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ABSTRACT

In this study, geotechnical properties of a clay soil and its mixtures with different proportions
of biopolymer (Agar Gum, AG) (0.75%, 0.85%, 1%, and 1.15%) and ferrochromium slag (FS)
(0.25%, 0.50%, 0.75%, and 1%) having various curing periods (1, 7, 14, 21, and 28 days) were
studied through a series of soil mechanical tests to investigate possibilities to improve its inadequate
plasticity, strength, compaction and consolidation characteristics. The clayey soil, named as Handere
clay, is present throughout the northern parts of Adana city where extensive settlement projects are
now underway especially after the two devastating earthquakes on February 6th, 2023. Laboratory
testing such as Atterberg Limits, Compaction, Unconfined Compression strength, and Direct Shear
test were performed. The results revealed that both AG and FS improved the geotechnical

engineering properties of the clay soil, considerably.

Keywords: Clayey soil, Soil Improvement, Biopolymers, Ferrochromium Slag, Engineering
Properties,
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Killi Zeminlerin Geoteknik Ozelliklerinin Biyopolimer ve
Ferrokrom Katkis1 Kullamlarak Iyilestirilmesi
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Insaat Miihendisligi Anabilim Dali
0z

Bu ¢alismada, farkli oranlarda biyopolimer (Agar Gum, AG) (%0.75, %0.85, %1 ve %1.15)
ve ferrokrom ciirufu (FS) (%0.25, %0.50, %0.75 ve %1) ile karigtirtlmig bir kil zeminin ¢esitli kiir
stirelerine (1, 7, 14, 21 ve 28 giin) sahip geoteknik ozellikleri, yetersiz plastisite, mukavemet, sikisma
ve konsolidasyon 6zelliklerini iyilestirme olasiliklarini arastirmak igin bir dizi zemin mekanigi testi
ile incelenmistir. Handere kili olarak simiflandirilan kil zemin, 6zellikle 6 Subat 2023'te meydana
gelen iki yikici depremden sonra Adana sehrinin kuzey kisimlarinda genis yerlesim projelerinin
devam ettigi bolgelerde bulunmaktadir. Atterberg Limitleri, Kompaksiyon, Serbest Basing Dayanimi
ve Direkt Kesme Deneyi gibi laboratuvar testleri yapilmistir. Sonuglar, hem AG hem de FS'nin kil

zeminin geoteknik miihendislik 6zelliklerini onemli dlgiide iyilestirdigini ortaya koymustur.

Anahtar Kelimeler:  Killi Zemin, Zemin lyilestirme, Biyopolimer, Ferrokrom Ciirufu,
Miihendislik Ozellikleri,



GENISLETILMIS OZET

Miihendislik agisindan zemin, anakaya lizerinde bulunan, gevsek, tutturulmamais, kayalarin
ufalanip pargalanmasiyla meydana gelen degisik boyuttaki mineral, organik materyal ve sediman
toplulugudur. Zeminler yeryuvarini olusturan kayaglarin, fiziksel ve kimyasal ayrismalar sonucunda
ufalanip pargalanmasi ve bu pargalarin tasinip veya ¢okelmesi sonucunda olusurlar (Holtz et al.,
1981). Zemini olusturan taneler arasindaki bosluklar ya da gbézenekler sivi (genellikle su) ve/veya
hava igerir. Zeminler jeolojik siire¢ boyunca, kaya¢ dongiisiiniin bir pargasi olarak, kayag tiplerinin
(magmatik kayaglar, tortul kayaglar, baskalasim kayagclar1) kimyasal, fiziksel ve biyolojik asginmasi,
birikmesi ve yer degistirmesi ile meydana gelmistir.

Zemin karmagik yapilara sahiptir. Bu durum zeminlerin baz1 fiziksel yonlerini 6n plana
¢ikarmaktadir. Bunlarin baginda tagima giicli ve oturma miktar1 gelmektedir. Ayrica zeminlerin sisme
potansiyeli, gecirimliligi, don direnci, sivilasma potansiyeli, deprem yiikleri altindaki davranigi
zeminlerin diger dnemli kriterleridir. Zemin ile etkilesimi kaginilmaz olan, toprak iizerine veya igine
insa edilen yapilarin projelendirilmesinde ve uygulamasinda, zeminin fiziksel 6zellikleri basta olmak
iizere her tiirlii 6zelligin ve tiim yonlerin dikkate alinmasi vazgegilmez bir kosuldur.

Bu zemin 6zelliklerinden 6nemli bir yere sahip olan kesme ya da kayma direnci, zemin
davranisini belirlemede kritik bir role sahiptir. Zeminin bu yondeki yeterliligi, ingaata uygun
bolgelerin gittikge azaldigr glinlimiizde, normal sartlar altinda yapi insasinin gii¢ oldugu bolgelerin
durumunu anlamamiz i¢in iyi bilinmesi gereken bir unsurdur. Kaymaya karsi mukavemeti artirilan
bir zemin deprem, sel, riizgar gibi dogal unsurlara ve altyapi ¢alismalar1 gibi begeri unsurlara karsi
onemli bir diren¢ elde etmis olur. Bu bakimdan zeminlerin kayma direncinin iyilestirilmesi ingaat
endiistrisi i¢in ilgilenilmesi ve arastirilmasi gereken bir alandir.

Zeminlerin genel mukavemet 6zelliklerini iyilestirmek i¢in literatiirde kapsamli ¢alismalar
bulunmaktadir. Bir¢ok fiziksel, kimyasal ve biyolojik yontem ve bunlarin ortak kullanimi gibi ¢6ziim
metotlar1 incelenmis ve ilgi ¢ekici gelismeler kayda gecmistir. Bilimin dogas1 geregi kiimiilatif
ilerleme saglandigindan her g¢aligma kendinden oOnceki ¢aligmalarla dayanak bulmaktadir. Bu
durumun bir sonucu olarak bir 6nceki dnerilen metodun eksikleri sonraki ¢aligmalar ile giderilmeye
calisilmaktadir.

Bu ¢alismanin baglangi¢ noktasini olusturan zemin iyilestirme metodu ferrokrom katkisidir.
Ferrokrom, krom ve demirin birlesmesiyle olusan bir alagimdir. Krom, metaliirji, kimya ve refrakter
sanayinin temel elementlerinden biridir. Krom metalinin ekonomik olarak iiretilebildigi tek mineral
ise kromittir. Krom, ayrica bitkiler ve canlilar i¢in de 6nemli bir eser elementtir. Ancak,
konsantrasyonu belirli bir seviyenin iizerine ¢iktiginda zararl olabilir. (Kartal et al., 2003) Kromun
bitkiler ve canlilar iizerindeki etkisi, kimyasal formuna ve canlinin biiyiikligiine gore degisir.
Kromun agir1 alimi veya maruziyeti, karaciger, bobrek, sinir sistemi ve kan hiicreleri {izerinde

olumsuz etkilere neden olabilir.



Ferrokrom ile daha 6nce yapilan ¢alismalarda 6zellikle ulasim amagh tasarlanan yapilarda
kullanilan malzemelerin iyilestirilmesi amag¢lanmistir. Bu calismalarin sonucunda ise malzeme
ozelliklerinde kayda deger iyilestirmeler gézlenmistir. Ancak yol {ist yapisinda kullanilmasi biiyiik
Olciide bir sorun teskil etmezken dogal haldeki zemine karistirilarak zemin &zelliklerinin
tyilestirilmeye calisilmas1 daha 6nce bahsedildigi gibi ciddi bir problem olasiligi dogurmaktadir.
Bunun sebebi ise ferrokromun normal hali ile ekosisteme zarar verebilecek potansiyele sahip
olmasidir. Agir metal bilesenleri, dogal sistemleri sekteye ugratma 6zelligine sahiptir. Bu ¢aligmanin
ilgilendigi sorun ise bu durumun 6nlenmesi ve ferrokromun olumsuz etkilerinin zemin iyilestirme
i¢in kullaniminda en aza indirilmesidir.

Bu durumun ¢6ziimii i¢in ise zemin iyilestirme uygulamalar igin bir¢ok farkli sekilde
arastirilmig olan biyopolimer katkist bu ¢aligmanin 6nerdigi ¢oziimdiir. Biyopolimerler, dogal veya
sentetik olarak {iretilen, tekrarlayan birimlerden olusan uzun zincirli molekiillerdir. Biyopolimerlerin
zemin iyilestirmede kullanilmasi, zeminin miihendislik 6zelliklerini iyilestirmek ve ¢evreye zarar
vermemek i¢in bir alternatif yontemdir. Biyopolimerlerin zemin iyilestirmede kullanilmasi, zeminin
yogunlugunu, kesme mukavemetini, gecirgenligini ve drenaj kapasitesini artirabilir. Ayrica,
biyopolimerlerin zemin iyilestirmede kullanilmasi, zeminin sivilagma riskini azaltabilir.

Biyopolimerin viskoz yapis1 ferrokrom katkisinin ¢evresinde yalitict bir katman olusturarak
dogaya zararl olabilecek etkilerinin ortaya ¢ikmasini engellemektedir. Ayrica zemin iskeletinde de
kesme mukavemetini iyilestirici bir etki olusturmaktadir. Biyopolimer ile zemin iyilestirme
yontemleri de literatiirde genis bir alana sahiptir. Bircok farkli zemin tiiriine ve kosuluna adapte
edilebilmesinin yani sira malzeme yapisi geregi ckosisteme Onemli bir negatif etki
olusturmamaktadir.

Bu calismanin amaci, ferrokrom katkili zeminlerin kesme mukavemetini iyilestirmek igin
biyopolimer kullaniminin etkinligini arastirmaktir. Bu amagla, farkli ferrokrom ve biyopolimer
oranlarina sahip zemin numuneleri hazirlanmis ve dogrudan kesme deneyine tabi tutulmustur. Deney
sonuclarina gore, biyopolimer ve ferrokrom katkili zeminlerin kesme mukavemeti parametreleri
(igsel siirtiinme agis1 ve kohezyon) dogal kil zemine gore artmigtir. Ayrica, biyopolimer ve ferrokrom
oranlarinin artmasi ile kesme mukavemetinin de arttigi gézlenmistir. Bu sonuglar, biyopolimer ve
ferrokrom katkisinin zeminlerin kesme mukavemetini iyilestirmede etkili bir yontem oldugunu
gostermektedir. Bu sonuglar, 6zellikle tasima giicii, oturma miktari, sigme potansiyeli, gecirimlilik,
don direnci, sivilagsma potansiyeli ve deprem yiikleri altindaki davranisi gibi kriterler agisindan
zeminlerin iyilestirilmesi gereken durumlarda kullanilabilir. Bu ¢alismanin sonuglari, ayrica
biyopolimer ve ferrokrom katkisinin ¢evreye zararli olmayan ve ekonomik bir yontem oldugunu da
gostermektedir. Bu nedenle, bu ¢aligmanin sonuglari, zemin miithendisligi, ingaat miithendisligi, yol

miihendisligi, altyap1 mithendisligi gibi alanlarda faydali olabilir.



Deney sonuglari, biyopolimerin ferrokrom katkili zeminlerin kesme mukavemetini
artirdigint ve ferrokromun gevresel etkilerini azalttigin1 gostermistir. Bu calisma, biyopolimerin
zemin iyilestirme uygulamalarinda potansiyel bir malzeme oldugunu ortaya koymustur.

Calisma kapsaminda yapilan deneyler Cukurova iiniversitesi, Miihendislik fakiiltesi, Insaat

mithendisligi Boliimii Geoteknik laboratuvarinda ASTM standartlarina uygun olarak yiiriitiilmiistiir.
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1. INTRODUCTION

Soil, in an engineering sense, is the relatively loose agglomerate of mineral and organic
materials and sediments found above the bedrock. Soils form by first physical and chemical
weathering of the rocks forming the Earth's crust, and then deposition of these distinct size grains as
weathering products in-situ or transported (Holtz et al., 1981). Structures of all types (buildings,
bridges, highways, retaining walls, etc.) rest directly on, in, or against soil; therefore, proper analysis
of soil and design of foundations are necessary to ensure that these structures remain safe and free of
undue settling, tilting and collapse (Liu & Evett, 1992). Soil has a porous structure and contains water
that is partially or fully integrated with the soil particles. These two elements form a soil profile
together with the soil particles. Soil has complex structures that bring some physical aspects of soil
to the foreground. Among these aspects are bearing capacity and settlement amount. In addition,
swelling potential, permeability, frost resistance, liquefaction potential, and behavior under
earthquake loads are other important criteria for soils. In the design and implementation of structures
that are built on or into the soil, which interact with the soil inevitably, it is essential to consider all
kinds of properties and aspects of the soil, especially its physical properties. One of the important
properties of soil that affects its behavior is shear resistance. The adequacy of soil in this aspect is
important for understanding the situation of regions where construction is difficult under normal
conditions, as the suitable areas for construction decrease day by day. A soil with increased shear
resistance obtains significant resistance against natural elements such as earthquakes, floods, wind,
and human elements such as infrastructure works. Therefore, improving the shear resistance of soils
is an area that needs to be interested in and researched for the construction industry.

There are comprehensive studies in the literature to improve the general strength properties
of soils. Various solution methods such as physical, chemical, and biological methods and their
combined use have been examined and interesting developments have been recorded. As a result of
the nature of science, cumulative progress has been achieved, so each study finds its basis in previous
studies. As a result of this situation, an attempt has been made to eliminate the shortcomings of the
previously proposed method with subsequent studies. The starting point of this study is the soil
improvement method with FeCr addition. FeCr is an alloy formed by combining chromium and iron.
Chromium is one of the basic elements of metallurgy, chemistry, and refractory industry. The only
mineral that chromium metal can be economically produced is chromite. Chromium is also an
important trace element for plants and living beings. However, it can be harmful when its
concentration exceeds a certain level. The effect of chromium on plants and living beings varies
depending on its chemical form and the size of the organism. Excessive intake or exposure to
chromium can cause adverse effects on the liver, kidney, nervous system, and blood cells.

In earlier studies with FeCr additives, it was aimed at improving the materials used for

transportation purposes. As a result of these studies, significant improvements were seen in material



properties. However, while it does not pose a major problem when used in road superstructure,
mixing it with natural soil in order to improve soil properties creates a serious possibility of problems
as mentioned before. The reason for this is that the FeCr has the potential to harm the environment
and human health by releasing toxic chromium compounds into the soil and groundwater, especially
under acidic conditions. Therefore, it is important to investigate the effects of FeCr addition on the
soil properties and the potential environmental risks.

Though there are extensive studies on clay soil improvement using Agar Gum biopolymer
(AG), there are limited studies on Ferrochromium Slag (FS) used for clayey soil improvement, and
there are no studies utilizing both of them together; even though they have both separately
demonstrated significant enhancements in geotechnical and environ mental properties. Also, there is
no comprehensive study on mitigating the negative effects of chemical soil additives without
sacrificing much of their effectiveness on soil improvement by using these ingredients in tandem
with organic bio-friendly admixtures (Cetin et al., 2024).

In this study, plasticity, shear strength, compaction and consolidation characteristics of a clay
soil were investigated by adding different percentages of FeCr alongside with biopolymer. The soil
samples were subjected to various tests such as compaction, Atterberg limits, unconfined
compression, and direct shear. Samples with different combinations of the FeCr and biopolymer
additives were also subjected to four different freeze-thaw cycles. The results were compared with
each other and those of the untreated soil to find the optimum combination of biopolymer and FeCr
content.

The main aim of this study was to evaluate the feasibility and efficiency of using FeCr in

tandem with AG biopolymer as a soil stabilizer for clay soils. The specific goals were:

e Determine the optimum FeCr and biopolymer mixture content for maximum
shear resistance.

o Evaluate the impact of FeCr addition on soil properties.

« Mitigate environmental risks associated with FeCr.

« ldentify optimal use cases for these mixtures.

e  Observe behavior under freeze-thaw conditions.

e  Compare performance with standalone Ferrochromium and biopolymers.



2. PRELIMINARY WORK

2.1. Soil Improvement with Bio-Based Substances

Kushwaha et al. (2018), aimed to investigate the effects of using Eko Soil (ES) enzyme as a
stabilizer for a soil with poor geotechnical properties, and to evaluate its suitability for highway
embankment construction. The ES enzyme was an effective stabilizer that improved the geotechnical
properties of the expansive soil, such as the Atterberg’s limits, the plasticity index (PI), the
unconfined compressive strength (UCS) and the California bearing ratio (CBR). The paper conducted
laboratory tests on the expansive soil treated with different dosages of ES enzyme, from 1% to 6%
by volume of water. The PI test results showed that the optimum dosage of ES enzyme was 4%. The
paper then performed compaction tests on the expansive soil with different ES enzyme dosages and
determined their optimum moisture content (OMC) and maximum dry density (MDD). Using the
OMC values, the paper prepared UCS and CBR samples and cured them for 7, 28, 45 and 90 days.
The paper found that the geotechnical properties of the expansive soil stabilized with 4% ES enzyme
were significantly enhanced after 28 days of curing. The CBR and UCS values increased by 347%
and 334%, respectively, compared to the untreated soil.

P. Agarwal, (2014) investigates the effect of a bio-enzyme called Terrazyme on the
unconfined compressive strength of black cotton soil, which is a type of expansive soil with poor
engineering properties. The paper describes the materials, procedures, and results of the laboratory
tests conducted on the soil samples treated with different dosages of Terrazyme for different curing
periods. The paper presents the data in tables and graphs and analyzes the trends and variations.
Study concludes that the optimum dosage of Terrazyme for improving the unconfined compressive
strength of black cotton soil is 1ml per 5kg of soil, and that the stabilization with Terrazyme results
in significant increase in strength, reduction in permeability, and enhancement of weather resistance
and load bearing capacity of the soil.

Almajed et al., (2021) elucidates innovative approaches aimed at fortifying and purifying
soil through the utilization of minute living entities known as microbes and enzymes. Microbes and
enzymes, akin to adept assistants, possess remarkable capabilities. Certain varieties can even catalyze
the formation of a distinctive rock known as calcite, characterized by its lustrous and white
appearance. The ensuing adhesion of calcite to soil results in heightened solidity and reduced
permeability. The study delineates two methodologies for leveraging microbes and enzymes in the
production of calcite within the soil. The first method, denoted as MICP (Microbial-Induced Calcite
Precipitation), involves microbes generating the urease enzyme. Urease, in turn, catalyzes the
conversion of urea into ammonia and carbon dioxide. The subsequent interaction of these gases with
water and calcium culminates in the formation of calcite. The second method, termed EICP (Enzyme-
Induced Calcite Precipitation), circumvents the use of microbes, relying directly on the urease

enzyme to instigate calcite production. Both methodologies exhibit the capacity to enhance soil



strength, rigidity, and resilience to water and seismic activity. Furthermore, the investigation
expounds upon the merits and demerits of these methodologies, considering their applicability to
diverse soil types and scenarios. Factors such as the requisite quantity of calcite for optimal
fortification, the natural presence of microbes or enzymes in different soils, and the potential
contamination with hazardous substances, including heavy metals, are discussed. Notably, these
methodologies present a means to mitigate or ameliorate such contaminants. The study also
scrutinizes the challenges and limitations inherent in these techniques, offering insights into potential
enhancements and synergistic combinations with other methods to bolster their efficacy and
sustainability.

Arabani & Shalchian (2023), presents a comprehensive review of the use of bio-based
substances for soil stabilization, which is a technique of enhancing the soil performance by using
biological additives. The paper evaluates the biochemical effects of diverse types of bio-stabilizers,
such as microorganisms, enzymes, and polymers, on various soils. The paper also describes the
biochemical processes of bio-stabilization and the factors that affect its efficiency. The paper gives
guidelines for choosing the optimal type and dosage of bio-stabilizers depending on the soil type.
The paper shows that some bio-stabilizers can greatly increase the strength and decrease the
permeability, compressibility, and shrinkage of soil by forming bonds between soil particles. The

paper also highlights the role of temperature, curing time, and soil pH in bio-stabilization.

2.2. Soil Improvement with Biopolymer Additives

There are numerous studies that investigates the effects of the biopolymers on soils with poor
engineering properties. Below, there are some studies that capture the main ideas that made their way
into this study.

Fatehi et al. (2018), investigated the effects of adding biopolymers from milk, namely
sodium caseinate and casein, on the stabilization of dune sand. They employed an unconfined
compression test to measure the compressive strength of the sand-biopolymer mixtures with different
proportions and curing times. They found that the strength increased with the increase of biopolymer
content and curing time, indicating that the biopolymers improved the cohesion and bonding of the
sand particles. They also examined the influence of temperature on the strength and found that the
optimal temperature range was up to 60°C, beyond which the strength decreased due to the
degradation of the biopolymers. To further evaluate the properties of the stabilized sand, they
performed other tests, such as direct shear test to measure the shear strength, leaching test to measure
the environmental impact, and California bearing ratio (CBR) test to measure the bearing capacity.
They also used Scanning Electron Microscopy (SEM) to observe the microstructure of the sand-
biopolymer mixtures and to understand the mechanism of stabilization. They concluded that
biopolymers from milk are effective and eco-friendly additives for soil stabilization and can be used

as alternatives to conventional materials such as cement and chemical polymers.



Dehghan et al. (2019), explored various methods and materials for improving and stabilizing
soil. They conducted several tests, such as consolidation, compaction, unconsolidated undrained
triaxial and permeability tests, on collapsible soils that were stabilized with two types of biopolymers
(XG and GG). They used different ratios of biopolymers and different curing times to examine their
physical and mechanical effects on the soil. They also used scanning electron microscopy (SEM) to
see the changes in the soil morphology due to biopolymers. The test results showed that the
permeability and the maximum dry density of the soil decreased with the biopolymers, and that the
stress-strain curve was influenced by the curing time and the amount of biopolymer. The SEM results
revealed the interaction between the biopolymers and the fine-grained soil particles. The authors
concluded that XG and GG stabilization could enhance the mechanical properties of fine-grained
collapsible soil and supply an eco-friendly and economical alternative to conventional soil additives.

2.3. Soil Improvement Additives and Freeze-Thaw Cycles

Ok & and Bagriacik (2022), inducted an experimental study to explore the feasibility of
using Guar Gum (GG), a biopolymer, as an additive for stabilizing cohesive soil. They mixed the
soil with different amounts of GG (1%, 2%, and 3% by weight) and prepared cylindrical specimens.
They then subjected the specimens to different curing times and different numbers of freeze-thaw
cycles (1, 3, 5, and 10) to simulate the environmental conditions in cold regions. They performed
unconfined compression strength (UCS) and swelling pressure tests on the specimens to evaluate the
effects of GG on the mechanical properties of the soil. They found that GG increased strength and
decreased the swelling pressure of the soil, showing that GG improved the cohesion and bonding of
the soil particles and reduced their susceptibility to frost damage. They also found that the effects of
GG were influenced by the proportion of biopolymer, the curing time, and the number of freeze-thaw
cycles. They come to the conclusion that GG could be a useful additive for improving cohesive soil
in cold regions.

Bagriagik et al. (2021), held an experimental study to explore the feasibility of using Bacillus
Sp., a bacterium that produces calcium carbonate in the soil, as an additive for stabilizing clay soils.
They mixed two types of clay soils, high plasticity clay (CH) and sandy clay (SC), with Bacillus Sp.
and prepared cylindrical specimens. They then subjected the specimens to different numbers of
freeze-thaw cycles (1, 3, 5, and 10) to simulate the environmental conditions in cold regions. They
performed unconfined compression strength (UCS) and swelling pressure tests on the specimens to
evaluate the effects of Bacillus Sp. on the mechanical properties of the soils. They found that Bacillus
Sp. increased strength and decreased the swelling pressure of both types of soils, indicating that
Bacillus Sp. improved the cohesion and bonding of the soil particles and reduced their susceptibility

to frost damage. They also found that the effects of Bacillus Sp. were influenced by the type of soil,



the proportion of bacterium, and the number of freeze-thaw cycles. Their results indicated that
Bacillus Sp. could be a useful additive for improving clay soils in cold regions.

Mahmutoglu & Bagriagik (2020), conducted a study to explore the feasibility of using glass
waste sludge (GWS), a by-product of glass production, and cement (CMT) as additives for stabilizing
clay soil under freeze-thaw cycles. They mixed the soil with different proportions of GWS and CMT
and prepared cylindrical specimens. They then exposed the specimens to different numbers of freeze-
thaw cycles (1, 3, 5, and 10) to simulate the environmental conditions in cold regions. They
performed unconfined compression strength (UCS) and consolidation tests on the specimens to
evaluate the effects of GWS and CMT on the mechanical properties of the soil. They found that GWS
improved the stability, strength, and consolidation behavior of the clay soil under freeze-thaw cycles.
They also found that CMT enhanced these improvements further by increasing the cementation and
bonding of the soil particles. This study found that GWS and CMT could be useful additives for

improving clay soil in cold regions.

2.4. Soil Improvement with Ferrochromium Additives

Patla et al. (2021), conducted an experimental study to investigate how ferrochrome slag, a
waste material from the steel industry, can enhance the performance of silty soil (ML). They used
ferrochrome slag that was sieved to a size range of 1.0 to 4.75 mm and mixed it with the soil in
various proportions, from 10% to 60% by weight. They then performed two types of tests to evaluate
the strength of the soil-slag mixtures: triaxial test, which measures the resistance to shear stress under
different confining pressures, and CBR test, which measures the bearing capacity of the soil under a
standard load. They compared the results of these tests with those of the pure soil and pure slag
samples. They discovered that the optimal mixture was 50% soil and 50% slag, which showed the
maximum improvement of strength compared to the other mixtures. This implies that ferrochrome
slag can be a useful additive for stabilizing silty soil and increasing its suitability for engineering
applications.

Sentiirk, (2019), dedicated to investigating the viability of utilizing blast furnace slag, an
output of the annual 7.8 million tons of iron and steel production in this country, for this purpose.
The blast furnace slag was sourced from Kardemir A.S., while a bentonite soil sample was acquired
from Geoplas company.

The experimental design involved incorporating blast furnace slag into bentonite at varying
proportions (5%, 10%, 15%, and 20% by weight) and conducting experiments at intervals of 1, 7,
14, and 28 days of the curing period. Initial experiments involved compressing samples using the
standard Proctor technique, followed by compaction testing to ascertain water content and dry unit
weights. Consistency limits of liquid and plastic test specimens were determined through shear box
and free pressure tests, evaluating changes in ground cohesion and shear strength with specific water

content and weight proportions. Swelling tests were additionally conducted to observe changes in



the swelling characteristics of bentonite soil with increasing blast furnace slag rates in the prepared
samples. The outcomes of the experiments revealed a decrease in liquid limit values, a reduction in
internal friction angle, and an increase in cohesion and free pressure strengths over the curing time
and blast furnace slag ratio in the mixture. Conversely, swelling pressure decreased with the curing

time and blast furnace slag ratio in the mixture.

2.5. Soil Improvement with Mixing Methods

Carasca (2016), summarizes the research on soil improvement using the mixing method,
which is a way of enhancing the physical and mechanical properties of clay soils by adding varied
materials to them. The mixing method is an eco-friendly technique that has been widely used around
the world for various construction projects. The research aims to understand how the soil behavior
changes after stabilization and to provide accurate design criteria for the mixing process. The
research uses experimental data from previous studies that tested manufactured soils stabilized with
cement for both sandy and clay soils. The tests included flexion strength, density, porosity,
unconfined compressive strength, dynamic modulus, and scanning electron microscopy (SEM)
images. The research shows that the mixing method can improve the soil properties significantly and

offers a better alternative to some conventional materials such as cement and chemical polymers.






3. MATERIAL AND METHOD

3.1. Materials
3.1.1. Natural Clay Soil

In this study, clay soil (CS) samples were collected from various locations in Adana, Turkey,
to investigate their geotechnical and geochemical properties. The samples underwent classification
according to the Unified Soil Classification System (USCS) criteria, which relies on the widely used
ASTM Standard D 2487 for soil identification and description. Key parameters such as the liquid
limit, plastic limit, and plasticity index were determined using the standard procedures outlined in
ASTM D 4318. These parameters play a crucial role in evaluating soil behavior and consistency.

(VG g
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Figure 3.1. Location of the sampling area. The image is taken from Google Earth.

3.1.2. Ferrochromium Slag

Ferrochromium slag, a by-product of ferrochromium production, plays a significant role in
the stainless-steel manufacturing process. This alloy, composed of iron and chromium, contributes
to the strength and corrosion resistance of stainless steel. However, the story of ferrochromium slag
is multifaceted, as it combines both promise and peril.

When chromite ore undergoes smelting with coke as a reducing agent in an electric arc
furnace at temperatures around 1500°C, ferrochromium slag emerges. This slag contains a diverse

array of elements, including chromium, iron, calcium, magnesium, aluminum, and silicon. Its



mechanical properties make it a candidate for various construction applications, serving as aggregate,
filler, or stabilizer.

Yet, beneath its potential lies a cautionary tale. Ferrochromium slag poses environmental
and health risks, primarily due to chromium leaching. Of particular concern is the presence of
carcinogenic chromium (VI) compounds. To unlock its benefits while safeguarding against harm,
proper treatment or stabilization protocols are essential before incorporating ferrochromium slag into

construction practices.

3.1.3. Agar Gum

Agar (AG), a remarkable biopolymer, consists of complex sugar molecules known as
polysaccharides. Specifically composed of galactose units linked in numerous ways, AG plays a
pivotal role in diverse applications.

AG comprises two primary components: agarose and agaropectin. Agarose, a linear polymer,
forms robust gels, while agaropectin, a branched polymer, exhibits weaker gelling properties and
contains charged groups. With a neutral and inert backbone, AG resists reactions with other
substances. Its appearance is semi-translucent, ranging from shiny white to pale yellow, and it
remains odorless and tasteless.

AG is extracted from red algae within the Rhodophyceae group, with Gelidium and
Gracilaria as notable examples. The quality and quantity of AG depend on the specific algae species
and environmental conditions. Historically, AG has served as a food additive, functioning as an
emulsifier, thickener, stabilizer, flavor enhancer, and absorbent. It features prominently in dairy
products, bakery goods, candies, and certain meat items, where it forms gels that enhance texture and
structure. Beyond the food industry, AG finds applications in microbiology, medicine, and dentistry.

The AG used in this research was sourced from KIMBIOTEK Chemical Company.

3.2. Methods

The AG and FS were blended with the soil using three distinct weight ratios. A series of
laboratory tests were conducted on the soil-biopolymer mixtures to assess their physical and
mechanical characteristics. These tests included Atterberg limits, compaction (standard proctor), and
unconfined compressive strength (UCS) measurements. To understand the influence of time on
strength development, the UCS samples were cured for varying periods. The obtained results were
then compared with those from the natural soil to evaluate the enhancement achieved through the
combination of biopolymers and Ferrochromium. All laboratory procedures adhered to the standards

set by the American Society for Testing and Materials (ASTM).
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3.2.1. Soil Classification

Upon arrival at the laboratory, the soil samples underwent an assessment of their index
properties for classification. These properties encompassed grain sizes (both sieve and hydrometer),
specific gravities, and Atterberg limits. For each sample, three tests were meticulously conducted,
and the resulting averages were calculated. If the discrepancy between the values obtained from the
initial three tests exceeded 0.03, the test was repeated. To minimize any potential error, the same
pycnometer was consistently employed across all three tests for each sample. Additionally, the
density of water at the test temperature was sourced from the table specified in TS 1900-1.

3.2.2. Atterberg Limits

The Atterberg limits test is a laboratory procedure used to measure the water content of fine-
grained soils at different states of consistency. It consists of two parts: the liquid limit test and the
plastic limit test. The liquid limit (LL) is the water content at which the soil transitions from a liquid
to a plastic state. The plastic limit (PL) is the water content at which the soil changes from a plastic
to a semi-solid state. The plasticity index (PI) is the difference between the LL and the PL, indicating
the range of water content over which the soil behaves plastically.

In the liquid limit test, a portion of soil is placed in a standard cup, and a groove of standard
dimensions is made in the soil with a special spatula. The cup is then dropped from a height of 10
mm at a rate of two drops per second until the groove closes by 13 mm (1/2 in.). The number of
drops required to close the groove is recorded, and the soil's water content is determined. The test is
repeated with different water contents until a curve relating the number of drops to the water content
is obtained. The LL is the water content corresponding to 25 drops.

The plastic limit test involves rolling a portion of soil on a smooth surface with the palm of
the hand until it forms a thread 3.2 mm (1/8 in.) in diameter. The thread is then broken into several
pieces and re-rolled until it crumbles. The water content of the crumbled soil is determined and
reported as the PL. These tests were conducted in compliance with ASTM D4318-17el standard
(ASTM, 2017).

In this research, the effect of adding biopolymers and their combinations with
Ferrochromium to the clayey soil on the Atterberg limits was investigated by performing the test for

each mixture at different ratios of all materials.

3.2.3. Compaction Test (Standard Proctor)

The standard proctor test is a laboratory technique used to measure the relationship between
moisture content and the dry unit weight of soils. This test identifies the optimal moisture content
(OWC) and the maximum dry unit weight (DD) for a given compaction effort. The procedure
involves compacting soil samples in a cylindrical mold with a diameter of 4 inches (101.6 mm) using

a hammer weighing 10 Ibf (44.5 N). The hammer is dropped from a height of 18 inches (457 mm)
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onto each layer of soil, delivering a compaction effort of 56,000 ft-1bf/ft*> (2,700 kN-m/m?). The test
is repeated with different moisture contents until a curve is produced showing the variation of dry
unit weight with moisture content. The OWC is the moisture content at the peak of this curve, while
the DD is the dry unit weight at that point. The standard proctor test was conducted according to
ASTM D698-04 (ASTM, 2023).

3.2.4. Unconfined Compressive Strength Test

The unconfined compressive stress test is a laboratory technique used to measure the
maximum compressive strength of fine-grained soils without any lateral confinement. This test
estimates the soil's shear strength and bearing capacity for engineering applications. It involves
placing a cylindrical soil sample in a loading device and applying an axial load until the sample fails.
The load and deformation of the sample are recorded to calculate the stress-strain curve and
determine the soil's unconfined compressive strength.

In this research, the effect of adding biopolymers to clay soil on the unconfined compressive
strength was investigated by performing the test on each mixture at different ratios of all four
biopolymers. The samples were prepared and cured for 1, 7, 14, 21, and 28 days before testing. To
prevent moisture loss, the samples were stored in sealed bags inside desiccators. The tests were
conducted according to ASTM D2166-04 standards (ASTM, 2016).

3.2.5. Direct Shear Test

It is known that stresses occur in soils due to the loads applied on the soil surface, as well as
their own weights. For shear failure to occur in soils, the shear resistance along a possible shear plane
must be exceeded. General shear occurs as a result of the combined effect of normal and shear
stresses acting on a certain shear plane. The shear strength of soil is defined as the maximum shear
stress that the soil can resist without shearing. The shear strength of soil is determined by the shear
box test device.

The shear box test is a laboratory method that measures the shear resistance of soil by
applying a normal load and a horizontal displacement to a soil sample that is confined laterally and
drained from the top and bottom surfaces. The test uses an oedometer cell, a consolidation ring, and
porous disks. The consolidation ring prevents any lateral deformation of the soil sample, and the
porous disks allow water drainage from the top and bottom surfaces of the soil sample. The
oedometer cell is filled with water that can overflow from the top surface of the disk.

The natural clay soil sample and the natural clay soil sample mixed with biopolymer,
ferrochrome, and their combination at optimum water content by wet mixing method according to
the optimum improvement ratio were used for the shear box test. The soil sample placed in the ring
was placed in the cell. The cell consists of a porous stone, a soil sample (in the ring), a porous stone,

and a loading plate from bottom to top. The prepared cell was fixed with a fixing ring and tightened
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with screws. The cell was placed in the test system and the loading arm was brought to a horizontal
position. It was fixed and balanced so that it would touch the part that would transfer load to the
sample. The comparator clock was placed to measure the movement between the base of the cell and

the loading plate. The test system was saturated with water and prepared.(ASTM, 2023)

3.2.6. Mixing Method

This research used the wet mixing method to mix the biopolymers with the soil. The wet
mixing method involves dissolving the biopolymer powder in water and then adding the solution to
the dry soil. This method is preferred over the dry mixing method, which involves mixing the
biopolymer powder and the soil before adding water, because it can achieve higher productivity and
uniformity. The amount of biopolymer used was determined based on the weight of the soil and the
desired concentration for the tests performed. The biopolymer solution and the soil were mixed

thoroughly using a mixer until a homogeneous mixture was obtained.

3.2.7. Freeze-Thaw Cycles

The test samples used in this study were prepared at optimum moisture contents and
predetermined mixture ratios, and they were exposed to freeze-thaw effects. To prevent changes in
moisture content, the samples were kept in desiccators. The number of freeze-thaw cycles applied in
this study was 2, 4, 8, and 16. The temperature values were -20°C for freezing and +25°C for thawing,
with a waiting time of 6 hours at each temperature. The samples were wrapped in foil and placed in
the freeze-thaw cabinet, remaining there throughout the test.

The freeze-thaw process involved initially bringing the samples to -20°C and holding them
for 6 hours, followed by raising the temperature to +25°C and holding for another 6 hours. This 12-
hour period constituted one complete freeze-thaw cycle. After completing the designated number of

cycles, the samples were subjected to unconfined compression and direct shear tests.
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4. RESULTS AND DISCUSSIONS

4.1. Atterberg Limits

The consistency and behavior of soil are crucial properties that impact its engineering
performance. The natural soil used in this study had a liquid limit (LL) of 42%, a plastic limit (PL)
of 26%, and a plasticity index (PI) of 16%. These values indicate that the soil is moderately plastic
according to ASTM D2487-06, meaning it can be easily molded into different shapes.

Biopolymer was added to the soil at different ratios (0.75%, 0.85%, 1%, and 1.15%) to
investigate its effect on the soil's consistency and behavior. The results showed that the biopolymer
had a negligible effect on the PL of the soil, which remained almost constant at 26%. The biopolymer
also had a minor effect on the LL of the soil, which decreased slightly to 40% at 1% and 1.15%
ratios. In relation of this, the PI values also decreased. These results suggest that the biopolymer did
not significantly alter the consistency and behavior of the clay soil.
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Figure 4.1. Liquid Limit chart for the natural clayey soil.

Table 4.1 LL, PL and PI values for different AG mixture ratios.

AG Concentration (%) | Liquid Limit (LL) | Plastic Limit (PL) Plastltz:;[}/)lndex
0% (Natural) 42.19% 25.63% 16.56%
0.75% 40.63% 25.88% 14.75%
0.85% 40.38% 25.97% 14.41%
1.00% 40.13% 26.06% 14.07%
1.15% 39.88% 26.15% 13.73%
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Table 4.2 LL, PL and PI values for different FC mixture ratios.

FC Concentration (%) | Liquid Limit (LL) | Plastic Limit (PL) P'as“‘é';}’)'”dex
0% (Natural) 42.19% 25 63% 16.56%
0.25% 41.94% 25.69% 16.25%
0.50% 41.69% 25.75% 15.94%
0.75% 41.44% 25 81% 15.63%
1.00% 41.19% 25.88% 15.31%

4.2. Soil Classification

The results of the sieve analysis and hydrometer test are given in grain size distribution curve
as shown in Figure 4.2. The soil sample consists of approximately 7% sand, 45.47% clay, and 47.30%
silt in total. The results of the specific gravity test are conducted in accordance with ASTM D 854
standard (ASTM, 2004) and summarized in Table 4.3.

Table 4.3 Specific gravity test results

Test Number 1 2 3
Pycnometer Weight (gr) 71.13 71.15 71.15
Pycnometer + Sample Weight (gr) 106.41 106.29 106.32
Sample Weight (gr) 35.28 35.14 35.17
Pycnometer + Sqmple. + Pure Water 333.76 334.93 33483

Weight (gr)
Pycnometer + Pure Water Weight (gr) A 311.16 312.5 3125
Temperature (°C) 84 76.5 76.2
Water Unit Weight at given temperature 0.9693 0.9737 0.9737
(Gw)
Soil Unit Weight (Gs) 2.6969 2.692 2.6954
Average 2.69
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Figure 4.3. Plasticity Chart marked with Atterberg test results for the natural clayey soil.

The soil class of the sample was determined as “CL” low plasticity clay by plotting the values

on the plasticity chart and looking at the intersection point.
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Table 4.4 Soil classification results summary for the natural clayey soil.

Liquid Limit Plastic Limit Plasticity Index Dry Unit Weight USCS
(LL) (PL) (P (Gs) Classification
42.19% 25.63% 16.56% 2.69 CL

4.3. Compaction Test (Standard Proctor)

The Compaction test, following ASTM D1557-00 standards, employs a heavier rammer and
higher drop height than the standard Proctor test, making it suitable for soils requiring higher
compaction energy, such as coarse-grained soils or soils with high plasticity.

The objective of this test was to compare the OWC and MDD of natural soil with that of soil
mixed with biopolymer. Biopolymers are natural substances extracted from plants or animals, which
can improve soil properties by forming gels and coating soil particles. The biopolymer used in this
study was Agar Gum (AG), derived from seaweed.

The test results showed that the natural soil had an OWC of 17.50% and an MDD of 1.83
g/cm?. Soil mixed with 1% AG biopolymer had an OWC of 16.85% and an MDD of 1.865 g/cm?.
Another sample mixed with 1.15% AG biopolymer had an OMC of 16.75% and an MDD of 1.877
g/cm?, The results indicated that adding AG biopolymer slightly reduced the OMC and slightly
increased the MDD of the soil, suggesting that the soil became denser and less susceptible to water-
induced volume changes. The results also suggested that the optimum mixture ratio of AG
biopolymer was 1%, as it achieved the highest MDD among the tested samples.

Table 4.5 Proctor Test results for the natural clayey soil
owcC 17.50%

Dry Unit Weight (gr/ cm®) 1.83

Table 4.6 OWC and Dry Unit Weight values for different AG mixture ratios.

AG Concentration Optimum water Dry unit weight
(%) content (%) (gr/ cmd)
0.75 17.123 1.841
0.85 17.042 1.858
1 16.847 1.865
1.15 16.738 1.877

Table 4.7 OWC and Dry Unit Weight values for different FC mixture ratios.

FC Concentration (%) Op;:)rntté r:tvel(;;t §3r Dry u(g;;[;r\;]vse)lght
0.25 17.28 1.833
0.5 17.06 1.836
0.75 16.84 1.839
1 16.62 1.842
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4.4. Unconfined Compressive Strength Test
4.4.1. Natural Clay Soil

The behavior of soils under load depends on their strength and deformation characteristics,
which in turn are influenced by their moisture content and microfabric properties. Unconfined
compression tests were performed to determine the strength and strain characteristics of the clay soil
and the mixtures at various curing periods (1, 7, 14, 21, and 28 days) and mixing ratios. As seen in
Figure 4.6, some samples exhibited stress-hardening behavior, meaning there were no clear drops or
pronounced peaks (failure points) on the slopes of the curves. In such cases, it is suggested that 10—
20% shear deformation should be considered the failure point (Liu and Evett, 1984; ASTM D3080-
98, 2003).

In this study, unconfined compression tests were conducted to determine the strength and
strain characteristics of natural soil and soil enhanced with biopolymers and Ferrochromium slag,
considering different curing periods and mixing ratios. This was done to examine the changes in soil
properties before and after treatment. The tests were performed in accordance with ASTM D2166
standards. The compression stress of the natural soil was found to be 1.7932 kg/cm?, as shown in

Figure 4.5.
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Figure 4.4. UCS stress-strain curve of the natural clay soil.

The biopolymers used as soil improvers were agar gum and Ferrochromium slag, which were
tested in three different mixing ratios. The results of the unconfined compression tests showed an

increase in the compression stress after adding the biopolymers and Ferrochromium slag. This
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improvement was attributed to the strong bonding effect of these materials, which reduced the

porosity of the clay soil.

4.4.2. Biopolymer Additive

The results of unconfined compression tests on clay soil samples mixed with various
proportions of Agar Gum (AG) biopolymer revealed interesting findings. After determining the
optimum water content through the Proctor test, the samples underwent curing for different durations
(1, 7,14, 21, and 28 days) prior to testing.

Specifically, at 21 days of curing time, the maximum compressive strength values for AG
biopolymer were observed at 0.85% and 1% AG content, measuring 2.186 and 2.104 kg/cm?,
respectively. These values represented increases of 22% and 17% over the compressive strength of
the natural soil, which stood at 1.7932 kg/cm?2. However, compressive strength values decreased with
higher AG content (1% and 1.15%), indicating an optimal range of AG content for soil enhancement.
Figure 4.6 illustrates the variation of compressive strength with AG content at 21 days of curing time.
The optimal AG content for soil enhancement was determined to be 1%, resulting in significant
improvements in compressive strength values over varying curing periods. For instance, at 1 day of
curing time, the compressive strength increased from 1.8380 kg/cm? to 2.4925 kg/cm? at 28 days of
curing time, marking improvement percentages of 2.5% and 39%, respectively. This trend indicates
that longer curing times lead to higher compressive strength values, attributed to the formation of
stronger bonds between AG biopolymer and soil particles. Figure 4.7 illustrates the variation of
compressive strength with curing time at 1% AG content. These results underscore the effectiveness
of AG biopolymer in enhancing the compressive strength of clay soil by reducing its porosity and

enhancing its stiffness.
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Figure 4.5. UCS stress-strain curves of the natural clay soil mixed with various percentages of AG
at 21 days of curing.
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Figure 4.6. UCS stress-strain curves of natural clay soil mixed with optimum 1% of Agar Gum
biopolymer at various curing times.

4.4.3. Ferrochromium Slag Additive

The addition of FC slag to the soil at the optimal water content, determined by the Proctor
test, yielded insightful results:

- As FC slag content increased up to 1%, the soil's compressive strength rose, reaching a
peak of 2.188 kg/cm?, marking a remarkable 21.99% improvement over the natural soil. This
enhancement can be attributed to the filling effect and pozzolanic reaction of FC slag, which reduced
void ratio and increased soil density.
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- However, further increases in FC slag content beyond 1% led to a decline in compressive
strength, indicating an optimal range for FC slag content in soil stabilization. Figure 4.8 illustrates
the variation of compressive strength with FC slag content at various mixture ratios.

These findings suggest that FC slag can serve as an effective additive to improve the

compressive strength of clay soil by altering its physical and chemical properties.

Ferrochromium _
1% —A—0.75% 0.50% —*—0.25% —e— Natural Clayey Soil
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0 0,5 1 15 2 2,5
Total Deformation (cm)

Figure 4.7. UCS stress-strain curves of the natural clay soil mixed with various percentages of
Ferrochromium slag additive.

4.4.4. Biopolymer and Ferrochromium Mixture Additive

The experimental investigation explored the feasibility of employing FC slag and AG
biopolymer as soil stabilizers for clay soil. The determination of optimum water content, FC slag
content, and AG content was based on Proctor test, unconfined compression test, and Atterberg limits
test results. Soil samples were prepared with optimum water content and different combinations of
FC slag and AG biopolymer. Unconfined compression tests were conducted after curing the samples
for 1,7, 14, 21, and 28 days. The findings revealed:

- The combination of FC slag and AG biopolymer significantly enhanced the compressive
strength of clay soil. The highest compressive strength value, achieved at 1% FC slag and 1% AG
biopolymer, measured 2.6357 kg/cm? after 21 days of curing. This value marked a substantial 46.9%
increase over the natural soil compressive strength of 1.7932 kg/cm?. Figure 4.9 illustrates the
variation of compressive strength with curing time for different combinations of FC slag and AG
biopolymer.

- The improvement in compressive strength stemmed from the synergistic effect of FC slag

and AG biopolymer on soil structure. FC slag served as a filler material and pozzolanic agent,
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reducing void ratio and increasing soil density. AG biopolymer functioned as a binder material and
water retention agent, enhancing soil cohesion and stiffness.

- The optimal combination of FC slag and AG biopolymer also reduced the plasticity index
and swelling potential of clay soil, enhancing its workability and durability.

These results suggest that FC slag and AG biopolymer can serve as effective and

environmentally friendly additives for stabilizing clay soil in various engineering applications.

Biopolymer + Ferrochromium
—B—FS+AG 1 day —A—FS+AG 7 day FS+AG 14 day

0 0,5 1 15 2 2,5
Total Deformation (cm)

Unconfined Compression Stress (o,) (kg/cm?)

Figure 4.8. UCS stress-strain curves of the natural clay soil mixed with optimum 1% of Agar Gum
biopolymer and 1% Ferrochromium slag additive at various curing times.

4.4.5. Freeze-Thaw Performance

In regions with subzero temperatures, soils utilized in engineering structures are susceptible
to freeze-thaw damage, a significant cause of soil constituent deterioration. This study aimed to
assess the freeze-thaw resistance of clay soil samples stabilized with Agar Gum (AG) biopolymer,
Ferrochromium (FC) slag, and their optimal mixture (1% FC slag and 1% AG biopolymer). The
samples underwent 2, 4, 8, and 16 cycles of freezing and thawing, following ASTM D560 standards,
with unconfined compression tests conducted after each cycle. The findings revealed:

- All stabilized samples exhibited higher compressive strength than the natural soil (1.7932
kg/cm?) after each cycle, indicating an enhancement in freeze-thaw resistance.

- FC slag-stabilized samples displayed the highest compressive strength values among the
three types of stabilized samples, ranging from 1.6397 kg/cm? to 1.3862 kg/cm? as the number of
cycles increased from 2 to 16. This suggests that FC slag was more effective than AG biopolymer in

improving the freeze-thaw resistance of clay soil.

23



- AG hiopolymer-stabilized samples exhibited the lowest compressive strength values among
the three types of stabilized samples, ranging from 1.52 kg/cm? to 0.986 kg/cm? as the number of
cycles increased from 2 to 16. This indicates that AG biopolymer was less effective than FC slag in
enhancing the freeze-thaw resistance of clay soil.

- Optimum mixture-stabilized samples displayed intermediate compressive strength values
between FC slag-stabilized and AG biopolymer-stabilized samples, ranging from 1.5756 kg/cm? to
1.079 kg/cm? as the number of cycles increased from 2 to 16. This suggests that the optimal mixture
moderately enhanced the freeze-thaw resistance of clay soil.

- Compressive strength values of all stabilized samples decreased with an increasing number
of cycles, indicating gradual deterioration of soil structure due to repeated freezing and thawing.
Figures 4.10 to 4.12 depict the variation of compressive strength with the number of cycles for
various types of stabilized samples.

These results imply that FC slag and AG biopolymer can effectively serve as soil stabilizers
to improve the freeze-thaw resistance of clay soil, albeit with varying degrees of effectiveness
depending on their proportions and the number of cycles.

Biopolymer Freeze-thaw
bio 2 cycles ——bio 4 cycles —@—bio 8 cycles —A—bio 16 cycles

Unconfined Compression Stress (o)

0,00 ' ; ‘ ‘
0 0,5 1 15 2
Total Deformation (cm)

Figure 4.9. UCS stress-strain curves of the natural clay soil mixed with optimum 1% of Agar Gum
biopolymer at various freeze-thaw cycles.
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Figure 4.10. UCS stress-strain curves of the natural clay soil mixed with optimum 1%
Ferrochromium slag additive at various freeze-thaw cycles.
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Figure 4.11. UCS stress-strain curves of the natural clay soil mixed with both optimum 1%
Ferrochromium slag additive and 1% Agar Gum biopolymer at various freeze-thaw cycles

4.5. Direct Shear Test

The employed Direct Shear Test was to assess how ferrochrome slag and agar gum
biopolymer impact the shear strength properties of clay soil, particularly cohesion and internal
friction angle. Clay soil samples blended with different proportions of these additives underwent
shear box tests, a standard technique for evaluating soil's shear behavior under varying levels of
normal stress. To simulate realistic stress conditions encountered in practical applications, vertical
loads of 3, 6, and 12 kg were applied, alongside a uniform shear displacement rate of 1 mm/min
during the tests.
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4.5.1. Natural Clay Soil

The native clay soil demonstrated specific shear properties as follows: a cohesion coefficient
of 0.4 kg/cm? and an internal friction angle of 11.5 degrees. Moreover, shear stress values were
obtained under varying normal loads of 3 kg, 6 kg, and 12 kg, corresponding to normal pressures of
1.67 kg/cm?, 3.33 kg/cm?, and 6.69 kg/cm?, respectively. These parameters play pivotal roles in
delineating the shear strength of the clay soil. A cohesion coefficient of 0.4 kg/cm? signifies the
inherent cohesion of the soil, while the internal friction angle of 11.5 degrees indicates its resistance
to shear deformation.

The obtained shear stress values under different normal loads unveil critical insights into the
soil's behavior under distinct stress conditions. As expected in soil mechanics, the shear stress
escalates with increasing normal load, illustrating the soil's sensitivity to applied stress. The
augmentation in shear stress, from 0.74 kg/cm? at 3 kg normal load to 1.13 kg/cm? at 12 kg normal
load, underscores the soil's bolstered strength and heightened resistance to shear as the normal load
intensifies—an observation consistent with Coulomb's law of shear strength. The demonstrated
increase in shear stress with escalating normal loads suggests a strain-hardening behavior, wherein
the soil's shear strength enhances with higher levels of deformation, a characteristic typical of
cohesive soils such as clays. The consistent trend in shear stress values with increasing normal loads
implies the reliability of the test outcomes and signifies that the soil's shear properties can be

reasonably predicted using cohesion and internal friction angle parameters.

Table 4.8 Direct shear test results of the natural clay soil

Natural
kg ON T ¢ (kg/cm?) )
3 1.667 0.7379
6 3.334 0.7541 0.4 11.5
12 6.668 1.1255
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Figure 4.12. Failure envelope of the natural clay soil.

4.5.2. Biopolymer Additive

In this study, the impact of agar gum biopolymer on the shear behavior of clay soil was
explored. Agar gum biopolymer, sourced from red algae, is a natural polysaccharide with a history
of use in soil stabilization. The experiment involved blending clay soil with 1% agar gum biopolymer
by dry weight and subjecting it to various curing periods (1, 7, 14, 21, and 28 days). The shear
strength of the soil-biopolymer mixture was assessed via direct shear tests under different normal
loads (3, 6, and 12 kg).

The findings indicated that the inclusion of agar gum biopolymer bolstered the shear strength
of clay soil by augmenting its cohesion coefficient and internal friction angle—parameters indicative
of the soil's resistance to sliding along potential failure planes. Moreover, the optimal curing time for
achieving maximal shear strength was identified as 21 days, allowing adequate duration for the
formation and hardening of hydrogels that bind the soil particles together.

These results suggest that agar gum biopolymer presents itself as a sustainable and cost-
effective alternative to conventional chemical additives for enhancing clay soil's shear strength.
Derived from renewable sources, agar gum biopolymer exerts negligible adverse environmental

impacts and necessitates low dosages to bring about substantial improvements in soil properties.
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Table 4.9 Shear test results of sample mixed with optimum 1% Agar Gum biopolymer additive at
various curing days.

Biopolymer
Time kg on (kg/cm?) 1 (kg/cm?) ¢ (kg/cm?) 1)
3 1.667 0.65
1 day 6 3.334 0.66 0.35 10.02
12 6.668 0.97
3 1.667 1.08
7 days 6 3.334 1.11 0.59 16.86
12 6.668 1.66
3 1.667 1.78
14 days 6 3.334 1.82 0.97 27.76
12 6.668 2.72
3 1.667 1.92
21 days 6 3.334 1.96 1.04 29.95
12 6.668 2.94
3 1.667 1.56
28 days 6 3.334 1.59 0.85 24.33
12 6.668 2.38
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Figure 4.13. Failure envelope of the soil mixed with optimum 1% Agar Gum biopolymer additive.
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Figure 4.14The relationship between Internal Friction Angles (@) and curing time.

Cohesion (kg/cm? )

1,40
1,20
1,00
0,80
0,60
0,40
0,20

0,00

Biopolymer

10 15 20 25 30
Curing Time (days)

Figure 4.15. The relationship between Cohesion (c) and curing time.

Table 4.10 Shear test results of samples mixed with optimum various Agar Gum biopolymer

additive.
Biopolymer (21 days)
% kg on (kg/cm?) 1 (kg/cm?) c (kg/cm?) 0]
3 1.667 0.78
0.75% 6 3.334 0.84 0.50 13.14
12 6.668 0.91
3 1.667 0.85
0.85% 6 3.334 0.90 0.56 13.89
12 6.668 1.13
3 1.667 0.89
1% 6 3.334 0.96 0.61 15.21
12 6.668 1.27
3 1.667 0.95
1.15% 6 3.334 1.03 0.65 15.90
12 6.668 1.39
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Figure 4.16. Failure envelope of the samples mixed with Agar Gum biopolymer at various ratios.
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Figure 4.17. Comparison between Internal Friction Angle (@) values by various AG mixing ratios.
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Figure 4.18. Comparison between Cohesion (c) values by various AG mixing ratios.

4.5.3. Ferrochromium Slag Additive

The direct shear test conducted on clay soil mixed with 1% ferrochromium slag, to ascertain
its performance. The soil-slag mixture demonstrated a cohesion coefficient of 0.5 kg/cm? and an
internal friction angle of 14.48 degrees, indicative of the soil's resistance to sliding along potential
failure planes. As expected, the shear stress of the soil-slag mixture increased with the normal load,
albeit at a diminishing rate. Specifically, under normal loads of 3 kg, 6 kg, and 12 kg, the shear
stresses were recorded as 0.93 kg/cm?, 0.95 kg/cm?, and 1.42 kg/cm?, respectively.

The results underscore the beneficial influence of ferrochromium slag on the shear properties
of clay soil. The slag notably augmented the cohesion coefficient and internal friction angle, essential
parameters signaling the soil's resistance to shear failure. Additionally, the observed increase in shear
stress with normal load aligns with anticipated soil behavior under shear loading conditions, further
affirming the efficacy of ferrochromium slag as a soil enhancer. Some of the several noteworthy
findings are:

- The impact of ferrochromium slag on the shear strength of clay soil is moderate, with the
soil-slag mixture exhibiting a cohesion coefficient 0.1 kg/cm? higher and an internal friction angle
1.4 degrees higher compared to natural clay soil. These enhancements signify heightened resistance
to shear failure in the soil-slag mixture, although not as much as the AG.

- The effect of ferrochromium slag on the shear strength of clay soil remains consistent across
different normal loads. The linear increase in shear stress with normal load implies a constant slope
of the shear stress-normal load curve, indicative of uniform and stable shear behavior in the soil-slag
mixture under varying normal loads.

- Ferrochromium slag emerges as a promising alternative to conventional chemical additives
for enhancing the shear strength of clay soil. Its status as a recyclable waste product contributes to

reduced environmental impact and disposal costs. Moreover, requiring low dosages for significant
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soil property improvement underscores its cost-effectiveness in geotechnical engineering

applications.

Table 4.11 Shear test results of sample mixed with optimum 1% Ferrochromium slag additive.

1% Ferrochromium
kg on (kg/cm?) 1 (kg/cm?) ¢ (kg/cm?) 1)
3 1.667 0.93
6 3.334 0.95 0.50 14.48
12 6.668 1.42
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Figure 4.19. Failure envelope of the soil mixed with optimum 1% Ferrochromium slag additive.
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Figure 4.20. Failure envelope of the samples mixed with Ferrochromium Slag additive at various
ratios.
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Figure 4.21. Comparison between Internal Friction Angle (@) values by various FC mixing ratios.
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Figure 4.22. Comparison between Cohesion (c) values by various FC mixing ratios.

4.5.4. Biopolymer and Ferrochromium Mixture Additive

The cohesion coefficient and internal friction angle of the soil-slag-biopolymer mixture were
scrutinized across various curing periods, illustrating the soil's resistance to sliding along failure
planes. Additionally, the shear stress under different normal loads (3, 6, and 12 kg) was evaluated
for each curing period, reflecting the force per unit area causing soil layers to slide over one another.

Following the homogenization of soil with 1% agar gum biopolymer and 1% ferrochromium
slag for 1 day, the cohesion coefficient measured 0.39 kg/cm?, with an internal friction angle of 11.17
degrees. Correspondingly, shear stress under normal loads of 3 kg, 6 kg, and 12 kg recorded 0.72
kg/cm?, 0.73 kg/cm?, and 1.09 kg/cm?, respectively.
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After 7 days of homogenization, the cohesion coefficient rose to 0.67 kg/cm?, and the internal
friction angle reached 16.16 degrees. Simultaneously, shear stress values under normal loads of 3 kg,
6 kg, and 12 kg surged to 1.22 kg/cm?, 1.26 kg/cm?, and 1.88 kg/cm?.

With 14 days of homogenization, the cohesion coefficient further elevated to 1.02 kg/cm?,
while the internal friction angle reached 29.37 degrees. Under normal loads of 3 kg, 6 kg, and 12 kg,
shear stress measurements ascended to 1.88 kg/cm?, 1.93 kg/cm?, and 2.88 kg/cm?, respectively.

At 21 days of homogenization, the cohesion coefficient stabilized at 1.09 kg/cm?, and the
internal friction angle settled at 31.45 degrees. Correspondingly, shear stress values under normal
loads of 3 kg, 6 kg, and 12 kg reached 2.02 kg/cm?, 2.06 kg/cm?, and 3.08 kg/cm?.

Finally, after 28 days of homogenization, the cohesion coefficient slightly decreased to 0.89
kg/cm?, with the internal friction angle reducing to 25.48 degrees. Shear stress under normal loads
of 3 kg, 6 kg, and 12 kg measured 1.63 kg/cm?, 1.67 kg/cm?, and 2.50 kg/cm?, respectively.

The results affirm that the addition of agar gum biopolymer and ferrochromium slag
augmented both the cohesion coefficient and internal friction angle, signaling enhanced resistance to
shear failure in the soil-slag-biopolymer mixture compared to natural clay soil.

Furthermore, optimal curing time for maximum shear strength was identified as 21 days,
facilitating the formation and hardening of hydrogels binding soil particles. Beyond this period, a
decrease in shear strength indicated increased brittleness and decreased ductility in the soil-slag-
biopolymer mixture.

Additionally, the soil-slag-biopolymer mixture demonstrated increased ductility and reduced

brittleness under higher normal loads, indicating its favorable response to elevated stress conditions.

Table 4.12 Shear test results of sample mixed with both optimum 1% Agar Gum biopolymer and
Ferrochromium slag additive at various curing days.

Ferrochromium +Biopolymer
Time kg on (kg/cm?) 1 (kg/cm?) ¢ (kg/cm?) 1)
3 1.667 0.72
1 day 6 3.334 0.73 0.39 11.17
12 6.668 1.09
3 1.667 1.22
7 days 6 3.334 1.26 0.67 19.16
12 6.668 1.88
3 1.667 1.88
14 days 6 3.334 1.93 1.02 29.37
12 6.668 2.88
3 1.667 2.02
21 days 6 3.334 2.06 1.09 31.45
12 6.668 3.08
3 1.667 1.63
28 days 6 3.334 1.67 0.89 25.48
12 6.668 2.50
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Figure 4.23. Failure envelope of the soil mixed with both optimum 1% Agar Gum biopolymer and
1% Ferrochromium slag additive.
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Figure 4.24. Comparison between Internal Friction Angle (@) values by curing days.
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Figure 4.25. Comparison between Cohesion (c) values by curing days.

Table 4.13 Shear test results of samples mixed with Agar Gum biopolymer additive at various

mixing ratios.
Ferrochromium (21 days)
% kg on (kg/cm?) 1 (kg/cm?) ¢ (kg/cm?) [0)

3 1.667 0.72

0.25% 6 3.334 0.73 0.38 11.42
12 6.668 1.08
3 1.667 0.72

0.50% 6 3.334 0.74 0.42 11.91
12 6.668 1.12
3 1.667 0.75

0.75% 6 3.334 0.77 0.44 12.34
12 6.668 1.14
3 1.667 0.78

1.00% 6 3.334 0.80 0.48 12.64
12 6.668 1.18

4.5.5. Freeze-Thaw Performance

The examination of soil mixed with 1% Agar Gum biopolymer and 1% Ferrochromium slag
after multiple freeze-thaw cycles revealed significant alterations in shear properties. Here's a
breakdown of the findings and their implications:

- After subjecting the soil-slag-biopolymer mixture to 2, 4, 8, and 16 freeze-thaw cycles,
both cohesion coefficient and internal friction angle decreased. This indicates reduced resistance to
shear failure, suggesting that freeze-thaw cycles compromised the soil's stability and integrity.

- The shear stress of the soil-slag-biopolymer mixture declined under all normal loads (3, 6,

and 12 kg) as the number of freeze-thaw cycles increased. This decline in shear strength suggests
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diminished stability and structural integrity, rendering the mixture less capable of withstanding shear
forces.

- The study concludes that the soil-slag-biopolymer mixture may not be suitable for regions
experiencing frequent freeze-thaw cycles. The decrease in shear parameters and shear stress
highlights the mixture's susceptibility to frost action, which can lead to compromised shear strength
and stability over time.

- To mitigate the adverse effects of freeze-thaw cycles, protective measures such as
insulation or drainage systems (e.g., geotextiles, geomembranes, or geocomposites) are
recommended. These measures can help shield the soil-slag-biopolymer mixture from frost action
and preserve its shear strength and stability.

- While agar gum biopolymer and ferrochromium slag offer potential benefits for soil
stabilization under normal conditions, their inability to withstand freeze-thaw cycles raises concerns
about their long-term efficacy in cold climates. However, their utilization may still have a lower
environmental impact compared to certain chemical additives, as they utilize natural and recycled
materials that are less harmful to the soil ecosystem and groundwater quality.

- The study underscores that the soil-slag-biopolymer mixture becomes increasingly
susceptible to frost action with prolonged exposure to freeze-thaw cycles. This highlights the
importance of considering environmental factors, such as climate conditions, when selecting soil
stabilization methods for engineering projects.

In summary, while agar gum biopolymer and ferrochromium slag can enhance the shear
performance of clay soil under normal conditions, their effectiveness may be compromised in
environments prone to freeze-thaw cycles. Implementing protective measures and considering
alternative stabilization methods may be necessary to address the challenges posed by freeze-thaw

conditions and ensure the long-term stability of engineered soil structures.

Table 4.14 Shear test results of sample mixed with optimum 1% Agar Gum biopolymer additive at
various freeze-thaw cycles.

Biopolymer
Cycles kg on (kg/cm?) 1 (kg/cm?) ¢ (kg/cm?) )

3 1.667 0.63

2 cycles 6 3.334 0.64 0.34 9.78
12 6.668 0.95
3 1.667 0.57

4 cycles 6 3.334 0.58 0.31 8.87
12 6.668 0.86
3 1.667 0.47

8 cycles 6 3.334 0.48 0.25 7.29
12 6.668 0.71
3 1.667 0.41

16 cycles 6 3.334 0.42 0.22 6.39
12 6.668 0.62
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Figure 4.26. Failure envelopes of sample mixed with optimum 1% Agar Gum biopolymer additive
at various freeze-thaw cycles.
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Figure 4.27. Comparison between Internal Friction Angles (@) by freeze-thaw cycles.
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Figure 4.28. Comparison between Cohesion (c) values by freeze-thaw cycles.

Table 4.15 Shear test results of sample mixed with optimum 1% Ferrochromium slag additive at
various freeze-thaw cycles.

Ferrochromium

Cycles kg on (kg/cm?) 1 (kg/cm?) c 1)

3 1.667 0.68

2 cycles 6 3.334 0.69 0.37 10.59
12 6.668 1.03
3 1.667 0.64

4 cycles 6 3.334 0.65 0.35 9.93
12 6.668 0.97
3 1.667 0.60

8 cycles 6 3.334 0.61 0.33 9.35
12 6.668 0.91
3 1.667 0.56

16 cycles 6 3.334 0.57 0.30 8.64
12 6.668 0.84
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Figure 4.29. Failure envelopes of sample mixed with optimum 1% Ferrochromium slag additive at
various freeze-thaw cycles.
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Figure 4.30. Comparison between Internal Friction Angles (@) by freeze-thaw cycles.
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Figure 4.31. Comparison between Cohesion (c) values by freeze-thaw cycles.

Table 4.16 Shear test results of sample mixed with both optimum 1% Agar Gum biopolymer and
Ferrochromium slag additive at various freeze-thaw cycles.

Ferrochromium + Biopolymer

Cycles kg on (kg/cm?) 1 (kg/cm?) c 1)

3 1.667 0.66

2 cycles 6 3.334 0.67 0.35 10.17
12 6.668 0.99
3 1.667 0.60

4 cycles 6 3.334 0.61 0.32 9.24
12 6.668 0.90
3 1.667 0.52

8 cycles 6 3.334 0.52 0.28 7.97
12 6.668 0.77
3 1.667 0.46

16 cycles 6 3.334 0.46 0.25 7.08
12 6.668 0.69
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Figure 4.32. Failure envelopes of sample mixed with both optimum 1% Agar Gum biopolymer and
Ferrochromium slag additive at various freeze-thaw cycles.
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Figure 4.33. Comparison between Internal Friction Angles (@) by freeze-thaw cycles.
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Figure 4.34. Comparison between Cohesion (c) values by freeze-thaw cycles.

4.6. Microscopic Analysis

As previously discussed, Ferrochromium Slag (FS) presents certain environmental and
health risks, necessitating treatment before safe use. This study explored the feasibility of using AG
biopolymer in combination with FS. The hypothesis was that this combination would enhance the
soil's mechanical properties while mitigating the potential environmental impact of FS, without
compromising its soil improvement capabilities. Given that FS is granular and the treated biopolymer
forms a gelatinous matrix, proper mixing was expected to encase the FS grains within the
biopolymer. This encapsulation would reduce direct contact with the soil and minimize groundwater
interaction, thereby lowering the risk of chromium leaching and other environmental hazards. Similar
methodologies have been applied in earlier studies on soil stabilization using biopolymers with
various admixtures. Figure 4.35 illustrates microscopic views of soil treated with FS alone compared
to soil treated with a combination of FS and AG biopolymer. In the FS-treated soil, FS grains are
visible in their uncoated, crystalline form with a metallic luster (Figure 4.35 a,b). In contrast, in the
FS + AG-treated soil, the FS grains and other soil constituents are enveloped by the AG biopolymer,
effectively eliminating direct contact with the soil and reducing the potential for chromium leaching
(Figure 4.35 c—f) (Cetin et al., 2024).
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Figure 4.35. The microscopic views of (a) FS grain surrounded by silt grains and clay domains not
treated with AG, (b) a close-up view of the exact FS grain, (c) a general view of the sample with
both FS and AG admixtures together, (d) a close-up view of FS and AG admixtures together, (e)
FS grain partially coated with AG, and (f) a clay domain coated with AG. Notice the uncoated
(a,b), coated (d), and partially coated (e) nature of the FS grains surrounded by other constituents.
FS: Ferrochromium Slag, S: silt, C: clay domain. Photo lengths: (a) 1.5 mm, (b,f) 1 mm, (c,e) 5
mm, and (d) 3 mm.
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5. CONCLUSIONS

The main aim of this study was to investigate the feasibility and efficiency of using FeCr
alongside with biopolymer as a soil stabilizer for clayey soils. The soil samples with different
combinations of the FeCr and biopolymer additives were subjected to various tests such as Atterberg
limits, compaction, unconfined compression, and direct shear as well as various curing periods and

freeze-thaw cycles.

The following main conclusions were obtained:

The results indicate that the addition of biopolymer decreased the LL of the soil slightly,
from 42% to 40%, and PI, from 16% to 14%, at higher ratios of 1% and 1.15%, while not affecting
the PL of the soil which remained around 25%.

The compaction test results showed that AG biopolymer addition slightly reduced the OMC
and increased the MDD of the soil. The OMC decreased from 17.50% for the natural soil to 16.85%
for the soil mixed with 1% AG biopolymer, while the MDD increased from 1.83 g/cma3 for the natural
soil to 1.87 g/cm3 for the soil mixed with 1% AG biopolymer.

The unconfined compressive strength increased from 1.79 kg/cm? to 2.19 kg/cm? (22 %
increase) up to the mixing ratio of 0.85%; then it decreased to 1.98 kg/cm? at the mixing ratio of
1.15%, indicating an optimum mixing ratio of 0.9% AG. Additionally, the strength increased to 2.49
kg/cm? (39 % increase) after 28 days of curing time. The higher the curing time the higher the
unconfined compressive strengths of the AG-treated soil.

The unconfined compressive strength soil increased with increasing FC slag content up to
1%, reaching a maximum value of 2.19 kg/cm?, which is 21.99% higher than the original strength.
This improvement may be attributed to the filling effect and pozzolanic reaction of FC slag, which
reduced the void ratio and increased the density of the soil. The compressive strength decreased with
further increasing FC slag content beyond 1%, indicating an optimum FC slag content range for soil
stabilization.

The combination of FC slag and AG biopolymer improved the compressive strength of clay
soil significantly. The maximum unconfined compressive strength of 2.64 kg/cm? was obtained for
the curing period of 28 days, which is 47% higher than the original value of 1.79 kg/cm?.

As for the freeze-thaw resistance, the FC slag-stabilized samples had the highest compressive
strength values among the three types of stabilized samples, ranging from 1.64 kg/cm? to 1.39 kg/cm?
as the number of cycles increased from 2 to 16. This implies that FC slag is more effective than AG

biopolymer in enhancing the freeze-thaw resistance of clay soil.
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The AG biopolymer-stabilized samples had the lowest compressive strength values, ranging
from 1.52 kg/cm?to 0.99 kg/cm?as the number of cycles increased from 2 to 16, suggesting that AG
biopolymer was less effective than FC slag in improving the freeze-thaw resistance of clay soil.

The optimum mixture-stabilized (1% FC slag and 1% AG biopolymer) samples had
intermediate compressive strength values between the FC slag-stabilized and AG biopolymer-
stabilized samples, ranging from 1.58 kg/cm?to 1.08 kg/cm?as the number of cycles increased from
2 to 16, indicating that the optimum mixture had a moderate effect on enhancing the freeze-thaw
resistance of clay soil.

For the soil mixed with 1% optimal ferrochromium slag, the shear strength increased from
1.13 kg/cm? to 1.42 kg/cm? (26 % increase). Under the same conditions, the cohesion increased from
0.4 kg/cm? to 0.5 kg/cm2 (25 % increase) and the internal friction angle increased from 11.5 to 14.48
degrees (26 % increase). The higher the normal pressure the higher the shear strength.

For the soil mixed with 1% optimal Agar Gum biopolymer, the shear strength increased from
1.13 kg/cm? to 2.94 kg/cm? (160 % increase) under 6.67 kg/cm? normal pressure after 21 days of
curing time. Also, under the same conditions, the cohesion increased from 0.4 kg/cm? to 1.04 kg/cm?
(160 % increase) and the internal friction angle increased from 11.5 to 29.95 degrees (160 %
increase). The higher the normal pressure the higher the shear strength. The higher the curing time the
higher the shear strength, cohesion and internal friction angle up to 21 days. Also, the higher the
normal pressure the higher the shear strength.

For the soil mixed with 1% optimal Agar Gum biopolymer and 1% optimal ferrochromium
slag, the shear strength increased from 1.13 kg/cm? to 3.08 kg/cm? (173 % increase) under 6.67
kg/cm? normal load and after 21 days of curing time. Under the same conditions, the cohesion
increased from 0.4 kg/cm? to 1.09 kg/cm? (173 % increase), the internal friction angle increased from
11.5 to 31.45 degrees (173 % increase). The higher the curing time the higher the shear strength,
cohesion and internal friction angle up to 21 days. Also, the higher the normal pressure the higher the
shear strength.

As for the freeze-thaw resistance, for the soil mixed with 1% optimal Agar Gum biopolymer,
the shear strength decreased from 1.13 kg/cm? to 0.62 kg/cm? (45 % decrease) under 6.67 kg/cm?
normal load and after 16 cycles of freeze-thaw. Also, the cohesion decreased from 0.4 kg/cm? to 0.22
kg/cm? (45 % decrease), and the internal friction angle decreased from 11.5 to 6.39 degrees (44 %
decrease) under 6.67 kg/cm? normal load. The higher the freeze-thaw cycle the lower the shear
strength, cohesion and internal friction angle.

For the soil mixed with 1% optimal ferrochromium slag, the shear strength decreased from
1.13 kg/cm? to 0.84 kg/cm? (22 % decrease) under 6.67 kg/cm? normal load and after 16 cycles of
freeze-thaw. Also, the cohesion decreased from 0.4 kg/cm? to 0.30 kg/cm? (25 % decrease), and the

internal friction angle decreased from 11.5 to 8.64 degrees (25 % decrease) under 6.67 kg/cm? normal
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load. Again, the higher the freeze-thaw cycle the lower the shear strength, cohesion and internal
friction angle.

Moreover, for the soil mixed with 1% optimal Agar Gum biopolymer and 1% optimal
ferrochromium slag, the shear strength decreased from 1.13 kg/cm? to 0.69 kg/cm? (39 % decrease)
under 6.67 kg/cm? normal load and after 16 cycles of freeze-thaw. Also, the cohesion decreased from
0.4 kg/cm2 to 0.25 kg/cm? (38 % decrease), and the internal friction angle decreased from 11.5 to
7.08 degrees (39 % decrease) under 6.67 kg/cm? normal load. Again, the higher the freeze-thaw
cycle the lower the shear strength, cohesion and internal friction angle.

The geotechnical parameters of biopolymer and ferrochrome-treated soils increased
considerably compared to the pure clay soil especially after 21 days of curing time, at the optimal
percentage of 1% for both additives.

Finally, the results indicate that the optimal mixtures of 1% Agar Gum biopolymer and 1%
ferrochromium slag alone as well as together with can be used above ground water tables where low
permeability and high strength are needed in fills such as highway embankments, bridge abutments
and backfills behind retaining structures especially when low bearing capacity and high settlement
problems exist. The results may be particularly useful in cases where soil improvement is needed,
considering criteria such as bearing capacity, settlement, swelling potential, permeability,
liquefaction potential, and behavior under seismic loads. These potential application settings and the
totality of the results are indicative of the improvement of the soil under the seismic effects generated
by an Earthquake.

Furthermore, the result of this study demonstrates that biopolymer and ferrochrome additives
are environmentally friendly and economical methods. Freeze-thaw cycles in cold seasons seem,
however, to have an adverse effect on the shear strength. The soil constituents and in turn, the
structure or fabric seem to deteriorate as a result of tensile cracking of the grains caused by pore
water pressures within the pores of individual grains as well as between the grains themselves after
each cycle.

In summary, the geotechnical parameters of biopolymer and ferrochrome-treated soils
increased considerably compared to the pure clay soil. The results may be particularly useful in cases
where soil improvement is needed, considering criteria such as bearing capacity, settlement, swelling
potential, permeability, frost resistance, liquefaction potential, and behavior under seismic loads.
Furthermore, the result of this study demonstrates that biopolymer and ferrochrome additives are
environmentally friendly and economical methods. Therefore, the results of this study may be
beneficial in the fields of soil engineering, civil engineering, road engineering, and infrastructure

engineering.
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