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ABSTRACT

STABILIZATION OF EXPANSIVE SOILS USING
SILICA FUME AND LIME

Guzel, Hayri
Master of Science, Civil Engineering
Supervisor : Prof. Dr. Erdal Cokca

September 2023, 164 pages

The issue of expansive soils is a global concern that presents numerous complexities
for professionals in the field of civil engineering. When exposed to water, these types
of soils exhibit swelling and undergo shrinkage upon drying. The prevailing and
cost-effective approach to stabilize these soils involves the utilization of admixtures
that effectively mitigate volumetric alterations. This study aims to investigate the
impact of incorporating silica fume and lime on mitigating the swelling potential and
improving the unconfined compression characteristics. The preparation of the
expansive soil has been done in the laboratory by mixing kaolinite and bentonite.
The expansive soil has been modified with silica fume at different weight
percentages. The determination of grain size distribution, consistency limits,
compaction characteristics, swelling percentage, and unconfined compressive
strength, deformation modulus of the mixtures have been conducted. The specimens
have been undergoing a curing process ranging from 7 and 28 days. The
experimental study revealed the impact of silica fume and lime on the swelling
potential and unconfined compression characteristics of artificially prepared
expansive soil specimens under laboratory conditions. The research findings show
that the inclusion of silica fume and lime in the samples resulted in a threefold

increase in unconfined compression strength compared to samples without additives.



Additionally, the swelling potential dropped to one-fifteenth of no additive sample

swelling potential, and the deformation modulus increased by a factor of five.

Keywords: Expansive Soil, Soil Stabilization, Swelling Potential, Silica Fume,
Lime,

Vi



0z

SISEN ZEMINLERIN SiLiS DUMANI VE KiREC KULLANILARAK
STABILIZASYONU

Guzel, Hayri
Yiiksek Lisans, Insaat Miihendisligi
Tez Yoneticisi: Prof. Dr. Erdal Cokca

Eylil 2023, 164 sayfa

Sisen zeminler konusu, insaat miithendisligi alanindaki profesyoneller i¢in ¢cok sayida
karmagiklik sunan kiiresel bir sorundur. Bu tiir zeminler suya maruz kaldiklarinda
sisme gosterir ve kuruduktan sonra biiziilmeye ugrarlar. Bu zeminleri stabilize etmek
icin gecerli ve uygun maliyetli yaklasim, hacimsel degisiklikleri etkili bir sekilde
azaltan katkilarin kullanilmasini igerir. Bu ¢alisma, silis dumani1 ve kireg ilavesinin
sisme potansiyelini azaltma ve serbest basing 6zelliklerini iyilestirme lizerindeki
etkisini aragtirmayi amaclamaktadir. Genisleyen zeminin hazirlanmasi, kaolinit ve
bentonit karigtirilarak laboratuvarda yapilmistir. Genisleyen zemin farkli agirhik
yiizdelerinde silis dumani ile modifiye edilmistir. Karigimlarin tane boyutu dagilima,
kivam limitleri, sikistirma ozellikleri, sisme yiizdesi ve serbest basing dayanimi,
deformasyon moduli belirlenmistir. Numuneler 7 ve 28 giin arasinda degisen bir kiir
strecinden gegirilmistir. Deneysel calisma, silis dumani ve kirecin laboratuvar
kosullarinda yapay olarak hazirlanan sisen zemin numunelerinin sisme potansiyeli
ve serbest basing oOzellikleri {izerindeki etkisini ortaya koymustur. Arastirma
bulgulari, silis dumani ve kirecin numunelere dahil edilmesinin, katki maddesi
icermeyen numunelere kiyasla serbest basing dayaniminda ii¢ kat artiga neden
oldugunu gostermektedir. Ayrica, sisme potansiyeli katkisiz numunenin sisme

potansiyelinin on beste birine diismiis ve deformasyon modiilii bes kat artmistir.
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CHAPTER 1

INTRODUCTION

The issue of expansive soils is a global concern that presents numerous problems for
professionals in the field of civil engineering. They pose a risk of natural disaster
and may result in considerable damage to structures if not adequately addressed. This
type of soil swells when exposed to water and shrinks when it dries out (Al-Rawas
et al., 2002). Moisture infiltration can occur due to various factors, such as excessive
rainfall leading to flooding, water leakage from pipes or sewer lines, or a decrease in
surface evapotranspiration caused by the presence of buildings or pavement (Cokca,
2001).

There have been reports of expansive soils in a variety of areas of the world, most
commonly in the arid or semi-arid regions of the tropical and moderate climate zones
like Africa, Australia, China, the Middle East (such as Israel, Egypt), India, South
America, the United States, and some regions in Canada (Mishra et al., 2008;
Murthy, 2002; Nelson & Miller, 1992). Moreover, it should be noted that expansive
soils are present in certain areas of Turkey, specifically within the Central Anatolia,
West Anatolia, Southeast Anatolia, and East Anatolia regions (Cokca, 2001).
Ankara, the capital of Turkey, is placed in the Central Anatolia region. A certain
amount of urban settlement has been built on soil deposits with expansive

characteristics (Erguler & Ulusay, 2003).

The issue of swelling soil was initially noticed and documented by the U.S. Bureau
of Reclamation in 1938. This phenomenon occurred during the construction of a
foundation for a steel siphon at the Owyhee Project in Oregon, as (Chen, 1988)
reported. The occurrence of expansive soil consisting areas and the issues related to
soil heaving have been documented across six continents and in over 40 countries

globally (Nelson et al., 2015). The worldwide spread of reported expansive soil



locations is shown in Figure 1.1. The statements mentioned above do not imply the
absence of expansive soils in other regions, as they are prevalent in nearly all
geographical areas. Nevertheless, it should be noted that in regions with high
humidity, water tables tend to be located close to the surface, and the variations in
moisture content that lead to changes in soil volume are typically insignificant,
except during long-lasting periods of drought (Arnold, 1984; Charlie et al., 1984;
Mishra et al., 2008; Shuai & Fredlund, 1998).

Figure 1.1 Global distribution of reported expansive soil sites (Nelson et al., 2015)

In regions characterized by aridity and semi-aridity, there is significant variation in
water content and rainfall quantities across various seasons. Consequently, structures
such as small buildings and highways built on expansive soils experience periodic
cycles of swelling and shrinkage (Basma et al., 1996). Cracks and fractures occur as
a result of the volumetric expansion of expansive clays in various infrastructure
elements such as roads, pavements, foundations of structures, sprinkler systems,
slab-on-grade members, channel and reservoir linings, sewage lines, and water lines
(Cokea, 2001). While the adverse effects relating to this soil do not result in the loss
of human life, they do give rise to significant financial implications as a consequence
of the soil damage. This soil is referred to as a "hidden disaster" because of this
(Snethen, 1986).



The yearly expense attributed to the swelling and shrinking of expansive soils is
estimated to be several million euros (Chindris et al., 2017). According to Nelson &
Miller (1992) ,the recorded annual losses in the United States resulting from
expansive soils reached $798.1 million in 1970, with a projected increase to $997.1
million by the year 2000. The aforementioned values are related exclusively to losses
paid for in residential buildings. A factor of 2 to 3 increases the predicted values due
to the expense of destroying additional structures, including commercial/industrial
buildings and transportation facilities (Nelson & Miller, 1992). The projected yearly
expense of damage to facilities and infrastructures resulting from the presence of
these sorts of soil is approximately £150 million in the United Kingdom, $1000
million in the United States, $1000 million in China, and several billions of dollars
globally (Qi & Vanapalli, 2015; Shi et al., 2002).

There exist various soil stabilization techniques that can be used to stabilize
expansive clay soils. The methods utilized involve the application of chemical
additives, rewetting, soil replacement, compaction control, moisture control,
surcharge loading, and thermal methods (Chen, 1988; Nelson & Miller, 1992). Soil
modification through the process of stabilization using various substances has been

a subject of consideration for numerous centuries (Baghdadi et al., 1995).

Lime, a calcium-based stabilizer, is commonly utilized in civil engineering projects,
such as pavements and foundations, to enhance the convertible shrink-swell
characteristics of expansive clays (Puppala, 2016). Nevertheless, lime production
raises notable concerns due to its elevated consumption of energy (4000 MJ/tonne)
and the subsequent release of greater quantities of carbon dioxide emissions (800
Kg/tonne to get L) into the atmosphere (Oti et al., 2009). In addition, it should be
noted that lime exhibits restricted efficacy when exposed to sulfate, leading to
significant heaving issues caused by the nucleation and development of ettringite
(Aldaood et al., 2014; Ebailila et al., 2022). This phenomenon arises from the
reaction process between sulfate, calcium, and alumina in the appearance of water,
resulting in the formation of ettringite (Nidzam & Kinuthia, 2010). Within this



particular context, combining industrial byproducts alongside lime and silica fume

has been promoted.

Silica fume is a fine solid particle generated during the production of silicon metal,
as stated by Kumar Verma et al., (2020). The material that possesses a low unit
weight, low compactibility, and high pozzolanic activity is extensively utilized to
enhance problematic soils (Goodarzi et al., 2015). The global yearly silica fume
production is approximately 1 million tons. Of the overall quantity, 130,000 tons are
manufactured within the United States, while Norway contributes 120,000 tons to
the total production. Thirteen factories in North America manufacture silicon, silica

fume, and ferrosilicon (Turkoz et al., 2021).

Additionally, the Eti Elektrometalurji A. facilities in Antalya constitute the source
for silica fume production in Turkey. The total annual production quantities of
ferrosilicon and silicoferrochrome flue dusts range between 1,000 and 2,000 tons.
The silica fume derived from this facility has been utilized as an additive for cement
and concrete in numerous academic studies, particularly within universities, starting
from the end of the 1980s (Yeginobali, 2011). Therefore, suitable disposal of SF,
regarded as industrial waste, represents a significant concern for environmental
specialists due to the potential for harmful effects on health if it is directly released
into the environment (Zhang et al., 2016). Therefore, incorporating waste materials,
such as SF, in various civil engineering applications presents a notable benefit from

an environmental perspective (Turkoz et al., 2021).

Numerous investigations have been undertaken to evaluate the efficacy of SF as a
soil stabilizer, both in isolation and in combination with other additives. The findings
consistently demonstrate the beneficial influence of SF on geotechnical properties
(Goodarzi etal., 2016; Kalantari et al., 2011; Kalkan, 2011, 2013; Kalkan & Akbulut,
2004; Phanikumar et al., 2020; Qing et al., 2020). Pozzolans, including natural
pozzolana (known as pozzolanic ash), silica fume (derived from silicon smelting),
fly ash, rice husk ash, volatile ash, and other similar substances, constitute a diverse

group of materials characterized by their siliceous or siliceous and aluminous



composition. Nevertheless, when considered independently, their cementitious
properties are minimal or nonexistent (Chung D., 2017). Furthermore, it has been
observed that the combination of silica fume and lime demonstrates greater
effectiveness compared to their individual use. The addition of lime significantly
enhances the effectiveness of stabilization. Several studies (Abd EI-Aziz et al., 2004;
Alrubaye et al., 2017; Fattah et al., 2015b) have reported that the combined use of
additives has led to enhancements in the swell and dispersive characteristics of
problematic soils. Additionally, these studies have found significant improvements

in shear strength parameters and workability.

1.1  Objective of the Study

The objective of this study was to evaluate the efficacy of adding silica fume, in
conjunction with lime, for enhancing the geotechnical characteristics of expansive
clay soils. The assessment was conducted by applying direct measurements through
the utilization of macrostructure tests. Additionally, the main goal of this study was
a combination of two objectives: to mitigate or eliminate the restrictions associated
with lime treatment and to generate reliable experimental proof regarding the
utilization of silica fume as a means of minimizing economic and environmental

costs.

1.2 Scope of the Study

The research began by preparing the expansive soil in the laboratory by mixing
kaolinite and bentonite. Then, the artificial expansive soil sample was mixed with
3% to 5% and varying proportions of silica fume (0%, 5%, 10%, 15%, 20%). The
sieve analysis, specific gravity, consistency limit, and compaction tests are done to
identify and classify soil samples. Free swell and unconfined compression tests were

then performed to evaluate swelling and strength properties. Free swell and



unconfined compression tests were conducted for different curing periods (such as

no-cure, 7 to 28 days of curing).



CHAPTER 2

LITERATURE REVIEW

2.1  Expansive Soil

Although the swelling issue is connected to clay water absorption, it is not
guaranteed that all clays will expand with water (Foster & Survey, 1955). Chemical
treatment approaches provided in the literature for stabilizer selection rely on
consistency limits characteristics, soil type, and the dimensions of the particles
(Hausmann, 1990). However, using an identical chemical additive and quantity to
stabilize soils with similar plasticity qualities does not guarantee that their
engineering behavior would be alike. The differences in treated soil behavior can be
attributed to the natural mineralogical composition of the soils along with the
chemical interactions between chemical additions and clay particulates.
Accordingly, considering clay mineralogy, as well as other soil parameters such as
grain size classification and consistency limits, throughout the treatment design

process is essential (Chittoori, 2009).

To truly comprehend the engineering behavior of fine-grained soils, clay mineralogy

needs to be investigated first (Yongshan et al., 2002).

211 Clay Mineralogy

Clay may be characterized by the dimensions and kinds of minerals it contains. In
engineering classifications, clay is defined as soil components smaller than a specific
size, commonly 0.002 mm (2 um). Clay, as a mineral terminology, refers to certain

clay minerals that are individuated (Mitchell & Soga, 2005):

1. Having small particle sizes,



2. Having a net negative electrical charge,
3. Having plasticity when mixed with water,

4. Having resistance to high weathering.

The majority of clay mineral particles have a 'plate-like' shape, which provides them
with a high specific surface (which refers to a high ratio of surface area to total mass).
As a consequence of these factors, the structure of clay mineral particles is
considerably affected by surface forces. There is also the possibility of 'needle-
shaped' particles being present; however, these are rather uncommon (Knappett &
Craig, 2012).

Clay minerals consist of an octahedral sheet and a tetrahedral sheet as their
fundamental atomic skeletons. The silica tetrahedral layer is the second structural
unit and consists of four oxygen atoms or potentially hydroxyls grouped in a
tetrahedral shape around a silicon atom. The silica tetrahedral sheet (Fig. 2.2) is made
up of an endless number of tetrahedrons mounted in a hexagonal network along two
horizontal axes. The octahedral sheet (Figure 2.3) is composed of tightly arranged
oxygens and hydroxyls in which aluminum, iron, and magnesium atoms are placed
octahedrally (Murray, 2006).

Both components are negatively charged due to valency mismatches. Therefore, the
building blocks are never found alone but always in the context of larger sheet
formations. A silica sheet is formed when tetrahedral units share oxygen ions. A
gibbsite sheet is formed when octahedral units share hydroxyl ions. In contrast to the
gibbsite sheet, which is electrically neutral, the silica sheet preserves a net negative
charge. Isomorphous substitution, in which elements other than silicon and
aluminum are substituted at a molecular level, can lead to an increased charge
misbalance (Knappett & Craig, 2012).
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Figure 2.1 Basic Structural Units in the Silicon Sheet (Murthy, 2002)
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Figure 2.2 Basic Structural Units in the Octahedral Sheet (Murthy, 2002)

In Fig. 2.3, it can be seen how the various clay mineral types are built up from the
assembly of atoms into tetrahedral and octahedral units, the subsequent production

of sheets, and the stacking of these sheets to form layers (Mitchell & Soga, 2005).
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Figure 2.3 Synthesis pattern for the clay minerals (Mitchell & Soga, 2005)

For engineering purposes, three essential structural categories of clay minerals are
described as follows (Nelson & Miller, 1992):

e The Kaolinite group is usually not expansive.

e The Mica-like group comprises illites and vermiculites, which can be
expansive but do not typically cause major challenges.

e The Smectite group contains montmorillonites, one of the most expansive

and problematic clay minerals.

21.1.1 Kaolinite Group

The clay mineral kaolinite is formed by a 1:1 semi-basic unit ratio (Barton &

Karathanasis, 2002). A single tetrahedral sheet and a single alumina octahedral sheet
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are joined in units so that the edges of the silica tetrahedrons and one of the layers of
the octahedral sheet create an interconnected layer (Figure 2.4). All silica
tetrahedrons point toward the center of the unit composed of silica and octahedral
sheets. The silica gibbsite sheets are attached by strong ionic bonds, and the layers
are stacked and hydrogen-bonded to create kaolinite (Figure 2.5). Kaolinite crystals
have several sheet stackings that are hard to separate due to hydrogen bonding
(Murray, 2006). According to Mitchell & Soga, (2005), the bonding is strong enough
that there is no swelling of the interlayers when water is in existence.

® O Silicons

Figure 2.4 Diagrammatic sketch of the kaolinite structure (Mitchell & Soga, 2005)

Ionic bond 74
Hydrogen bond
7A
Gibbsite sheet
Silica sheet 7A
ilica shee

Figure 2.5 Structure of kaolinite layer (Murthy, 2002)
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2.1.1.2 Mica-Like Group

2.1.1.21 lllite

Ilite is a kind of clay mineral mica that was given its name by Grim, (1942). Illite
can be thought of as a simplified potassium smectite (Figure 2.6), as its structure is
a 2:1 layer with potassium as the interlayer cation. According to Murthy, (2002), the
bonds formed with the nonexchangeable K* ions are weaker than the hydrogen bonds
but stronger than the water bond formed in smectites (Figure 2.7). In contrast to
smectites, illite does not swell much when in contact with water. Also, compared to
kaolinite, illite displays a medium swell potential and greater activity (Oweis &
Khera, 1998).

b

Tetrahedral
Sheet

4_

Octrahadral

O Oxygen
O el @ Hydroxyl
P Aluminum (only 2/3 of available o Silica (/4 replaced
positions filled by aluminumy)

Figure 2.6 Diagrammatic sketch of the structure of illite (Murray, 2006)
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Figure 2.7 Structure of Illite Layer (Murthy, 2002)

2.1.1.3  Smectite Group

According to Murray, (2006), the main components of smectite are the
montmorillonites of sodium, calcium, magnesium, iron, lithium, and aluminum, and
calcium montmorillonite is the kind of smectite mineral that is most commonly
found. Compared to calcium montmorillonite, sodium montmorillonite has a higher

water absorption capacity and lower hydraulic conductivity (Grim, 1942).

2.1.1.3.1 Montmorillonite

Layers similar to those found in micas are also observed in montmorillonite minerals
(Yong & Warkentin, 1975). Gibbsite sheets have magnesium and iron partially
substituting for aluminum, whereas silica sheets have aluminum partially replacing
silicon (Figure 2.8). An extremely weak bond is the consequence of water molecules
and exchangeable cations other than potassium filling the gap between the combined
sheets (Figure 2.9). Additional water can be adsorbed between the combined sheets
of montmorillonite, resulting in significant enlargement of the mineral and any

sediment containing it (Knappett & Craig, 2012).

High activity and a high liquid limit are both characteristics of montmorillonite clays
(Yong & Warkentin, 1975). High swelling and shrinkage properties might be

13



expected from soils rich in montmorillonite minerals. Bentonite is a kind of clay that

is classified as montmorillonite (Murthy, 2002).

- 9= 2o Sug=
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Figure 2.8 Diagrammatic sketch of the montmorillonite structure (Mitchell & Soga,
2005)
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Figure 2.9 Structure of montmorillonite Layer (Murthy, 2002)

Figure 2.10 displays the scanning electron micrographs of these various sorts of

minerals.
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c) Montmorillonite

Figure 2.10 Scanning electron micrographs of clay minerals (Nelson et al., 2015)

In Table 2.1, a summary of the key clay minerals' particle characteristics, as well as
their properties, can be found.
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2.2  Adsorbed Cations and Cation Hydration

Clay particles have positively charged cations (such as sodium, calcium, magnesium,
and potassium) in their surroundings, which helps to neutralize the negative charges
that are present on their surfaces. In relation to this, massive quantities of water can
accumulate between clay minerals due to the hydration of cations and the absorptive
forces generated by the clay crystals themselves (Nelson et al., 2015; Nelson &
Miller, 1992). The clay soil's behavior will depend on the types of cations present.
Cation hydration's effect on soil expansion is illustrated in Figure 2.11.

Fapplied

applied

B & D
= = = = = ] = = = = - = ] (= —— = ]
Fapplied Fapplied Fapplied
(a) (b) (c)

Figure 2.11 Role of cation hydration on soil expansion: (a) low hydration; (b)

partial hydration; (c) full hydration. (Nelson et al., 2015)

A soil's cations can be found in a variety of various phases depending on the
condition of the soil. In air-dried soils, massive electrostatic forces keep the cations
nearby the clay mineral surfaces. When water is present, cation hydration energy
increase to a point where they are substantial enough to counteract the forces of
interparticle attraction. Therefore, water-adsorbed cations hydrate and expand,
forcing dry and closely stuffed particles apart. When a considerable quantity of water
is available, the adhesion of cations to clay surfaces is weakened. The attraction
caused by electrostatic forces is mitigated by the ions' proneness to migrate towards
the less concentrated surrounding solution, thereby moving far from the surfaces of

the particles.
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2.3  Clay Micelle

In order to examine the characteristics of clay, it is essential to take into account
three fundamental constituents, namely the clay mineral component, the cations
present, and the accompanying water. To comprehensively examine these three
components as an integrated body, it is beneficial to introduce the notion of a clay
micelle (Nelson et al., 2015). Figure 2.12 illustrates the representation of a clay
micelle. The micelle is formed by the combination of clay particles, cations, the
water of hydration, and osmotic water, which is tightly bound to the inner mineral
core (Lambe, 1958).
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Figure 2.12 A clay micelle showing the concentration of cations near the surface of

a clay particle. (Nelson et al., 2015)

The nature of the micelles of different minerals influences soil behavior and its

expansive characteristics (Nelson et al., 2015).
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In the absence of adsorbed cations, the electrical charges on the surfaces of the clay
particles result in the emergence of repulsive forces among the particles at the
individual level. The cations present in the micelle form strong adsorption bonds
with the surface of the clay mineral, effectively counterbalancing the electrical
surface forces. The magnitude of surface forces is highest in close range to the
surface of the clay particle and reduces as the distance from the particle increases.
The cations that exist in the solution nearest to the clay mineral will experience more
substantial restrictions on their ability to migrate away due to the surface forces
acting upon them. The observed outcome is the presence of a cation concentration
gradient, which exhibits its highest values in nearby to the surface and gradually

diminishes as the distance from the surfaces increases, as depicted in Figure 2.12.

At distances significantly far from the clay mineral's surface, the influence of surface
forces becomes insignificant, resulting in the cation concentration being equivalent
to that found in the unbound water within the soil. In Figure 2.12, such distance is
represented by the outside dashed line which is called a conceptual semipermeable
membrane in the figure. The dashed line depicted in Figure 2.12 does not indicate an
exact and definitive measurement of length but rather indicates a lowering effect
from the mineral's surface. Based on the proposed model, the micelle can be
characterized as a separate body containing a single clay mineral encircled by a
water-based solution. The term "micelle fluid" refers to the water-based solution

which is presented in the micelle (Nelson et al., 2015).

The dimensions of the water-based surroundings with the presence of cations within
the micelle, commonly referred to as the micelle fluid. On the other hand, it can also
be named as diffuse double layer in the proposed theories of Gouy (1910) and
Chapman (1913) (Mitchell & Soga, 2005). The thickness of it is predominantly
determined by the characteristics of the absorbed cations and the electrical charges
present on the clay mineral. The thickness of the micelle fluid in two distinct
minerals, which share the same adsorbed cations, is primarily determined by the
several exterior structural units. Conversely, the general dimension of the particles

has minimal impact on the micelle fluid thickness (Nelson et al., 2015).
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Lambe, (1958) reports 200A micelle fluid thickness for montmorillonite and 400A
for kaolinite. Since kaolinite particles are around 100 times thicker than
montmorillonite particles, the ratio of micelle fluid to mineral thickness is about 50

times larger in montmorillonite.

2.4  Diffuse Double Layer

The surface of the clay particle carries a negative charge, while the surrounding
solution contains a concentration of positive ions. This combination gives rise to a
phenomenon known as a diffuse double layer (DDL), as Bohn et al., (1985)
described. The combination of the charged surface and the spreading charge in the
neighboring phase is commonly referred to as the diffuse double layer (Nelson &
Miller, 1992). The phenomenon in which water molecules with electrical charges are
drawn towards the clay particle is called the diffused double layer of water (Murthy,
2002). In addition, a diffuse double layer could be named as diffuse double layer
between charged clay surface and the limit on mineral influence on cations explained

in the clay micelle section.

The occurrence of concurrent DDLs (Diffuse Doubl