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OZET

FIBER iLE DONATILANDIRILMIS KiREC STABILIZE
KIiLIN DONMA COZUNME ETKIiSi ONCESIi VE SONRASI
MEKANIK OZELLIKLERI

BOZ, Ash

Yiiksek Lisans Tezi, Ingaat Miihendisligi Anabilim Dali

Tez Danigmani: Dog. Dr. Alper SEZER
Aralik 2017, 92 sayfa

Kire¢ hidrolik bir baglayict olup, o6zellikle plastisitesi yiiksek zeminlerin
stabilizasyonunda kullanilmaktadir. Ote yandan boy/cap oranlar1 yiiksek olan fiber,
zeminlerin donatilandirilmasinda kullanilmakta, bu malzemenin kullanima,
ortamdaki ¢cekme gerilmelerini karsilayan bir yap1 olusumuna yardim etmektedir.
Bu calismada, degisik tipte fiber malzemelerin kire¢ ile stabilize edilen veya
edilmeyen kil zeminin mekanik o6zelliklerine etkisi deneysel bir cercevede
incelenmistir. Calismada bazalt ve polipropilen fiber ile stabilize edilen kil
orneklerin bir standart Proktor, donma-¢6ziinme, serbest basing deneyleri ve
ultrasonik dalga hizi deneylerine tabi tutularak sikisma ve mekanik ozellikleri
belirlenmistir. Bir kisim 6rnek fiber/kire¢ kombinasyonu ile stabilize edilerek
benzer deneyler de bu 6rneklerin lizerinde de yapilmistir. Bununla birlikte, secilen
ornekler iizerinde Taramali Elektron Mikroskopisi (SEM) ve Enerji Dagilimli
Spektroskopi (EDS) goriintiillemesi kullanilarak stabilize ortamin mikroyapisal
Ozellikleri incelenmistir. Beklendigi iizere, kire¢ igeren ve igermeyen Orneklerin
mekanik 6zellikleri hem bazalt hem de polipropilen fiberin kullanim ile gelisim
gostermistir. Genellikle polipropilen fiber ile gli¢lendirilen kire¢ stabilize kil
orneklerin dayanimi, bazalt fiber ile stabilize edilen benzer Orneklerin
dayanimindan fazla olsa da 90 giinliik kiire tabi tutulan 6rneklerden agirlikca %
0.75 oraninda 19 mm uzunlugunda bazalt fiber iceren %9 kireg igerigine sahip
ornek en biiylik dayanimi vermistir. Donma-¢oziinme etkisi gerek dayanim
deneylerinin sonuglarindan gerekse tahribatsiz bir deney olan ultrasonik hiz deneyi
Olctimlerinden gozlenmistir, dayanimlar ve ultra ses hizlar1t diismektedir.
Orneklerin donma ¢oziinme etkisinden sonra kiitle kayiplar1 da kaydedilmis, kiitle
kayb1 ultrasonik ses hizi ve serbest basing dayanimi arasindaki iligkiler de ortaya
konulmustur. Son olarak degisik sayisal yontemler ile stabilize zeminlerin dayanimi

modellenmeye calismistir.

Anahtar sozciikler: Bazalt fiber, polipropilen fiber, kire¢ stabilizasyonu, serbest
basing dayanimi, donma-¢6ziilme, ultrases hizi, modelleme.






ABSTRACT

MECHANICAL PROPERTIES OF FIBER REINFORCED
LIME STABILIZED CLAY BEFORE AND AFTER FREEZE-THAW
EFFECT

BOZ, Ash

MSc in Civil Engineering
Supervisor: Assoc. Prof. Dr. Alper SEZER
December 2017, 92 pages

Lime is known to be a hydraulic binder, particularly used in stabilization of
soils of relatively high plasticity. On the other hand, fiber materials of high aspect
ratio is used for reinforcement of soils, which help to constitute a structure
counteracting the tensile stresses occuring in stabilized medium. In this study, the
effect of inclusion of different types of fiber materials on clay/lime stabilized clay
is investigated within an experimental framework. Lime stabilized clay samples
reinforced using basalt or polypropylene fibers were subjected to standard Proctor,
freeze-thaw, unconfined compressive strength and ultrasonic pulse velocity tests in
order to determine their compaction and mechanical properties. A similar program
excluding ultrasonic wave velocity tests were carried out on fiber reinforced
specimens free of lime. Furthermore, selected specimens were subjected to
Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy
(EDS) analyses to determine the microstructural aspects of stabilized medium. As
expected, strength of clay/lime stabilized clay was improved by inclusion of both
types of fibers. Although strengths of lime stabilized soils reinforced with
polypropyene fiber was greater than those reinforced with basalt fiber in general,
greatest strength was observed in 90-day cured basalt fiber reinforced specimen of
fiber length, fiber content and lime content of 19 mm, 0.75% and 9%, respectively.
Freeze-thaw effect was observed from the results of either strength or ultrasonic
pulse velocity tests, these values are decreased due to freeze-thaw action. Losses in
mass of specimens were determined along with measurements of ultrasonic pulse
velocity and unconfined compressive strength by evaluation of the
interrelationships among these parameters. Lastly, attempts using several numerical
methods were made to model the strength of stabilized soils.

Keywords: Basalt fiber, polypropylene fiber, lime stabilization, unconfined
compressive strength, freeze-thaw, ultrasonic pulse velocity, modelling.
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1. INTRODUCTION

In this chapter, objective and significance of my thesis entitled “Mechanical
Properties of Fiber Reinforced Lime Stabilized Clay Before and After Freeze-Thaw
Action” are defined. The scope of this thesis is also explained.

1.1. Objective of Study

Due to their low bearing capacity and high compressibility, clay is not a
proper foundation soil. Deep foundation option should be considered or, if
financially feasible, clay soil should be improved before construction of
superstructures. Chemical stabilizers such as lime, cement, fly ash can be used for
soil improvement. These binders, providing hydration reactions and void-filling
effects, can increase the strength of soils. The use of fiber reinforcement along with
chemical stabilisers causes development in ductility of soils and reduces the
stiffness (Olgun, 2013). In the literature, several studies concerning the effects of
lime stabilized clay soils stabilized with polypropylene fiber were encountered.
However, the effects of basalt fiber and a comparison concerning the mechanical
and freeze-thaw properties of lime stabilized clay reinforced with polypropylene
and basalt fibers were not investigated. Therefore, this comparative experimental
study was carried out to determine the effect of different fiber types on strength of
clay before and after freeze-thaw action. A considerable amount of lime stabilized
polypropylene or basalt fiber reinforced clay specimens were tested and compared
in accordance with this objective.

1.2. Significance of Study

To date, various improvement techniques have been utilized to provide
developments in engineering properties of clays. Soil reinforcement by use of fiber
which was patented by Freed (1988) is one of the most preferred and beneficial
ground improvement methods, since use of fiber may provide additional strength
due to changes in stress transfer mechanism of soil matrix. It should be underlined
that, use of fiber materials are reasonable in terms of financial considerations, they
are also reproducible and adaptable materials (Al Adili et al., 2012). Fiber
reinforcements are beneficial to prevent the formation of the tensile cracks; enhance
hydraulic conductivity and liquefaction strength; decrease the thermal conductivity,
the soil brittleness and weight of building materials; and restrain the swelling
tendency of expansive soils. Pavement layers, retaining walls, earthquake



engineering, railway embankments, protection of slopes and soil-foundation
engineering are some fields which those reinforcements can be appropriate to use
(Hejazi et al., 2012). Of all the fibers commercially available, basalt fiber is a more
environmental-friendly material, of which the contribution to mechanical properties
to stabilized clay needs further investigation, along with a performance comparison
with polypropylene fiber.

1.3.Scope

In order to investigate individual effects of fiber type (basalt and
polypropylene), content (0, 0.25, 0.5, 0.75, 1%) and dimension (6, 12 and 19 mm),
lime content (0 and 9%), curing period (1, 7, 28 and 90 days) on mechanical
performance of a clay soil, a series of unconfined compressive strength tests were
carried out on specimens including basalt or polypropylene fiber compacted under
standard Proctor effort (i.e. 35% by weight of soil). Additionally, specimens
including 3 and 6% lime and 12 mm basalt fiber were prepared and strength tests
were carried out after 1, 7, 28 and 90-day curing. Thereafter, Scanning Electron
Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) imaging were
conducted on shear bands of tested soil specimens to obtain morphological structure
and elemental composition of specimens. The specimens, which were prepared to
compare influences of freeze-thaw action on lime stabilized basalt or polypropylene
fiber reinforced clay, including 0%, 0.5% and 1% 12 mm basalt or polypropylene
fiber were stabilized with 0% or 3% lime and compacted under standard Proctor
effort (i.e. 45% by weight of soil). All specimens were cured for 28 days in a moist
room (relative humidity above 95+£2%) at an average temperature of 20°C. After
curing, specimens were subjected to 0, 1, 3, 7 and 10 cycles of freeze-thaw action
in accordance with ASTM D560. A series of unconfined compression and
ultrasonic pulse velocity tests were conducted on specimens. Consequently, test
results were modelled.



2. LITERATURE REVIEW

In this chapter, mechanism of lime stabilization, the effect of lime
stabilization and fiber presence on engineering properties of clay and lastly the
effect of freeze-thaw action on treated clay are discussed in the light of information
obtained from past studies.

2.1. Mechanism of Lime Stabilization

Lime is an effective material for stabilization of new materials and
reclamation of clay soil, clay contaminated aggregate bases and even calcareous
bases which have little or no appreciable clay (Little, 1999). First use of lime as a
stabilizer for soil in modern construction practice was in 1924 on short stretches of
highway strengthened through the inclusion of hyrated lime (McCaustland, 1925;
Bell, 1996).

When limestone or dolomite is burned at a certain temperature (magnesium
carbonate is 500°C and calcium carbonate is over 900°C), limestone and dolomite
fragmentise and carbon dioxide arises. Calcium oxide or calcium-magnesium oxide
(quicklime) remains. If quicklime reacts with water, hydration reaction causes
occurance of hydrated lime (Atay, 2011). Lime can absorb 30% water (by weight)
throughout extinguishing. Table 2.1 shows chemical and physical properties of lime
which can be utilized for stabilization purposes based on TS EN 459-2 (Kavak et
al., 2008).

Table 2.1. Chemical and physical properties of lime for stabilization (Kavak et al., 2008)

Property (TS EN 459-2) Quicklime Hyrated Lime
COz2 (Loss of Ignition) (%) <7% <7%
Total (CaO+MgO) (%) >80 % >80 %
SOs (%) <2% <2%
MgO (%) <10 % <10 %
SiO2+Al203+Fe203+S03 (%) <5% <5%
Parts (mm) <2 -
Amount remaining on sieve by 0.09 mm < 7%
weight (%) 0.2 mm < 2%

All fine-grained soils can be converted to have better workability and lower
plasticity by the addition of lime. Indeed, strength properties of lime stabilized soil
depends on the type of soil, type and percentage of lime used and curing conditions.



Many factors such as pH level of the soil, amount of organic matter, drainage
conditions and water content influence the soil-lime reaction. In non-acidic soils
(pH> 7), reaction between the soil and lime is more efficient (Lambe, 1962; Tiirkoz,
2006). Lime may react with all types of clay minerals. In kaolinitic clay soils, the
nature of the exchangeable cation does not create much difference, however it may
affect remarkably in clay soils including montmorillonite. Actually, expansive clays
tend to react readily with lime and a substantial decrease in plasticity is immediately
observed (Bell and Coulthard, 1990; Bell 1996).

When lime is added to any type of soil-water system forming quick lime
(Ca0), “soil drying” increases the soil workability as a consequence of dewatering
due to highly exothermic hydration reaction of quick lime in the form of hydrated
lime, Ca(OH). (Di Sante et al., 2014). The hydration reaction causes high
concentrations of Ca®**@q and OH(ag) ions in the pore water of the soil. This
dissocation of ions causes some reactions which vary with soil composition,
mineralogy, and pore water chemistry. For the existing cations at negative charge
sites on the clay mineral lattice, cation exchange of calcium (Ca?") ions leads to
modification in reactions. Flocculation of mineral particles is observed and the
plasticity characteristics of soil changes as a result of cation exchange (Boardman
etal., 2001). A part of this reaction is shown in Figure 2.1. (Little, 1987; Mallela et
al., 2004). Pozzolanic reactions which occur among lime, water, soil silica, and
alumina and lead to several cementing-type products. The cementing materials
which the same hydrates formed along the hydration of Portland cement, are
calcium-silicate—hydrates and calcium-aluminate—hydrates (Terrel et al., 1979;
Mallela et al., 2004). Solidification which occurs as a result of pozzolanic reactions,
causes long-term physico-chemical changes (Sherwood, 1993; Boardman et al.,
2001).The pozzolanic reactions are clarified in the following equations: (Mallela et
al., 2004; Jawad et al., 2014):

Ca(OH)2—Ca®* + 2(OHY’ )
Ca(OH)2 + Si02—Ca0-Si02-H20 (2

Ca(OH)2 + Al203—Ca0O-Al203-H20 3)
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Figure 2.1. Diffused water layer around a clay particle (Little, 1987; Mallela et al., 2004)
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2.2.Effect of Lime Stabilization on Engineering Properties of Clay

Lime stabilization is a very common method used to chemically convert
unstable soils into structurally sound construction foundations and also significant
in road construction to modify subgrade soils, subbase materials and base materials.
More rigid portland cement concrete and more flexible asphalt pavements are can
be constructed by use of improved engineering characteristics of lime-amended
materials (Little et al., 2000).

Lime stabilization affects montmorillonitic clay more quickly in comparison
with kaolinitic clays. Montmorillonitic clays gain strength earlier. On the other
hand, as the curing period increase, additional strength gains by kaolinitic clays are
higher than those gains by montmorillonitic clays. If lime is added to fine quartz,
the most remarkable increment in strength is obtained. Optimum gains in strength
are around 4% for montmorillonite, between 4%-6% for kaolinite and between 4%-
8% for quartz. Greatest strength gains are obtained when the mix water content is
just above the optimum water content. Increasing curing period causes that the
strength continues to improve, but mostly significant increments are obtained
within the first 7 days. Besides, temperature of curing affects strength significantly.
Above 30°C the strength can increase drastically (Bell, 1996). For stabilization of
phyllite clay, 3% lime content increases capacity amble of the soil (Garzén et al.,
2016). According to Ingles and Metcalf (1972), the amount of lime to be added for
stabilization is approximately 3% for well-graded clay-gravel, 5% for sandy clay,
2~4% for silty clay, 3~8% for plastic clay and 3~10% for high plastic clay. Lime



stabilization is not recommended for fine cracked rocks, sands and organic soils
(Kazilgelik, 2010).

It was found by Kizilgelik (2010) that unconfined compressive strengths
(UCS) of quicklime and hydrated lime stabilized high plasticity clay increase and
deformations decrease proportionally with increasing curing period. Even though
unconfined compression strength values of quicklime stabilized specimens in the
natural water content are slightly lower than those of hydrated lime stabilized high
plasticity clay after 1 and 7-day curing, after 28-day curing the use of quicklime
gives better results. This suggests that the use of quicklime, instead of hydrated
lime, for lime stabilization is appropriate. Furthermore, in California Bearing Ratio
(CBR) tests 5% lime stabilized clay shows an increase up to quintuple in compared
to untreated clay. Tonoz et al. (2004) investigated the stabilization of smectite rich
Ankara clay using quicklime and it was observed that at the end of 28 days,
unconfined compressive strength values of specimens increases about 84%.
Nevertheless, when curing period is less than 28 days, UCS values of lime stabilized
specimens are greater in comparison with those of untreated specimens. This means
that pozzolanic reaction is slower compared to flocculation in Ankara clay, which
obtains optimum stabilization at %4 lime content and 28-day curing if swelling is
considered. According to Kassim and Chern (2004), clay with high intensity of
kaolinite and with alkaline origin show more remarkable increment in UCS in
comparison with clay with acidic origin. Mostly, lime content between 3% and 6%
improves UCS remarkably from 2.5 to 11 times more than unamended clay soils.
In Figure 2.2., UCS values of various amount of lime stabilized clay soils are
shown.

—o— Pelepas marine clay

—8— 5g. Buluh clay
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Unconfined Com pressive Strength (kPa)

] g
Lime Content (29}

Figure 2.2. UCS values at 14 days with various lime content (Kassim and Chern, 2004)



Di Sante et al. (2015) reported that when the compaction of clayey soil
stabilized with quicklime or hydrated lime delay for 48 hours, a remarkable
reduction of dry unit weight and an increment of compressibility at high effective
stresses occur. The use of quick lime, instead of hydrated lime, can decrease the
effect of a delayed compaction both with regards to compressibility and hydraulic
conductivity. Quicklime which is a material with high reactivity and calcium
content, do not need a prompt wetting to guarantee great hydraulic conductivity.
Besides, 3, 5 and 7% lime content for phyllite-lime mixture provide good
compaction features and quite low water-permeability coefficient values (Garzén
etal., 2016).

Al-Rawas et al. (2005) experimentally found that the addition of 6% lime to
an expansive soil from Oman comprising montmorillonite (43%), palygorskite
(23%), illite (23%) and kaolinite (16%) decreases the swell percent and swell
pressure to zero. Inclusion of 5% lime in a clay of high plasticity, the amount of
swelling is reduced by 83% (Kizilgelik, 2010). The addition of quicklime could be
successfully used to control the swelling potential of high plasticity clay. More than
3% lime content is effective and the effect is relatively higher at higher energy
levels (modified Proctor effort) (Tiirk6z, 2006). Furthermore, it substantially
changes the grain size distributions of the soils. As lime and curing period increase,
the clay fractions diminishes, in contrast the coarse-grain fractions improve.
Increasing lime content causes that concentrations of calcium and magnesium ions
in pore water improve, controversially those of sodium and potassium ions
diminish. Additionally, the inclusion of lime also reduces the potential
expansiveness of the soils. Increasing lime content and curing period also reduce
swell percent, swell pressure measurements and primary consolidation whereas
those increase prompt settlement (Basma and Tuncer, 1991).

The study by Broderick and Daniel (1991) demonstrated that lime stabilized
kaolinite is more invulnerable to attack by organic chemicals, in comparison with
unamended kaolinite. Moreover, lime increases the resistance of illitic soil to attack,
yet improvement of kaolinite is greater. Moreover, Castro-Fresno et al. (2011) made
investigation on lime stabilization of bentonite sludge from tunnel boring and it was
found that the addition of 3% lime improves its mechanical properties by 80%
compared to the initial sludge mechanical properties.

To sum up, inclusion of lime decreases the swelling potential, liquid limit,
plasticity index and maximum dry density of soil and improve its optimum water



content, shrinkage limit, resilient properties, durability, workability,
compressibility and strength (Croft, 1967; Little et al., 2000; Al-Rawas et al., 2005;
Jawad et al. 2014). Increased resistance to fracture, fatigue, permanent deformation
and the hazardous influences of moisture are achieved. The most significant
improvements in these properties are reasonably visible in highly plastic soils, such
as heavy clay (Little et al., 2000).

2.3. Effect of Fiber Presence on Engineering Properties of Clay

The use of randomly distributed fiber is more advantageous in comparison
with conventional geosynthetics such as geotextile, geogrid strips to reinforce the
soil due to limiting potential planes of weakness which can improve parallel to
oriented reinforcement (Tang et al., 2007). The potential cracking induced by
differential settlement can be reduced and then landfill covers can be stabilized by
the use of discrete fiber. Unlike continuous horizontal reinforcement, fiber
reinforcement does not require any anchoring (P1¢ et al., 2009). In literature, natural
fibers such as coir, sisal, jute, Barley-straw, baggase, basalt and synthetic fibers
such as polypropylene, polyester, polyethylene, nylon, carpet waste, steel have been
used to improve the engineering properties of clay or clayey soil (Gao et al. 2015;
Hejazi et al. 2012; Mirzababaei et al., 2013; Dang et al., 2016). In this part, it is
focused on the effect of polypropylene and basalt fiber presence on engineering
properties of clay due to utilizing these materials for this thesis.

Polypropylene material is hydrophobic and chemically ineffective. This
material does not absorb or react with soil moisture or leachates (Miller and Rifai,
2004). Many researchers utilized polypropylene fiber as a soil reinforcement agent.
The mechanical properties such as unconfined compressive and splitting tensile
strength, CBR, internal friction angle, cohesion, ductility and flexural toughness of
kaolinite clay are increased by inclusion of randomly distributed fiber (Maher and
Ho, 1994; Oztiirk, 2007). The increment in strength and toughness depends on fiber
length and content, and water content of the soil composite as well. Increasing fiber
content improves the compressive & tensile strength and toughness & brittleness
index of clay (Maher and Ho, 1994; PI¢é and L¢&, 2012). Besides, increase in fiber
length improves the contribution to energy absorption or ductility whereas
decreasing the contribution of fiber existence on peak compressive strength (Maher
and Ho, 1994).



Jiang et al. (2010) investigated the engineering properties of short discrete
polypropylene fiber reinforced clayey soil using four different fiber lengths (10, 15,
20 and 25 mm) with four different percentages of fiber content (0.1, 0.2, 0.3 and
0.4%). Based on test results increasing fiber length and content firstly increase UCS
values and then reduce them rapidly. With the addition of 0.3 fiber content
maximum UCS values are reached for all fiber length and using 15 mm fiber length
gives the maximum UCS values for all fiber content. The unconfined compression
test results on 0.25, 0.5, 0.75, 1 and 1.25% in length of 6.19 mm polypropylene
fiber reinforced low plasticity clays showed that greatest strength values are
produced by 0.75% fiber content (Senol et al., 2014). However, it is emphasized
that UCS of expansive clay is improved increasingly by the addition of 0.5, 0.75
and 1% in length of 12 mm polypropylene fiber by Soganci (2015). When fiber
content is enhanced, the peak axial stress increases and the loss of post-peak
strength diminishes. For instance, the addition of 1% fiber increases the UCS from
202 Mpa to 285 Mpa (Soganci, 2015). In contrast to many researchers, Yilmaz
(2015) found that the use of only polypropylene fiber reinforcement reduces UCS
of clay soil.

The pure kaolinite clay specimens exhibit brittle failure with visible crack
formations, however polypropylene fiber reinforced specimens exhibit ductile
failure with multiple crack formations (Oztiirk, 2007). Fiber addition can increase
the soil tensile failure ductility remarkably and under direct tensile test 0.6% fiber
reinforcement which can reduce potential cracks for silty clay specimens, changes
the ductility in range of 62% (Li et al., 2014; P1¢ and L¢&, 2012). The use of fiber
provides high load retention after occurence of first crack and prevents the brittle
(catastrophic) failure. For instance, after formation of first crack, 75 % and 50% of
strength of fiber reinforced mudstone (a low plasticity silty clay) and Oxford clay
(a medium-plasticity to high-plasticity clay) retained. The addition of fibers also
increases remarkably the flexural load-carrying capacity of the soils (Onyejekwe
and Ghataora, 2014).

Throughout direct shear tests, polypropylene fiber reinforced clay
specimens exhibit dilative behaviour, however untreated specimens exhibit
contractive behaviour. This means that tensile strength of fiber addition is
mobilized (Oztiirk, 2007). The use of fiber can improve the soil tensile strength
substantially. Increasing fiber content from 0% to 0.2% causes an increase in tensile
strength by 67%. Moreover, as dry density increases, the tensile strength of fiber
reinforced soil increases whereas decreasing water content reduces tensile strength.
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The interfacial mechanical interaction among fiber surface and soil matrix which
can be enhanced better by use of W-shaped polypropylene fiber: compared to
straight polypropylene fiber, use of W-shaped PF influences fiber pull-out
resistance which markedly increases the tensile strength of fiber reinforced soil (Li
et al., 2014; Tang et al., 2016). In addition to strength properties under tensional
stresses, inclusion of fiber at a level of 0.6% in silty clay causes improvement in
strength up to 100%. The use of polypropylene fiber also improves the initial
Young modulus of clay and silty clay soils (P1¢ and Lé, 2012; P1é et al., 2009).

The research of Freilich et al. (2010) on effective shear strength of fiber
reinforced clays using isotropic consolidated-undrained (CIU) and isotropic
consolidated-drained (CID) triaxial tests revealed that the use of fiber changes the
stress-strain behaviour of clay throughout shearing and pore pressure generation
behavior. The addition of fiber increases the effective shear strength and based on
CID triaxial tests the strength of fiber-soil structure is less for long term-fully
drained conditions. This suggests that time and drainage may reduce the effective
strength of fiber-soil structure remarkably. It is also understood that CIU testing
provides a higher estimation of effective shearing strength on the influence of fiber
in clay soil specimens in comparison with CID. Besides, the peak shear strength of
clay soil is increased by the use of polypropylene fiber, however in some cases the
post-peak strength loss is decreased by the inclusion of fiber (Nataraj and McManis,
1997). The research of Casagrande et al. (2006) showed that the peak shear strength
of bentonite is increased by the addition of randomly distributed fiber, however the
increment in strength deteriorates after greater amount of displacements. It is also
experienced that fiber reinforcement does not affect residual strength significantly.
Increasing fiber content and length also causes an increment in the peak shear
strength. According to Nataraj and McManis (1997) friction angle of clay soil is
increased by the use of polypropylene fiber. The investigation of PIé et al. (2009)
indicated that fiber content enhances apparent undrained friction angle between the
range of 6.3° and 15.3°. The use of fiber in length of 6 mm produces highest
undrained friction angle. According to Jiang et al. (2010) as fiber length and content
is increased, the initial increase in cohesion and internal friction angle is followed
by a decrease of a high rate. With the inclusion of 0.3% fiber content, cohesion and
internal friction angles reach to their maximum for all fiber lengths, where use of
15 mm fiber length gives maximum cohesion and internal friction angles for all
fiber contents. In addition to that, as fiber content and length increase, shrinkage
limit of fiber reinforced clay soil increases substantially. This suggests that fiber
reinforced specimens have much less volumetric changes due to decreasing
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desiccation, and the extent of crack formation substantially (Abdi et al., 2008).
Polypropylene fiber reinforcement also reduces linear shrinkage value
substantially. The inclusion of 1% fiber reduces linear shrinkage from 4.29% to
1.43%. The volumetric shrinkage strains of expansive clays are also decreased by
fiber reinforcement (Puppala and Musenda, 2000).

The hydraulic conductivity of kaolinite clay and silty clay is improved by
the use of polypropylene fiber (Maher and Ho 1994; P1¢ and L¢, 2012). Particularly,
higher fiber contents are more effective but still low enough to be considered for
some landfill practices (Maher and Ho, 1994). It is found that increasing fiber
content and length increases hydraulic conductivity slightly similar to Maher and
Ho (1994) by Abdi et al. (2008).

According to Miller and Rifai (2004), optimum polypropylene fiber
reinforcement content for clay soil is 0.3%, neglecting hydraulic conductivity by
Nataraj and McManis (1997) 0.2%, for Oxford clay and for Mercia mudstone
(Onyejekwe and Ghataora, 2014) is among 0.4 and 0.5% which is found in order
to obtain highest crack reduction and highest dry density, while sustaining a feasible
level hydraulic conductivity. The crack reduction for this range of fiber content is
roughly 50% in comparison with untreated soil specimens. 0.8% fiber content
provides the highest crack reduction (at a degree of 90%). Despite the crack
reduction can further be enhanced with increasing fiber content, specimen hydraulic
conductivity improves substantially and soil specimens become unworkable.

Polypropylene fiber reinforcement reduces consolidation settlements and
swelling of soil consisting of 75% kaolinite and 25% montmorillonite significantly
and swell pressure of expansive clays (Abdi et al., 2008; Puppala and Musenda,
2000). Increasing fiber content reduce the swell percent. The addition of 1% fiber
reduces the one dimensional swell significantly. For instance, as the fiber content
reaches to 1% (w/w) one dimensional swell is reduced from 11.6% to a 5.3%
(Soganci, 2015). Furthermore, free swell potential of the soils is also improved by
fiber reinforcement (Puppala and Musenda, 2000).

Oztiirk (2007) studied engineering properties of kaolinite clay reinforced
with polypropylene fibers and it was found that the inclusion of 1% fiber increases
internal friction angle by 10° for standard and modified compaction. This amount
of fiber presence in clay also causes an improvement in cohesion by 75% and 13%,
for standard and modified Proctor energies, respectively. Unconfined compressive
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strength approximately increased by 82% and 118%, for densification with standard
and spring tampers, respectively. Corresponding increases in CBR was experienced
between 21.50 and 60.13. In addition to that, soil strength parameters are slightly
greater for modified compaction in comparison with those for standard compaction.
The specimens with spring tamper compaction have greater UCS values due to the
kneading influence caused by piston, that lead to curved shape fiber distribution in
soil matrix.

Cai et al. (2006) investigated the effect of polypropylene fiber and lime
admixure on engineering properties of clayey soil. Test results showed that fiber
content, lime content and curing period affect the engineering characteristics of
fiber-lime amended soil remarkably. Increasing lime content causes an initial
increase followed by a slight decrease in UCS, cohesion and angle of internal
friction of the clayey soil whereas causes a bare reduction in swelling and shrinkage
potential. Additionally, increasing fiber content increases the strength and
shrinkage potential whereas that reduces the swelling potential. Furthermore,
increasing curing period increases UCS and shear strength parameters of amended
soil remarkably. Figure 2.3 demonstrates the influences of various fiber and lime
content within soil specimens on UCS after 28 day-curing. Figure 2.4 shows four
specimens including various fiber content and 8% lime inclusion after compression
failures. As is seen in Figure 2.4, increasing fiber content reduces cracks of higher
dimension gradually.
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Figure 2.3. The influences of various fiber and lime content within soil specimens on UCS
after 28 day-curing (Cai et al., 2006)
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Figure 2.4. Various failure characteristics of 8% lime stabilized soil specimens inclusing
the fiber content of: a) 0%; b) 0.05%; c) 0.15%; d) 0.25% (Cai et al., 2006)

First attempts for basalt fiber production go back to 1923 (U.S. Patent
1,462,446) and it was developed more during World War Il (Seydibeyoglu, 2017).
Basalt is chemically ineffective, highly corrosion-resistant and lowly thermal-
conductive (Dhand et al., 2015). High strength, good modulus, improved strain to
failure and high-temperature resistance are some structural characteristics of basalt
fiber which are obtained from basalt rocks and can be evaluated as green friendly,
nonhazardous bio-based fibers (Seydibeyoglu, 2017; Fiore et al., 2015). According
to Deak and Czigany (2009) SiO2 and Al20s content which is components of basalt
fibers demonstrate correlation with tensile characteristics of fibers and the
performance of short basalt fibers is weaker in terms of mechanical characteristics.
In literature, basalt fiber has been commonly investigated to improve the
engineering characteristics of various concrete (Dias and Thaumaturgo, 2005; Sim
etal., 2005; Li and Xu, 2009; Di Ludovico et al., 2010; Morova, 2013; Kabay 2014;
Kizilkanat et al., 2015; Lipatov et al., 2015), cement mortar (Jiang et al., 2010),
polypropylene matrice (Greco et al., 2014), plastic (Lopresto et al., 2011) polymer
(Czigany et al., 2005; Pearson et al., 2013; Banibayat and Patnaik, 2014; Gholkar
and Jadhav, 2014; Pandian et al., 2014; Dhand et al., 2015; Elgabbas et al., 2015;
Alaimo etal., 2016; Shietal., 2017; Wang et al., 2014, 2015, 2017) and composites
(Scalici et al., 2016). There is a very limited number of studies on the use of basalt
fiber reinforcement for soil in the literature. Gao et al. (2015) conducted an
experimental study on UCS of basalt fiber (BF) reinforced clay soil. The
experimental results indicated that basalt fiber can significantly improve the UCS
of clay soil. Peak strength is observed by incorporation of 12 mm fiber length and
the optimum fiber content is 0.25%. Moreover, basalt fiber reinforced soil shows
poststrong property in comparison with unamended soil, a more stable behaviour is
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observed due to improvements in strength. Figure 2.5 shows failure form of basalt
fiber reinforced soil specimen. Cracks occur slowly and can be predicted. Figure
2.6 shows fiber-soil column and net relation. In Figure 2.6a, the fiber behaves as a
center line and the surrounding soil particles are closely around the fiber at a certain
radius. In Figure 2.6b, the discrete distribution of fibers in the soil transforms the
soil to a three-dimensional fiber-soil net in which fibers behave as a skeleton.
According to Ndepete and Sert (2016) basalt fiber enhances undrained shear
strength. More than 2% basalt fiber content do not provide additional gain in

strength and 24 mm fiber length gives greater undrained shear strength values as
compared to 6 mm and 12 mm.

Basalt fiber in soil

Figure 2.5. Failure form of basalt fiber amended soil specimen (Gao et al., 2015)
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2.4. Effect of Freeze-Thaw Action on Treated Clay

In cold regions, soils are exposed to freeze-thaw action which influences
engineering characteristics of soils such as volume, strength, compressibility,
densification, unfrozen water content, bearing capacity, and microstructure. This
phenomenon should be considered in selection of relevant soil parameters for
stability and deformation analysis of slopes, embankments and cuts, particularly
those underlain by permafrost (Ghazavi and Roustaie, 2010; Qi et al., 2006). After
freeze-thaw action, crack propagation and stability failures are likely to occur due
to the fact that exposure of large voids within fine grained soils to low temperatures
results in formation of glaciers and subsequent freezing of water within smaller
voids. When water freezes, this causes an increase in its volume at a level of 9%
which leads to crack formation in the soil (Yildiz et al., 2004; Altun et al., 2009).
According to Lu et al. (2016) the surface crack pattern slowly changes from an
irregularly rectilineal pattern to a polygonal or quasihexagonal one and water loss
which is closely relevant with the specimen thickness, is substantial for the process
of cracking in clay. For freeze-thaw, the surface crack ratio is well correlated with
the fractal dimension logarithmically.

Zhang et al. (2016) reported that the freeze-thaw action can change the
granulometric composition of mineral particles and soil structure substantially and
improve particle bonding to achieve an overall aggregate stability in the soil.
Nonetheless, the investigation of Qi et al. (2006) demostrated that freeze-thaw
cycles improve the structure in reconstituted normally consolidated clays, however,
leads to degradation of structure in clays. According to Oztas and Fayetorbay
(2003) exposure to freeze-thaw reduces the aggregate stability which depends on
the initial aggregate size and stability, soil moisture content at freezing, the number
of freeze-thaw cycles and the freezing temperature for clay soil. The influence of
freeze-thaw is less dangerous to clay structure in comparison with that of silt in
terms of aggregate stability (Kvaerne and @Qygarden, 2006).

Exposure to freeze-thaw cycling changes physical and mechanical properties
of clay. Increasing number of freeze-thaw cycles increase the height of the
specimen whereas that reduces water content until seventh cycle (including the
seventh cycle). When more than seven cycles are applied to specimen, the height
and water content do not change. The freeze-thaw action affects the resilient
modulus and the failure strength significantly whereas that does not influence the
shape of the stress—strain behavior curves. Mostly, application of 3 to 7 freeze-thaw
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cycles causes lowest resilient modulus and failure strength under confining pressure
(o3) 200, 400, 600 and 800 kPa as is seen in Figure 2.7a and Figure 2.7b (Wang et
al., 2007). Moreover, exposure to surcharge load reduces the freeze-thaw resistance
of clay soil specimens (Zaimoglu et al., 2012, 2013). Freeze-thaw tests also
revealed the fact that, increasing overburden pressure reduces void ratio and
permeability (Hirose and Ito, 2017).
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Figure 2.7. a) Resilient modulus and b) failure strength of specimens with number of

applied freeze-thaw cycles (Wang et al., 2007)

Increasing number of freeze-thaw cycles causes an increment in the
normalized accumulative strain of the saturated clay and the angle of internal
friction whereas reduces the cohesion and UCS of clay soil (Wang et al., 2007;
Zaimoglu et al., 2012, 2013; Lin et al., 2017). The decrement of cohesion in clay
soil depends on increasing distance between soil particles due to forming ice lenses
after freeze-thaw action (Roustaei et al., 2015). In addition to that, an unsaturated
clay is exposed to freeze-thaw action non-uniform volumetric shrinkage, or freeze-
necking phenomenon appears (Wang et al., 2017).

Many researchers have studied on the improvement of engineering properties
of clay soil with various additives due to the harmful effects of freezing-thawing.
Cement is an additive used for improvement of soils, although cement was not used
as an improvement agent in this thesis, in order to clarify the effects of freeze-thaw
cycles on stabilized medium, it would be useful to briefly explain the effects of
cement showing similar behavior to lime against freezing and thawing. Liu et al.
(2010) found that the freezing-thawing durability of clay soil is improved by cement
amendment. The use of this material partially prevents loss of UCS against to
freeze-thaw effect. However, the investigation of Shibi and Kamei (2014) showed
that first or second freeze-thaw cycle reduces UCS and durability of cement
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stabilized clay soil sharply. According to Mardani-Aghabaglou et al. (2015)
increasing cement content causes an higher strength loss of clay soil specimens and
binding characteristics of cement treated soil and microcracks affect freeze-thaw
resistance due to frost action. The inclusion of both recycled bassanite and coal ash
increases freeze—thaw durability of cement-stabilized clay soils. After five freeze-
thaw cycles, the use of these materials increases durability index from 50% to 85%
(Shibi and Kamei, 2014). The study of Kamei et al. (2012) also showed that the
addition of only recycled bassanite improves the durability of very soft clay soil at
an acceptable level with regards to strength, volume change and mechanical
characteristics against the influences of freeze-thaw action. Additionally,
experimental study on the dynamic properties of cement- and lime-modified clay
soils subjected to freeze-thaw cycles of Liu et al. (2010) demonstrated that
increasing number of freeze-thaw cycles reduces the critical dynamic stress. The
strength of both modified and unmodified specimens are decreased due to freeze-
thaw action, however, the durability of stabilized clay soil is improved by cement-
and lime-modified blends. Furthermore, the performance of cement-modified clay
is better compared to the performance of lime-modified clay despite the fact that
mechanical characteristics of clay soils are increased by both modifications.

The pozzolanic reaction is not stopped by the influence of freeze-thaw. Yet,
the reaction delays in the lime stabilized clay soil. This suggests that lime
stabilization is convenient for clay soils in cold seasons. After 28-day curing, lime
stabilization increases the strength of high (e.g. Aksaray clay) and low (e.g.
Doganhisar clay) plasticity clays roughly 15 and 3 times, respectively. 3 freeze-
thaw cycles reduces the strength of both lime stabilized these clays 10-15% (Yildiz
and Soganci, 2012). Moreover, after 28-day curing 10 freeze-thaw cycles reduce
UCS values of lime stabilized bentonite (high plasticity) specimens to a degree of
40%, however UCS values of these are still greater as compared unamended
specimens. For lime stabilized kaolinite of low plasticity, a slight decrease is
observed in strength for a short period. In Figure 2.8a and Figure 2.8b, the variation
of UCS values of pure bentonite, 5% lime stabilized bentonite, pure kaolinite and
3% lime stabilized kaolinite under various freeze-thaw conditions are shown,
respectively. It is clear that strength development of kaolinite is not as steep as that
of bentonite due to the kinetics of the lime amendment reactions that are affected
by the different mineralogical and crystallographic nature of soils (Al-Mukhtar et
al. 2014; Hotineanu et al. 2015).
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Figure 2.8. a) UCS values of pure bentonite (Bnat) and 5% lime stabilized bentonite under
freeze-thaw condition b) UCS values of pure kaolinite (Knat) and 3% lime stabilized kaolinite

under freeze-thaw condition (Hotineanu et al., 2015)

Greater changes in volume are obtained in lime-stabilized bentonite soil,
when compared with kaolinite. Increasing number of freeze-thaw cycles cause an
increment in the volume of untreated and 28-day treated specimens. Freeze-thaw
conditions lead to greater pore diameters which is significant for volume alteration
(Hotineanu et al., 2015). The investigation of Han and Cheng (2015) showed that
freeze-thaw action enhances the number of large size pores in lime stabilized
subgrade clay soil. The particle fractal dimension of lime-stabilised clay soil that is
between 1.89 and 1.93, is reduced by the increasing number of freeze-thaw cycles.
Superior bonding force between lime and clay soil, less free lime and restricted
damage due to freeze-thaw conditions result in minimum fractal dimension of 4-
6% lime stabilized clay soil. First freeze-thaw cycle leads to maximal decrease in
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fractal dimension. This suggests that the microstructure of clay soil is influenced
greatest by first freeze-thaw cycle.

Shear strength parameters of clay soils are influenced by freeze-thaw action.
Freeze-thaw cycles reduce the cohesion and improves the friction angle slightly. 5
freeze-thaw cycles cause loss of cohesion about 37% and 75%, respectively for lime
stabilized 300-day cured kaolinite and bentonite specimens (Hotineanu et al., 2015).
In addition to that the hydraulic conductivity of clay soil is improved 1000 times by
6% lime inclusion whereas it is improved 10-20 times after 3 freeze-thaw cycles
(Y1ldiz and Soganci, 2012).

Increasing number of freeze-thaw cycles reduces the UCS of polypropylene
fiber reinforced and unreinforced clay soil specimens 20 to 25% (Ghazavi and
Roustaie, 2010). Reduction in strength is less visible for polypropylene fiber
reinforced specimens as compared with unreinforced ones. (Roustaei et al., 2015).
The addition of 3% polypropylene fiber improves UCS of clayey soil by 160%
whereas this increases in UCS of clay soil is rolled back by 60% after exposure to
freeze-thaw conditions (Ghazavi and Roustaie, 2010). According to Roustaei et al.
(2015), exposure to 9 freeze-thaw cycles reduce UCS of unreinforced clay
specimens at percentages ranging among 14-43% whereas this reduces UCS of
polypropylene fiber reinforced clay specimens approximately 1-32%. Furthermore,
increasing number of freeze-thaw cycles from 5 to 7 increases the height of clay
soil specimens. Beyond these cycles, the heights of specimens are insignificantly
changed. The use of 3% polypropylene fiber reduces height of clay specimens up
to 70% (Ghazavi and Roustaie, 2010).

According to Roustaei et al. (2015) increasing polypropylene fiber content in
clay soil does not reduce the effects of freeze-thaw conditions. Since polypropylene
fibers behave as a tensile element in clay soil matrix over the course of the frost
heave of freezing cycle and the cohesion is only binder factor among polypropylene
fibers and soil particles which decreases under cycles and thus, reduces the tensile
influence of fibers. Therefore, 0.5% polypropylene fiber content is optimum fiber
content in order to reduce the influences of freeze-thaw action. Moreover, freeze-
thaw action reduces resilient modulus of clay soil and polypropylene fiber inclusion
does not affect controlling decrement of resilient modulus significantly for clay soil
under freeze-thaw condition. First cycles affect the decrement magnitude of
resilient modulus more visibly. After 7 freeze-thaw cycles resilient modulus reachs
a accurate value and does not change despite exposure to more freeze-thaw cycles.
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In addition to that freeze-thaw action does not influence the friction angle of
polipropylene fiber reinforced clay soil remarkably.

The investigation of Orakoglu et al. (2016) showed that increasing basalt fiber
content reduces the thermal conductivity of fiber reinforced clay soil and increasing
freeze-thaw cycles results in a decrement of thermal conductivity of basalt fiber
reinforced soil. Moreover, frost heave on clay soil is mitigated by basalt fiber. 0.5%
basalt fiber content can reduce frost heave even after 15 freeze-thaw cycles
(Orakoglu et al., 2017).

Increasing basalt fiber content, confining pressure and dynamic shear strain
improve the dynamic axial stress of fiber reinforced clay soil. However, freeze-
thaw action reduces the dynamic axial stress. Increasing basalt fiber content,
confining pressure and initial water content also improve dynamic shear modulus
of fiber reinforced clay soil whereas increasing freeze-thaw cycles cause a decrease
(Orakoglu et al., 2017).

In the light of the studies depicted above, it is understood that the literature
includes insufficient information for characterization of basalt fiber reinforced lime
lime stabilized clay, and a comparative study concerning the mechanical properties
as well as the freeze-thaw behavior of lime stabilized clay reinforced with basalt
and polypropylene fibers is not encountered in literature. Therefore, this study
primarily focuses on benefits of the use of basalt or polypropylene fibers in
evaluation of mechanical properties of lime stabilized clay, by adopting a
systematic experimental approach.
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3. MATERIALS AND METHODS

In this chapter, properties of the materials which were used in this thesis and
preparation of specimens for laboratory testing are explained.

3.1. Materials

The materials used in this thesis are kaolin clay, quicklime, basalt fiber (BF)
and polypropylene fiber (PF). The properties of these materials are explained in
detail below.

3.1.1. Properties of Kaolin Clay

Kaolin which is soft white clay, also called china clay and named after the
hill in China (Kao-ling) from that it was mined for centuries. Kaolin mainly
composes of the mineral kaolinite (in Figure 3.1) that, beneath the electron
microscope, is seen to compose of approximately hexagonal, platy crystals ranging
in size from about 0.1 to 10 um or even greater and mostly includes varying
quantities of other minerals such as muscovite, quartz, feldspar, and anatase
(Encyclopedia Britannica, 2017).

Figure 3.1. An image of kaolinite (Minerals Education Coalition, 2017)

If the water content ranging among 20 to 35% is added to kaolin, the kaolin
behaves plastically due to increasing water content. Mixing kaolin with more
percentages of water causes forming slurry or kaolin-water suspension. The size of
kaolinite particles and chemicals existing in kaolin clay control the amount of water
required in order to reach a predefined definition of water content, namely the
Atterberg limits (Encyclopedia Britannica, 2017).
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Before preparation of specimens, engineering properties of kaolin clay were
determined. ASTM D4318-10 and ASTM D854-14 were used for determination of
Atterberg limits and specific gravity. The liquid limit, plastic limit and plasticity
index of clay were determined as 56, 30 and 26%, respectively. Shrinkage limit of
clay was determined as 20% in accordance with ASTM D4943-08. Clay was
classified as high plasticity clay (CH) based on Unified Soil Classification System.
The specific gravity of clay was equal to 2.62. Besides, in order to find the
compaction characteristics of clay, standard Proctor tests were conducted in
accordance with ASTM D698-07. Based on the results, the optimum water content
and the maximum dry-unit weight of clay were calculated as 30% and 1300 kg/m?,
respectively. Figure 3.2 shows the grain size distribution curve of clay.

Furthermore, chemical properties of clay provided by the manufacturer are given in
Table 3.1.
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Figure 3.2. Grain size distribution of kaolin clay

Table 3.1. Chemical components of kaolin clay (%)

Component %
Na20 0.11
MgO 0.28
Al203 54.13
SiO2 43.62
P20s 0.11
SOs3 0.09

Fe203 0.53
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3.1.2. Properties of Polypropylene Fiber

Polypropylene is a half-crystalline polymer and its crystalline constitution,
the relative quantity of amorphous and crystalline stages, crystal modification, size
and perfection of crystallites and dimensions of spherulites determine the
characteristics of polypropylene. The performance of polypropylene products is
affected by tie molecules all (Pukanszky, 1995).

In this thesis, 100% pure, natural, white polypropylene fiber (PF) in lengths
of 6, 12 and 19 mm was used. Melting and ignition points are 162°C and 593°C,
respectively. This material is acid, salt, alkali and ultraviolet-resistant. Besides, it is
known that oxidation and corrosion resistances of PF are high, and PF does not
retain moisture. The other technical properties of this material are shown at Table
3.2. In Figure 3.3 the image of crumbled polypropylene fiber is also shown.

Table 3.2. Technical properties of PF

Properties Polypropylene Fiber
Diameter (um) 18-20
Tensile Strength (MPa) 600-750
Modulus of Elasticity (MPa) 3000-3500
Density (gr/cm?®) 0.91
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Figure 3.3. Image of crumbled PF
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3.1.3. Properties of Basalt Fiber
Basalt is a dark-coloured extrusive igneous (volcanic) rock which has low

silica content and comparatively rich iron and magnesium content (Encyclopedia
Britannica, 2017). Basalt fiber is made from this rock which is shown in Figure 3.4.

Figure 3.4. Basalt (Sepp, 2017)

In this thesis, basalt fiber (BF) in lengths of 6, 12 and 19 mm was used. This
eco-friendly material provides high friction, frost, heat, moisture and chemical
resistance. Besides, BF is salty sea water and ultraviolet radiation resistant. The
other technical properties of BF are shown at

Table 3.3. The image of crumbled basalt fiber is also shown in Figure 3.5.

Table 3.3. Technical properties of BF

Properties Basalt Fiber
Diameter (um) 1442
Tensile Strength (MPa) 110
Modulus of Elasticity (MPa) 70000

Density (g/cm?®) 1.9




25

Figure 3.5. Image of crumbled BF

3.1.4. Properties of Quicklime

Quicklime was used in order to improve the strength of clay in this thesis.
Quicklime (caustic lime) is a colorless, cubic crystalline or white amorphous
substance and basic anhyride (The Columbia Encyclopedia, 2017).

3.2.Preparation of Specimens for Laboratory Testing
3.2.1. Preparation of Unconfined Compression Test Specimens

Regarding to the properties of the materials given in this chapter, an
experimental framework was set up to compare the influence of inclusion of BF
and PF on clay-lime mixtures. Initially standard Proctor tests were carried out to
find the optimum moisture content and maximum dry unit weight of specimens
containing 0, 3, 6 and 9% lime. Additionally, 6, 12 and 19 mm PF and BF were
added in the mixture at rates of 0.25, 0.5, 0.75 and 1% (for each specimen) by dry
weight. The prepared mixtures were placed in a mould as 3 layers and 25 strokes
were applied to each layer for compaction. Before compaction, inner surfaces of
moulds were lubricated to avoid side friction during extraction. The same process
(3-layer compaction) was repeated at least 5 times with increasing water content by
1.5-3.0%. The water content and dry density of each specimen was calculated from
the obtained values. As a result, the maximum dry unit weight and optimum water
content were shown in Table 3.4.
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Table 3.4. The maximum dry unit weight (g/cm?) and optimum water content (%) of the

designed mixtures (MDD/w)

Fiber type Control BF PF

Lime content 0% 3% 6% 9% 3% 6% 9%
F6-0.25 1.30/37.98 1.29/38.01 1.28/37.40 1.27/38.10 1.29/38.77 1.28/37.89 1.27/38.60
F6-0.50 1.28/37.82 1.26/37.98 1.24/37.26 1.23/38.05 1.26/37.15 1.24/37.43 1.23/38.73
F6-0.75 1.30/36.24 1.29/36.73 1.28/34.25 1.27/37.33 1.29/36.99 1.28/34.06 1.27/37.98
F6-1.00 1.27/36.03 1.26/36.81 1.24/35.96 1.23/37.13 1.26/36.78 1.24/35.74 1.23/37.57
F12-0.25 1.30/37.89 1.28/37.90 1.27/36.41 1.26/37.97 1.28/37.85 1.27/36.20 1.27/37.83
F12-0.50 1.28/37.86 1.27/37.88 1.26/35.86 1.25/37.30 1.27/37.41 1.26/35.55 1.25/37.64
F12-0.75 1.30/37.09 1.29/37.12 1.28/35.47 1.27/36.84 1.29/36.83 1.28/35.27 1.27/37.11
F12-1.00 1.27/36.80 1.26/36.95 1.24/35.99 1.23/36.73 1.26/36.79 1.24/35.70 1.23/36.98
F19-0.25 1.29/37.84 1.28/37.86 1.27/35.51 1.26/37.62 1.28/37.93 1.27/35.60 1.26/37.90
F19-0.50 1.29/37.62 1.28/37.70 1.27/35.47 1.26/37.54 1.28/37.77 1.27/35.45 1.26/37.88
F19-0.75 1.30/37.40 1.29/37.44 1.28/35.21 1.27/37.28 1.29/37.56 1.28/35.34 1.27/37.65
F19-1.00 1.30/36.91 1.29/36.99 1.28/35.10 1.27/37.13 1.29/37.21 1.28/35.25 1.27/37.60

In Table 3.4, F indicates the fiber. The number after F shows the length of
fibers. The last numbers 0.25, 0.50, 0.75 and 1 indicate the percentage of fibers.
Analyzing Table 3.4, decreasing lime content caused an increase in dry unit weight
of specimens. In addition to that, maximum dry unit weights and optimum water
contents of pure clay, 3, 6 and 9% lime stabilized clay were 1.31g/cm?/35.95%,
1.30g/cm® /36.70%, 1.29g/cm?®/33.94% and 1.28g/cm?/36.71%, respectively. It is
clear that optimum water content of mixtures ranged between 34 and 38%. Fiber
type or content did not remarkably influence on the optimum moisture content of
these mixtures.

The length and diameter of cylindrical unconfined compression test
specimens which were compacted under standard Proctor effort and are shown in
Figure 3.6 were 100 and 50 mm, respectively. All specimens (which were not
subjected to freeze-thaw action and evaluated in terms of effect of freeze-thaw
conditions) were prepared at 35% water content, wrapped with the stretch film and
stored in a plastic container as shown in Figure 3.7 to prevent moisture loss in a
moist room (relative humidity above 95+2%) at an average temperature of 20°C
until strength testing. The unconfined compressive strength was determined in
accordance with ASTM D2166. In Figure 3.8, the components of unconfined
compression test (the device and the computer) are shown.
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Figure 3.7. Specimens in a plastic container

Figure 3.8. Components of unconfined compression test: a) unconfined compression test

device and b) the computer which has test result transferred from the device
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3.2.2. Application of Freeze-Thaw Action

The comparison of influences of freeze-thaw action on lime stabilized basalt
and polypropylene fiber reinforced clay was examined in this thesis. The specimens
including 0, 0.5 and 1% 12 mm basalt and polypropylene fiber were stabilized with
0% and 3% lime, compacted under standard Proctor effort (i.e. 45% by weight of
soil) and wrapped with the stretch film. All specimens were prepared in length and
diameter of 100 mm and 50 mm, respectively and cured for 28 days in a moist room
(relative humidity above 95+2%) at an average temperature of 20°C. After curing,
specimens were subjected to 0, 1, 3, 7 and 10 cycles of freeze-thaw tests following
the ASTM D560 test method using a deep freezer. For freezing phase, specimens
were placed in the deep freezer at -23°C for 24 hours. Subsequently, for thawing
phase specimens were removed from the deep freeze and subjected to thawing using
air conditioner in the room at 21°C for 23 hours. Thus, freeze-thaw cycles were
completed. Before unconfined compression tests, the full height and width of the
specimens were expose to impact with a wire brush in accordance with ASTM
D560. In Figure 3.9, the specimen including 1% basalt fiber is shown after exposure
to 10 freeze-thaw cycles.

Figure 3.9. The specimen including 1% basalt fiber subjected to 10 freeze-thaw cycles
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Figure 3.10. Schematic diagram of the frost weathering process of soil mineral particles
(Zhang et al., 2016)

Figure 3.10 illustrates the schematic diagram of the frost weathering
(fragmentation) process of soil mineral particles which are completed in four steps
and divided two stages by Poltev (1967). In the first step, cracks occur on the
surface of mineral particles driven by the temperature due to transforming water
from liquid to solid phase. In second step, the microcracks of particles are
transformed into macrocracks due to the fact that pore water transforms glacier form
and causes an increment in volume (approximately 9%). In the third step, an
increment in the thickness of water film in the crack of soil particles occurs. In the
fourth step, further fragmentation of primary minerals occurs due to increasing the
thickness of water film (Zhang et al., 2016).
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4. RESULTS AND DISCUSSION

In this chapter, unconfined compressive strength values and secant modulus
of specimens including basalt and polypropylene fiber whether subjected to freeze-
thaw action or not are elucidated. The data and images obtained from Scanning
Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) are
evaluated. Moreover, Ultrasonic Pulse Velocity (UPV) of specimens subjected to
freeze-thaw cycles is determined and data obtained from tests is used for evaluation
of mechanical properties.

4.1. Mechanical Properties

In order to compare the individual contributions of PF and BF, unconfined
compression strength tests were carried out using strain-controlled application of
the axial load. Initially, the tests were performed on stabilized specimens containing
0, 3, 6 and 9% of lime to investigate the strength of clay without fiber inclusion
after 1, 7, 28 and 90-day curing. The results were given in Figure 4.1. Analyzing
Figure 4.1, an obvious increase was observed in strength of clay with the addition
of lime until 6% lime content. This can be explained by the reactions among lime
and clay minerals providing an increase in the strength of the soil. As is known, the
first reactions due to stabilization of lime are hydration and flocculation. After these
reactions, cementation and carbonation, both which are long term reactions occur.
Cementation enhances strength increase. In this phase, the calcium-aluminum-
silicate-hydrate minerals in clay react with the calcium ions in the lime to form
silicate gel (Hausmann, 1990). Silicate gel fills the gaps in the clay and is
responsible for keeping the particles together. As the curing period increases, the
time allowed for these reactions may be sufficiently large, thus UCS of specimens
increases more. However, more than 6% lime content does not increase the strength
up as 6% lime content does.
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Figure 4.1. Unconfined compression test results of specimens without fibers

The main contributors that lead the role of fiber in composites are: the
inherent mechanical quality of the fiber, the physico-chemical interaction between
the fiber and resin component (interface interactions), the volume fraction of fiber
within the composite, the position, orientation and fiber-layout in the composite,
and recyclability (Dhand et al., 2015). The mechanical effects of fibers are
discussed in detail.

4.1.1. Unconfined Compressive Strength of Specimens Free of
Lime

Figure 4.3 shows results of unconfined compression tests on 0.25, 0.50, 0.75,
1% BF and PF reinforced clay. 6, 12, 19 mm fiber lengths and 1, 7, 28, 90 days
curing period were used in preparation and curing of specimens before strength
testing. As can be seen in Figure 4.3, the addition of PF and BF slightly increased
the strength of specimens without lime inclusion. Bonding among fiber and soil
matrix is the main source of strength increase. Generally, 1% fiber content and 12
mm fiber length were more effective on strength for PF reinforced specimens. For
BF reinforced specimens, 1% fiber content and 6 mm fiber length gave maximum
strength, however the effective fiber length changed according to curing period and
fiber content. As is known, pure clay specimens can sometimes gain very little
strength with aging, but this is not at the level to be considered. In Figure 4.3, this
situation can be seen clearly. Since specimens did not contain lime which gives the
strength to specimens by chemical reactions, strength gain was independent of
curing period. However, aging may be effective on the strength increase, along with
the uniformity of the fiber distribution in the specimen. Figure 4.4 shows axial
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stress-strain of specimens including 12 mm BF and PF in length of 0.25, 0.50, 0.75,
1% fiber content after 28-day curing. In Figure 4.4, clay and lime are indicated by
C and L, respectively. The percentage of lime is shown by the number after L. The
length of fibers is shown by the number after BF and PF. The percentage of fibers
is indicated by the last numbers. To illustrate, the mixture including clay, 0% lime,
1% and 12 mm in length of BF was designed as CLOPF12-1. It is clearly observed
that PF improved the strength but without lime inclusion, the influence of PF
inclusion on strength was limited. However, both BF and PF reinforced specimens
exhibit more ductile behaviour in comparison with unreinforced specimens. Figure
4.5 shows application of unconfined compression test to the specimen containing
basalt fiber.
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Figure 4.2. Unconfined compression test results of 1, 7, 28 and 90-day cured specimens
containing a) 0.25%, b) 0.50%, c) 0.75% and d)1% BF and PF in different fiber lengths (to be

continued)
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Figure 4.3. Unconfined compression test results of 1, 7, 28 and 90-day cured specimens
containing a) 0.25%, b) 0.50%, c) 0.75% and d)1% BF and PF in different fiber lengths
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4.1.2. Unconfined Compressive Strength of Lime Stabilized
Specimens

Figure 4.7 shows UCS values of 9% lime stabilized 0.25, 0.50, 0.75, 1% BF
and PF reinforced clay. 6, 12, 19 mm fiber length and 1, 7, 28, 90 days curing period
were used in preparation and curing of specimens before strength testing. Based on
Figure 4.7, it can be concluded that increasing curing time mostly caused a linear
increase in strength of 9% lime stabilized specimens. Comparing strength values,
0.75% fiber content and 12 mm fiber length after 1, 7, 28-day curing seem to be
more effective to gain strength for PF reinforced specimens. After 90-day curing
period, 19 mm fiber length was also effective. Analyzing UCS values of BF
reinforced specimens, 0.75% fiber content and 6 mm fiber length after 1, 7, 28-day
curing were more effective with respect to strength. After 90-day curing, fiber
length of 12 and 19 mm were also effective. Figure 4.8 shows the axial stress-strain
of 9% lime stabilized specimens including 12 mm BF and PF in length of 0.25,
0.50, 0.75, 1% fiber content after 28-day curing. In Figure 4.8, clay and lime are
indicated by C and L, respectively. The percentage of lime is shown by the number
after L. The length of fibers is shown by the number after BF and PF. The
percentage of fibers is indicated by the last numbers. To illustrate, the mixture
including clay, 9% lime, 1% and 12 mm in length of BF was designed as CL9BF12-
1. As is seen, BF and PF improved the strength, and the strength increase was more
evident with inclusion of lime. The use of lime also caused less axial deformation.
Hence, specimens including lime exhibited more brittle behaviour. In Figure 4.9, a
fractured lime stabilized specimen containing PF after unconfined compression test
is shown. Furthermore, Figure 4.10 shows UCS values of 3, 6 and 9% lime
stabilized, 12 mm BF reinforced clay with 0.25, 0.50, 0.75, 1% fiber content after
1, 7, 28 and 90-day curing. It was observed that increasing curing period and lime
content enhance the strength of specimens for 3% and 6% lime stabilized
specimens. Maximum strength for 3% lime stabilized specimens was obtained by
1% fiber content after 90-day curing. For 6% lime stabilized specimens, 0.75% fiber
content provided the maximum strength after 90-day curing. 9% lime addition was
not as effective as 6% lime addition to increase the strength of soil. For 9% lime
stabilized specimens, maximum strength was obtained by 0.5% fiber content after
90-day curing.
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Figure 4.9. A fractured lime stabilized specimen containing polypropylene fiber (PF) after

unconfined compression test
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4.1.3. Evaluation of Secant Modulus by Reinforcement and Lime
Stabilization

The slope of the chord connecting the origin of the stress-strain curve to the
point where the axial stress is equal to 50% of failure stress (namely, the UCS) is
defined as the secant modulus of elasticity (Eso) (Yilmaz and Karatas, 2011).
According to previous investigations, in most cases, Eso varies with UCS (qu)
linearly. On the other hand, a generalized mathematical expression to identify the
linear relationship between Eso and the UCS is not identified yet. Different
components of soils/sediments (such as organic content and heavy metals) and
types of binders used as well as their content (lime, fly ash, cement and their
quantity) basically are the reason behind the diversity of the equations proposed in
the literature (Wang et al., 2013). Eso-qu relationship, for the PF-clay mixtures
including 0.25, 0.5, 0.75 and 1% fiber contents after 1,7, 28 and 90 days was drawn
in Figure 4.11a. In Figure 4.11b, same relationships were prepared for PF-lime-clay
mixtures including varying (0.25, 0.5, 0.75 and 1%) fiber contents and curing period
(1, 7, 28 and 90 days). As can be seen in figures, the addition of lime improved the
secant modulus (Eso) due to the fact that the addition of lime not only increase the
strength but also provides the specimen more stiffness which leads to brittle
fracture. This means that the specimens fractured with less axial deformation and
further strength. However, the use of lime reduced the correlation (R?) between Eso
and the UCS (qu) values. For BF-clay mixtures in Figure 4.12a and for BF-lime-
clay mixture in Figure 4.12b, Eso-qu relationships were plotted. Arguably, the use
of lime increased Eso, but decreased the correlation among Eso and qu values as in
specimens including PF. It can be said that the decrease of correlation is clearer for
specimens including PF. Highest Eso value was obtained by the use of 12 mm BF-
lime-clay mixture with 0.5% fiber content after 90-day curing.
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4.2. Application of Scanning Electron Microscopy and Energy
Dispersive Spectroscopy on Selected Specimens

Scanning Electron Microscopy (SEM) is used to monitor the micro- and
nano- structural properties of solid materials. An electron gun which generates the
electron beams, constitutes a major SEM. The beam is guided and focused by
electromagnetic optics (Mehta, 2012). A specific specimen zone is magnified using
a high energy focused beam of electrons by Scanning Electron Microscopy (SEM).
The specimen is subjected to vacuum in order to ensure that the beam is focused,
and the specimen is not in touch suspended particles in the environment. The beam
of electrons interacts with the specimen, this results in formation of secondary
electrons. The specimen releases these electrons (direct scattering or emitted from
the specimen) that are detected to supply an image based off the topography of the
surface. The Secondary Electron Detector and the Backscattered Electron Detector
are prevalently used. Electrons, interacting with detectors, enables constitution of
image by use of the energy of the detected electrons with their intensity (number
density) and location of emission (Mehta, 2012; Polymer Solutions Group, 2017).

After 90-day curing, selected specimens that were reinforced with BF/PF,
were applied UCS tests. After strength testing, pieces of fractured specimens from
shear band were subjected to Scanning Electron Microscopy (SEM)/Energy
Dispersive Spectroscopy (EDS). Firstly, the specimens were placed on the brass
plate and they were glued with a double sided adhesive carbon tapes to provide
conductivity in non-conductive materials as is shown in Figure 4.13. Then,
specimens were subjected to vacuum for gold plating until the vacuum was 4*10°*
bar (it was waited for 45-60 minutes). When the vacuum reached the desired value,
gold plating was done as is shown in Figure 4.14. The gold-plated specimens were
placed on the SEM device and analyzed as is shown in Figure 4.15. The
morphological structures of the products can be observed clearly in the fractured
surface investigations on the SEM device. It is possible to observe weaker products
more intensely due to the fact that the broken surface is a weak section of the
specimen (Tosun, 2007).
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Figure 4.14. Image of gold plating process

Figure 4.15. Image of a) placing and b) analyzing gold-plated specimens in SEM device
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In Figure 4.16a, the SEM image of the pure polypropylene fiber clay soil can
be seen. It is evident that polypropylene fiber is pulled out of the clay soil due to
the insufficient interfacial adhesion of the fiber and soil during compression. The
fiber surface was not damaged during pull-out. Hence, during pull-out, a clearance
was observed between fiber and soil. Fiber-soil columns were consisted and
behaved as a skeleton. A three-dimensional fiber-soil net is consisted of the discrete
distribution of fibers in the soil. Figure 4.16b shows an image of basalt fiber
reinforced clay. Basalt fiber seems to be surrounded by the clay particles. Higher
interfacial adhesion enabled better bonding strength. Clay particles formed a
clustered structure on and around the basalt fiber in presence of water. Fiber-soil
columns were consisted and on the fragmentized clay particles, apparent shearing
traces were existed. Besides, clay particles were still on the surface of fiber. The
SEM image of PF/clay/lime mixture is given in Figure 4.16c¢. The presence of lime
caused a more rigid structure. On the other hand, a gap was observed where the
polypropylene fiber was displaced which is the evidence of well bonding. PF
reinforcement seems to be functional, fiber reinforced the surrounding improved
soil while a pull-out behaviour was experienced. Furthermore, an abrasion trace
was not observed. In Figure 4.16d, the SEM image of basalt fiber reinforced lime
stabilized clay soil and the basalt fiber surface is given. The structure seems to be
more stiff and compact. The fiber surface is covered by lime and clay particles. The
interaction between the fiber surface and the soil matrix is clear. When lime is added
to dried clayey soil, clay particles behave hydrophobicly. Hence, when water is
mixed with lime-soil matrix, soil particles do not tend to form oversized aggregates.
This phenomenon was referred to as sandification (Liu, 2003; Cai et al., 2006).
When the fiber reinforced soil is exposed to external force, soil particles transfer
the stress to vicinity of fiber-soil column. The part of external stress transforms to
the internal force. In this way, it prevents the ascending of the overall strain of soil
specimen. In this manner, interaction among fiber-soil-lime and by-products is
effective in binding, which controls displacement and deformation of soil particles
while providing improvement in strength of clay. When the basalt fiber content is
excessive, lots of fiber filaments cluster in the soil specimen by electrostatic
interaction. Therefore, it forms the weak area of stress readily stress transfer
mechanism is disrupted. For PF, subsidiary stresses due to the use of short fiber
cause soil particles surrounding fibers slide over. Selection of longer fiber causes
reduction in tension, bending and torsional strength of fiber.



Figure 4.16. SEM images of a) PF reinforced soil with a magnification of 330 times b) BF

reinforced soil with a magnification of 750 times c) 9% lime stabilized PF reinforced soil with a
magnification of 500 times d) 9% lime stabilized BF reinforced soil with a magnification of 1000

times

When lime is added to kaolin clay, calcium ions react with clay minerals to
form silicate gel. Void-filling effect also leads to the formation of a more stable
interface reinforcing the bond between the fiber and the composite material
(Hausmann, 1990). In Figure 4.16¢c and Figure 4.16d presence of cementitious
products on fiber is apparent and it indicates the activity of reinforcement system.
This demonstrates that fiber was mobilized during testing and bonding.

The characteristic X-rays of various elements into an energy spectrum is
separated using an energy dispersive detector and analyzing the energy spectrum to
determine the plenty of specific elements is provided by EDS (Energy Dispersive
Spectroscopy). EDS is able to give basic compositional information by finding
chemical composition of materials down to a spot size of a few microns and creating
element composition maps over a much wider raster area. A SEM device generally
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includes EDS systems which contains a sensitive X-ray detector, a liquid nitrogen
dewar for cooling, and software to collect and analyze energy spectra (Nazarov and
Noh, 2011). EDS spot analyses was carried out to identify the chemical composition
of specimens. Figure 4.17 illustrates the results of EDS analyses obtained from PF
reinforced soil, BF reinforced soil, 9% lime stabilized PF reinforced soil and 9%
lime stabilized BF reinforced soil. In Figure 4.17a and Figure 4.17b results from
EDS showed that specimens were composed of Al, Si, O and Ca in which Al and
Si are the main element. Since, kaolin clay primarily composes of Al.Os and SiOx.
In Figure 4.17c and Figure 4.17d EDS analyses confirm the presence of lime, kaolin
and water. It is evident that the matrix contained a high concentration of Al and Si.
Besides, Ca and O were present. The amount of calcium increased due to the
presence of lime. These results demonstrate the possible presence of calcium
hydroxide crystals (CH).
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Figure 4.17. EDS analysis of a) PF reinforced soil b) BF reinforced soil ¢) 9% lime

stabilized PF reinforced soil d) 9% lime stabilized BF reinforced soil (to be continued)
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4.3. Evaluation of Effects of Freeze-Thaw Action on Lime Stabilized
and/or Fiber Reinforced Clay

As is known, freeze-thaw (which was also shown as F-T in this thesis)
conditions affect clay soil adversely. In the soil cracks occur and the soil loses part
of its mass due to outflow of water under freeze-thaw action. In order to determine
the influence of treatment (lime, BF and PF) on the durability behaviour of the
specimens, prepared specimens were weighted before and after freeze-thaw cycles.
Difference between two weights showed the mass loss due to freeze-thaw
conditions. The results were shown in Figure 4.18. In figures below, freeze-thaw
is indicated by F-T and the number after T shows the number of freeze-thaw cycles.
Figure 4.18a and b show test results of specimens free of lime and 3% lime
stabilized specimens, respectively. 12 mm polypropylene fiber (PF) and basalt fiber
(BF) were used to reinforce the specimens. Fiber types and rates are shown below
the diagrams. Analyzing Figure 4.18, as the number of freeze-thaw cycles
increased, the mass loss increased. The addition of lime, BF and PF decreased the
mass loss. Mostly, 0.5% fiber content decreased the mass loss more except the
specimen containing 0.5% BF free of lime and effective fiber type varied according
to amount of fiber and number of cycles. Moreover, lime stabilized specimens
caused less mass loss due to the fact that lime reacted with water, thus more stiff
structures occurred which limited outflow of water. For all specimens, mass loss
was under 10%. It was proved that the strength of soil closed to the surface is not
remarkably influenced by mass losses about 10-15% in the literature (Chamberlain
et al., 1990; Hassini, 1992; Zaimoglu, 2010).
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Figure 4.18. Mass loss of a) specimens free of lime and b) 3% lime stabilized specimens

subjected to freeze-thaw cycles

4.3.1. Unconfined Compressive Strength of Specimens Exposed to
Freeze-Thaw Action

Unconfined compression strength tests were conducted using strain-
controlled application of the axial load to investigate effects of freeze-thaw
conditions on 0 and 3% lime stabilized 0, 0.5 and 1% basalt and polypropylene fiber
(in length of 12 mm) reinforced 28-day cured clay specimens after 0, 1, 3, 7 and 10
freeze-thaw cycles. The test results were given in Figure 4.19. As is seen, freeze-
thaw cycles reduced the strength of all specimens. Lime stabilized specimens had
more strength in comparison with specimens without lime. For lime stabilized
specimens, first cycle decreased the strength sharply. The strength of specimens
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without lime was quite low and after the cycles, the clay soil specimens had
pratically no resistance. Since the specimens were prepared with more water (i.e.
45% by weight of soil) rather than the optimum water content and this situation
caused that freezing-thawing affected specimens significantly. Generally, PF
increased the strength more than BF and 1% fiber content was more effective to
enhance the strength againist freeze-thaw cycles. It was concluded that as fiber
content increases, UCS values of specimens increase and PF reduces the
detrimental effects of F-T cycles due to the fact that PF is more elastic material in
comparison with BF. Owing to its elasticity, PF is more invulnerable againist
freeze-thaw action. In Figure 4.20, sample fracture patterns of specimens including
basalt fiber and polypropylene fiber subjected to freeze-thaw action during
unconfined compression tests are shown.
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Figure 4.20. Image of fracture patterns of specimens including a) basalt fiber b)

polypropylene fiber after freeze-thaw cycles during unconfined compression tests

Variation of UCS (qu) of PF and BF reinforced specimens without lime
inclusion and PF and BF reinforced 3% lime stabilized specimens with mass loss
(ML) under 1, 3, 7 and 10 freeze-thaw cycles were drawn in Figure 4.21. Acceptable
correlations among ML and UCS were obtained. The coefficient of determination
values (R?) were more than 0.8 and particularly the correlation for lime stabilized
specimens was better.
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Figure 4.21. Variation of strength of PF and BF reinforced specimens with mass loss under

1, 3, 7 and 10 freeze-thaw cycles a) without lime b) stabilized with 3% lime

4.4. Ultrasonic Pulse Velocity

Measurement of the velocity of compression stress waves is a non-destructive
test method termed ultrasonic pulse velocity method (UPV). The density and elastic
characteristics of materials are effective on the velocity of these waves traveling in
a solid material. The quality of materials which depends on elastic stiffness can be
indicated by measuring UPV (Kewalramani and Gupta, 2006). In this method, the
waves ranging in frequency from 20 kHz to 1 GHz throughout the specimen are
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sent and travel time is measured to determine the wave velocity and related dynamic
characteristics (Su, 2012).

The ultrasonic test system for testing soil specimens was developed by
Stephenson (1978) to determine their design parameters in civil work and
determining Young’s modulus, shear modulus, Poisson’s ratio and damping was
achieved. The velocity was influenced by the specimen size and increasing void
ratio was tended to decrease by wave velocities for a given band of saturation.
Mostly, the degree of saturation enhanced wave velocities for a constant void ratio.
In addition to that wave velocities was enhanced by increasing confining pressure
(Su, 2012).

Yesiller et al. (2001) indicated that in porous materials, wave propagation
takes place through the quickest path in the material that is related with the stiffness
of the material directly. Hence, the velocity of wave propagation depends on
modulus of a material directly. In addition to that large air voids in a material do
not convey pulses. Thus, the pulse path has the voids, the time taken by the pulse
which circumvents the void by the fastest route is showed by the UPV device
(Pundit, 1990; Panzera et al., 2011). An alternative path is offered by the addition
of fibers to soil specimens and fibers influence more effectively in terms of wave
travelling. However if optimum fiber content (number) is reached, additional fibers
generates obstacles and reduce the wave velocity to level below those for specimens
without fibers (Cristelo et al., 2015).

The investigation of Yesiller et al. (2001) showed that increasing amount of
stabilizing agent and curing period enhances the wave velocity of stabilized soils.
Furthermore, lime stabilized specimens has lower velocities as compared with
cement stabilized specimens. Among the velocity and the density of stabilized soils
a linear relationship is obtained for measuring after compaction of specimens
similar to variation of velocity with water content. The study of Su (2012) observed
asimilar trend. According to (Su, 2012) increasing curing period enhances the wave
velocity of lime stabilized soils due to pozzolanic reactions which make soils stiffer
with increasing time. For clay-lime mixtures, a large increment occurs in the wave
velocity from the 1% to 7™ day of curing however cement stabilized soils has larger
increments in same conditions. This can be explained by slow pozzolanic reactions
in lime stabilization. It was also pronounced that the velocity of clay-lime mixtures
decreases with increasing compaction water content (above optimum water
content). When clay-lime mixtures are saturated, the wave velocity increases from
about1200 m/sec to 1600 m/sec. It can be concluded that the wave velocity of water
is 1600 m/sec.
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In Figure 4.22 and Figure 4.23 schematic diagram of pulse velocity apparatus
based on ASTM C586 and UPV testing device and transducers in Ege University
are given, respectively. Implementing a speedy alteration of potential from a
transmitter-driver to a piezoelectric transformation element generates ultrasonic
pulse which results in it to vibrate at its basic frequency. The transducer contacts
with the material to transfer the vibrations to the material. After travelling along the
material, vibrations reach the receiver. The travel time of pulse among the
transmitter and the receiver is utilized to calculate the wave velocity. The
transducers are brought into contact with the surface of specimens firmly and the
travel time of the ultrasonic wave is shown by the screen of UPV testing device. To
calculate the pulse velocity, the following equation can be used (Kewalramani and
Gupta, 2006):

V=Lt 4)

V, L and t stand for pulse velocity (m/sec), path length (m) and travel time,
respectively.

Figure 4.24. Application of ultrasound gel to the transducer

Generally, a binding agent (a viscous material such as a jelly or grease) is
used to enable the vibrational energy to enter the test device and be picked up by
the receiving transducer (Pundit, 1990; Panzera et al., 2011). In this thesis, before
UPV testing ultrasound gel was used on the surface of transducers (as is shown in
Figure 4.24) which contacted with specimens for each specimen and calibration
provided using a calibration specimen. Then UPV tests were carried out
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longitudinally and transversely as is shown in Figure 4.25. Similar UPV values
were obtained for both types of measuring. However, the data which was obtained
by longitudional measurements were used in this study to avoid the possibility that
the ultrasonic waves can select the path over where they contact.

Figure 4.25. Application of UPV test on pure kaolin specimen subjected to a F-T cycle a)

longitudinally, b) transversely

Figure 4.26 shows UPV values of specimens subjected to 0, 1, 3, 7 and 10
freeze-thaw cycles. As can be seen in Figure 4.26 increasing number of freeze-thaw
(F-T) cycles reduced UPV of all specimens. In the literature it was explained that
as F-T cycles increase, the volume of voids and micro cracks in the transition zone
of the stabilized specimens increase. Thus, the capability of stabilized specimen to
transfer ultrasonic pulses decrease. Applied F-T cycles alter the structures of the
stabilized specimens, make these specimens less dense and enhance their voids
(Eigenbrod, 1996; Viklander, 1998; Abo-Qudais, 2005; Yarbasi et al., 2007). Lime
is more effective on stiffness of specimens as compared to fiber reinforcement. As
is known increasing stiffness enhances UPV. In Figure 4.26 it can be seen that
before detrimental F-T effect, lime stabilized specimens had higher UPV values in
comparison with specimen without lime. After a F-T cycle generally lime stabilized
specimens had higher UPV. However, three or more F-T cycles affected lime
stabilized specimens significantly and lime stabilized specimens performed
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similarly with the other specimens. As is known wave propagation continues
through fastest path. After three F-T cycles randomly distributed fibers (BF or PF)
offered an altenative path, distribution of fibers were more effective as compared
with lime due to the fact that lime content (3% by weight of soil) was low and not
adequate to higher UPV. It is clear that 3% lime stabilized 0.5% PF reinforced
specimens performed best in terms of UPV. For PF, 0.5% fiber content was better
in all conditions. 1% fiber content was better for BF reinforced specimens without
lime whereas 0.5 fiber content was better for lime stabilized BF reinforced
specimens. This means that void-fillling effect was more evident in PF reinforced
specimens. Since basalt fiber surface has more interfacial adhesion and this
property restricts the movement of basalt fiber.
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Figure 4.26. Ultrasonic pulse velocity values of a) specimens free of lime and b) 3% lime

stabilized specimens subjected to 0, 1, 3, 7 and 10 freeze-thaw cycles

Variation of UPV of PF and BF reinforced specimens without lime inclusion
and PF and BF reinforced 3% lime stabilized specimens with mass loss (ML) under
1, 3, 7 and 10 freeze-thaw cycles were drawn in Figure 4.27. An acceptable
correlation among ML and UPV were obtained for specimens without lime whereas
for lime stabilized specimens there were not remarkable correlation. For specimens
without lime, UPV is proportional to mass loss. When specimens are exposed to F-
T action, voids and pores causing a decrease in UPV values arise in their structure
and greater weight losses are observed. However, lime stabilized specimens have
more stiff structure which leads to higher UPV values. Besides, mass losses of lime
stabilized specimens are low.
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inclusion b) 3% lime stabilized specimens with mass loss under 1, 3, 7 and 10 freeze-thaw cycles

Figure 4.28 shows UPV and UCS relationships obtained using linear curve
fitting approximation for specimens including BF and PF and 3% lime stabilized
BF and PF reinforced specimens, respectively. Analyzing Figure 4.28, for
specimens without lime inclusion the correlation among UPV and UCS is at low
level whereas for lime stabilized specimens the correlation is acceptable. If
specimens were not subjected to detrimental F-T effect, correlations would be
better.
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stabilized BF and PF reinforced specimens

4.5.Modeling of Test Data

In this part of this thesis, empirical and statistical approaches are made to
model the strength and freeze-thaw resistance of fiber reinforced lime stabilized
clay.
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4.5.1. Nonlinear Multiple Regression Models

The multivariate nonlinear regression method is used to model the behavior
of a variant depending on two or more parameters. Unlike linear regression where
the solution is a line, the solution can be a curved, planar, or more complex surface.

Mostly, in solutions using the least squares method, a model which has m
numbers data and n numbers unknowns is calculated, iteratively. Let’s think about
a curvilinear model y=f(x,z) which is related to m data points and n numbers a.
parameters. Obtaining o values is possible by minimizing the sum of the squares of
the residuals:

S=Xi, (5)

where ri is the residual or error values, and is the difference between the
predictions calculated from the obtained equation with real values:

=y — f(x;,a) (6)
is expressed as above.

Minimizing the sum of the squares of the errors would be possible if the
gradient is equal to zero:

as or;
—=2) Tig—

aa]- aaj (7)
For a nonlinear equation, it is an initial value problem, since the partial derivatives
of the residuals are functions of both independent and dependent parameters, and
the k values are determined from the following equation for the iteration:

af ' = af + Aa (8)

In this equation, Aa is known as the increment vector. At each iteration, the
residuals are recalculated by opening the Taylor series around a}"‘, and n becomes a

linear equation by placing these equations into the gradient equations. The matrix
form of these equations is as follows:

JTWI Ao=]TWAy (9)
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Where W is the weight matrix of the residuals, J is the matrix containing the partial
derivatives of the residuals according to the o parameter. Equation (9) provides a
solution to the problem of nonlinear least squares (Kelley, 1999; Strutz, 2010)

4.5.2. Empirical Equations for Verification of Unconfined
Compressive Strength of Stabilized/Reinforced Specimens

Nonlinear regression analyses were employed to establish possible and plausible
relationships among dependent parameters including fiber type, fiber content, fiber
length and normalized unconfined compressive strength. The data was divided into
four parts: a) Basalt fiber reinforced soil, b) Basalt fiber reinforced soil stabilized
with lime c) Polypropylene fiber reinforced soil and d) Polypropylene fiber
reinforced soil stabilized with lime. Scatter plots of the individual dependent
parameters against normalized unconfined compressive strength revealed that, of
all these parameters, fiber content (FC) and curing period (CP) are more effective
to the changes in normalized unconfined compressive strength (n_UCS), which is
defined as the ratio of the UCS of any specimen over the UCS of the reference
specimen. n_UCS values are obtained by normalizing UCS values by UCS of 1-
day cured pure clay. Unfortunately, meaningful relationships could not be obtained
for fiber reinforced specimens free of lime.

In Table 4.1, the simple statistical analysis of data in hand for lime stabilized
specimens was tabulated. Since the FC and CP parameters are predefined values,
the deviation of fiber content is very low and, it is not surprising that deviation of
CP values from their range is very high. Variance and skewness of fiber content are
zero. Focusing on n_UCS values, it should be emphasized that the distribution of
n_UCS values are right-skewed, and the standard deviation of the parameters are
relatively high.



64

Table 4.1. Basic statistical analyses of the dependent and independent variables used in

regression analyses of lime stabilized specimens reinforced with BF/PF

Parameter/Property| FC CP n_UCS (BF) | n_UCS (PF)
Maximum 0.0100 90 12.158 12.146
Minimum 0.0025 1 2.136 2.292

Range 0.0075 89 10.022 9.853
Mean 0.0063 315 5.264 5771

St. Deviation 0.0028 | 35.604 2.637 2.654
Variance 0.0000 | 1267.66 6.952 7.045
Skewness 0.0000 0.927 1.053 0.784

In this regard, four relatively simple relationships are obtained to establish
relationships among n_UCS, FC and CP parameters. Established relationships can
be used for verification or completion of missing n_UCS parameter, by use of FC
and CP parameters. It was aimed to select simpler models, for practical use. Two
equations for each fiber type was given in Table 4.2 and scatter plots for calculated
and experienced n_UCS values (Model 1 and Model 3) were shown in Table 4.2.
SE, RA and R? stand for standard error, residual average and coefficient of
determination, respectively. Equations are valid for ranges of independent
parameters given in statistical analyses.
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Table 4.2. Four relatively simple models for estimation using n_UCS, FC and CP

Model | Fiber | Equation SE RA R?
No. type
M1 BF n_UCS=8.0520- 13828 | 2.39x10%2 | 0.75

3137.874xFC+570292.118xFC?-
30476013.64xFC3+0.0634xCP

M2 BF n_UCS=3.4066-0.0004/FC- 1.3781 -1.94x10°16 0.74
0.9106xl0og(CP)+0.4744xlog(CP)?

M3 PF n_UCS=0.5935+961.107xFC- 1.1109 4.33x1013 0.84
67293.127xFC?-
0.5237xlog(CP)+0.4104x10g(CP)?

M4 PF n_UCS=4.5386-0.04/FC+0.0654xCP | 1.2101 -1.47x10%5 | 0.80
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45.3. Empirical Equations for Prediction of Unconfined
Compressive Strength of Specimens Subjected to Freeze-
Thaw Actions

By carrying out regression analyses, it was aimed to find correlations among
number of F-T cycles, mass loss of specimens, fiber content, lime content and
ultrasonic pulse velocity measured. These analyses had two primary aims: first of
all, it was aimed to obtain linear/nonlinear relationships among normalized UCS
and UPV values of fiber reinforced lime stabilized specimens. UCS and UPV values
were normalized using UCS and UPV values of pure clay exposed to one F-T
action. The data was normalized in order to quantify the strength gain/loss using a
reference value. In this regard, PF and BF reinforced soils were evaluated
individually, and nonlinear regression analyses were employed to establish simple
relationships among n_UPV (normalized ultrasonic pulse velocity)-n_UCS
(normalized unconfined compressive strength) and n_UCS-PML (mass loss-in
percent)-ncyc (number of freeze-thaw cycles). It was investigated whether changes
in unconfined compressive strength could be explained in terms of results of
ultrasonic pulse velocity tests, mass loss measurements and number of cycles as
well.

A basic statistical analysis of data in hand was given in Table 4.3. Analyzing
data in hand, for specimens reinforced with basalt fiber, it was understood that the
decreases in n_UPV are not so drastic, as compared to that of n_UCS. Since the
skewness parameters are similar for all parameters, right-tailed curves can be drawn
for these distribution of data in hand. The standard deviation of these two
parameters were considerably high compared to means. Since the standard
deviation and variance of ML and ncyc is markedly high, it was considered to use
these two parameters to explain the changes in n_UCS of specimens, as an
alternative. Similar comments can be made for data obtained by testing PF-
reinforced specimens. The changes inn_UCS are high in comparison with those in
n_UPV. The variables are all right-skewed, following the same distribution.
Variance of ML is higher for PF-reinforced specimens.
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Table 4.3. Basic statistical analysis of four parameters used in nonlinear regression analyses

for specimens reinforced with BF/PF subjected to F-T action

Specimens reinforced with Specimens reinforced with
Parameter / Basalt fiber Polypropylene fiber
Property n UPV | n UCS| PML | ncyc |n UPV|n UCS| PML | ncyc
Maximum 1438 | 6555 | 1.140 |10.000| 1.459 | 6.001 | 1.057 |10.000
Minimum 0.741 0.933 | 0.277 | 1.000 | 0.732 | 1.184 | 0.114 | 1.000

Range 0.697 5.622 | 0.863 | 9.000 | 0.727 | 4.816 | 0.943 | 9.000
Mean 0.916 2.544 | 0.654 | 5.250 | 1.039 | 3.194 | 0.543 | 5.250
St. Deviation | 0.173 1.664 | 0.246 | 3.606 | 0.184 | 1.546 | 0.278 | 3.606
Variance 0.030 2.768 | 0.061 |13.000| 0.034 | 2.389 | 0.077 |13.000
Skewness 1.866 1.359 | 0.583 | 0.158 | 1.056 | 0.560 | 0.255 | 0.158

Above expressions somehow establish relationships among UPV, UCS and
ML, however, further investigations were made to establish relationships among
n_UPV and n_UCS; and PML, ncyc and n_UCS. The dependent parameters are
selected after a trial and error approach, supported by a sensitivity analysis. Initially,
more complex relationships were investigated between n_UPV and n_UCS. Over
70 relationships are obtained for both BF- and PF-reinforced specimens,
surprisingly, very complex expressions which are far from practical use are able to
quantify this relationship. Taking all models into consideration, maximum value of
R? values ranges between 0.88 and 0.90, however these values are for tenth order
polynomials. Three sample relationships for each fiber type, along with relevant
statistical identifiers were given in Table 4.4. Equations are valid for ranges of
independent parameters given in statistical analyses.
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Table 4.4. Six relatively simple models for estimation of n_UCS using n_UPV (SE, RA and

R? stand for standard error, residual average and coefficient of determination, respectively.)

Model | Fiber | Equation SE RA R?

No. | type

M5 BF n_UCS=1/(2.7551- 1.1898 0.0178 0.56
3.8334xn_UPV+1.4069xn_UPV2)

M6 BF n_UCS=-10.1493+11.0521xn_UPV+1.9940 | 1.1993 6.38x10% | 0.55
In_UPV2

M7 BF n_UCS= 2.9480xn_UP\/22%5 1.1617 3.3x10° [ 055

VE PF n_UCS=-2.2413+5.5847xn_UPV-0.3642/ 1.1218 2.78x10"7 | 0.54
n_UPV2

M9 PF n_UCS= 6.2023xn_UPV-3.2485 1.0821 1.39x10% | 0.54

M10 PF n_UCS= 6.2023x(n_UPV -0.5238) 1.0821 1.47x105 | 054

Sample scatter-plots of calculated and experienced n_UCS values for models
M5 and M8 were given in Figure 4.30. It is clear that, modeling ability these six
models are thoroughly limited.
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Figure 4.30. Scatter plots of experimentally obtained and calculated n_UCS values by a)
Model 5 and b) Model 8.
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After this unsuccessful attempt, it was considered to make a different
approach, and it was tried to establish a model for prediction of n_UCS by use of
n_UPV and ncyc parameters, but made no sense. Therefore, two final models for
verification of test results was provided. It was aimed to model n_UCS values by
use of PML and ncyc values. The results were interesting: these models, neglecting
the effect of fiber length, type and content was successful as is shown in Table 4.5
and Figure 4.31.

Table 4.5. Four simple models for estimation of n_UCS using PML and ncyc (SE, RA and

R? stand for standard error, residual average and coefficient of determination, respectively.)

Model | Fiber | Equation SE RA R?
No. type
M1l BF n_UCS=56.455-187.701/PML+232.721/PML?- | 0.6855 1.07x1013 0.90

135.112/PML3+37.045/PML*-
3.817/PML5+0.653xlog(ncyc)

M12 BF n_UCS=-22.584+58.277/PML- 0.7422 2.48x10%4 0.87
49.855/PML?+17.938/PML3-2.205/PML*-
0.978/ncyc

M13 PF n_UCS=-0.302+3.406/PML+0.356/PML?- 0.4866 3.19x10% 0.93

0.066/PML3-21.005/ncyc+11.024/ncyc?

M14 PF n_UCS=-11.843+6.178/PML- 0.5558 -1.07x10%5 0.90
0.513/PML?+3.214xlog(ncyc)
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5. CONCLUSIONS

In this thesis, an experimental study was undertaken to determine mechanical
properties of fiber reinforced lime stabilized clay before and after freeze-thaw
effect. In this scope, the effect of fiber material, fiber content and fiber length on
strength of clay/lime stabilized clay was investigated. Following conclusions can
be drawn from this thesis:

1. Lime stabilization increased the strength, and this increase was dependent
on curing period. Increasing curing period improved the strength.
Increasing lime content helped to an initial increase followed by a slight
decrease in unconfined compressive strength of specimens. 6% lime
content gave optimum gain in strength.

2. Specimens including both basalt fiber- and polypropylene fiber- mixture
showed a more ductile fracture, in comparison with the others without
fibers. In addition to that, lime made specimens stiffer. The specimens
including lime exhibited more brittle behavior. The presence of fiber
reduced this behavior.

3. Analyzing specimens without Ilime, reinforcement wusing both
polypropylene and basalt fibre improved the strength positively. For basalt
fiber the length of 6 mm and polypropylene fiber the length of 12 mm are
the most effective in terms of strength. Analyzing specimens containing 9%
lime, for basalt fiber the length of 6 mm (after 1, 7, 28-day curing) and for
polypropylene fiber the length of 12 mm (after 1, 7, 28-day curing) had
maximum strength in general. After 90-day curing for basalt fiber lengths
of 12 mm and 19 mm were also effective. In addition, after 90-day curing
for polypropylene fiber the length of 19 mm was effective too. The
effective fiber length and content indicates how the fiber behaves like a
composite with the ground as time increases.

4. Greatest strength improvement was obtained by use of 0.75% basalt fiber
in 19 mm length with 9% lime after 90-day curing (1180 kPa). Analyzing
specimens containing 3 and 6% lime and varying basalt fiber content in 12
mm length, it is concluded that 6% lime content gave more strength. For
specimens including 3% lime, fiber content which gave maximum strength
changed with curing period. Generally, for specimens including 6% lime,
0.75% BF content gave maximum strength.

5. Basalt fiber is an environmental friendly additive which can be used as
alternative to polypropylene fiber in terms of strength. In many cases
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specimens containing basalt and polypropylene fiber gave similar
strengths.

Based on SEM/EDS images, basalt fiber surface has more interfacial
adhesion to bond strength between the fiber and soil matrix than
polypropylene fiber surface. Fiber roughness, soil grain size and orientation
of the fiber in the soil relative to the failure plane seemed to have played a
significant role in the stress transfer mechanism. Fiber reinforcement is a
physical interaction among fiber and soil, it affects slightly of some
engineering properties of soil whereas lime stabilization is a chemical
reaction and alters some engineering properties of soil greatly.

Addition of lime enhanced the secant modulus (Eso) and reduced the
correlation (R?) between Eso and unconfined compressive strength values
for both basalt fiber-clay and polypropylene fiber-clay mixtures. Greatest
secant modulus value was obtained by the use of 12 mm BF-lime-clay
mixture with 0.5% fiber content after 90-day curing.

It is recommended to use 6 mm basalt fiber instead of 12 mm polypropylene
fiber in stabilization, however this decision is also constrained in terms of
market prices of fibers.

Increasing number of freeze-thaw cycles enhanced the mass loss. The
addition of lime, basalt and polypropylene fiber reduced the mass loss.
Mostly, 0.5% fiber content decreased the mass loss more and effective fiber
type varied according to amount of fiber and number of cycles. In addition
to that acceptable correlations among mass loss and unconfined
compressive strength were obtained and particularly the correlation for
lime stabilized specimens was better.

Freeze-thaw (F-T) cycles reduced the strength of all specimens. For lime
stabilized specimens, first cycle decreased the strength significantly
Generally, polypropylene fiber increased the strength more than basalt fiber
and 1% fiber content was more effective to enhance the strength againist
freeze-thaw cycles. Besides, acceptable correlations among mass loss and
unconfined compressive strength (UCS) were obtained and particularly the
correlation for lime stabilized specimens was better.

Increasing number of freeze-thaw cycles reduced ultrasonic pulse velocity
(UPV) of all specimens. Before detrimental F-T effect, lime stabilized
specimens had higher UPV values in comparison with specimen without
lime. After a F-T cycle generally lime stabilized specimens had higher
UPV. However, three or more F-T cycles affected lime stabilized
specimens significantly and lime stabilized specimens performed similarly
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with the other specimens. After three F-T cycles randomly distributed
fibers (BF or PF) offered an altenative path, distribution of fibers was more
effective as compared with lime. It is clear that 3% lime stabilized 0.5%
polypropylene fiber reinforced specimens performed best in terms of UPV.
For polypropylene fiber, 0.5% fiber content was better in all conditions. 1%
fiber content was better for basalt fiber reinforced specimens without lime
whereas 0.5% fiber content was better for lime stabilized BF reinforced
specimens. Furthermore, an acceptable correlation among mass loss and
UPV were obtained for specimens without lime whereas for lime stabilized
specimens there were not remarkable correlation.

For specimens without lime inclusion the correlation among UPV and UCS
is at low level whereas for lime stabilized specimens the correlation is
acceptable. If specimens were not subjected to detrimental F-T effect,
correlations would be better.

13.1t is recommended to use polypropylene fiber instead of basalt fiber in cold

14.

regions.

Nonlinear regression analyses were employed to find out possible and
plausible relationships for modeling unconfined compressive strength
values in terms of dependent parameters. In this regard, for specimens that
were not subjected to F-T action, relationships were obtained among
normalized compressive strength, fiber content and curing period. For
specimens subjected to F-T action, successful relationships among
normalized unconfined compressive strength and normalized ultrasonic
pulse velocity measurements could not be obtained. Later, better equations
were obtained among normalized unconfined compressive strength values,
number of F-T cycles and mass loss. These relationships can be used for
verification of unconfined compressive strength values. The validity of
relationships obtained within this study should be questioned by use of data
obtained from experimental studies on different types of clays.
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