapotranspiration data that may occur in the region to identify different climate

types.

Table 21. Thorntwaite Moisture Index for thaifferent climatetypes
(Thornthwaite, 1948kizler, 2018)

Climate Type Thornthwaite Moisture Index (TMI)
(A) Perhumid >100
(B4) Humid 80 to 100
(Bz) Humid 60 to 80
(B2) Humid 40 to 60
(B1) Humid 20 to 40
(C2) Moist Subhumid 0to 20
(Cy) Dry Subhumid -20to 0
(D) Semiarid -40 to-20
(E) Arid -60 to-40
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In Turkiye, 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 gené&ibuten of

TMI in Turkiye.
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Figure 25. The general distribution of TMI imdrkiye (lkizler, 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 swellisigrinking 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 aagite 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 hardtive 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 Antomil 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 22. Depth of designsuction change forcities in Australia (Adpted from
AS2870,201))

Cities in Australia Depth of soil suction change {Hn
Adelaide 4.0
Albury/Wodonga 3.0
Brisbane/lpswich 1.571 2.3
Gosford 157 1.8
Hobart 2.31 3.0
Hunter Valley 1.87 3.0
Launceston 2.31 3.0
Melbourne 1.87 2.3
Newcastle 157 1.8
Perth 1.8
Sydney 1571 1.8
Toowoomba 1.87 2.3

Table 23. Relationship between TMI and depth of soil suction (Adopted from
AS2870,2011)

T™I Depth of soil suction change {Hn
>10 1.5
0510 10 1.8
015 $H0 O 2.3
6025 4 O 3.0
040 £ O 4.0
040 >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 varigy 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.
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Figure 26. 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 suggedthat 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 eithetbe directly measured with some spectéstsin the soil laboratory tests

or can be obtained using some empirical formulas or chattseliyydex 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 D389@escribes the

free swell percentage as the ratio of volume change over the initial voasme
shown in Egations2.1 and 2.2 ASTM D454614 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 th&éahheight of the specimen.

VF — Vi OB
L% 100 (On2.1)

Free Swell Percentage =

Hf — Hi On2.
' % 100 (0n22)

Free Swell Percentage =

Table 24. USBR classification for expansive soils

Swelling Potential Degree of Expansion
>25 Very high
5-25 High
15-5 Medium
0115 Low

Table 25. Expansive soil classification (Agted Sridharan and Prakash, 2000)

Swelling Potential from Clay Type Degree of Expansion

oedometer (%)

<1 Non-swelling Negligible
1-5 A mixture of swelling Low

and norswelling

5-15 Swelling Moderate
15-25 Swelling High
>25 Swelling Very high
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The ASTM D4829 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 (El). The cail be classified by its expansion
index according to Table 2.6 (Nelson, 2015).

Final thickness — Initial thickness
El = — - x 1,000
Initial thichness

(012.3)

Table 26. Classification of the soil based on the expansion index (Nelson, 2015)

Expansion Index (El) 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 pressuhich is called swelling pressure.
ASTM D454614 suggests three different methods to determine this stress.
According to the firstmethod, thesoil 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. Prugka and Gedivl (2017) studi
occur on asphalt and concrete surfaces when different ranges of swelling pressure

are applied as shown in Table 2.7.

Table27.Swel Il ing pressure effect on asphalt
Gedivl, 2017)
Swelling Pressure Evaluation  Asphalt Surface Concrete Surface
(kPa)
<30 Negligible  No deformation Virtually
impossible
30- 60 Increased Little noticeable  First signs of
deformation cracks
60- 100 High Slight Clear visible
undulations cracks
>100 Very high Significant Significant cracks

undulations

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 tilied 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 the standards ASTM D5890 for geosynthetic

linersand IS 2720 for natural soils. F&in be used for the classification of the soil.
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FS] — Volume of soil in water — Volume of soil in kerosene « 100
a Volume of soil in kerosene (0nR24)

Table 28. Classification ofexpansivesoil 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

2.3.44. Lateral Swell Test

Water adsorption in arexpansive 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(2009 conducted a series of laboratory tests in the Middle East Technical
Universityodos soil | aboratory using a thin
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
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performed under different conditiongs shown in Figure 2. On the other hand,

Ertekin(199]) indicates that in some cases swelling ratio can be higher than 1.0.
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Figure 27. 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 D6918B 04, 2009 for the sieve test and D792817, 2017 for the

hydrometer testGermaineandGermaine 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, AlHomoud, & Husein, 1995). Also, the percentage of clay content can be
used to calculate the activity of the clayhich is a useful parameter for the

classification of the soil.
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2.3.5.2 SpecificGravity 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
D854-06el, 2006 GermaineandGermaine 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 Ulusay2001) 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 limittise water content
where the consistency of the soil changes from {lilkiel behavior to a plastic
behavior. The plastic limit is a water content where the consistency of the soll
changes from plastic behavior to sesnlid behavior. Similarly, shrinkage limits

are the boundary between sesolid 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.
Liguid and plastic limits are also used to determine the plasticity index (PI) as it is
the difference between these two parameters as shownuati&y2.5. High Pl
values indicate that the soil shows plastic behavior in a high range of water
contents. Using the parameters Pl and clay percentage in the clay, Skempton
(1953) determined a term activity as shown inu&en 2.6 (Germaineand
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 saié related to clay
mineralogy and the clay fraction in the soil, similar to the swelling characteristics
of the soil. Thereforanany 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.
Figure2.8 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.

PI=LL—-PL (01)25)

Pl (0n26)
Clay Content (%)

Activity =

Table 29. Skempton, 1953 Classification dhy based on activity

Activity Soil Classification
<0.75 Inactive

0.751.25 Normal
>1.25 Active

Table 210. Skempton, 1953ctivity values for typical clay minerals (Nelson,
2015)

Activity Mineral
0.33-0.46 Kaolinite
0.9 Ilite
15 Ca Montmorillonite
7.2 Na Montmorillonite
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Table 211. Previous studies to classify expansive soils using Atterberg limits and

clay content

Resources SL LL PI Clay Swelling Degre of Expansion
content  Potential
(%) (%)
Altmeyer,1955 <12 Noncritical
1012 Marginal
>10 Critical
Holtz and Gibb, 1956 >15 <18 <15 <10 Low
10-16 1528 1323 10-30 Medium
7-12 2541 13-20 20-30 High
<11 >35 >28 >30 Very High
Terzaghi and Peck, <15 Low
1967 10-35 Medium
20-55 High
>55 Very High
Raman, 1967 <15 <12 Low
1530 12-23 Medium
3040 2332 High
>40 >32 Very High
Sowers and Sowers, >12 <15 Low
1970 1012 1530 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
5060 2535 0.51.5 Moderate
<50 <25 <0.5 Low
USAEWES <50 <0.5 Low
Cl assifica 50-60 0.515 Marginal
and Poorymoayed, >60 >1.5 High
1980)
Pitts, 1984; Kalantari, <50 <25 Low
1991 5060 2535 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
3040 30-60 1-5 Medium
<30 <30 <1 Low
Bowels,1988 <15 Low
10-35 Medium
2055 High
>35 Very High
Kay, 1990 <20 Low
20-40 Moderate
40-70 High
>70 Very High
60
n
O Fig 2.19 Maryland, Australia
50 — m Fig 2.20 Canada
O Fig 2.23 Colorado State Univ.
e Fig 2.24 North of Denver, CO
s 40 — & Fig 2.25 Canon City, CO
% A Fig 2.26 DIA, Denver, CO
= A Fig 2.27 Texas
230
2 =2
% —)
g 20 7 1/ OH
[ or
MH
10
CL-ML:
0

0 10 20 30 40 50 60 70 80 90 100

Liquid Limit

Figure 28. Location of Kaolinites lllites and Montmorillonites on tipéasticity
chart (Holtz, Kovacs, and Sheahan 204&|son 2015)

Seed, H. B., Woodward, R. J., and Lundgren, R. (1962) showed that the degree of
expansiveness is related to the clay contentaatidity, and it can be classified

into 4 groupslow, 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

29



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 necassif exact values are needed.

Activity

-—-__-
—"——4_

Very High
High
|
\Mtd m
N Swalling Potential = 25%
e~ Swelling Poteatial = 5%

Swelling . Potential = 1.5%
| 1 J

o]

10

20 30 40 50 60 70 80 20 100

Percent Clay Sizes (finer than 0.002mm)

Figure 29. Classificationof expansivesoils based on clay contents and activities
(Seed, Woodward and Lundgren, 1962; CH&Y5)
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Figure 210. 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 212. Empirical predictions forxpansive Soils (Hergul, 2012)

Researchers Relationships Based on Proposed Empirical Equation
Activity (A) and Clay Content (C) S, = 36x10° (A" ) (C**)
Seed et al, 1962(b) s, = 36x10°(M)(PR)

Plasticity Index (PI)
where M=60 for natural and M=100 for artificial soils

Correction Factor (F), Thickness of Non-
Van der Merve, 1964 Expansive Layer (D), Thickness of AH=Fx e P x 7™ 1)
Expansive Layer (H)

Liquid Limit (LL), Initial Water Content

Komornik and David, 1969 (wo) and Dry Unit Weight (gd)
(gd in kg/m3)

Log P, =-2.132 + 0.0208LL + 0.000665y, -0.0269 wg

Plasticity Index (PI), Initial Water SP = (0.00229P1)(1.45C)/w, + 6.38

Nayak and Christensen, 1971 Content (w,) and Clay Content (C) o s : :
P = (3.58x107) PI'“ C/wg™ + 3.79 (P in psi)
Liquid Limit (LL), Initial Water Content Log S, = (044LL —w, + 5.5)/ 12
Vijayvergia anf Ghazzaly, 1973 (w,) and Dry Unit Weight (y4)
(ya in Ibfft®) Log S, = 0.0526 y, +0.033LL — 6.8
i Plasticity Index (Pl) and Initial Water
Schnider et al., 1974 Content () Log S, = 0.9(PlUwg) —1.19
S, =23.82+ 0.7346P1 - 0.1458H — 1. 7w, +
Thickness of Expansive Layer (H),
Johnson and Snethen, 1978 Plasticity Index (PI), Initial Water 0.00225Piw, — 0.0088P1 H
Content (w,) p = -9.18 + 1.5546P1 + 0.08424H + 0.1w, — 0.0432 PI
wp -0.0215PH
Weighted Liquid Limit (LL,,), Surcharge _ 17 ass 233
Weston, 1980 Load (g,), Initial Water Content (wq) Sp = 0.00411(LLa)" " 0" Wo
Chen, 1988 Plasticity Index (P1) S, = 02558283
T¥DOT 1999 Plasticity Index (P) Sp = 0.217(P1)-2.9 (For Optimum Conditions)
asticity Index
X ! Y S, = 0.294(PI)-2.9 (For Average Conditions with PI<60))
Clay Content (C), Cation Exchange
Thomas et al, 2000 Capacity (CEC), Liquid Limit (LL}, Swell Unified Expansive Soil Index (ESI) Estimation
Index (C.)

Liquid Limit (LL), Methylene Blue Value
(MBV), Clay Content (C), Plastic Limit
(PL). Plasticity Index (Pl), Water Content S, and P, Values Estimated from Various Equations
at 24 h (Wmay24), Water Content at 72 h

(wmaxy,), Percent of Smectite (S,)
Activity (A), Cation Exchange Activity

- (CEA), Saturated Standard Mositure . . . . .
Kariuki and van der Meer, 2004 (SSP), Linear Extensibility Percentage Unified Expansive Soil Index (ESI) Estimation

(LEP)

Ergiiler and Ulusay, 2003

Liquid Limit (LL), Methylene Blue Value

Avsar, Ulusay and Ergaler, 2005  (MBY), Clay Content (C), Plasticity S, and P, Values Estimated from Various Equations

Index (PI)
Yilmaz, 2009 Liquidity Index (LI) S, = 2 pgg1el! 7188t
Liquid Limit, Cation Exchange Capacity _ 2 2 2
Yimaz and Kaynar, 2011 (CEC), Activity (A) Sp = 9.223x107LL+2.041x10~A+5.535x10~°CEC-0.153
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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 en&gynplemented a soil for
compaction. The ASTM D698 standard named standard effortsfgstifies that
energy is 600 kNn/m3. Other methods can be used to perform compaction tests as
modified effort (2700 kNm/m?®) 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 conditi@er(aine 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. Thit tiast

that connects all data points is named the compaction curve. The peak point on the
compaction curve corresponds to the optimum water content oiiakis and the
maximum dry density on thg-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 GermaineandGermaine 2009).
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Figure 211. Compaction arve (GermaineandGermaing 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 @se 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.
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Figure 212. Compaction arves for different soil texturesGermaine and
Germaine 2009)
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Table 213. Typical values of maximum dry densities and cqroggling optimum
water content§GermaineandGermaine 2009)

pl]l:i\ w”lﬂ
Soil (Mg/m?) (%) Method
Maine Clay* 1.80 17.7 Harvard Miniature
Vicksburg Buckshot Clay** 1.56 22.8 D698
Annapolis Clay** 1.75 16.6 D698
Vicksburg Silt#* 1.70 17.1 D698
Well-graded clean gravels, 20t02.2 to 11 D698
gravel-sand mixtures®**
Poorly graded clean gravels, 1.8 to 2.0 11to 14 D698
gravel-sand mix***
Silty gravels, poorly graded 1.9t02.2 8to 12 D698
gravel-sand-silt*#*
Clayey gravels, poorly graded 1.8 to 2.1 9to 14 D698
gravel-sand-clay ***
Well-graded clean sands, 1.8 to 2.1 9to 16 D698
gravelly sands®**
Poorly graded clean sands, 1.6to 1.9 12to 21 D698
sand-gravel mix*#*
Silty sands, poorly graded 1.8 10 2.0 11to 16 D698

sand-silt mix*#*

Akgun 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/m
2.3.6. Laboratory Tests for Mineralogical Identification of Expansive Soll

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 (Turkdéz and Tosun, 2011). The surface area of a clay patrticle 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.

START

5 cem’
Methylene Blue

Negative

Methylene Blue Positive 5 times End of
Adsorption Test Test

Positive <5 times

2 cm?
> Methylene Blue

Negative

Methylene Blue
Adsorption Test

Positive
5 times

End of Test

Light blue coloration (excess dye cannot be
adsorbed. This indicates the pomt at which

All dye adsorbed the soil is saturated with methylene bule.)

humid zone

P Methylene Blue @'l ‘
@I fixed /A

Test is negative Test 1s positive

Figure 213. 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. TherefoSA 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 214. Typical values of CEC and SSA for different clay minerals (Mitchell
and Soga2005, modified from Nelson, 2015)

Clay Mineral Cation Exchange  Speific Surface Area
Capacity (CEC) (m?/g)
(meq/1009)
Kaolinite 1-6 5-55
lllite 1550 80-120
Montmorillonite 80-150 600-800
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Figure 214. Potential expansion of the clay according to CEC and activity (Nelson
and Miller, 1992 Nelson, 2015).

2.3.6.2. XRay Diffraction Analysis

X-ray diffraction analysis is one of the most common types of methods to
determine soil composition and specifically to identify fgrain 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 ofwavelengtls between 0.01 and 108 (Angstrom). Mitchell

(2005 states that when a higdpeed Xray 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 differentvavelengthsan be filtered before sending them to the target
soil sample. Therefore, it is possible to sendXaray with a singlewavelength
Copper radiation with a avdength of 1.54A (Angstron) is most used to identify

the soils (Mitchell, 2005). Figure 2.15 shows the diffraction af){s from target
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materi al a c c o tad iam defined an ERuateo®.y e angle of
di ffraction (d) i s dep e n,dvbichtis identicaltfon e
each mineral. In Heption2.7, (n) is the order of diffraction that can be any whole
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Figure 215.X-r ay di ffraction according to Braggos

ne=2dsi nd (Eq. 27)

The reflected Xrays from different angles and intensities are collected by a

detector. Each peak intensity corresponding different diffraction angles
represents a different mineral in the soil. Tabl&5 shows the interatomic space

(d) for different common types of minerals in soil.
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Table 215. Interatomic spaces for common minerals in soil (Mitchell, 2005)

d (A) Mineral d (A) Mineral¢
14 Mont. (VS) Chl. Verm. (VS)? 2.93-3.00 Felds.
12 Sepiolite, heated corrensite 2.89-2.90 Carb.
10 llite, Mica (S), Halloysite 2.86 Felds.
9.23 Heated Verm. 2.84 Carb. Chi.
7 Kaol. (S). Chl. 2.84-2.87 Chl.

6.90 Chl. 2.73 Carb.

6.44 Attapulgite 2.61 Attapulgite

6.39 Felds. 2.60 Verm., Sepiol.
4.90-5.00 [llite, Mica, Halloysite 2.56 Illite (VS), Kaol.
4.70-4.79 Chlor. (S) 2.53-2.56 Chlor., Felds., Mont.

4.60 Verm. (S) 2.49 Kaol. (VS)
4.45-4.50 Illite (VS). Sepiolite 2.46 Quartz, heated Verm.

4.46 Kaol. 2.43-2.46 Chlorite

4.36 Kaol. 2.39 Verm., Illite

4.26 Quartz (S) 2.38 Kaol.

4.18 Kaol. 2.34 Kaol. (VS)
4.02-4.04 Felds. (S) 2.29 Kaol. (VS)
3.85-3.90 Felds. 2.28 Quartz, Sepiol.

3.82 Sepiol. 2.23 [llite, Chl.

3.78 Felds. 2.13 Quartz, Mica

3.67 Felds. 2.05-2.06 Kaol. (WK)

3.58 Carbonate, Chl. 1.99-2.00 Mica, Illite (S), Kaol. Chl.

3.57 Kaol. (VS), Chl. 1.90 Kaol.
3.54-3.56 Verm. 1.83 Carb.

3.50 Felds., Chlor. 1.82 Quartz

3.40 Carb. 1.79 Kaol.

3.34 Quartz (VS) 1.68 Quartz
3.32-3.35 1llite (VS) [1.66 Kaolin

3.30 Carb. 1.62 Kaolin

3.23 Attapulgite 1.54B Verm. (S), Quartz

3.21 Felds. 1.55 Quartz

3.20 Mica 1.58 Chl.

3.19 Felds. (VS) 1.53 Verm., Illite

3.05 Mont. 1.50 I1. (S), Kaol.

3.04 Carb. (VS) 1.48-1.50 Kaol. (VS), Mont.

3.02 Felds. 1.45B Kaol.

3.00 Heated Verm. 1.38 Quartz, Chl.

2.98 Mica (S) 1.31, 1.34, 1.36 Kaol. (B)

“(B) = broad; (S) = strong; (VS) = very strong; (WK) = weak:; Mont. = montmorillonite; Chl. = chlorite; Verm. =
vermiculite; Kaol. = kaolinite; Carb. = carbonate; Felds. = feldspar; Sepiol. = sepiolite.
PItalics indicates (001) spacing.

Sharma et al. (2012) stated that crystal structures can be used to identify the
material and refer to the-Kay pattern as a fingerprint of the crystal structure. X

ray diffraction analysis calbe 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 industryaddition to

geological applications.
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2.3.6.3. Scaning Electron Microscope (SEM)

The scaning 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
angstrombut 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 lllite Montmorillonite

Figure 216. SEM images of kaolinite, illite and montmorillonite (Murray, 2007,
Adopted from Ozkan2021)

2.4. Soil Water Retention Curve (SWRCMeasurements

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 zonesater level elevations are quite high, so generally
positive pore pressures occur in the soils. However, in arid andasghmegions

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 problem$his 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 logarithmaxigs and
volumetric water content on theaxis (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 satyration
as shown in Table 2.16.

Table 216. Advantages and disadvantages of different designations on SWRC
(Fredlund, 2012)

Designation Advantages Disadvantages
Gravimetric water » Consistent with usage in classic soil * Does not allow differentiation between
content, w mechanics change in volume and change in degree of
* Most common means of measurement saturation
* Does not require a volume * Does not yield the correct air-entry value
measurement when the soil changes volume upon drying

Reference value is a “mass of soil”
which remains constant

.
.

Volumetric water Is the basic form that emerges in the Requires a volume measurement

content, ¢ derivation of transient seepage and * Rigorous definition requires a volume
fluid storage in unsaturated soils measurement at each soil suction

.
.

Commonly used in databases of results Is the designation least familiar and least
obtained in soil science and agronomy used historically in geotechnical

engineering

.
.

Most clearly defines the air-entry value
Appears to be the variable most closely

Degree of saturation, S Requires a volume measurement

.
.

Although volume measurements are

controlling unsaturated soil property required, the degree of saturation variable
functions does not quantify overall volume change

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 217. SWRC empirical equatior(seong and Wijaya, 2023)

Reference Equation Input parameter
van Genuchten (ws—w,) General notation:
(1980) W(s)=——"""-~+w, w, = saturated water content
[I + (avs)nvj w, = residual water content
s = soil suction
Brooks and Fors < s,w (s) _ a,n,m, = van Genuchten (1980)
Corey (1964) emplrlcgl parameters .
s, s, = suction at the intersection
Fors >s,w(s)= {J between initial drying line and
S virgin drying line
Fredlund and w.C(s) a, = Brooks and Corey (1964)
Xing (1994) w(s)= w  empirical parameter
n l as n, m .= Fredlund and Xing
In| exp(! ( J (1994) empirical parameters
[ J b, ¢, d, = Feng and Fredlund
(I999) empirical parameters
In[l +2 J
=110
10
In(l + ]
Wr
Feng and w.by + ¢ - s%
Fredlund (1999) w(s)= by + %

The SWRC consists of three main zarsadurated (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,vadudiustrated in

Figure 2.17. Air entry value (AEV) ihe 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 increasésirther incrasein suctionremoveswater in the

soil until it reachegheresidual suction value. At this boundary condition wHtat
remainsin the soil is tightly attached to the soil particles. Soil goes to the residual
zone after a further incrasein suction. In this zone, hydraulic flows become

negligible, so the mobility of the water in the soil significantly decretseapor
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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.
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Figure 217. Properties of Soil Water Retention Curve (SWRC) (Soltani et al.,

2019)
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Figure 218. Effect of stress history and method on SWRC (Fredlaad?)
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2.4.1 Suction Measurement Techniques for SWRC

Many different suction measurement techniques with different measurement
ranges, complexgs and costs can be used to create SWRC. Some of these
techniques with their recommended suction ranges and related references are given
in Table2.18provided by Lu and Likos (2004).

Frelund (2012) stated that early laboratory equipment to measure SWRC consisted
of large pressure chambers. Several solsld be tested at the same tijit it

took a long time to test soils for different suction values. Howeeeent types of
equipment are much smalle@dlowing 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. fiethods used in this
study (Axis translation, filter paper, and salt solujioare explaned in the
following sections.

Table 218 Common techniques for soil suction measuremevited{fied dter Lu
and Likos, 2004)

Type of Suction Technique Suction
Range (kPa)

Tensiometers 0-100
Matric Suction AXxis translation 0-1500
Contact filter paper Entirerange
Thermocouple psychrometers 100G/ 8000
Chilled-mirror hygrometers 1000 450000
Total Suction Resistance/capacitance Entire range
sensors

Isopiestic humidity control 4000 400000
Two-pressure humidity control 1000G 600000
Noncontact filter paper 1000 500000
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2.4.1.1 Axis Translation Method

The axis translation technique is the first andst common suctioncontroled

met hod

devel oped

t o measur e

SWRC (Hilf,

2023). Negative pore water pressure may cause cavittiwater inconventional

pressure measurement devicdhat would make the measurements of matric

suction impossibleor 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( the

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

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

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

pressurized air into loypressurized 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 baachieved by regularly flushing the

(Fredlund,
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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 eeginbecause it is the only
method that can measure both total and matric suction in the same experiment, it is
costeffective 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). Fig2u20
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 theatitipout direct contact with

the soil specimen is used to measure the total suction.

The test procedure is outlined in the ASTM D5Z88 standard. The standard
suggests usingVhatmanNo. 42 type of filter paper. For the matric suction
measurements, three filter papshould 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 Figur@.2Q 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 220. Sketch of filter paper (Shen et al., 2013)

The water content of the filter papers can be calculated &sjogtions fron2. 8
to 2.10.

M= M2 - Th (Eq. 28)

Mw= M1- M2 + Th-Te (Eq. 29)
Mw

W, = Wx 100 (Eq. 2.1)

Where;

Mt : Mass of dry filter paper ()

M2  : Total dry mass (Q)

Thn : Hot container6s mass (49)
Mw : Mass of water in the filter paper (g)

Te : Cold container's mass (g)

Ws : Water content of the filter paper (g)

The totalsuction corresponding to the calculated water content of the filter paper
(wf) can be determinedsing Egations2.11 and2.12 (Wang et al.,2003; Shen et
al., 2013) and the matric suction can be determined usiogtiéqs2.13 and2.14

(Bai et al., 2011; Shen et al., 2013).
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log¥, = —0,070w; + 5.257 if W< 41% (Eqg. 2.10)

log¥, = —1.194w; + 51.321if w> 41% (Eq. 2.2)
log¥,, = —0,0767w; + 5.493 if W< 47% (Eq. 2.B)
log¥,, = —0,0120w; + 2.470 if w> 47% (Eq. 2.1)

2.4.1.3 Salt Solution Method

The salt solution method is a humiditgntrolled technique to indirectly measure
total suction from relative humidity. The temperature affects the relative humidity
and therefore the total suction. The tot al
equation(Equation2.18. This method can provida high suction application as

can be seeim Table2.20. 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 correspondingtal suctions can be calculated by usingi&mpn2.15.
Table2.19shows 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.

_ (‘J%Zln(m) (Eq.2.5)
Where;
q : 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 221. Salt solution desiccator (Fredlund, 2012)

Table 219. Relative humidity of common types of salts and corresponding total
suctonf Kenanojlu, 2023)

Chemical salts  Relative Humidity  Generated total suction (kPa)

K>S0, 97.3 3697
KNOs 93.6 8932

KCl 84.2 23226
NaCl 75.3 38313
NaBr 57.6 74502

2.5. Barcelona Basic Model (BBM)

Barcelona Basic Mode{BBM) is the most widely used constitutive model to
definethe behavior of the unsaturated soil (Wheeler et al, 20BBM simulates

the swelling behavior of expansive soils bettemits contemporariesThe model,
developed by Alonso et al1990) extends themodified clay model considering
netmeanstress (p) and suction (s) as state variables. The net stress is defined as the
difference between totainean stress and pore air pressure. The increment in
suction decreases the swelling and increases the strength and the preconsolidation

mean stres§o) in the soil. The BBM consists of two yield surfaces named suction
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increase yield surface (Sl) and loaditgllapse yield surface ahown in Figure.
22 (Alonso et al., 1999).

04 + 20-3 (Eq 216)
p= 3 Ug
q=0,— 03 (Eq. 217)
5 =uU; — Uy, (Eq. 218
Where;
p : Mean net stress
U1 : Major principalstress
Us : Minor principalstress
S : Suction
Ua : Pore air pressure
Uw : Pore water pressure
q
Increase of cohesion
with suction
S
— - >
Swelling durin V. /
welt_i_ng atlow/ o/ p-Irreversible
. confining /p \ strain during
P 0 L _s.triss_ [ () drying
LC Increase of preconsolidation
pressure with suction
Collapse during pO
Q wetting at high

confining stress

Figure 222. Barcelona Basic Model yield surfaces p-g-s plane(Alonso et al.,
1999)
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The volumechangecan be defined using equations fromuBtjon 2.19 to 2.24
underisotropic stress conditiongdditional figures for graphical explanation of

BBM parameters are given in Appendix

v=N(s)—A; XIn(p/p.) (Eq. 219
d, = —kd,/p (Eq. 2.D)
dy, = —Ks X dg/(S + Datm) (Eg. 2.2)
N(S) _ N(O) — K X ln(s + patm) (Eq 2.2)
atm
A(s) — Eq. 2.8
Po = Pc X (pS/pc)"()\E; _E) (F9.22)
A(s) = A0) x (1 —7) x e=F*s) 1) (Eq. 2.2)
Where;
v : Specific volume

2 (s ) Slope of the virgitompressiotine (constant suction)

Pc : Reference stress
N(s) : Specific volume corresponds to &a(s)
9 : Slope of the elastic compression loh@e tothe suction change

Patm  : Atmospheric pressure
N (0) : Specific volume at theeference stress
po*  : Preconsolidation pressuremean stress terms

& ( 0 ) Slope of the saturated virgin line

b : Hardening effect with suction
r . Ratio compression index at the high suctions and slope of the saturated
virgin |Iine (a&(0))
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The yield surfaes of loadingcollapse (LC) and suction increase (Sl) #3 ppace,
as shown in Figur@. 22 are defined irEquations2.25 and 2.26 for volumetric

plastic strain increments

For LC Curve;

» _ M0)—kdpg (Eq. 2.5)
de, = —————
v Po
For Sl Curve;
de? = A(s) — Kk, dsg (Eq. 2.5)

v So + Patm

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

space as written in EQtion2.27.

F=q*+M*(p+p)p—p) =0 (Eq. 227)

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 &afion2.28.

F=q"+M®+po®s)®—pc(ps)) =0 (Eq. 228)
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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deP

S —

_ 2qa (Eq. 229)
de? M?(2p+ks-R)

Where;
U : Parameter to define flow rule
The par iadefnededy Alodso et al. (1990) as

MM —9)(M - 3) 1 (Eq. 2.3)
B 96—M) 1-—(x/A(0))

In Figure 2. 24Alonsoet alshow the different loadirgollapse (LC) that occurs in

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

to shift to the left side, causing wetting of the soil and therefore weakening. At a
constant suction value, the Sl line shows the suctiorease value and the soil
yields if the suction exceeds this val#e.B, C, D, E, F represent stressction

paths andheystated that different suction and loading conditions acting on the soll
will create different LC curvedn the experiments on 3 soil samplésgy noted

that different loading paths of the soil from point A to point F resulted in different
LC curves. In the A-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 cutwethe A-E-F path, the soll

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. the AB-F path soil shows the highest volume change

while in the AE-F path soil shows the lowest volume change
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Figure 223. 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 sucomrdled isotropic compression tests to
det er mi ne o ( g9 parambetersNatrated isotropid compression tests
to det er mi nentrellédunlgadingaloading tests to determine elastic
par amet e rsandsuctiomonteolted triagal tests to determine the slope of

the critical state line (M).

Zhang and Xiao (2013) conducted suctaamtrolled isotropic compression tests
under the constant suction of 0, 100, 200,300 kPa and elastic unloaliiading
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 suctimontrolled oedometer tests instead of triaxial tests. They
performed thedsts 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 costexbhopar

the suctiorcontrolled triaxial tests.

Kenanojlu (2023) <classified:thelpmamBt®&M par a
to define the initial conditions, the loadiagllapse (LC) curve, and the strength as
shown in Table.20

Kenanoglu and Toker (2024) state that soil laboratory testing for unsaturated soils
requires costly equipment arallong testing time. Therefore, they proposed a
practical framework to determine BBM parameters using a straightforward and
rapid process rather than sucticontrolled 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 KKtests, 4 unsaturated undrained tests, and a soil water retention curve.
They provide stefpy-step procedures that demonstrate calibration for each

parameter.

Table 220. The required parameters forthe BE&Mdopt ed fr om2®3I nanoj | u

Initial Conditions Loading-collapse (LC) Strength
The initial specific Reference stressdp Shear modulus of
volume () elastic state (G)

The initial suction (§ The slope of the saturated virgi  The slope of the

line (E(0)) critical state line
(M)
Saturated The slope of the elastic The cortribution of
preconsolidation stres compression linef) suction to cohesior
(Po*) (k)
Hardening effect with suction
(b)

The slope of the compression
line at the high suctionalues(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 expansiveéFmiles,

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

Mittal, Samanta and Maury@029 stated that the use of pile foundations increases
the strength of soils, increases the natural frequency of thstaature 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 Marting2023 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 fiCbes,

1975)

2.6.1 Adhesion Factor

The adhesion factor describes the strength reduction between the pile foundation
and the soiland can be calculated from Equation12(8hen, 1975; Prakash and
Sharma, 1991, Elsharief, Ahmed and Mohamedzein, 2Bi@rosha and Arifin,

2021).
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f=0 cu (Eq. 2.31)
Where;

f : skin friction
U - adhesion factor
Cu : undrained shear strength of the soil

According to Prakash and Sharni99)), it is very difficult to determine the
adhesion factor between soil and pile. The adhesion factor variesliagctr 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 stughile at water contents higher

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

Thewp | i f t fisatletratio of thebuplift pressure tioe swelling pressure of

the soilas shown irEquation2.32. Chen 1975 congtted experiments o2inch
diameter and -6and 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.

_ Uplift Pressure (Eq. 2.2)
Bu= Swelling Pressure

Nelson(2015 stated that uplift skin friction will take place in the active zone while
negative skin friction will occur in the anchorage zoag shown in Figur@.25

Nelson also recommended the useEgfiation 231 used by Chen 1975 for pile
foundations completely located in expansolay butstated that different values
have been used for the uplift factor according to different studies overGines.
(1988) reported a range of 0.09 to 0.18 for the uplift factod 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 esiZell

(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 lortigrm measurements.
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CHAPTER 3

FIELD AND LABORATORY STUD IES

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

calculatedand 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 (SE&)dmethylene 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 Kenanogland Toker (2023) was adopted to determine the
engineering parameters required for the Barcelona Basic Method (BEhth

was chosen to simulate the soil behavior inZR&or 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 Chends method were determined by pe
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.
Thereforeadhesi on factor (U) was determined. T h e
determined using oedometer apparatuses and a-sctadédl laboratory setp

prepared to measure the uplift f@WPisce applie
determined as it ishe 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 r&uok as London clay,
Boston blue clay, Oslo clay, Ottawa sand, ,ettthough 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 dterminng 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 deteftomeavhere
to take the soil samples to be used in this study. The first, chosen soil should have
high expansive potential, therefpthe effects of the soil swellingn the pile can
be measured clearly. Second, considering the quantity of soil needed for many
laboratory tests, the site should be available for excavatiorthendollection 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 takerfter 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, akiterberg 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 32. Golbasiclay sample2 and MFSI Test
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Figure 34. Cubuk day sample2 and nodified free svell tests
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Figure 35. Batikentand Yuvakoysoil amples 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 ofhe soil moisture profile. Monthly average
temperature and rainfall data from 1927 to 2003 (t) were taken from the Republic
of Turkiye Ministry of Environment, Urbanisation and Climate Change, General
Directorate of Meteorology website to estimate Ankara's potential
evapotranspiration (PE). The equations providgdrhornthwaite (1948are 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 locat{d°11'48"N 33°08'32E) of the
pit excavation is marked as a red star in Figure 3.6.

Figure 36. 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 37. Soil collection process

After a pit excavation, 8 disturbed soil samples from each of three different profiles
were taken from dep#iof 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 thentaneso ovendry for water

content measurements.
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Figure 38. Disturbedsoil samplestakenfrom 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 pulverizerwhich is capable of sepanagj 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 9.
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Figure 39. 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 standgigl.3.1Q0 The Casagrande cup method

was chosen for liquid limit determination.

Figure 310. Atterberg LimitsLL and PL ests

3.4.1.1 Shrinkage Limit Tests

3 different methods were used to determine the shrinkage limit for the clay.
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Linear Soil Shrinkage Test

The test was performed according to AS 1289.417. The linear shrinkage bar
mold as shown in Figur8. 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-degremvenfor anothe4 hours. The linear shrinkage (LS) is calculated as it is

theratioof thelengthdifferenceofthesoilbeforeand after drying to the initial length.

Figure 311 Linear shrinkage limit test

Shrinkage limit determinatioby 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 ,3vi€re cleaned andhe inside
surfaces of the dishegeregreased with a thin layer. The sisilgradually 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. Thusentrappingair bubbles during thgrocesswas
prevented. Similar to the drying process usedtf@rlinear 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 104degree oven to dry.

The volume of the shrinkage dishes ahd tiry samplesvere determined using
mercury. First, the mass of an empty shrinkage dish was measured. The dish was
then filled to the top with mercurfExcess 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 volwas found with mercury

with aknown density and measured weight. The same process was repeated for all

four containers separately.

The volume ofthe dry soil specimen was also determined using a container filled
to the top with mercury. The dry soil specimen was carefully placed on the
mercuryfilled container. It was then slowly pushed into the merdiligd
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 ontainer This mercury was collected and weighed. The volume of the

dry soil was then determined using meycaf known density and weight.
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Figure 312 Shrinkage limit determination by using mercury
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Water submersion technique

The same specimens used to determine the shrinkage limit with mercury were also
used for this methodVercury is a very toxic material and using it without caution
can cause serious health damafexefore ASTM D494318 suggests using the
submersion technique to determine the volume of the dry soil speciffensest

was performed according to this standafiche 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 usinthe submersion technique explained in detail tihre

shrinkage curve test.
3.4.2 Specific Gravity Test

The test was conducted to determine the specific gravity ¢Gthe clay. The
method suggested for the plastic materialsASTM 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 313. Specific gravity (&) photos

3.4.3. Sieve and Hydrometer Tests

Both tests were performed t@t/e the grain size distribution and determihe

clay content of the soil. The sieve and hydrometer aeslygere performed
according to ASTM D6913 and ASTM D7928 standandspectively. 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 botlGrains 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 contesiich is the water content
corresponding to the maximum dry density. In other words, it can provide a
specific water content thatvhen clay is compacted under a standard energy, the

maximum amount of soil particles chapacked 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 iso prepareclay samples for each data point can be prepared
before performing the test andale themfor tempering for 24 hours. This
approach requires more seamplesput it is much more appropriate than the first
onebecausghe tempering period ensures that the water is evenly distributed in clay
samplesThisapproach 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 314. Compactiontestphotos
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Figure 315. 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) 1S 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 2100 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 snv&hen the Modified

free swell was calculated as it is the ratio of the volumetric increaseotiéswoil

to the volume of soil in the tube filled with kerosene.
3.4.6. Swelling Potential andswelling 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 swellieely. So, swelling potential can be found as it is the ratio

of the change iwvolume 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.

74



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 spseahen
thatno 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 caralb@vedto swell freely until no swelling

can be measured. S&welling potential can be calculated as it was mentioned for
the first method. Thersome 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.
Inthisstudy anoedometesetupasshownn Figure3.16 wasusedo perform the test.

The specimen is compactin the oedometer ring to have water of 23 percent and a
dry density of 1.462 g/cfnA 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.
Whenfreeswellwascompletedstressewereappliedothe specimen by degrees. So,

thevarietyof swelling pressures for corresponding swelling potentials are measured.

Figure 316. Apparatus to measure swellipgtential angwellingpressure
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3.4.7. OneDimensional Consolidation Test Using Incremental Loading

The test was performed according to ASTM D2435 to determine the coefficient of
consolidation (g, compression indexcd), and recompression indes)(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, cespectively. 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 dime
recorded immediately after adding the water. Time intervals to record
displacements were chosen as the sguairenultiples of 0.5 in minutes up to 5
(corresponds to a reading at 25 minutes) as suggested in the standard to have
betterlooking time displacement plots. In general, displacement readings were
recorded at the tins®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 thaigplacement plot for each load
increment. Each load incremenias adjused to double the previous load. To
determine the slope of the unloadirgdoading line (g, two times applied loads
decreased as ¥4 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 FiguBel6was used to perform the test.
3.4.8. Direct Shear Tests

The direct shear tests were performed to determine the shear strength of the soill

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 gricm
density (corresponding dry density for 23 percent of water content from
compaction curve) was compacted in a square direct shear bodimihsionf

59.5 mmby 59.5 mm. Similar to the-D consolidation tests, a small surcharge load
was applied to the specimen, the cedlsfilled 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 317. Directshear 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 spesiméh water
contentof 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
D476711 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 318. Directshear 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 watecement ratio of 0.75, armlsandcement ratio of 2.5The same
concreteis usedthat 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 witypB40
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. Figure3.19shows the prepared concrete block and the testpséir the
interface shear strength tests.

Figure 319. Interfacedirect 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))(@f cohesive soils. Therefqré is widely

being used by geotechnical engineers.

The tests were performed to determine the unconfined compression strehgth (g
the soil with different water contenénd dry unit weightso 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 densitibst correspond to each water content
from the compaction curvevere determined. The soivas compacted in 5 equal
layers in the mold shown in FiguBe2Q. The previous surface of the soil layers was
scarred by a spatula to gaimterlocking between each layer. 7 specimens with
different water contents were prepared and the unconfined compression strength of

each of themvasdetermined.

Figure 320. Unconfinedcompression specimen preparation

Second, instead of taking the dry densities for each specimen from the compaction
curve, 7identicalspecimens were prepared with a water content of 23 percent and
corresponding dry density from the compaction curve. Then, three of these samples
were airdried according to Kenanoglu and Toker (2018}til 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 describgd bKenanoj |l u and Toker (2
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, bef@#isg the test.
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