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ABSTRACT

STABILIZATION OF LIME STABILIZED CLAY REINFORCED WITH
SYNTHETIC FIBERS AND SILICA FUME

Meral DAY AN

Master of Science (M.Sc.)

Graduate School of Natural and Applied Sciences
Department of Civil Engineering
Supervisor: Assist. Prof. Dr. Altug SAYGILI
June 2019, 37 pages

Several soil stabilization studies have been conducted in the literature with silica
fume and fibers separately on coarse and fine grained soils. However, few studies
have been conducted on freeze-thaw performance of soils modified with fibers or
silica fume. This experimental study was conducted to investigate the effect of silica
fume and polypropylene fiber modification on strength and freeze-thaw behavior of
lime stabilized kaolinite clay. To observe the strength behavior, unconfined
compressive strength tests were conducted. Strength losses were also measured after
exposure to freeze-thaw cycles to investigate the durability of the modified samples.
Control and modified samples were compacted at optimum moisture content and
cured for 28 days. After curing, samples were inserted into the freeze-thaw chamber
and after two, five and eight cycles samples were tested for compression. Synthetic
polypropylene fiber content varied between 0.25 percent to 1 percent and silica fume
content varied between 2.5 percent to 10 percent by dry weight of kaolinite in the
prepared samples. Adding silica fume, fiber and mixtures having various silica fume-
fiber ratios increased the compressive strength values and enhanced the freeze-thaw
durability of the lime rich kaolinite specimens. Silica fume particles reacted with
lime rich kaolinite as an extra silica source needed for hydration reactions. As a
result, CSH gel products were formed, which surrounded the kaolinite particles.
Fibers improved the friction resistance, interlock effect was created by cementation
reactions between lime stabilized soil, fibers and silica fume. Silica fume and fiber
modified lime rich clay reached the maximum strength at 0.25 percent fiber and 10
percent silica fume added specimens, strength values started to decrease with
increasing fiber ratios. Silica fume, synthetic fiber and fiber-silica fume modified
samples had an increase in compressive strength values with curing and modified
samples exposed to freeze-thaw cycles had a lower strength loss compared to control
specimens. Samples having higher strength values in unconfined compressive
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strength measurements were the most durable samples in the freeze-thaw tests with
lower strength loss. The results indicated that fiber-silica fume modified kaolinite
clay can be an economic and environmentally friendly alternative in soil stabilization
projects by utilizing an industrial waste.

Keywords: Soil Stabilization, Silica Fume, Fiber Reinforcement, Freeze-thaw,
Unconfined Compressive Strength.



OZET

SILiS DUMANI VE SENTETIK FIBERLERLE MODIFIiYE EDILMIS
KIiLLERIN GEOTEKNIK OZELLIKLERININ ARASTIRILMASI

Meral DAY AN

Yiiksek Lisans Tezi
Fen Bilimleri Enstitiisii
Insaat Miihendisligi Anabilim Dal1
Danisman: Dr. Ogr. Uy. Altug SAYGILI
Haziran 2019, 37 sayfa

Literatiirde, kaba ve ince taneli zeminlerde silis dumani ve lifler ayr1 ayri kullanilarak
cesitli stabilizasyon ¢aligmalar1 yapilmistir. Ancak, silis dumani veya liflerle yapilan
stabilizasyon ¢aligmalarinda donma-¢oziinme etkisi {lizerine az sayida arastirma
mevcuttur. Bu ¢alismada kireg ile zenginlestirilmis kaolin kiline silis dumani ve
polipropilen lif eklenmistir, bu katki maddelerinin kilin dayanimina ve donma-
¢coziinme davranislarina etkisi aragtirilmistir. Dayanimdaki degisimleri gozlemlemek
icin serbest basing testi uygulanmistir. Ayrica modifiye edilmis numunelerin donma-
coziinme etkisi altindaki dayanim kaybi da Olclilmiistiir. Optimum nem igerigine
sahip kontrol numuneleri ve modifiye edilmis numuneler sikistirilarak, dayanim
kazanmalar1 i¢in 28 gilin boyunca kiir odasinda bekletilmislerdir. Kiirlenme
doneminden sonra numuneler donma-¢oziinme kabinine yerlestirilerek iki, bes ve
sekiz dongliye tabi tutulmuslardir ve numunelere basing testi uygulanmistir.
Hazirlanan numunelerde sentetik polipropilen liflerin igerigi kaolin kilinin kuru
agirhiginca yiizde 0.25 ile ylizde 1 orani arasinda ve silis dumani igerigi ise kaolin
kilinin kuru agirliginca yiizde 2.5 ile ylizde 10 orani arasinda degismektedir. Kiregle
tyilestirilmis kaolin kil numunelere silis dumani, sentetik lif ve bu katkilarin farklh
oranlardaki kombinasyonlu karisimlarin eklenmesi numunelerin basing dayanimini
ve donma-¢oziinme dongiilerine olan direncini  artirmistir.  Hidratasyon
reaksiyonlarinda ihtiya¢ duyulan ekstra silika kaynagi icin silis dumani partikiilleri
kirecle zenginlestirilmis kaolin kiliyle reaksiyona girmistir. Sonug olarak, kaolin
parcaciklarim1 ¢evreleyen CSH jel iirlinleri olusmustur. Fiber katkisi karisimda
siirtinme direncini artirmistir, ayrica kiregle zenginlestirilmis kil, silis dumani ve
fiberler arasindaki ¢imentolagsma reaksiyonlarinda kenetlenme etkisi olusmustur.
Maksimum dayanima yiizde 0.25 fiber ve yilizde 10 silis dumam igerigine sahip
kire¢le modifiye edilmis kil numunelerde ulasilmistir ve fiber orani arttikga basing
dayanimlarinda diisiis oldugu gézlemlenmistir. Sentetik lif, silis duman1 ve sentetik
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lif-silis dumani ile modifiye edilmis numunelerin dayaniminda kiirlenme siiresinden
sonra artis gerceklesmistir ve donma-¢éziinme dongiilerinden sonra katkilarla
modifiye edilmis numunelerde kontrol numunelerine gore daha diisiik dayanim kaybi
olusmustur. Serbest basing dayanim testlerinde en yiiksek dayanim degerlerine sahip
numuneler, donma-¢6ziinme dongiilerinde de diisik dayanim kaybi ile en iyi
performansi gostermistir. Sonuglar endiistriyel atik kullanilarak yapilan zemin
tyilestirme projelerinde, silis dumani ve sentetik lifler ile modifiye edilmis kireg
katkili kil calismasinin ekonomik ve ¢evre dostu bir alternatif oldugunu gostermistir.

Anahtar Kelimeler: Zemin lyilestirme, Silis Dumani, Celik Donati, Donma-
Coziinme, Serbest Basing Dayanimi
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1. INTRODUCTION

In the cold regions, soils are subjected to one or more freeze-thaw cycles each year.
Freeze-thaw cycles affect the performance of soils and buildings, railroads,
embankments, unpaved roads and pipelines constructed within or on the soils. Soils
affected from freeze-thaw cycles show visual damages and change in strength,
volume, bearing capacity and compressibility values (Porebska, 2002; Qi et al., 2006,
2008; Shibi and Kamei, 2014; Xu et al.,2017; Zhou et.al.,2018). During the freezing
stage, pore volume increases due to the phase transformation of water into ice. The
process changes the void ratio and alters the structural characteristic in macro and
micro scales. Ice formation in frozen soils depend on soil type, moisture content and
temperature (Roustaei et al., 2015). Therefore, type of soil and stabilization agent
used in the construction activities in zones prone to freeze-thaw action must be
chosen carefully. Durability of stabilized soils exposed to freeze-thaw cycles varies
with the soil type and amount and type of additive used in stabilization (Khoury and
Zaman, 2007; Yarbasi, 2007; Olgun, 2013; Yadav and Tiwari, 2017).

Improvement of engineering properties such as shear strength and compressibility
characteristics of soft soils can be carried by several soil stabilization techniques
(Yetimoglu et.al.2005; Tang et.al., 2007; Saygili, 2015; Jiang et.al.; 2015). Ground
improvement methods include use of admixtures, soil replacement, compaction,
preloading, and thermal methods (Nelson and Miller, 1992; Fu et.al., 2015; Garcia
et.al., 2015; Anggraini et.al., 2017; Muguda et.al., 2018).

Utilizing existing clayey soil in subgrade or backfill applications after stabilization
has become popular due to environmental and economic reasons (Consoliet et.al.,
2010). An increasing number of studies in recent years show that strength of clayey
soils has been improved by mixing soils with cement and fly ash to improve the
compressive strength (Kaniraj and Havanagi, 1999; Kolias et.al., 2005; Porcino
et.al., 2012; Horpibulsuk et.al., 2011, 2012; Disfani et.al., 2014).

So far, many researchers investigated natural, manufactured materials and industrial

wastes for stabilizing fine grained soils. These investigations showed that silica fume
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addition improved the hydraulic conductivity, compressive strength, and swelling
properties of fine grained soils (Prabakar et.al, 2002; Kalkan, 2011).

1.1. Stabilization Studies with Lime, Silica Fume and Fibers

Cai et.al, (2006) investigated polypropylene fiber (0.05%, 0.15%, 0.25% by weight)
and lime (2%, 5%, 8% by weight) modification on clayey soils. Results showed that
lime, fiber amount and curing period increased compressive strength values. The
optimum strength gain was achieved with 5 percent lime in this study. Fratalocchi
et.al, (2009) conducted laboratory and test pad experiments on lime stabilization.
Low compressibility and high shear strength was observed on laboratory work and
tests pads. Mukhtar et.al (2010) worked with lime stabilization on highly expansive
clays. Results indicated that 5 percent lime is the optimum amount for reactions in

soil stabilization with lime on expansive soils.

Soil is capable of withstanding compressive and shear forces however it
demonstrates low performance with tensile forces. Soils modified with randomly
distributed fiber created attention in geotechnical engineering and many studies have
been conducted with natural and synthetic fibers in soil reinforcement (Nataraj and
McManis, 1997; Prabakar and Sridhar, 2002; Yetimoglu and Salbas, 2003; Tang
et.al., 2007, 2010; Edincliler et.al., 2010). Results obtained from current studies
indicated that the strength increase occurs because of fiber strength, fiber content and
friction resistance within soil and fiber interface. Incorporation of fibers in
geotechnical projects is a trending topic for researchers because natural and synthetic
fibers are economic options to alternative construction materials (Puppala and
Musenda, 1998). Additionally, synthetic fibers can also be produced from recycled

materials which reduces environmental impacts.

Triaxial tests conducted on randomly distributed fibers added cemented soils
demonstrated that fiber modified soils have higher residual and peak strength and
transition of the brittle behavior to ductile (Consoli, 1998). Soft soil specimens tested
after modification with lime and coir fiber showed that with increasing curing time,

compressive and tensile strength values increased (Anggraini et.al., 2015). Tests



conducted on low plasticity soil stabilized with lime, steel and jute fiber showed up
to 6 times increase in the compressive strength values (Giillii and Khudir, 2014). All
these studies showed that lime, silica fume and randomly oriented fibers can increase

the strength values and improve the fracture toughness and ductility of the soft soils.

Alrubaye et al. (2017) studied on soft kaolinite clay treatment with silica fume and
lime. The researchers investigated the physical properties of kaolinite clay modified
with 6 percent silica fume and lime percentages changing from 3 to 9 percent. The
optimum percentage to improve the shear strength of the tested samples was found 5
percent for lime and 6 percent for silica fume. SEM studies conducted by the
researchers showed that due to pozzolanic reactions within the modified clay, new
cementation minerals were produced. Pozzolanic products helped in filling the voids

of the clay specimens.

Giillii and Fedakar (2017) worked on the measurement of unconfined compressive
strength of sand samples modified with polypropylene fibers and sludge ash. A series
of unconfined compressive strength tests were applied to the control and stabilized
test specimens. Stabilized samples contained from 10 percent to 30 percent sludge
ash and 0 percent to 1 percent polypropylene fiber by weight. Samples were cured
for 1 and 2 weeks. After the curing period, the samples modified with sludge ash
showed increase in the unconfined compressive strength values up to 3 times.
Addition of polypropylene fiber to the sludge ash modified samples improved the
stress-strain characteristics and unconfined compressive strength values of the tested
samples. Samples modified with 10 percent sludge ash and 1 percent polypropylene

fiber performed best in the unconfined compressive strength tests.

Nagrale and Patil (2017) investigated improvement of subgrade soils with class F fly
ash, polypropylene fiber and hydrated lime. Soil samples were mixed with, 1.5
percent to 6 percent lime, 5 percent to 20 percent fly ash and 0.25 percent to 1
percent fiber to measure the improvement on the subgrade soil. CBR values of
samples modified with lime, fly ash and fiber were increased up to 5, 2.5 and 3 times
respectively. It is concluded that, pavement resting on modified subgrade soil is
economic in terms of thickness reduction in lower layers of the pavement and also

saving a considerable amount of construction material. Service life of the road



section for the soils stabilized with lime, fly ash and fiber were calculated as 6.5, 4.4
and 3.3 times more as compared with the control test section.

Goodarzi et al. (2016) studied expansive clay stabilization with cement and silica
fume-cement blend (CSF) additives. Cement and CSF addition were in the range of
2.5 percent to 20 percent to the expansive clay test specimens. Prepared samples
were cured up to 28 days. Samples mixed with cement showed up to 2.5 times
improvement in the unconfined compressive strength values compared to control
specimens. Samples mixed with cement-silica fume blend showed more than 3 times
performance gain in the unconfined compressive strength test results for the 28 days
cured specimens. Researchers also investigated the effect of curing temperature and
cured another set of specimens at 40°C. Unconfined compressive strength results
nearly doubled with the effect of high temperature curing. Scanning electron
microscopy studies revealed that silica fume addition caused densification of the soil
matrix with new and additional cementing products compared to samples modified

with cement only.

Chen et al. (2015) investigated the effectiveness of polypropylene fibers on cement
stabilized and fiber reinforced soft clay. Researchers studied with monofilament
polypropylene fibers and fibers obtained from waste polymer textile bags.
Unconfined compressive strength tests were performed on fiber and cement modified
clay samples after curing. Test results indicated that fiber and cement modification
increased the unconfined compressive strength and improved the ductility of the clay
samples. Polypropylene fibers performed a little better than the fiber bundles
obtained from waste polymer textile bags in the test results. Fiber reinforced cement
added clay specimens performed better in 7 days curing period compared to cement
stabilized clay samples with no fiber.

Tang and Zhao (2010) worked on interfacial shear strength of soils modified with
fiber. To observe the behaviour and strength properties of soils modified with fiber,
specially designed apparatus is used for pull-out tests. Test results revealed that water
content and dry density had a serious effect on interfacial strength. Also with the
addition of cement to the matrix and with increasing curing time, interfacial peak

strengths obtained from pull-out tests showed a dramatic increase. Scanning electron



microscopy studies showed that after shearing, grooves and deformations were
observed on the fiber which proves the interaction between soil and fiber.

Bakir et al. (2017) studied improvement of collapsible soils with glass fiber addition.
Samples treated with glass fiber were compacted with different water contents and
compaction energy. Soil samples having 20 percent clay and 80 percent sand were
used for the testing. Consolidation setup is used in this study to observe the
improvement with glass fiber addition. Glass fiber was added from 0 to 6 percent to
the specimens with varying water contents from 2 to 6 percent. Samples were
compacted at three different energy levels before testing. Oedometer results showed

that glass fiber addition reduced the collapsibility of the tested soil specimens.

Fattah et al. (2015) investigated lime-silica fume mixture effect on bearing capacity
of soft clays. Lime, silica fume and lime-silica fume mixtures were used for
stabilizing soft clay specimens. Additives were prepared in slurry form and grouted
into the specimens. 2 percent to 6 percent lime and 2.5 percent to 10 percent silica
fume and their various mixtures (2% lime + 5% silica fume, 4% lime + 5% silica
fume, 6%lime + 5% silica fume) were used for stabilization. Effectiveness of the
grouting, effect of injection hole spacing and grouting depth were also investigated in
the study. Bearing capacity of soft clay specimens were increased between 6.58
percent to 88 percent after stabilization with lime and silica fume. Unconfined
compressive strength tests were also performed on soft clay samples mixed with
different percentages of lime and silica fume mixtures. Test results revealed that
mixtures having 4 percent lime and 5 percent silica fume had the highest strength

values.

The aforementioned studies generally focused on the strength increase of soils
stabilized with lime, silica fume and fiber. However, there is a limited number of
work in the literature, which strictly focused on the freeze-thaw behavior of the soils
stabilized with lime, silica fume and fibers.

Kalkan (2009) investigated freeze-thaw action on strength and permeability of fine
grained soils. Silica fume was used as an additive to improve the freeze-thaw

performance of clayey soils. Experimental results showed that stabilized soils



containing silica fume are more durable to freezing-thaw action compared to natural

soil samples.

Roustaei et al. (2013) studied the effect of polypropylene fibers in improvement of
cohesive soils in terms of durability. 0.5, 1 and 1.5 percent polypropylene fibers were
added by weight to natural soil for stabilization, and samples were exposed up to 9
freeze-thaw cycles. It has been found that compressive strength of modified samples
showed less strength reduction with increasing number of freeze-thaw cycles. This
performance gain was attributed to the polypropylene fibers acting as a tensile

member in the soil matrix.

Jafari and Esna-ashari (2012) conducted unconfined compression tests to study the
effect of waste tire cord on lime stabilized clayey soils subjected to freeze-thaw
action. Prepared samples were subjected up to 3 freeze-thaw cycles and afterwards
tested for compression. Test results showed that stress-strain behavior and strength
depended on lime and tire cord content. For stabilized specimens, fiber added lime

stabilized samples presented less strength loss with increasing freeze-thaw cycles.

Kravchenko et al. (2018) conducted unconsolidated undrained triaxial compression
tests on the fiber reinforced fine grained soil samples subjected to freeze-thaw cycles.
Polypropylene and basalt fibers were added into low plasticity clay soil to improve
the engineering properties. Decrease in the strength of the tested samples were
observed with increasing number of freeze-thaw cycles. Test results showed that,
samples modified with polypropylene fiber presented higher performance in the test
results. Samples modified with 0.5 percent polypropylene fiber had 10.7 percent
higher internal friction angle than samples modified with 0.5 percent basalt fiber.
Besides that, before freezing and after 15 freeze-thaw cycles, samples modified with

polypropylene fiber showed the best results.

Li et al. (2018) investigated the tensile behavior of polypropylene fiber reinforced
silty clay before and after various freeze-thaw cycles. Direct tensile tests were
performed on test specimens. The test results indicated that, fiber addition to soil
samples increased the stiffness, peak and residual strength and also failure behavior
of test specimens changed from brittle to ductile after first freeze-thaw cycle. By

increasing the number of freeze-thaw cycles, decrease in the tensile strength is



observed up to 9 freeze-thaw cycles. It is reported that, most of the decrease in
strength occurred at the first 5 freeze-thaw cycles.

The main objective of this study was to investigate the polypropylene fibers, silica
fume and mixtures having various ratios of silica fume-fibers effect on freeze-thaw
durability of lime rich kaolinite clay samples, for different silica fume and fiber
contents and for varying numbers of freeze-thaw cycles.



2. MATERIALS AND METHODS

2.1. Materials

Kaolinite was supplied from Canakkale region in Northwest Turkey. According to
the Unified Soil Classification System, the soil is a low plasticity inorganic clay
(CL). The grain size distribution of kaolinite is given in Figure 2.1 and the XRD
pattern of kaolinite is given in Figure 2.2. The silica fume used in this research was
obtained from Eti Electrometallurgy Inc. located in Antalya, Southwest Turkey.
Slaked lime was supplied from Mugla, Turkey. Considering the compressive strength
performances together with benefit-cost ratio, the optimum additive ratio of
stabilizers was found as 5% for lime (Cai et.al., 2006, Tang et.al., 2007; Mukhtar
et.al., 2010)
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Figure 2.1. Grain size distribution of kaolinite clay
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Figure 2.2. XRD pattern of kaolinite

Silica fume is a pozzolanic industrial by-product which is mostly effective in high
performance concrete production having average grain diameter about 0.1 pm and
unit weight 200-250 kg/cm?®. After high purity quartzite is reduced with coal and
wood particles in electric arc furnaces, silica fume is obtained during the production
of silicon metal and ferrosilicon alloys. The chemical compositions of kaolinite and

silica fume are summarized in Table 2.1.

Table 2.1. Chemical composition of kaolinite and silica fume used

Element S0,  ALO; T, Fe,0s CaO  MgO NaO KO SO; P05 MnO LOI
(';ao"“'te 6309 2550 038 037 030 001 014 030 065 - - 7.30
Silica 8595 13 - 0510 0812 12 - - - - - 051
Fume %

Synthetic polypropylene fibers were supplied from Polypropylene Fiber Inc. located
in Istanbul, Turkey. The polypropylene fibers were 12 mm in length and 30 pm to 40
um in diameter, having specific gravity 0.91 g/cm?®, with tensile strength of 600 MPa,

elastic modulus of 3 GPa and linear strain at failure of 25 percent.

2.2. Sample Preparation

The required amounts of kaolinite, lime, silica fume and fibers for each sample were

mixed in dry state. The kaolinite specimens were enriched with 5 percent by weight
9



lime to provide extra calcium for the cementation reactions (Mukhtar et.al., 2010;
Cai et.al.,2006). The specimens were mixed with silica fume content changing from
0 to 10 percent and fiber content varying from 0 to 1 percent by weight. The standard
proctor compaction test was conducted through ASTM D698-12e2 to determine
maximum dry unit weight and optimum moisture content. The optimum moisture
content of the samples with and without additives ranged from 18 percent to 23
percent, maximum dry unit weights ranged from 14.67 kN/m® to 15.58 kN/m?®.
Samples were compacted at maximum dry density and optimum moisture content
using Harvard mini compactor for unconfined compression testing in which the
specimen size was 34 mm in diameter by 72 mm in height. After compaction,
samples were wrapped with cling film and afterwards with aluminum foil to preserve
the moisture, then stored in a humidity and temperature controlled curing room for
28 days (at 21°C and 90% relative humidity). Samples were named with clay (C),
synthetic fiber (F), silica fume (S), respectively. Three samples were prepared for the
same mixture types to provide reliability in the test results. The mixture ratios of the

samples used in the experimental study are shown in Table 2.2.

Table 2.2. Kaolinite, lime, silica fume and synthetic fiber ratios of samples

Materials %

Silica Synthetic

Samples Kaolinite ~ Lime o Eiber Total
CF0SO 95 5 - - 100
CF0S2.5 92.5 5 2.5 - 100
CF0S5 90 5 5 - 100
CF0S10 85 5 10 - 100
CF0.25S0 94.75 5 - 0.25 100
CF0.25582.5 92.25 5 2.5 0.25 100
CF0.25S55 89.75 5 5 0.25 100
CF0.25510 84.75 5 10 0.25 100
CF0.5S0 94.5 5 - 0.5 100
CF0.552.5 92 5 2.5 0.5 100
CF0.5S5 89.5 5 5 0.5 100
CF0.5510 84.5 5 10 0.5 100
CF1S0 94 5 - 1 100
CF1S0.25 91.5 5 2.5 1 100
CF1S0.5 89 5 5 1 100
CF1S10 84 5 10 1 100

C: Kaolinite, F: Fiber, S: Silica Fume
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Unconfined compressive strength tests were conducted to observe the effect of silica
fume working together with synthetic fibers on strength behavior of clayey soil
samples. The unconfined compressive strength of the specimens is investigated by a
universal compression loading machine with a maximum load capacity of 5kN. The
unconfined compressive strength values of modified clay samples were determined
using strain controlled application of the axial load to analyze the effects of freeze-
thaw conditions on control and stabilized samples after 0, 2, 5 and 8 freeze-thaw
cycles in accordance with the ASTM D2166M-16. Measurements are made of
elapsed time, axial deformation and axial load. The loading rate was chosen as 1.0
mm per minute. Modulus of deformation was also calculated for samples modified
with different silica fume percentages (Eso, strain at 50 percent of the unconfined

compressive strength value).

To investigate interaction and cementitious bonds between lime rich clay, silica fume
particles and synthetic fibers, modified samples were analyzed with scanning
electron microscope (SEM). The test results were interpreted with JEOL JSM-7600F
scanning electron microscope at Mugla Sitki Kogman University Central Research

Laboratory.

Miniature Harvard compaction setup was preferred to prepare small samples for
freeze-thaw cycles. Producing smaller samples made it easier to control the heat
transfer within the specimens and minimized transient freezing (Konrad and Samson,
2000).

After 28 days of curing time completed, stabilized and control samples were
subjected to freeze-thaw cycles in accordance with ASTM C666M-15 procedure A
(freezing and thawing in water). Test specimens were subjected to freeze-thaw cycles
by a programmable freezing-thawing device. Stabilized and control samples were
placed in the computer controlled freeze-thaw chamber as seen in Figure 2.3. Test
samples were conditioned at -18°C and +20°C for 5 hours intervals.

11



Figure 2.3. Computer controlled freeze-thaw chamber

Samples were exposed to 2, 5 and 8 freeze-thaw cycles to measure the change in
durability. Using temperature and precipitation data Binal et al. (1997) generated a
freeze-thaw severity index map for Turkey. For the Aegean region of Turkey, annual
freeze-thaw cycles in the severity map lies between 2 to 8 cycles per year. These
values were taken into account in the laboratory studies. After exposure, control and
stabilized samples were tested in terms of strength to measure the change in

durability.
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3. RESULTS AND DISCUSSION

3.1. Stress-Strain Behavior

Figure 3.1 illustrates the stress-strain curves of the modified lime rich clay with
fibers at various silica fume content. As shown in Figure 3.1, samples with O percent
silica fume content showed ductile behavior while the other samples reached
maximum strength values at lower strain, ranging from 1 percent to 2 percent, with
the rise in silica fume content. Cementation reactions probably were the main factors
on the change in the ductility of the modified lime rich clay as silica fume content
increased (Chen et.al., 2015). Fiber modified samples with no silica fume content
behaved in a ductile manner compared to silica fume added specimens. This can be
correlated to the bonds between clay particles provided by fiber addition. Silica fume
addition increased the cementation effect with the help of extra silicon dioxide
insertion into the matrix. This extra silicon dioxide resulted in hydration reactions
with lime which resulted in formation of additional cementation products (CSH). The
cementation effect was a leading factor on the ductility behavior of the stabilized

clay samples with the increase in the silica fume content in the matrix.
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Figure 3.1. Stress-strain graph of samples modified with varying silica fume content

Figure 3.2 shows stress-strain curves of CF0S2.5 and CF0.25S2.5 samples. CF0S2.5
had no synthetic fiber whereas CF0.25S2.5 had a fiber content of 0.25 percent.
Samples mixed with fibers performed better in unconfined compression testing. Peak
compressive stress of the samples with no fiber is at 0.7 percent strain whereas the
specimens with fibers had higher peak stress levels. Fiber addition improved not only
the ductility of silica fume stabilized clay but also its bearing capacity (Chen et.al.,
2015; Anggraini et.al., 2015). The cementation effect binded the fibers with lime rich
kaolinite clay grains resulting in higher strength values (Horpibulsuk et.al, 2012).
The cementation products attached on the fiber surface increased the friction between
the fibers and the modified clay matrix. With increasing strain, fibers acted as tension
members in the matrix and worked like a net inside, which increased the resistance in
the soil particles resulting in higher axial peak stress levels (Ayeldeen and Kitazume,
2017).
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Figure 3.2. Stress-strain curves for specimens with 2.5% and without synthetic fibers.

Figure 3.3 illustrates the stress-strain curves of the modified lime rich clay with 2.5
percent silica fume at various fiber content. Samples reached their maximum axial
stress around 2.5 percent strain level. Fiber bonds with clay grains helped the
modified clay behave in a more ductile manner. Samples behaved more ductile with
the increasing amount of fiber in the matrix. Axial strains at peak level increased
from 2.2 percent to 3.0 percent with increase in fiber level from 0.25 percent to 1.0
percent. Meanwhile, with increasing amount of fiber, unconfined compressive
strength values decreased up to 12 percent, keeping the silica fume level constant.
The higher silica fume content led to higher compressive strength levels by
increasing the matrix stiffness, the bonds between the fibers and mixture also
increased thanks to the cementitious products formed, resulting in a considerable

increase in compressive strength.
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Figure 3.3. Stress-strain graph of samples modified with varying fiber content.
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3.2. Modulus of Deformation

100

95
90 r

Fiber content=0.25%
——E50

80

70

60

50

40

30

Modulus of deformation, E;, (MPa)

20

10

0 1 1 1 1
0 2,5 5 7,5 10

Silicafume content (%)

Figure 3.4. Modulus of deformation of samples modified with varying silica fume content.

Figure 3.4 shows variation of deformation modulus (Eso) with different silica fume
content after curing. It is clear that modulus of deformation is increasing within same
trend as in unconfined compressive strength values. Unconfined compressive
strength increased 300 percent with increasing silica fume content from 0 percent to
10 percent. Modulus of deformation increased 860 percent for the same silica fume
content variation. Due to the change in the stress-strain curves, modified clay soils
translated from ductile to brittle characteristics. As seen in Figure 3.3, within same
silica fume content with varying fiber ratios, modulus of deformation is very similar.
With increasing the silica fume content to 10 percent, modulus of deformation
reached up to the highest value obtained (95MPa). Variation in silica fume content

affected the modulus of deformation, however variation in fiber content did not make
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a considerable change in modulus of deformation for constant silica fume levels in

the mixtures.

Unconfined compressive strength values of silica fume, synthetic fiber and mixtures
having various ratios of silica fume-fiber added clayey soil samples are illustrated in
Figure 3.5. Compared to control samples (CF0SO0), the strength values of the
stabilized samples containing 0.25 percent fiber and 10 percent silica fume
(CF0.25S10) increased 8 times (Figure 3.5.). Performance gain in the stabilized
samples is based on the internal friction of silica fume grains and cementation
reactions within clay, lime and silica fume (Gillot, 1968; Ola, 1978, Harianto et.al,
2009). Kaolinite enriched with 5 percent lime helped to produce calcium and
hydroxide ions (Saride et.al, 2013; Khemissa and Mahamedi., 2014).

3.3. Unconfined Compression Test Results
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Figure 3.5. Effect of polypropylene fiber on the unconfined compressive strength with varying
silica fume contents.
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The silica fume in the soil matrix was an additional source to siliceous compound of
kaolinite clay and reacted with calcium and hydroxide and formed calcium silicate
hydrate gels (CSH). CSH gel structure formed after curing contributed to the
development of a strong and brittle matrix (Bell, 1993; Kalkan, 2011). Figure 3.5
shows that the unconfined compressive strength values of fiber mixed samples
without silica fume had a tendency to increase with increasing fiber content.
However, UCS values of silica fume and synthetic fiber stabilized clay samples had a
trend to increase up to a peak stress level. According to the measured data, the
optimum synthetic fiber content additive was 0.25 percent by weight for the samples
studied.

Both synthetic fibers and silica fume played an important role in the strength gain of
the modified clay specimens (Cai et.al., 2006; Anggraini et.al., 2015; Chen et.al.,
2015). The test results showed that usage of fiber and silica fume mixtures together
had higher performance than only modifying lime rich kaolinite clay with one
additive (silica fume or fiber). Fibers probably improved the friction resistance and
interlock effect was created by cementation reactions between lime stabilized soil,

fibers and silica fume (Harianto et.al., 2009).

Fiber and soil interface produces a complex mechanism. In the literature, researchers
found that pullout performance is affected by several factors such as, surface
roughness, dry density, confinement stress, displacement rate and embedded fiber
length (Brandstetter et.al., 2005). In this study after compacting and curing the
samples, synthetic fibers were covered with cementitious products and kaolinite.
After testing the modified samples in compression, soil particles and cementitious

products were observed in SEM analysis on the fiber strips (Anggraini et.al., 2015).

3.4. Failure Modes of Samples

The failure modes of control and modified samples (with silica fume and fiber) are
displayed in Figure 3.6. As seen from the images, silica fume and fiber addition
changed the failure modes of modified clay samples. Cementation minerals formed

after curing also strengthened the randomly distributed fibers in the soil matrix with
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CSH gel, which performed like tree roots spreading the stresses into wider zones
(Figure 3.6 (c)). As seen in Figure 3.6 the observed crack sizes are different on the
surface of the three samples after compression testing. A similar behavior was
observed from experimental measurements by cement-fiber modified soils (Tang
et.al., 2007,2010) and lime-fiber modified soils (Cai et.al., 2006).

(a) CFOSO (b) CF1S0 (c) CF1S2.5

Figure 3.6. Effects of fiber and silica fume addition on the failure modes; (a) control sample, (b)
1% fiber modified clay; (c) 1% fiber and 2.5% silica fume modified clay.

3.5. Freeze-Thaw Behavior and Scanning Electron Microscopy

Figure 3.7 and Figure 3.8 show the scanning electron microscope images of the
modified kaolinite clay samples after 1 year curing. CSH gel and lime rich kaolinite
remaining on the sheared sample’s synthetic polypropylene fiber strip are visible in
the image. The plant root effect distributed stresses in a wider area and fiber strip
pulled off cemented soil material while shearing, however the fiber itself was not
ruptured (Anggraini et.al., 2015).
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Figure 3.7. Image of fiber and silica fume modified clay with 0.25% fiber and 10% silica fume
after 1 year curing (CF0.25S10-magnification 500x)

Silica fume particles reacted with lime rich kaolinite and through hydration reactions
CSH gel products were formed, which surrounded the kaolinite particles as seen in
Figure 3.8. Voids of the modified samples were filled with the CSH gel (Goodarzi
et.al., 2016).
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Figure 3.8. Silica fume and lime modified kaolinite covered with cementitious products after 1
years of curing (CF0.25510- magnification 2000x)
During the freezing process, water in the pores expanded, which led to the formation
of cracks and fissures in the matrix (Figure 3.9 and Figure 3.10). When compared to
unfrozen samples in Figure 3.7 and Figure 3.8, fissures became visible and clay

grains with cementation products lost much of their contact.
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Figure 3.9. Image of fiber and silica fume modified clay with 0.25% fiber and 10% silica fume

subjected to 8 freeze-thaw cycle ( CF0.25510 — magnification 500x )
As seen from Figure 3.7 to Figure 3.11, soil in the unfrozen state is denser. Freeze-
thaw cycles increased the void volume by freezing and thawing, creating new
fissures and cracks. As a result, unconfined compressive strength values decreased
due to the loss of contact with increasing number of cycles as seen in Table 3.1.
Formed cracks and fissures in macroscale can also be seen in Figure 3.12. Freeze-
thaw cycles produced great effects on soil disintegrity based on electron microscopy
images (Han et. al., 2018).

23



— 10pm JEOL 1/22/2019
X 2,000 15.0kV SEI LM WD 8.0mm 2:24:52

Figure 3.10. Image of fiber and silica fume modified clay with 0.25% fiber and 10% silica fume
subjected to 8 freeze-thaw cycle (CF0.25510 — magnification 2000x)
To investigate the strength loss of control and stabilized samples due to freeze-thaw
action, samples were placed in the computer controlled freeze-thaw chamber. Three
samples were prepared for the same mixture type and tested in freeze-thaw apparatus
to provide reliability in the test results. After the completion of freeze-thaw cycles,
unconfined compressive strength tests have been conducted at the laboratory.
Selected control (CF0S0) and stabilized samples (CF0.25S2.5, CF0.25S5,
CF0.25510, CF0.5S10, CF1S0, CF1S5) demonstrating high performance at
unconfined compressive strength tests were tested for the freeze-thaw action. Effects
of freeze-thaw action on unconfined compressive strength of control and stabilized
samples are shown in Figure 3.11. As seen from the test results, control and
stabilized samples undergo an incremental strength loss after they were exposed to
increasing numbers of freeze-thaw cycles. It is significant that stabilized samples

containing silica fume were subjected to less strength loss.
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Figure 3.11. Effect of fiber and silica fume addition on unconfined compressive strength values
of samples exposed to freeze-thaw cycles.
Strength loss in samples exposed to eight freeze-thaw cycles having silica fume are
in the range of 37.5 to 56.5 percent as shown in Table 3.1. Samples only modified
with fiber showed 62.6 percent strength loss and control samples showed 70.9
percent strength loss after exposure to eight freeze thaw cycles. Fiber was not able to
act properly alone against freeze-thaw durability (Jafari and Esna-ashari, 2012). The
freeze-thaw durability has increased with silica fume and fiber addition to lime rich
kaolinite samples. Silica fume and fiber created a coupled effect and created a high
performance and more durable soil. At the 8 freeze-thaw cycle test results, strength
loss decreased from 70.9 percent to 37.5 percent for the stabilized samples

containing 0.25 percent fiber and 10 per cent silica fume.
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Table 3.1. Unconfined compressive strength values after freeze-thaw cycles

UCS (kPa)

F-T Cycles CF0SO CF0,25S2,5 CF0,25S5 CF0,25S10 CF0,5S10 CF1S0 CF1S5

0 53.0 293.0 352.0 425.0 400.0 200.0 289.0

2 51.0 265.8 289.9 406.4 300.8 120.9 253.9

5 24.9 146.4 254.8 356.5 275.3 114.3 194.1

8 15.4 127.3 183.7 265.7 236.2 74.9 189.3
Strength Loss
(0 to 8 cycles)

(%) 70.9 56.5 47.8 37.5 41.0 62.6 34.5

The main reason for the changes in strength loss due to freeze-thaw action is the
change in the soil structure. The strength loss between control and stabilized samples
are attributed to crack formations and particle reorientation due to changes in the soil
structure (Cruzda and Hohmann, 1997; Viklander and Eigenbrod, 2000). Crack
growth within the specimens increase with the increasing number of freeze-thaw
cycles. This condition can be seen with increasing deformations on the test

specimens in Figure 3.12.
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Figure 3.12. Samples after 8 freeze thaw cycle.

The microcracks created by freeze-thaw action is the main reason for the decrease in
the strength values (Yarbasi et al., 2007). As seen from Figure 3.11 and Figure 3.12,
there is a significant decrease in the strength values of the control samples (CF0SO0)
compared to fiber and silica fume added samples. The strength loss varied with
changes in the fiber and silica fume additive percentages. Samples having higher
strength values in unconfined compressive strength measurements were the most
durable samples in the freeze-thaw tests with lower strength loss. Interlock
mechanism between fiber, silica fume and clayey soil increased the resistance
between soil particles with increased friction at the contact points. Friction between
polypropylene fibers and clayey soil transformed into tension in the fiber elements in
the matrix which helped resisting expansion during freezing (Jafari and Esna-ashari,
2012). The minimum effect of freeze-thaw action was observed on fiber modified
specimens with higher silica fume contents (5 and 10%). Because of the pozzolanic
properties (cementation reactions with time) and small grain size of silica fume
particles, (filling voids of the composite clay matrix with extra fine particles)
modified test samples lost less strength and are more durable to freeze-thaw action

due to fiber elements and extra cementitious products formed. Pores within clayey
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soil are filled with cementitious products formed with silica fume and lime addition.
This led to disconnections and decrease in pore volume which minimizes water

intrusion into pores and less formation of ice lenses during freezing stage.

The soil matrix including higher strength tensile elements (fibers) and extra fine
(pozzolanic) silica fume particles had a stronger structure after the curing period and
caused a significant increase in durability, strength and ductility behavior as seen

from the experimental results.
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4. CONCLUSION

The following outcomes are obtained from this study:

- Addition of silica fume, synthetic polypropylene fiber and their mixtures
increased the compressive strength and changed the ductility behavior of lime
rich kaolinite specimens. The cementation effect was the leading factor on the
ductility behavior of the stabilized clay samples with the increase in the silica
fume content in the matrix. Due to the change in the stress-strain curves, the
characteristic of the modified clay soils shifted from ductile to brittle.

- The addition of silica fume and synthetic fiber improved the freeze-thaw
performance of lime rich kaolinite specimens. Although unconfined
compressive strength values decreased with increasing number of freeze-thaw
cycles, modified kaolinite specimens showed less strength loss.

- Silica fume-synthetic fiber mixture caused improvements in the load transfer
mechanism in the clayey soil. Silica fume with lime helped to fill the pores
with cementitious products and bonded fibers, which effectively worked for
tension. Due to the coupled effect of silica fume and fiber, the durability of
the clayey soil increased.

- From the SEM micrographs it is visible that silica fume addition with lime
promoted the creation of CSH gel. Pores filled with hydration products
modified structure of the soil matrix and enhanced the strength and durability.
During the freezing process, water in the pores were frozen into ice, resulting
in increased volume and creation of cracks and fissures in the matrix. Freeze-
thaw cycles produced great effects on soil disintegrity based on SEM images.

- This study revealed that fiber-silica fume addition to lime rich kaolinite
samples can be an environmentally friendly alternative in soil stabilization
projects.

To conclude, fiber-silica fume mixture can be utilized in kaolinite clay stabilization.

This method decreases the stabilization costs by utilizing a by-product material
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(silica fume) in an advantageous manner in geotechnical applications susceptible to

freeze-thaw action.
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