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ABSTRACT

GEOTECHNICAL INVESTIGATION OF RECLAIMED ASPHALT
PAVEMENT AND XANTHAN GUM TREATED SILTY SAND

BAL, Halil
M.Sc. in Civil Engineering
Supervisor: Prof. Dr. Ali Firat CABALAR
January 2024
81 pages

This thesis conducts a comprehensive investigation into the impact of recycled waste
construction material and an eco-friendly biopolymer on the stabilization of local soil.
The laboratory-based experimental program focused on silty sand (SM) soil treated
with 10% reclaimed asphalt pavement (RAP) and Xanthan gum (XG) concentrations
(0%, 0.5%, 1%, and 3% by total dry weight) across curing periods of 0, 7, 28, and 56
days. Results indicate distinct effects on soil properties: RAP reduced liquid limit,
plastic limit, and optimum water content (OMC) while increasing maximum dry
density (MDD). Conversely, XG elevated these parameters and decreased MDD. In 7-
day cured specimens, the inclusion of 10% reclaimed asphalt pavement (RAP)
significantly enhanced compressive strength. The initial strength of 2983 kPa for the
clean soil rose to 3464.9 kPa with the addition of RAP. Incremental changes were
observed at rates of 0.5%, 1%, and 3% XG, resulting in compressive strengths of
4754.9 kPa, 6189.6 kPa, and 7999.1 kPa, respectively. Curing effects on strength were
partially positive, peaking at 28 days. The biopolymer positively influenced shear
strength but exhibited a paradoxical outcome in consolidation and California bearing
capacity tests, increasing consolidation while decreasing bearing capacity. In
summary, this study highlights the multifaceted effects of XG on soil behaviour,
emphasizing the need for a nuanced exploration of the intricate interplay between XG
and water in soil systems.

Key Words: Geotechnical Investigation, Silty Sand, Reclaimed Asphalt Pavement,

Xanthan Gum



OZET

GERI KAZANILMIS ASFALT KAPLAMA VE KSANTAN SAKIZI ILE
ISLENMIS SILTLI KUMUN GEOTEKNIiK INCELENMESI

BAL, Halil
Yiiksek Lisans, insaat Miihendisligi
Damisman: Prof. Dr. Ali Firat CABALAR
Ocak 2024
81 sayfa

Bu tez, geri doniistiiriilmiis ingaat at1ig1 malzemenin ve ¢evre dostu bir biyopolimerin
yerel topragin stabilizasyonu iizerindeki etkisini kapsamli bir sekilde aragtirmaktadir.
Laboratuvar tabanli deneysel program, 0, 7, 28 ve 56 giin kiirleme periyotlarinda, %10
geri kazanilmis asfalt kaplama (RAP) ve Ksantan gam (XG) konsantrasyonlari (toplam
kuru agirliga gore sirastyla %0, %0.5, %1 ve %3) ile islenmis siltli kum (SM) zeminine
odaklanmistir. Sonuglar, toprak ozellikleri tizerinde belirgin etkiler gostermektedir:
RAP likit limiti, plastik limit ve optimum su muhtevasint (OMC) azaltirken
maksimum kuru yogunlugu (MDD) artirmistir. Tam tersine, XG bu parametreleri
yiikseltmis ve MDD'yi azaltmistir. 7 giin siireyle iyilesmis orneklerde, %10 RAP
eklenmesi, basing dayanimmi 6nemli dlgiide artirmistir. Islenmemis toprak icin
baslangi¢ dayanimi olan 2983 kPa, RAP eklemesi ile 3464.9 kPa'ya yiikselmistir.
%0.5, %1 ve %3 XG ile gozlemlenen asamali degisiklikler, sirasiyla 4754.9 kPa,
6189.6 kPa ve 7999.1 kPa basing dayanimlarinda sonuglanmistir. Dayanim tizerindeki
tyilesme etkileri kismen pozitif olup, 28 giinle zirveye ¢ikmaktadir. Biyopolimer,
kayma dayanimini olumlu yonde etkilemis ancak konsolidasyon ve California tasima
kapasitesi testlerinde ¢eligkili bir sonu¢ gostermis, konsolidasyonu artirirken tagima
kapasitesini azaltmistir. Ozetle, bu ¢alisma, XG'nin toprak davranis: iizerindeki ¢ok
yonlii etkilerini vurgulayarak, XG ve su arasindaki karmasik etkilesimin niiansh bir

sekilde kesfi i¢in bir ihtiyaci vurgular.

Anahtar Kelimeler: Geoteknik Analiz, Siltli Kum, Geri Kazanilmig Asfalt Kaplama,

Ksantan Sakizi
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CHAPTER 1
INTRODUCTION

1.1 Introduction

There is a fundamental concern in the world regarding sustainability. Sustainability is
used in almost every aspect of modern life and has a wide range of meanings. In this
context, the term is mainly used to refer to the environmental future of the earth. The
industrialized world within the last century has been producing a large amount of waste
material during the production process. According to the United States Environmental
Protection Agency (EPA) 600 million tons of construction and demolition debris were
generated in the USA in 2018. A majority of the waste is composed of concrete, with
405 million tons (67.5%), and asphalt, with 107 million tons (17.8%), most of which
is generated during demolition, with concrete representing 94% and asphalt
representing 100%, respectively. The same report also presents that 456 million tons
of debris were recycled for various purposes, like landfills (24%), manufactured
products (22%), and aggregates (52%). Moreover, 92% of asphalt waste is used for
manufactured products, and aggregate, where manufactured products include
recycling road pavements. Asphalt debris, which is obtained by trimming the
pavement of roads that are from roads that have reached the end of their service life,
is called reclaimed asphalt pavement (RAP). Adhikari et al., (2020) used RAP in
rehabilitating deteriorated pavement techniques such as cold in-place (CIP) and hot in-
place recycling (HIP) and also used in geotechnical applications such as subbase and
subgrade of road construction and the foundation of infrastructures and superstructures
since the second half of the 20th century (Khay et al., 2015), because of both trending
environmental concerns and the increased cost of using new construction materials
(Suebsuk & Suksan, 2014). Using asphalt aggregates as subbase or subgrade material
is classified in the literature as a ground improvement technique that is a method to
improve the geotechnical properties of weak grounds in several ways, reducing
permeability and compressibility and increasing strength by using different methods
such as chemical, mechanical, and biological (Biju & Arnepalli, 2020; Fattah et al.,
2012; Rajabi & Hosseini, 2022).



Moreover, soil improvement techniques are common terminology used to define all
the methods for stabilizing the engineering properties of the working site before,
during, or after construction. The methods can basically be classified based on their
process; for example, chemical soil stabilization is a method in which some chemicals
are added to soils to achieve better performance from the soil. Chemical soil
stabilization has a history dating back to the early 20th century (Winterkorn &
Pamukcu, 1991) and a lot of research has been carried out since then. These studies

show that most of the chemicals used are calcium-based materials (Kota et al., 1996).
1.2 Problem Statement

Materials used in soil improvements like cement and lime have been called traditional
stabilizers since serious studies are being carried out to alternate these materials that
are considered hazardous and generate great amounts of poison gases (CO, COz, SiO»)
during production (Worrell et al., 2001). To reduce the environmental pollution of
these materials, eco-friendly chemical and biological materials such as biopolymers,
resins, and enzymes have been studied and used recently (Naeini & Masoud, 2010;
Khatami & O’Kelly, 2013). Biopolymers are popular for use in replacing cement in
soil stabilization as a binder lately (Jang, 2020). Guar gum, xanthan gum, and agar
gum are the most commonly used biopolymers for treating soils. These gums have
been used for investigating geotechnical parameters like compressibility, strength, and
permeability on both fine and coarse-grained soils, with different conditions such as
wet-dry and cured-noncured, by performing a very wide range of testing programs
previously (Chang, Prasidhi, et al., 2015; Acharya et al., 2017; Biju & Arnepalli,
2020). In addition, waste management has been a critical problem for many years, so
recycled materials are also being used in soil stabilization to reduce the effect of
disposal on the environment and to avoid the high cost of using new materials. Waste
concrete, brick, stone powder, and asphalt pavement can be given as examples of
disposals generated from producing construction materials, construction, and
demolition of any type of structure (Pappu et al., 2007). Although there are many
applications for the use of reclaimed asphalt pavement (RAP), such as subbase-
subgrade in highway and roadway construction and filling material for embankments
(Plati & Cliatt, 2019; Rahman et al., 2015), not so many good-quality studies about

using RAP as a stabilizer of soils were observed in the past.



1.3 Objectives

This study aimed to assess the potential of reclaimed asphalt pavement (RAP) and
powdery xanthan gum (XG) biopolymer as environmentally friendly soil stabilizers in
geotechnical engineering. Driven by a commitment to reduce waste material impact
and explore sustainable alternatives, the research delved into the intricate interactions
between RAP and XG. Focusing on silty soil from Gaziantep province, extensive
laboratory experiments were conducted to understand the influence of RAP and XG
on engineering properties. The investigation also aimed to elucidate the performance
dependency of XG in varying water conditions. This thesis contributes valuable
insights to geotechnical engineering, offering solutions for sustainable soil
stabilization practices and minimizing the environmental footprint of infrastructure

projects.
1.4 Outline

This thesis contains 5 chapters. The first chapter is an introduction to the studied topic,
gives general information about the background of the topic, states the main reasons
for conducting this research, and briefly mentions the objectives. Chapter 2 is mainly
about past research related to this topic. The used materials and experimental
methodology are summarized in the third chapter, and the results and discussion of the
experiments are presented in chapter 4. Lastly, the conclusion of this thesis is given in
Chapter 5.



CHAPTER 2
LITERATURE REVIEW

2.1 General

In this chapter, the literature review regarding the materials used in this study is
presented. Initially, the studies related to recycling and reusing waste materials from
construction and demolition are summarized, and then the use of reclaimed asphalt
pavement in construction and geotechnical applications is reviewed. Moreover, many
studies carried out about utilizing biopolymers in construction areas were also
investigated. Studies on the applicability of XG—uwhich is the main factor in this
study—in geotechnical applications were examined and presented in the form of a

summary.
2.2 The Use of Waste Materials in the Construction and Environmental Field

Most of the waste materials produced from demolitions are concrete, and to reduce the
harmful impact of the intense amount of concrete, the material has been recycled and
used for various engineering purposes (Rahman et al., 2015; Tavakol et al., 2020).
Corinaldesi (2010) studied the potential of using recycled concrete aggregates (RCA)
in producing concrete. Slump and compression tests were carried out on concrete
samples prepared with a 0.40 to 0.60 water/cement ratio and different contents of pure
virgin aggregates, replacing 30% of fine or coarse aggregates with recycled
aggregates. The compression results indicate that the strength of C32/40 concrete can
be reached by using 30% RCA instead of using new aggregates. Another perspective
on replacing natural aggregate with RCA is the effect of RCA on concrete bond
strength with reinforcing steel, as investigated by Butler et al. (2011). In the study, two
different RCAs were used to replace the natural aggregates by 100%. The study shows
that concrete prepared with both RCA types has a higher compression strength
compared to the one with natural aggregate, and the correlation between bonding
strength and RCA is based on the average crushing value of the RCA, which is lower

than the strength with natural aggregates.



Besides being used in concrete production, recycled concrete aggregates (RCA) are
also used in soil stabilization. For example, in the study of Kianimehr et al. (2019),
different proportions (5%, 10%, and 15%) of RCA were used to stabilize clay soil, and
the testing results show some improvement in several parameters of clay, such as
reducing dry density, increasing optimum water content, increasing compression
strength, reducing settlement, and increasing shear strength parameters (cohesion (c)
and internal friction angle (@), but the RCA also leads to a brittle behaviour in clay.
During the process of manufacturing construction materials, some unnecessary by-
products can occur. Rock powder is one of these products, and rock powder tends to
be reused in several ways. Cabalar and Alosman (2021) found that in their study, rock
powder was used with different concentrations (10%, 20%, 35%, and 50% by dry
weight) to stabilize organic soil. Several testing procedures were conducted, and the
results showed that dry density increased and optimum water content decreased.
Besides, the UCS results prove that soil becomes more brittle when rock power is
added, and the consolidation was enhanced with rock powder addition. Similar to rock
powder, limestone powder is also used for improving soils. For instance, Pastor et al.
(2019) used limestone powder in an experimental study to improve the geotechnical
properties of clayey soil. The test results show the addition of limestone powder causes
a great reduction in the liquid and plastic limits of clay, similar to past research. The
reason for this is that limestone is less plastic than clay, and this also decreases the
compressibility of clay soil. The limestone caused a reduction in the free swelling
index by 61% at 15% limestone powder, but a much higher strength was achieved
from UCS tests. Moreover, granite powder is used as a stabilizer by Eltwati et al.
(2020) at 4%, 8%, 12%, 16%, and 20% concentrations to improve the properties of A-
6 clay soil. Compactor tests, California bearing capacity (CBR) tests, and direct shear
tests were performed to investigate the effect of granite dust on clay. The test results
pointed out that granite dust increases the dry density of the soil while CBR values
increase greatly, especially in 9% granite dust, where the bearing capacity reaches its
peak. The direct shear test results show the difference between the untreated soil and
soil treated with 8% granite dust, and treated soil samples have much greater strength
compared to non-treated soil. One of the other construction and demolition (C&D)
debris used as a base or subbase material for geotechnical purposes is brick. A
laboratory study was performed by Arulrajah et al. (2011) to evaluate the performance

of recycled crushed brick (RCB) by applying some laboratory tests like California
5



bearing ratio and triaxial tests. The results of the testing program show that the RCB
can be useful compared to road design standards with both compaction and California
bearing capacity, but the authors suggest the use of RCB with other recycled
aggregates since the results of the triaxial tests show the RCB can be effective at
moisture content up to 65%; at higher water content, the strength values are decreasing.
Milled brick is used as a cementing agent for stabilizing two soil types, clay and silty
clay, by Hidalgo et al. (2019). Compaction test results reveal distinct effects on both
silty and clayey soils. Specifically, the incorporation of brick dust led to a reduction in
dry density and an increase in water content for the silty soil. In contrast, for the clayey
soil, there was an observed increase in dry density accompanied by a decrease in the
optimum water content. This discrepancy can be attributed to the inherent differences
in particle size, as clay particles are finer than brick dust, while silty soil particles are

coarser than brick dust.

Waste materials can be used together, apart from being used alone. Examples of this
situation have been explored in past studies. As an illustration, Rahmani et al. (2015)
conducted a study about utilizing reclaimed asphalt pavement (RAP) and recycled
concrete aggregates (RCA) in road pavement applications. Several laboratory tests and
field-testing programs were carried out to comprehend the usability of the RCA
mixture with 100, 50, 30, and 15% of RAP. The stain and resilient modulus at 15%
RAP are acceptable, but the CBR test results show that the more RAP/RCA increased,
the less CBR was achieved. This means that for any of the RAP/RCA ratios, the
requirements could not match. Another study related to stabilizing waste material and
its use for road construction as a base or subbase material was done by Mohammadinia
et al. (2017). The researchers are focused on comparing two different wastes,
reclaimed asphalt pavement (RAP) and crushed brick (CB), using another disposal
material, fly ash, with several proportions (0, 5, 10, 15, 20, 25, and 30% by dry weight)
at different temperatures (20° and 40° Celsius). The results of UCS tests show that the
compression strength for both RAP and CB increases by up to 15% of fly ash, but a
higher concentration of fly ash causes a reduction in strength because the FA changes
the microstructural structure of RAP and CB, and for all fly ash ratios, the strength is
greater at 40°C compared to 20°C. An interesting study related to comparing five
waste materials—reclaimed asphalt pavement (RAP), recycled concrete aggregates
(RCA), crushed brick (CB), waste rock (WR), and fine recycled glass (FRG)—in terms

6



of reuse in a geotechnical manner was done by Arulrajah et al. (2013) Many laboratory
experiments were conducted, and the results pointed out that FRG is less susceptible
to water absorption compared to other wastes, and the hydraulic conductivity is found
to be lower for CB and RCA than the others. Maximum dry density (MDD) was
highest and lowest for WR and FRG, respectively, and the cohesion values of the
materials are similar, whereas FRG shows no cohesion and RAP shows the highest.
Concerning permanent strain, RCA and WR show great potential for meeting

requirements, contrary to FRG and RAP.
2.3 The Use of Reclaimed Asphalt Pavement in Construction Applications

Asphalt pavement is one of the most frequently generated waste materials due to
construction and demolition events. It is very important to reutilize asphalt pavements
since this waste material does not disappear in nature over time, the production of new
aggregates is harmful to the environment and is expensive, and the aggregate of this
waste has many advantages in terms of engineering. There have been many studies on
this subject in the past, and important studies related to this thesis will be summarized.
Stabilization of the reclaimed asphalt pavement (RAP) by mixing with virgin
aggregates and adding a binder is a common technique. Khay et al. (2015) used cement
to stabilize RAP-mixed crushed aggregates. The experimental program was applied to
crushed aggregates and various percentages of RAP (0, 25, 50, 75, and 100%) by total
weight. The compression strength, indirect tensile strength, flexure strength, and
elastic modulus were worsened with the addition of RAP since, contrary to crushed
aggregates, RAP aggregates are coated with bitumen material and thus prevent the
interlocking ability of particles against any type of stress. The design requirements of
road pavements are achieved at 60% RAP, according to the testing program. The RAP-
Lateric soil mixture was stabilized with 0, 0.5, 1, 1.5, and 2% cement ratios by Edeh
et al. (2012). The gradation of the RAP became finer than the initial, and the plasticity
index increased with soil and cement. Compaction and CBR tests were conducted on
samples, and the results show that the maximum dry density increased with cement
content while the soil was kept constant and decreased with increased soil amounts in
the mixtures. The optimum moisture content increased parallelly with decreasing RAP
and increasing cement at constant soil. The bearing capacity CBR test was calculated

at 180% for the soaked condition (55% at 40% soil and 2% cement), and these values



meet the minimum for road design. Modified compaction tests and triaxial tests were
conducted on 100% reclaimed asphalt pavement (RAP) aggregates, 50-50% RAP-VA
(virgin aggregates), and 100% VA specimens in the study of Plati and Cliatt (2019) to
evaluate the resilient modulus (Mr) characteristic of RAP as a base or subbase material.
The optimum water content (OMC) increases slightly from 4.1% to 5.9% for 100%
RAP and 50-50% RAP-VA, then it reduces to 5.5% for only VA, and the maximum
dry density was found to be 2.079, 2.225, and 2.245 kg/m3 for RAP, 50-50% RAP-
VA, and VA, respectively. The close values of OMC point out that the bitumen
material did not coat the RAP aggregates, but in the aspect of MDD, the VA is more
compactible compared to RAP. VA has the highest confining stress compared to RAP-
containing tested samples, which are supported by a lower Mr of RAP and 50-50%
samples. Suebsuk et al. (2019) also researched the effect of the soil-water/cement ratio
on improving the engineering properties of RAP by conducting laboratory experiments
on soil- and cement-treated RAP. Lateritic soil was classified as clayey sand (SC)
according to USCS and well-graded clean gravel (GW) during the experimental
program. According to testing results, the maximum dry density (MDD) increases as
the soil ratio increases, but surprisingly, the optimum water content of samples does
not change dramatically. The compression stress increases greatly with higher soil
concentration at 28 days of curing, and the cement content also increases the strength,
but it decreases the ductility of the samples. Water content is also effective for strength;
as the WC increases, the peak stresses decrease. When the soil-water/cement ratio

increases, the unconfined compressive strength decreases.

Besides cement, another cementing material, lime, is used for utilizing RAP in
pavement design. For example, Alizadeh and Modarres (2019) carried out a study
regarding stabilizing RAP with various low-plasticity clay (CL) soil contents, bitumen
emulsion, and lime. The macroscale tests were conducted on RAP mixed with different
clay ratios (5, 10, 15, and 20% by dry weight), different bitumen emulsion content (3,
4,5, 6,7, 8, and 9% by dry weight), and a constant ratio of lime determined according
to previous studies considering economic and environmental concerns. Indirect tensile
strength test results for unconditioned specimens show an increment with increasing
clay content up to 15%, then it slightly decreases. However, in conditioned specimens,
it is found that the peak strength is achieved at 10% clay. The reduction in tensile

strength of specimens containing a higher clay ratio, such as 15%, can be referred to
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as the effect of lime during the process, increasing the durability with cementing
chemicals interreacting with clay minerals, but the excessive amount of clay could not
be consumed since the lime content was limited. Also, the tensile strength ratio (TSR)
was maximum at 10% clay since the curve is a classic parabola that first increases,
then decreases. At 15% clay, the Mr was highest, and the effect of bitumen emulsion
was not clearly observed. The authors recommend further investigation related to the
possibility of bitumen emulsion delaying the lime-clay mineral reactions. Alternatives
to chemical stabilizers, fly ash-based geopolymers (Class F FA) and RAP are used to
stabilize two types of soils: lean clay (CL) and elastic silt (MH) by Adhikari et al.
(2020). Different variations of materials (0-0, 15-10, and 25-25% Geopolymer-RAP
percentages by the total weight) were used during the experimental program, and
ordinary portland cement (OPC) was used by 5 and 10% of the soil weight for
comparison with Geopolymer-RAP. According to testing results, the UCS values
increase with FA and RAP at every percentage compared to the control. In a
comparison of CL and MH soils, low-plasticity clay has more strength compared to
high-plasticity silt. RAP increases the elastic modulus and density of the mixture, but
FA both increases and decreases these parameters depending on sodium silicate
content. The maximum UCS values were achieved at 25-25% FA-RAP mixtures,
whereas the proper amount of sodium silicate shows variation with CL and MH.
Compared to cement addition, geopolymer-added mixtures show higher resilient
modulus (Mr) and dynamic modulus. The durability of the FA-RAP-treated CL
matches the 10% cement-treated soil, contrary to the 5% cement, which was not
sufficient for durability. Geopolymer-RAP is found to be effective for stabilizing two
types of plasticity in soil by enhancing its strength, durability, and mechanical

properties to meet the minimum requirements of pavement design.
2.4 The Use of Biopolymers in the Construction Field

In recent decades, there has been a global shift towards a more environmentally
conscious worldview, particularly evident since the turn of the millennium. This shift
emphasizes the protection of nature through increased use of renewable energy, strict
controls on harmful waste, and efforts to conserve water and energy to combat the
climate crisis. This rationalized behaviour extends to engineering disciplines,

prompting studies to address environmental concerns. One notable concern is the



environmental impact of materials like cement and lime used in structural and
geotechnical engineering for soil improvement. In response, there has been a concerted
effort to identify environmentally friendly alternatives. Biopolymers, derived from
biological sources and known for their eco-friendly characteristics, have gained
popularity for improving soil parameters. This section provides a concise summary of
studies on the use of biopolymers for soil improvement, with a focus on geotechnical
applications, offering insights into sustainable engineering practices. Dehghan et al.
(2019) conducted a study to obtain information about the effectiveness of two
biopolymers, guar gum and xanthan gum, on stabilizing collapsible soil. A series of
laboratory experiments were performed, including compaction, triaxial, permeability,
and consolidation tests on samples prepared by soil and different percentages of
xanthan gum and guar gum (0, 0.5, 1, 2), and various curing periods (0, 1, 7, and 28
days). The local soil with 2.65 specific gravity used during experiments is classified
as silty clay with low plasticity, which is very similar to the soil used in this presented
study, and the biopolymers were provided by the industry. The testing program started
with a modified Proctor compaction test, and the graphic of maximum dry unit weight
and optimum water content versus biopolymer shows that the unit weight of soil
reduces when both guar gum and xanthan gum are added. In contrast to unit weight,
the optimum water content shows the opposite trend; it increases with biopolymer
content. The reduction in unit weight is similar for both guar and xanthan gum, but it
is always smaller for guar gum, especially at 1% biopolymer content. The xanthan gum
reduces the unit weight sharply compared to guar gum and other biopolymer contents.
Although xanthan gum decreases the unit weight of soil more compared to guar gum,
xanthan gum increases the optimum water content more than guar gum does. This
general behaviour is explained by the author by the fact that the water is absorbed by
the biopolymer particles and interacts with the fine soil particles, and because this
formation fills the pores in the soil, a structure that is large in volume but relatively
lighter in mass occurs. The absorption of this water thus explains the increase in the
optimum water content. The permeability tests were applied to two different dry unit
weights of soil (14 kKN/m?® and 15 kN/m?®). The results at both unit weights show that
xanthan gum is more effective in reducing the permeability of soil, though both guar
gum and xanthan gum reduce the permeability. Additionally, specimens containing
biopolymer have higher permeability at a longer curing time (28 days) than at a shorter

curing time (7 days), which is attributed to the effect of dehydration over time. The
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strength data received from the triaxial test at unconsolidated, undrained conditions
shows that the increased biopolymer in the sample leads to an improvement in strength.
Changing confining pressure did not affect the deviator stress seriously, but the
deviator stresses were slightly higher at 200 kPa confining pressure compared to 50
and 100 kPa. In addition, the curing effect was as expected; the stress strength of the
samples increased in parallel with the curing time. For example, 272 and 464 kPa
pressures were obtained for 1-day and 28-day curing at 100 kPa confining pressure,
respectively. Furthermore, higher deviator stress was achieved when the density of the
sample increased, and the comparison of xanthan gum and guar gum on strengthening
was evaluated by performing tests on the exact same condition, and the results show
that xanthan gum is more effective at improving the strength of the soil at 2%
concentration and 14 kN/m?® unit weight. Generally, although both guar gum and
xanthan gum are effective at enhancing the engineering properties of soil, xanthan gum
was found to be more effective than guar gum. The curing effect, variation of density,
and many different biopolymer concentrations were investigated, and in conclusion,

both guar gum and xanthan gum play a big role in reducing the collapsibility of soils.
2.5 The Use of Xanthan Gum in the Geotechnical Applications

Xanthan gum has been a popular organic stabilizer used for soil stabilization in
geotechnical applications due to its many advantages compared to other stabilizers.
Many studies have been carried out to put this popularity on a scientific basis (Lee et
al., 2017; Chen et al., 2019; Elkafoury & Azzam, 2020; M. Hamza et al., 2022;). One
of these studies, carried out by Chang et al. (2015), investigated the effect of xanthan
gum (XG) on stabilizing different soil types: sand (SP), natural soil (SM), red-yellow
soil (CL), and clay (CH) in many aspects, including the chemical and mechanical
interaction of XG and soil particles, soil type effect, long-term durability, the
effectiveness of XG concentration, and mixing methods, by performing micro- and
macro-scale testing programs. The unconfined compression test (UCS) conducted on
mixtures contains four different soils, various XG content (0, 0.5, 1, and 1.5%), 10%
cement on different curing periods (3, 7, 12, 21, 28, 63, and 750 days), and different
water contents. Soil-type effectiveness in strengthening is based on the gradation of
the soil. The UCS results indicated that the XG is more susceptible to enhancing

strength in fine-grained soils compared to coarser-grained soils due to the interaction
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of the XG with clay particles. The peak stress was achieved at 1.5% XG-treated red-
yellow soil, and the minimum stress values were at 0.5% XG-treated sand. The
strength gained in XG-treated sand is greater in percentage than that gained in CH.
The cured specimens show a great increment in strength, even in the long-cured
specimens, but when the water content of the specimens increases, the strength
decreases. The strength gain mechanism is mainly based on the bond firming between
clay minerals (XG) for fine-grained soils, but for coarse-grained soils like sand, the
strength comes from the matrixes formed between soil particles. For this reason, the
authors advised that adding a small amount of fine soil to coarse soils will be effective
on the performance of XG. Although the strength of soils increases with increasing
XG content, 1.5% was found to be optimal due to the high cost and workability of
using a high amount of XG, and generally, XG was proven to be effective in improving

the geotechnical properties of soil, especially in dry conditions.

Cabalar et al. (2018) have done experimental research related to improving the
engineering properties of clay with xanthan gum. Laboratory experiments were
conducted on samples prepared by mixing clay classified as CL and XG at different
contents (0, 0.5, 1, 1.5, 2, and 3%) over various curing periods (0, 7, 28, and 56 days).
Firstly, a reduction in maximum dry density (MDD) and an increment in optimum
water content (OMC) were observed from the standard proctor test. As XG
concertation increased, the amount of water that could be absorbed increased, but the
compressibility of the soil decreased since the XG interacted with water to form a
hydrogel. Moreover, the results of the unconfined compressive strength tests show a
linear reduction in measured stresses as XG increased at specimens tested
immediately, but at cured specimens, the strength values increased remarkably as XG
content increased. Even if the maximum stress was measured at a soil sample 56 days
cured and treated with 3% of XG, the stresses at 28 days and 56 days curing are so
close, as can be seen in Figure 2.1 below. Similarly, to compressive strength, the
energy absorption of samples calculated from UCS values increases parallel to XG in

the cured condition, but it shows no reasonable trend in the non-cured condition.
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Figure 2.1 The effect of curing time on UCS values at 3% XG (Cabalar et al., 2018)

The cohesion of the soil from the direct shear test increased not only with the XG but
also with curing time. The cohesion of the sample with 3% XG increased by nearly
30% at 56 days of curing compared to non-stabilized soil and increased by 25% at 56
days of curing compared to non-cured soil. However, the internal friction angle values
show a considerable linear reduction while XG increases, and as the curing time
extends, the internal friction angle slightly increases. Although the undrained shear
strength (su) increases with XG content for fall cone and laboratory vane shear and
test results show similar trends in reacting with XG in both tests, the undrained shear
strength values have major differences. Undrained shear strength from the laboratory
is higher than strength from the fall cone test, and an equation was built to show the
correlation between the two test values. Additionally, 1-dimensional consolidation
tests were carried out using an oedometer apparatus, and from the results, both
compression (Cc) and expansion indexes (Ce) increased with increasing XG content.
According to the Cc trend, the soil became more susceptible to compressibility, but Ce
shows the volumetric deformation is mainly elastic. The increasing swelling ratio up

to 1.5% XG supports this idea. Xanthan gum was very effective in reducing the
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permeability of the soil as well. Overall, xanthan gum at a low ratio was sufficient for

improving the engineering properties of low-plasticity clay soil.

The main working mechanism of xanthan gum is its interactions with water and fine-
grained soil particles. For this reason, Nugent et al. (2009) have decided to investigate
the interaction of two different biopolymers, xanthan gum and guar gum, with high
plasticity clay (CH) in their study by focusing on the liquid limit. Different proportions
of xanthan gum (0.25-10%), guar gum (0.25-3%), CH, and some salts (0.1 M
Ca(N03)2,0.01 M KCl, and 0.01 M NaCl) were used to achieve a biopolymer solution
for observation of the fluence of several cations (Ca2*, Na*, or K¥). The mixtures were
subjected to liquid limit tests using the Casagrande apparatus by following the related
ASTM standard, and the results of the experiments point out that the increasing
biopolymer content leads to an increasing liquid limit, especially with guar gum, due
to the more hydrogel-formed. Moreover, the cations caused a reduction in the liquid

limit by absorption of the biopolymer molecules.

Another comparison of guar gum and xanthan gum on soil stabilization was covered
by Mugada et al. (2017). In this study, soil containing 20% kaolin, 70% sand, and 10%
gravel was stabilized by various contents (0, 0.5, 1, 1.5, 2, and 3% by dry weight) of
guar gum and xanthan gum at 7- and 28-day curing periods. Both xanthan gum and
guar gum increase the compression strength from unconfined compressive strength
tests for all curing periods. At 7 days, the curing sample contains 3% XG, which
reaches the maximum UCS value, but generally, at the same concentration, for guar
gum and xanthan gum, the strength values are very close for both 7 and 28 days. Air-
dried samples’ strengths were compared to the maximum strengths of 7 and 28-day-
cured cement-stabilized soil and non-treated samples. Specimens with biopolymer are
always higher than the non-treated sample, and the strength of the sample treated with
guar gum at 1.5% or a higher percentage and cured for 28 days passes the strength
values of cement-treated samples for both 7 and 28 days. However, the 7-day-cured
guar gum-treated samples’ strength can only pass the cement-treated soil strength. For
the xanthan gum, the strength of samples treated with 1.5% biopolymer content and
cured for both 7 and 28 days stays between the strength of the 7-day cured cement-
treated sample and the 28-day cured ones. At higher concentrations, it is much higher

than cement-treated samples. Generally, guar gum is found to be more effective at
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strengthening the soil compared to xanthan gum, but both biopolymers are sufficient
to be used in soil stabilization.

Most of the waste materials produced from demolitions are concrete, and to reduce the
harmful impact of the intense amount of concrete, the material has been recycled and
used for various engineering purposes (Rahman et al., 2015; Tavakol et al., 2020).
Corinaldesi (2010) studied the potential of using recycled concrete aggregates (RCA)
in producing concrete. Slump and compression tests were carried out on concrete
samples prepared with a 0.40 to 0.60 water/cement ratio and different contents of pure
virgin aggregates, replacing 30% of fine or coarse aggregates with recycled
aggregates. The compression results indicate that the strength of C32/40 concrete can
be reached by using 30% RCA instead of using new aggregates. Another perspective
on replacing natural aggregate with RCA is the effect of RCA on concrete bond
strength with reinforcing steel, as investigated by Butler et al. (2011). In the study, two
different RCAs were used to replace the natural aggregates by 100%. The study shows
that concrete prepared with both RCA types has a higher compression strength
compared to the one with natural aggregate, and the correlation between bonding
strength and RCA is based on the average crushing value of the RCA, which is lower
than the strength with natural aggregates.

Two different biopolymers, xanthan gum (XG) and e-Polylysine (EPL) are used to
stabilize the engineering properties of soft marina soil classified as high plasticity clay
(CH) by Kwon et al. (2019). A series of laboratory experiments were conducted on
specimens prepared by mixing soil with XG (0, 0.5, 1, and 2% by weight of dry soil)
and on specimens prepared by mixing soil with EPL (0, 0.1, 0.25, 0.5, 1, and 2% by
weight of water content). Experiments including consistency tests fall cone tests,
laboratory vane shear tests, consolidation tests, laboratory sedimentation tests, and
unconfined compression tests were performed, and the first data from the Atterberg
limit tests shows that both liquid and plastic limits increase with increasing XG content
in the mixture. The reason for this situation was attributed to the fact that XG interacts
with water and forms hydrogels. Findings from the fall cone and laboratory vane shear
tests indicated that XG significantly increases the shear strength at the same water
content; this reason was not different from the reason for the increment in the LL and

PL. Moreover, in consolidation, a single XG content (0.5%) was used for comparison
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with untreated soil rather than using several XG contents. The testing results were
determined according to the vertical stress magnitude, and at low vertical stress
(shallow depths), the specimen including XG showed less compressibility compared
to untreated soil. Contrary to low (<50 kPa) vertical stress, higher vertical stress causes
much more reduction in the void ratio. When XG increases, the coefficient of
consolidation decreases, and parallelly, the permeability of the soil also decreases,
which means that the time for the consolidation to take place increases. The settling
rate increases with increasing EPL ratios, and the final void ratio decreases with
increasing EPL content, so EPL accelerates sedimentation. Untreated, treated with 1%
EPL, and 1% XG-treated specimens subjected to 48 and 168 hours of curing were
introduced into the UCS experiment. The compressive strength of soft marina soil
increases dramatically when the curing period is long (168 hours), compared to 48
hours of curing regardless of the type of biopolymer. EPL shows no significant
improvement in strength compared to non-treated soil, but XG increases the UCS
values of soil for both curing periods. In general, both EPL and XG can be used as

stabilizers to improve the geotechnical properties of soft marine soil.

Another important study related to the usage of xanthan gum in geotechnical soil
improvement was carried out by Chang et al. (2021). The study was focused on the
undrained shear strength of two types of clay (kaolinite and montmorillonite) treated
with xanthan gum (0, 0.1, 0.5, 1, and 2% DI water solution), brine, and kerosene. Two
types of tests were performed (the fall cone test and the laboratory vane shear test) to
evaluate the undrained shear strength of specimens. The testing results show that the
effect of xanthan gum on undrained strength is visible. As a result of compression,
clays with DI water’s test results were observed, and kaolinite with DI water was found
to reach maximum undrained shear strength with 0.5% XG, while higher XG
concentrations caused a reduction in sy. The reduction in shear strength at high XG-
soil ratios was attributed to However, sy values drop gradually parallel to the increase
in XG content of montmorillonite, which contains DI water solution, where the highest
shear strength was reached at 0% XG. Furthermore, the s, value of montmorillonite is
higher compared to kaolinite with DI water at the same water content. Montmorillonite
has a greater capability of holding water compared to kaolinite since its specific
surface area is greater than kaolinite’s. The sy was measured higher at montmorillonite

than kaolinite, though brine and kerosene dropped the undrained shear strength of
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mixtures. Ni et al. (2020) have carried out a study approaching biopolymer-treated soil
with a particular aspect. The study was focused on two major considerations, one of
which is the effect of variable initial water content on soil stabilization by using
xanthan gum biopolymer, and the other is the evaluation of the fatigue of xanthan gum-
treated soil under constant-amplitude and stepping-amplitude fatigue loading tests at
optimum water content. The stabilized soil was collected from a construction field and
classified as sand-lean clay, which has 17.3 kN/ms unit weight and 2.73 specific
gravity. Mixtures prepared by mixing clay and xanthan at a ratio of 0, 1.0, 2.0, 3.0,
4.0, and 5.0 XG/Clay in dry conditions were subjected to a series of laboratory
experiments, including standard compaction tests, Atterberg limits tests, unconfined
compression tests, and fatigue loading tests according to related ASTM standards.
Initially, based on the testing results, the XG affected the optimum moisture content
(OMC) and maximum dry density (MDD) in the opposite way. It was observed that
the liquid limit (LL) and plastic limit (PL) increased gradually in parallel with the
biopolymer/dirt ratio. The challenging effect of XG was observed by applying
unconfined compression tests to different biopolymer/soil ratios (0%-5.0%) under
several initial moisture contents (16.5, 20, 23, 26, 30%). According to testing results,
the XG improves the compression strength of the soil compared to non-treated soil by
increasing the peak stresses and strain tolerance of the soil. The UCS value of untreated
soil increased gradually and reached its peak point at 23% initial moisture content; at
any further moisture content, the strength decreased compared to the previous water
content. However, the XG-treated soils show higher compression strength at higher
initial water content. Additionally, the fatigue loading tests were applied to the
prepared sample, and the results pointed out that the increase in XG content in the
mixture leads to an improvement in the fatigue life of the sample against loading cycles
at each maximum stress to unconfined compression strength ratio.

Cabalar et al. (2017) investigated the application of xanthan gum (XG) as an
environmentally friendly biopolymer in geotechnical engineering. The study focused
on evaluating its impact on key geotechnical parameters (compressibility,
permeability, strength, and stiffness) under varying concentrations (0%, 0.5%, 1%, and
1.5%). The research utilized constant head permeability tests, oedometer tests,
unconfined compression tests, and triaxial tests. A specific gravity of 2.68 sand
samples, ranging from 0.075 to 1.0 mm in particle size, was used. XG, an organic

biopolymer, served as a stabilizer. Results indicated a reduction in permeability with
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increasing XG concentration, attributed to the formation of highly viscous gels
impeding water flow through soil pores. Oedometer tests demonstrated XG's impact
on compressibility, with increased XG ratios leading to heightened compressibility due
to reduced friction between sand particles. Unconfined compression tests revealed
increased strength with higher XG ratios and curing times, reaching a maximum of
2.71 MPa at 1.5% XG after 28 days. Triaxial tests under consolidated-drained
conditions showed that XG increased deviatoric stress resistance at both 100 kPa and
250 kPa confining pressures. However, brittleness and ductility varied: XG enhanced
ductility at 250 kPa but induced a more brittle behaviour at 100 kPa. Cohesion (c)
increased linearly with higher XG content, while the internal friction angle (¢) showed
no significant change, decreasing from 33° to 29° for clean sand and 1.5% XG-added

samples.

In summary, the study underscores xanthan gum's potential for enhancing geotechnical
properties, including compressive strength, permeability, compressibility, and shear

strength in sandy soils.

One of the most important studies about biopolymers in geotechnical use was
conducted by Chang et al. (2015). The focus of the study was investigating several
perspectives such as soil type effect, durability, biopolymer content effect, and mixing
method effect of the xanthan gum-treated four different soil types: sand (SP), natural
soil (SP-SM), red-yellow soil (CL), and clay (Kaolinite, CH) at various curing periods
(3,7,12, 14, 21, 28, 63, and 750 days). The testing results showed that xanthan gum
generally improves strength through interaction with fine particles of soil like clay, as
the cementation and bonding agents can be clearly seen in scanning electron
microscopy images. The compressive strength values of 1% XG-treated specimens
were variable for different soil types. The maximum strength was measured in a
specimen with red-yellow soil, while the minimum strength was measured in sand.
The reason for the strength difference between red, yellow, and sandy soils was the
interaction of XG with fine particles, which are relatively less in sandy soil. The
stiffness of the soils was evaluated by calculating the elastic modulus, where the
stiffest soil was natural soil. Additionally, 10% cement-added red-yellow soil was
tested to compare the 1% XG effect strength gain, and the red-yellow soil contains 1%

XG, which is higher than the specimen with cement, and its elastic modulus is lower
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than that of cement-treated soil. Moreover, the durability aspect of XG treatment was
emphasized by conducting compressive strength tests on specimens subjected to
various curing periods. The compressive strength of both clay and sandy soil increased
with increasing curing time. Dehydration was the main factor leading to strength
improvement, and strength and stiffness were not observed even after a 750-day
period. In general, the compressive strength increased with increasing XG content for
sand, natural soil, and red-yellow soil. The findings were that it increases with higher
XG concentrations, but the most effective XG content was found to be between 1%
and 1.5% because workability becomes a problem at high XG concentrations.
Although the factors were different, the strength of all soils can be improved by XG

treatment.

Biopolymers are also effective in treating soils that are collapsible, low-shear, or
expansive. Xanthan gum was used to check the possibility of reducing the effect of
weak engineering properties of soils on construction use by Singh and Das (2020). The
study contains many experiments, such as consistency limit tests, proctor tests,
compressibility tests, and hydraulic conductivity tests on mixtures of high plastic silt
(CH) and xanthan gum (XG) by 0, 0.2, 0.5, 0.8, and 1.0% weight of the total. The
liquid limit increases with XG up to 0.8% concentration, then decreases to a certain
level. But contrary to the liquid limit, the plastic limit shows no decrement; it shows a
continual increment. For this reason, the plastic index increases up to 0.5% XG
content, then starts to decrease. Additionally, linear shrinkage increases and the
shrinkage limit decreases while the amount of XG in samples increases. A classical
unit weight-moisture content curve was observed from light compaction tests. The dry
unit weight of samples increases up to a specific water content (21%), then starts to
decrease. However, the difference in XG content does not show a reliable change in
dry unit weight. For moisture content, XG increases the optimum water content by
having the capability of absorbing a large amount of water. The curing effect was also
investigated during strength tests. At both curing times, the XG was found to be

effective in improving the maximum compression strength achieved.

Two different soils: bentonite and kaolinite which are considered as problematic soils
due to their insufficient engineering properties such as shear strength and

compressibility were tested with and without treatment of xanthan gum by Latifi et al.
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(2016). The laboratory testing program includes compression tests, direct shear tests,
and consolidation on specimens prepared with different xanthan gum contents and
cured at different time intervals. The UCS results showed that strength of the both soils
increased with increased XG content and curing time. The majority of the
strengthening took place during the first 28 days, so there was only a small difference
between 28 and 90 days of curing. The compressive strength increased greatly up to
1% and 1.5% XG content for bentonite and kaolinite respectively which are considered
optimum ratios since after these points the increment magnitude was lower. The
growth in strength was attributed to the formation of cementitious products the and
electro-static reaction between XG monomers and clay particles. Direct shear tests
were performed on specimens with 1% XG for bentonite and 1.5% XG for kaolinite at
different curing periods (7, 28, and 90 days). The cohesion of both treated bentonite
and kaolinite increased over time, and the internal friction angle varied slightly at the
optimum XG contents. The cohesion of 1% XG treated bentonite was found to be 454
kPa which is five-es of the value of untreated soil (95 kPa) and the internal friction
angle increased from 21 to 24 degrees at 7 and 28 days curing respectively. The
oedometer test results generally the compressibility of the soil decreased with curing
time, besides, during the testing, the XG content was kept constant so the effect of
variability of the XG was not aimed to be observed. When the curing period increased,
the void ratio-pressure curves closed in, and specimens with 90 days of curing showed
the least strain. Additionally, compression indices and swelling indices dropped
remarkably up to 30 days after that reduction was slight. After all, XG was proved to
be effective in increasing compressive strength, increasing cohesion, and reducing
compressibility and swelling of both bentonite kaolinite, additionally, the curing

showed great impact on the engineering properties of the soils.

Kwon et al. (2023) conducted an insightful exploration into the impact of xanthan gum
on the consolidation and swelling behaviour of kaolinite clay. The study unveiled
noteworthy alterations in the material's characteristics following the introduction of
xanthan gum into the clay matrix. Specifically, the research elucidated that the
inclusion of xanthan gum precipitated discernible reductions in both the consolidation
degree and swelling propensity of the clay. The observed effects were explicated by
the remarkable capacity of xanthan gum to establish a thin, continuous film on the clay

surface. This film, in turn, serves to mitigate the aggregation of clay particles, thereby
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impeding the unrestricted diffusion of water into the clay structure. A comprehensive
analysis was conducted, encompassing three distinct concentrations of xanthan gum
(0.1%, 0.2%, and 0.3%), alongside control samples devoid of xanthan gum. The
obtained results illuminated a compelling trend, indicating that the incorporation of
xanthan gum engendered diminished values for both the void ratio and swelling ratio
in comparison to the control samples. This outcome suggests a profound influence of
xanthan gum on the clay matrix, manifesting in a more compacted and less-swellable
structural configuration. The discerned impact underscores the potential of xanthan
gum as a modulating agent in tailoring the geotechnical properties of clay, presenting
avenues for enhancing the material's stability and reducing its susceptibility to

volumetric changes.

The study by Chen et al. (2019) investigates the impact of drying on the shear strength
of xanthan gum biopolymer-treated sandy soil. Biopolymers, recognized for their
environmental friendliness, have gained prominence in civil engineering. The research
highlights the significance of drying in the behaviour of biopolymer-treated soil,
specifically focusing on xanthan gum biopolymer and sand interaction during drying
processes. At high water content levels, xanthan gum biopolymer initially exhibits
limited effects on the sandy soil. However, as the water gradually evaporates, the
bonding properties of the biopolymer become apparent, leading to an increase in soil
shear strength when dried at 40°C. Conversely, samples dried at 20°C show an outer
surface cemented and crystallized by the biopolymer while the inner part remains
moist and weakly cross-linked, resulting in weak shear strength. Complete water
evaporation under both drying conditions significantly boosts shear strength, but
inconsistencies arise due to biopolymer shrinkage and brittleness. The study employs
direct shear tests on more than a hundred samples prepared with varying
concentrations of xanthan gum biopolymer. The results demonstrate that the
biopolymer-treated soil's shear strength is influenced by drying conditions, with
enhanced strength observed after water evaporation. Scanning electron microscope
images reveal the interaction between biopolymer and soil particles, forming
aggregates that contribute to increased strength. The bonding property of xanthan gum
biopolymer is examined, showing a substantial increase in adhesive stress after drying.
In conclusion, the research provides valuable insights into the drying effects on

xanthan gum biopolymer-treated sandy soil shear strength, elucidating the intricate
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interplay between drying conditions, biopolymer concentration, and soil behaviour.
The findings contribute to the understanding of the potential applications and
limitations of biopolymers in soil stabilization, particularly in the context of varying

moisture levels.

In the realm of geotechnical engineering, the research conducted by Lee et al. (2017)
presents a substantial contribution to the understanding of soil behaviour, particularly
focusing on the influence of xanthan gum biopolymer treatment on sand. The
comprehensive study, documented in Geomechanics and Engineering, unfolds in four
distinct sections, each meticulously exploring different aspects of the geotechnical
shear behaviour of xanthan gum-treated sand. The authors delve into the unique
characteristics exhibited by sand in the presence of xanthan gum across various
hydrogel phases—initial, dried, and re-submerged conditions. Of significant note is
the detailed examination of the impact of xanthan gum on shear strength properties,
revealing distinctive behaviours such as heightened peak shear strength in the dried
state and the consequences of gradual swelling during re-submersion. This research
elucidates the intricate interplay between xanthan gum hydrogels and sand particles,
shedding light on the mechanisms governing soil improvement. The findings of Lee et
al. offer valuable insights into environmentally friendly soil improvement materials,
positioning xanthan gum as a noteworthy player in altering shear strength properties.
The study's relevance extends to practical applications in geotechnical engineering,
providing a nuanced understanding of the factors influencing soil behaviour and
offering a foundation for the development of sustainable soil improvement techniques.
Through their meticulous exploration of xanthan gum-treated sand, Lee et al.
contribute significantly to the existing knowledge base, paving the way for further
advancements in the field and emphasizing the potential of biopolymers in

geotechnical engineering practices.

The study conducted by Lee et al. (2017) delves into the geotechnical shear behaviour
of Xanthan Gum biopolymer-treated sands, primarily scrutinizing its performance
under varying confining stress conditions. This investigation builds upon earlier
studies that validated the strengthening effects of biopolymer-treated sands through
direct shear tests and uniaxial compression tests. Notably, the novelty of Lee et al.'s

(2017) work lies in its exploration of shear behaviour under different confining stress
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conditions, a facet largely unexplored in prior research. The study conducted triaxial
testing with representative confining pressures, unravelling the impact of biopolymer
content on shear resistance. The findings, which demonstrated a substantial increase
in cohesion and friction angle, underscored the effectiveness of the biopolymer
treatment, particularly when the biopolymer film matrix was comprehensively
developed. Furthermore, Lee et al. (2019) contributed to this body of knowledge by
investigating the laboratory triaxial test behaviour of xanthan gum biopolymer-treated
sands. This subsequent study added depth to the understanding of biopolymer-treated
soils, offering insights into their elastic-plastic behaviour and strain-softening
characteristics under different hydraulic conditions. The choice of Sydney sand as the
testing material and Xanthan Gum as the biopolymer in these studies provides specific
details crucial for replicability. Collectively, these works contribute valuable insights
into the geotechnical applications of biopolymers, suggesting their feasibility for soil
stabilization purposes, especially in scenarios involving varying confining pressures.
The nuanced exploration of the interplay between biopolymer content, hydraulic
conditions, and shear behaviour in these studies enriches the existing literature and
provides a solid foundation for further research in the domain of environmentally
sustainable soil improvement methodologies.

Wang et al.'s (2021) comprehensive exploration of red clay stabilization with xanthan
gum presents a significant advancement in geotechnical engineering. The study
meticulously investigates the mechanical properties of treated red clay, providing
insights crucial for soil stabilization applications. The investigation begins by
assessing the porosity ratio, revealing a substantial alteration with varying xanthan
gum content and curing ages. Notably, a distinct threshold at 1.5% xanthan gum
content is identified, showcasing a remarkable increase in anti-compression effects by
59.83%-76.05%. Moving to compression properties, the study highlights that, after 28
days of curing, the 1.5% xanthan gum-treated soil exhibits a maximum compression
modulus of 33.14 MPa and a minimum compression coefficient of 0.03 MPa-1. The
direct shear test results demonstrate a substantial enhancement in shear strength
parameters. Under various vertical loads, the shear strength of the treated soil,
particularly with 1.5% xanthan gum content, surpasses that of untreated red clay. The
cohesion of the 2.0% treated soil increases by an impressive 69.79% compared to red

clay, emphasizing the significant influence of xanthan gum content on cohesive
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strength. Microscopic analysis using scanning electron microscope images further
elucidates the microstructural changes induced by xanthan gum, showcasing the
formation of gels and biopolymer matrices. This multiscale examination of red clay
stabilization contributes foundational knowledge for optimizing xanthan gum dosages,
enhancing our understanding of the intricate interplay between xanthan gum, curing
ages, and the mechanical behaviour of red clay. These findings have profound
implications for the development of sustainable soil stabilization techniques in

geotechnical engineering.

n the seminal work conducted by Hamza et al. (2022), the investigation into the
geotechnical implications of integrating Xanthan Gum (XG) as a soil stabilizer in
subgrade construction yielded comprehensive insights into diverse aspects of soil
behaviour. The study's breadth extended from examining compaction properties to
elucidating microstructural alterations, presenting a nuanced understanding of the
material’s response to XG treatment. Noteworthy findings emerged from the modified
compaction curves, revealing the flexible nature of XG-treated soil and its capacity to
attain desired density over a wide moisture content range. The reduction in Maximum
Dry Density (MDD) by 9.1%, coupled with a 20.3% increase in Optimum Moisture
Content (OMC) at 5% XG content, showcased a balance in achieving field-appropriate
densities. Crucially, the treated samples adhered to the permissible dry density
requirements for subgrade construction, highlighting the pragmatic application of XG
in optimizing soil compaction. Moving beyond compaction, the study delved into
shear strength properties, demonstrating a substantial enhancement with higher XG
dosages and prolonged ageing periods. The introduction of predictive models
underscored the correlation between XG content, ageing time, and soil strength
parameters, establishing 1.5% XG content as optimal for transforming subgrade soil
from a medium to hard quality. The substantial improvements in California Bearing
Ratio (CBR) values, reaching 6-9 times at optimal XG content, positioned the soil as
a hard-quality subgrade, accentuating the material's potential for robust load-bearing
capacities. Moreover, the study addressed swell-consolidation properties, revealing a
transformative impact on consolidation parameters, swell potential, and swell
pressure. Reductions of 83% and 82% in compression and rebound indices,
respectively, with optimal 1.5% XG content, signified enhanced soil stiffness over

time. The microstructural studies, employing Scanning Electron Microscopy (SEM),
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visually validated the development of hydrogels and crosslinked elements within the
soil matrix, elucidating the mechanisms behind the observed improvements in
strength, compressibility, and swelling behaviour. In conclusion, Hamza et al.'s
comprehensive study positions XG as a highly effective soil stabilizer, offering
sustainable and cost-effective solutions for subgrade construction challenges, with
implications reaching beyond numerical results to encompass predictive models and
microstructural elucidation, contributing significantly to the evolving field of

geotechnical engineering.

The paper under consideration provides a comprehensive literature review on the
utilization of Xanthan Gum (XG) biopolymer in road pavement subgrade construction,
as investigated by Cabalar et al. (2023). This study contributes to the broader field of
soil stabilization, aligning with previous research endeavours aimed at enhancing the
mechanical properties of weak subgrade soils. The authors acknowledge the
foundational work conducted by Cabalar et al. (2023), wherein the geotechnical
implications of incorporating XG as a soil stabilizer were thoroughly explored.
Building upon this seminal research, the paper systematically reviews various facets
of soil behaviour, ranging from compaction properties to microstructural changes
induced by XG. The alteration of compaction curves highlights the flexible nature of
XG-treated soil, ensuring optimal density across diverse moisture content levels.
Noteworthy numerical results include a 9.1% reduction in Maximum Dry Density
(MDD) and a 20.3% increase in Optimum Moisture Content (OMC) with a 5% XG
content. The examination of shear strength properties reveals a significant
enhancement, even at lower XG dosages, with the introduction of predictive models
demonstrating correlations between XG content, ageing time, and soil behaviour. The
application of 1.5% XG content transforms the subgrade soil into a hard quality,
surpassing minimum requirements. Further analyses showcase substantial
improvements in California Bearing Ratio (CBR) values, underscoring the cost-
effectiveness and sustainability of XG-treated soil in subgrade construction. Swell-
consolidation properties are also scrutinized, indicating notable reductions with
optimal XG content. Microstructural studies through Scanning Electron Microscopy
(SEM) visually validate the development of hydrogels and crosslinked elements within
the soil matrix. In conclusion, this literature review emphasizes the efficacy of XG as

a soil stabilizer, offering valuable insights into sustainable and cost-effective subgrade
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construction. The inclusion of numerical results, predictive models, and
microstructural observations enhances the understanding and implementation of XG
to address challenges associated with weak subgrade soils. Recommendations for
future studies include exploring XG's performance under additional environmental
vulnerabilities, coupled with field studies and cost analyses for practical applications

in the construction industry.

The study conducted by Dehghan et al. (2019) explores the application of xanthan gum
and guar gum, two types of biopolymers, as environmentally friendly additives for the
stabilization of collapsible soils. The investigation encompasses a comprehensive set
of laboratory experiments, including compaction, consolidation, permeability, and
unconsolidated-undrained triaxial tests, aiming to quantify the impact of these
biopolymers on various engineering properties. In terms of compaction, the results
reveal that the addition of xanthan gum and guar gum leads to a reduction in the
maximum dry density, with values decreasing from 18.83 kN/m? to 17.55 kN/m? for
2% xanthan gum and 17.65 kN/m?® for 2% guar gum. The optimum moisture content
increases from 13.2% to 17.2% for 2% xanthan gum and 16.1% for 2% for guar gum.
Permeability tests illustrate a significant reduction in permeability due to the addition
of biopolymers, with a decrease of 18.6% for 0.5% xanthan gum and 88% for 0.5%
guar gum. The study also explores the stress—strain behaviour, demonstrating a
substantial increase in maximum soil strength from 228.7 kPa for natural soil to 550
kPa for soil modified with 2% xanthan gum. Additionally, scanning electron
microscopy (SEM) results provide visual evidence of the direct interaction between
xanthan gum particles and soil particles, highlighting the bonding mechanisms
contributing to improved soil strength. Overall, the findings from Dehghan et al.
(2019) underscore the potential of xanthan gum and guar gum as effective additives in
enhancing the engineering properties of collapsible soils, offering a sustainable
alternative in geotechnical applications.

Numerous investigations have been conducted to explore the utilization of xanthan
gum biopolymers in the modification of geotechnical properties across various soil
types, encompassing sand, clays with varying plasticity levels, silty clays, silts, and
silty sands. In the subsequent sections, the studies in question have been duly

referenced, signifying their inclusion in the scholarly discourse. However, it is
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imperative to note that a comprehensive examination of each study has been
intentionally deferred within the confines of this section. The purpose of this deferment
is to prioritize a nuanced and in-depth analysis of pertinent themes and findings,
ensuring a more detailed exploration in subsequent sections of the discourse (Ayeldeen
et al., 2017; Biju & Arnepalli, 2020; Cabalar & Canakci, 2011; Sojeong Lee et al.,
2019; Soldo et al., 2020).
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CHAPTER 3
MATERIALS AND EXPERIMENTAL METHODOLOGY

3.1 Introduction

This section provides a detailed exploration of the mechanical and physical characteristics of
the materials incorporated in all mixtures, emphasizing a comprehensive analysis through
laboratory experiments. The preparation of specimens strictly adheres to the standards set by
the American Society Testing and Materials (ASTM) and the British Standards (BS).
Specifically, reclaimed asphalt pavement (RAP) is utilized as an aggregate, while xanthan gum
assumes a dual role as a binder and stabilizer for clay soil within the examined mixtures. The
experimental phase encompasses a suite of laboratory tests meticulously conducted in
accordance with both ASTM and BS standards. These tests include the Atterberg limit test,
fall cone penetration test, compaction test, specific gravity test, vane shear test, unconfined
compression test, one-dimensional consolidation test, California bearing capacity test, and
direct shear test. Each test contributes to a comprehensive understanding of the mechanical
and physical attributes of the mixtures, as delineated in Table 3.1. The decision to utilize 10%
reclaimed asphalt pavement (RAP) in the study was influenced by the findings of Al Yahya
Bag's (2018) doctoral dissertation, which identified this concentration as optimal for
enhancing geotechnical properties. Concurrently, studies by Chang (2015), Latifi (2016), and
Cabalar (2018) underscored the effectiveness of xanthan gum (XG) within the concentration
range of 1% to 3%. In order to harness the benefits of both materials while minimizing their
proportions, we opted for the lower end of the effective range for XG, employing
concentrations of 0.5%, 1%, and 3%. This strategic selection aligns with the goal of
maximizing the impact of RAP at its identified optimal concentration while ensuring the
efficacy of XG within a range that balances effectiveness and economy. The commitment to
precision is underscored by the rigorous adherence to established standards, ensuring the
robustness and reliability of the research methodology. The inclusion of diverse experiments
offers a nuanced perspective on the materials under investigation, enhancing the scholarly

rigour and clarity of the study.
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Table 3.1 Description of samples

Materials Silty Sand Reclaimed Asphalt Xanthan
(SM) (%) Pavement (RAP) Gum (XG)

(%) (%)

Control Soil 100 0 0

90% SM+10% RAP 90 10 0

89.5% SM+10 RAP+0.5% XG 89.5 10 0.5

89% SM+10% RAP+1% XG 89 10 1

87% SM+10% RAP+3% XG 87 10 3

3.2 Materials

In this part of the thesis, materials used during the experimental program—the soil and
two additives—were examined, and certain physical and chemical properties of these

materials were detailed.
3.2.1 Soil

Natural soil obtained from the Gaziantep University campus in Gaziantep province
will be used in the experiment. The collected sample contains a large amount of brown
to red soil, which seems like cotton soil that is very fertile for agricultural use in the
southeast of Turkey, but it is quite unsuitable for construction purposes since it has
low bearing capacity and high compressibility (Mohammed & Alhassan, 2018; Wang
etal., 2021). The light brown soil was gathered with its natural water content as shown
in Figure 3.1 below and the scanning electron microscope (SEM) images presented in
Fig. 3.6(a). The liquid limit (LL) and plastic limit of soil were determined as 31.36 and
23.25, respectively, as listed in Table 3.2 by performing the Atterberg limit test
according to ASTM D4318 (2017), and the soil material was classified by the sieve
analysis test by following ASTM D2487 (2017), as the gradation curve of soil is shown
in Figure 3.2, Silty Sand (SM), according to the Unified Soil Classification System
(USCS).
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Figure 3.1. The soil material used in experiments

Table 3.2 Several characteristics of the soil utilized in the experiments

Parameter Unit Value
Natural water content, wx % 16.4
The plastic limit, PL % 23.25
Liquid limit, LL % 31.36
Specific gravity, Gs 2.68
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Figure 3.2. Particle size distribution of the silty sand, reclaimed asphalt pavement and

90% silty sand-10% reclaimed asphalt pavement

3.2.2 Reclaimed Asphalt Pavement

A recycled well-graded sand with gravel (SW) according to ASTM D2487 (2017) was
used during laboratory experiments. The reclaimed asphalt pavement (RAP) is a
disposal material for an out-of-service road, and it was provided by the municipality.
The RAP contains aggregates covered with bitumen and has various shapes that, as
shown in Fig. 3.3, provide different properties like strength, porosity, and durability

against dragging, freezing, and thawing, and Fig. 3.5(b) shows the SEM images of the
RAP.
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Figure 3.3. The reclaimed asphalt pavement (RAP) used during experiments

3.2.3 Xanthan Gum

In the context of this study, a polymer derived from Xanthomonas campestris,
specifically xanthan gum (C107H158090K5), is utilized in its powdered form
throughout the experimental program. The visual representation of Xanthan gum is
elucidated in Fig. 3.4, with a corresponding scanning electron microscope (SEM)
image provided in Fig. 3.5(c). Xanthan gum, a versatile polymer, serves multiple
functions within various industries. Primarily, it functions as an emulsion stabilizer
and a heat stabilizer. Additionally, it assumes the role of a water-based suspension
thickener, functions as a hydrophilic colloid, and contributes to viscosity stabilization,
particularly within the food industry. The dual presentation of Xanthan gum through a
graphical depiction and a microscopic image enhances the clarity and visual
understanding of the material's appearance, a key aspect in comprehending its potential
applications and contributions within the experimental framework. (Garcia-Ochoa et
al., 2000; Bouazza et al., 2009).
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Figure 3.4. Xanthan gum utilized in the experiments
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Figure 3.5. Scanning Electron Microscope images of (a) SM, (b) RAP, and (c) XG
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3.3 Sample Preparation

During the experimental program, each test has its own preparation process according
to related standards (ASTM, BS, and TS). The soil is sieved from sieve No. 18 (1 mm)
(sieved from a smaller sieve for some tests like the fall cone test, which will be detailed
in the 3.4 Experimental Methodology section) to ensure homogeneity and prevent the
entrance of extraneous materials. The sieved soil was left in the laboratory for 24 hours
to be able to obtain 100% dry soil, each time used for a test, and it was mixed with
RAP, which was sieved from No. 4 (4.76 mm) and dried xanthan gum in specific
proportions as shown in Table 3.1. Following the blending of ingredients, the resultant
mixtures are placed in isolated bags or containers to ensure uniform moisture

distribution in the samples.
3.4 Experimental Methodology

The process for each test, including some specific arrangements by following related
standards, will be presented in this section.

3.4.1 Atterberg’ Limit tests

The testing program began with the Atterberg limit test to determine the consistency
properties of untreated and treated soil, such as the liquid limit and plastic limit. A
Casagrande apparatus, as shown in Figure 3.6, was used for the liquid limit test, and
the thread rolling method was used for the plastic limit according to ASTM standards
(ASTM-D4318, 2017). The material used during the test is sieved from sieve No. 40
(0.425 mm). The dried sample (24 hours at 105°) is mixed with a pre-determined water
content until it forms a homogenous mixture, and then the prepared sample is placed
into a half-globe-shaped cup of apparatus. The top of the cup is trimmed, and the
sample is splinted with a grooving tool into two equal parts. The space between the
two parts must be 13 mm, which is called the groove. After that, start rotating the
handle at a constant speed of 2 revolutions per second until the groove is closed. At
that point, the number of revolutions is recorded. The same process is repeated for
various water contents, and the water content for which 25 exact rotations are obtained
is the liquid limit, but if 25 rotations cannot be hit, the liquid limit can be calculated

from the plotted number of blows versus the water content graph.
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For the plastic limit, the thread rolling method is simply rolling the sample on a clean,
smooth surface until it has a thickness of 3 mm. Generally, it is not easy to match the
3 mm thickness. For that reason, to be able to plot a curve of thickness versus water

content, the test is repeated five times for each specimen.

Figure 3.6. Casagrande Device

3.4.2 Standard Compaction Test

A laboratory compaction test is conducted to obtain information on the soil's
compressibility characteristics. Mainly, the soil is pressed with a specific amount of
energy to evacuate air from the soil at different water contents, which gives the
maximum compressibility of the soil according to the water content to be applied in
the real case (Proctor, 1933). By following the related ASTM standard (ASTM-D698,
2012), a 4 in. (101.60 mm) diameter mold with a 4.584 in. (116.43 mm) and 5.50 Ibf
(2.495 kg) hammer, as shown in Figure 3.7, was used in the experiment. The prepared
moisturized sample is filled into the mold, which corresponds to one-third of the mold.
The hammer is released from a 12-inch (304.8 mm) height as free-fall, and after 4
strokes are made to the cardinal points, other strokes are made in a clockwise or
opposite direction. A total of 25 strokes are made for each layer to achieve the

suggested (12 400 ft-Ibf/ft3 or 600 kN-m/m3) energy level by a related standard, and
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the process is repeated three times for each specimen to minimize the error margin.
Later, the top of the mold is trimmed, the mass is measured, and since the initial mass
and volume of the mold are known, the mass of the compacted wet specimen can be
determined. A small sample is taken from a compacted wet specimen to measure the
exact water content of the specimen. After completing all testing processes, the dry
unit weight of the sample can be calculated using the formula below.

Ya * y_?w) (3.1)

Figure 3.7. Standard Compaction Test Apparatus

3.4.3 Fall Cone Test

The falling cone test, as is evident from its name, is an experiment developed to
determine the undrained shear strength, Su value, of the sample by releasing a cone to
fall freely from a certain height to the sample. This experiment was performed by
following the British standard (BSI, 1990). The device used during the experiment is
presented in Fig. 3.8. The sample prepared with a soil sieve from No. 40 (0.475 mm)
is carefully placed into a container with a 50 mm diameter and a 40 mm height without

applying any compression, ensuring that there is no major space in the container as
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well. The edge of a 0.785 N weight cone with a 30° angle is placed on top of the
container, barely touching the surface of the sample. After all the adjustments are done,
the cone is released, and after counting for 5 seconds, the difference in the gauge is
recorded. This process is repeated three times for each water content, and the average
of the gauge reading is taken as the final displacement in the height. The test is carried
out for each sample for different water contents, and by applying the formula that was

given below, the undrained shear strength (Su) of specimens at each water content is

calculated.
Su=kx"2 (3.2)
Figure 3.8. Fall Cone Test Device
3.4.4 Vane Shear Test

A laboratory vane shear test is carried out in this study to evaluate the undrained shear

strength (Su) of specimens, to compare them with the fall cone test, and to increase

their accuracy. In this test, like the fall cone test, a container with a 50-mm diameter
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and 50-mm height is filled with a moisture sample and placed into the device shown
in Fig. 3.9. Then, the vane blade that has an H=2D ratio of 0.5 in (12.7 mm) is
submerged into the sample by 1.5 times the height of the vane blade as recommended
by ASTM standard (ASTM-D4648/D4648M, 2016) without disturbing the specimen.
The reading gauge is set to zero, and the vane is started to rotate at a rotation rate of
60°/min. After a while, the reading at the gauge stops changing, which means the
expected failure happened. Again, this is repeated three times for the same sample, and
the average reading is taken as the final gauge reading. The required formula to
calculate the undrained shear strength from the vane shear test is shown below:

X (3.3)

s
=

Figure 3.9. Device used in the Laboratory Vane Shear Test
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3.4.5 Unconfined Compressive Strength Test

Compressive strength is a very essential parameter of the ground that describes the
resistance potential of soils against axial loading in geotechnical applications.
Therefore, a series of unconfined compression tests (UCS) were performed on all
specimens at various curing periods (0, 7, 28, and 56 days) according to ASTM
standards (ASTM-D2166, 2017). The sample preparation method is critical for UCS
because, in this process, preparing the sample slightly drier or wetter and compacting
it with a little more energy than necessary will seriously affect the test results. The
fully dried SM, RAP, and XG are mixed together at predetermined amounts according
to the standard compaction test, and then the process continues with adding water and
mixing until they become homogenous. For compacting, the modified compaction
apparatus shown in Figure 3.10 is used. This modification was made by Cabalar et al.
(2014) by regulating the weight of the hammer, volume of the mould, strike number,
and number of layers to match the standard compaction energy when preparing UCS
specimens. For 5 layers, with 31 strikes at each layer, the mixture is compacted into a
cylindrical mould with a 45 mm diameter and 90 mm height. After compaction, the
specimens were placed in a room for different air-open curing periods (7, 28, and 56
days), like in Figure 3.11, or tested immediately.
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Figure 3.10. Modified Compaction Apparatus of UCS

Figure 3.11. Cured Specimens of UCS

The testing procedure begins with placing the specimen between the compression
plates of the device. In this study, a fully automated triaxial device is used, as shown
in Figure 3.12. After completing the measurement, settings of the device, and
placements, the specimen is subjected to compression stress at a constant speed, which
was determined to be 0.25 mm/sec for this study, and the change in strength and
displacement is recorded concurrently. In general, if the specimen is brittle after
reaching the peak, cracking occurs (see Figure 3.13(a)), and after the breaking point,
the strength starts to reduce. However, if the material is ductile, the peak point of the
strength is not seen clearly (Figure 3.13(b)). At this stage, it is recommended to

continue the test until the displacement reaches 10 mm according to the related
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standard. The test is finished after taking data like axial force and axial displacement
from the software of the testing device.

Figure 3.12. The unconfined compression testing device
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Figure 3.13. (a) brittle specimen (b) ductile specimen after the test

3.4.6 Consolidation Test

Fine-grained soils are susceptible to consolidation behaviour, and adding xanthan gum
has been proven to increase their compressibility in past studies (Kwon et al., 2019).
Therefore, performing a consolidation test was decided to be necessary in this study.
One-dimensional oedometer tests were conducted on mixtures of silty soil (SM),
reclaimed asphalt pavement (RAP), and different percentages (0.5, 1, and 3%) of
xanthan gum (XG) by using a manual oedometer testing device shown in Figure 3.14.
The sample preparation and testing procedures were based on related ASTM standards
(ASTM-D2435, 2011). The day before, the amount of dry material was calculated
according to the maximum dry density obtained from the standard compression test
and mixed with the optimum water content. With the help of a compression machine,
the mixture was compacted homogeneously into a cylindrical piece with a diameter of
50 mm and a height of 20 mm called a ring (Figure 3.15). A piece of filter paper and
a porous material that will allow the passage of water but prevent the passage of the
material is placed on both sides of the ring, and then this prepared structure is placed

in the consolidation cell, and to distribute the load equally, a load pad is placed on it.
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Next, the consolidation cell is placed into the oedometer device, and water is added
until the cell is fully saturated. To measure the displacement, the manual gauge is set,
and the test process is started. First of all, the sample is kept in water for 24 hours in
order to remove small-scale swellings that may cause errors in the calculations, and
then the gauge is reset and loading is started. Initially, loadings are started to
correspond to 25 kPa pressure, and readings are made at regular intervals after loading.
The same process is continued by doubling the load every 24 hours, and the cell is kept
saturated. When it reaches 800 kPa, the device is unloaded in the same way, each time
half of the previous one, and the readings are recorded. After the experiment is over,
the weight of the parts inside the cell is measured again to find the final water content.

Figure 3.14. Oedometer device
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Figure 3.15. One-dimensional consolidation testing apparatus

3.4.7 California Bearing Ratio (CBR) Test

Soil stabilization has many applications, and in geotechnical projects, road
construction is one of the first things that comes to mind. Bearing capacity is a key
parameter in road construction, so to determine the effect of RAP and XG on SM on
bearing capacity, a California bearing ratio test was conducted in this presented study.
The ASTM standard (ASTM-D1883, 2010) is used as a guideline during the testing
program, which starts with preparing the specimen. Recommended compaction by the
standard is applying energy advised (56000 ft-1bf/ft3 (2700 kN-m/m3) in ASTM-
D1557 (2012) on mixtures prepared with optimum water content and maximum dry
density to compact the mixture into a mould with a 6 in. (152.4 mm) diameter and a
height of 7 in. (177.8 mm) by a 10.0 Ibf (44.48 kN) rammer dropped from a height of
18 in. (457.2 mm) 56 times for 5 layers (Figure 3.16). The first step of the compaction
process is measuring the initial width of the mould with an extension collar, then
placing a spacer disk with a 150.8 mm outside diameter and 61.37 mm height, and the
mixture is compacted as explained before. After compaction, the extension collar is
removed, and the surface of the sample is trimmed to obtain a smooth surface area.
Then, the spacer disk is removed, and a filter paper with the shape of compacted
material is placed on both the bottom and top of the sample since the material has a
consistent amount of fine-grained particles. An adjustable stem plate is placed at the

very bottom of the mould and the top of the filter paper. Lastly, two metal weights
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with a mass of 4.54 kg each are placed on top of the sample, and a dial gauge is placed
to measure the expansion or compaction. Generally, after all the preparation process
is done, the sample is placed into a soaking tank and kept there for 96 hours, but for
this particular study, an unsoaked version of the California bearing ratio (CBR) is
decided to be conducted. The reason behind this idea is that soil like SM does not show
significant durability against water. especially with XG, it is highly likely to over-
expand and overflow out of weights, and additionally, it shows immeasurably low

values based on my own experiences.

-
-

-

Figure 3.16. Compaction and sample preparation equipment for CBR test

The specimen is kept for 96 hours at constant room temperature, as shown in Figure
3.17. After the curing, the stem plate is removed, and the specimen is placed into an
automated loading machine, as shown in Figure 3.18. After that, the sample is started
to be loaded at a constant speed of 1.27 mm/min by a 1.954 in. (49.63 mm) diameter

penetrant piston until the displacement passes 12.5 mm. Finally, the data collected by
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the software is checked during and after the test for accuracy, and a sample is taken
from the prepared specimen for the final water content.

Figure 3.17. The cured CBR specimen
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Figure 3.18. CBR loading machine

3.4.8 Direct Shear Test

Last but not least, the direct shear test, was conducted to understand the effect of RAP
and XG on the shear behaviour of SM. This test is generally conducted by applying
increasing lateral and constant perpendicular stress to a square sample to measure its
resistance against shear. In this study, consolidated-drained (CC) direct shear tests
were conducted by following ASTM standards (ASTM-D3080, 2012). The specimens
for the direct shear test are prepared by compacting a certain amount of mixture of
SM, RAP, and XG and specific water that was determined in the compaction test
(ASTM-D698, 2012) into a 60- to 60-mm square frame. Then, the frame is placed in
the shear box after placing solid plates and porous stones, and the shear box itself is
placed into the shear device shown in Figure 3.19. The next step is completing all the
required adjustments, such as controlling that the machine does not get stuck during
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lateral movement, placing the horizontal load frame, and checking all the values in the
software. Afterwards, the horizontal load is applied to consolidate the specimens; the
period is determined by the machine to be 60 seconds. After short-term consolidation
is completed, the horizontal loading starts at a displacement rate of 0.25 mm/min. At
10 mm displacement, the device stopped the tests automatically, and this process is
repeated at 50, 100, and 150 kPa normal pressure for the same specimen. The
displacement-shear strength is recorded automatically by the software at frequent
intervals. Besides, shear strength at any instant can also be calculated manually using

the formula below.

T=1 (3.4)

The main objective of the direct shear test is to evaluate the change in cohesion (c) and

internal friction angle with the addition of RAP and XG, or variation of curing time

(0, 7, 28, and 56 days). These parameters can be determined by using the formula:
T=c+ o tan () (3.5)

Figure 3.19. Direct shear test device
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Introduction

This chapter of the study presents the results of the experimental program conducted
on reclaimed asphalt pavement and xanthan gum-added silty sand at different
concentrations and various curing periods. This section also presents a comparison and

discussion of the test results of this study and those of similar approved studies.
4.2 Atterberg’ Limits

The determination of basic physical properties like the liquid limit (LL) and plastic
limit (PL) of SM is a priority at the beginning of the testing program. Therefore, a
Casagrande device is used to conduct limit tests on clean SM and SM mixed with 10%
RAP and various XG contents (0.5, 1, and 3%). However, it was observed that after
adding RAP or XG, performing the test became difficult and began to affect the
accuracy of the result since the bitumen-coated RAP particles disturbed the sample,
and the addition of XG caused the sample to be too sticky to be grooved. For these
reasons, the test was able to be conducted only on clean SM. The test was conducted
on different water contents, and for each water content, the number of blows was
recorded as shown in Figure 4.1. The equation of intersection points of the water
content and number of blows is extracted, and the liquid limit was determined to be
31%, which is equal to the water content that corresponds to 20 blows. On the other
hand, the plastic limit was determined to be 22% from the thread rolling test. It is
obvious that these results alone do not make much sense, but they were added to this
study to make a comparison with the fall cone test results in the next stage.
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Figure 4.1. Liquid Limit (LL) of silty sand from Casagrande Test

4.3 Standard Compaction Test

As part of this study, silty sand, reclaimed asphalt pavement, and xanthan gum
mixtures with varying content ratios were tested for their compressibility properties
according to the ASTM-D698 (2012) standard. The summary of the maximum dry
density (MDD) and optimum water content (OMC) for all the mixtures is presented in
Table 4.1. The optimum water content decreased slightly with the addition of 10%
RAP, and in what follows, the OMC increased more significantly with increasing XG
content. The addition of 10% RAP reduced the OMC from 18.5% to 18%; afterwards,
the existence of XG increased the OMC to 20%, 21.5%, and 23.5% for 0.5%, 1%, and
3% of XG, respectively. The fact that the linear increase in optimal water content was
parallel to the amount of xanthan gum offered the idea that the reason for the increase
was simply the water absorption of XG rather than chemical reactions. As it was found
similarly in previous studies, the OMC increases and MDD decreases were attributed
to several parameters of XG, such as low specific gravity and susceptibility to form
high viscosity solutions that fill the pores of the soil, which causes a reduction in the

weight of the compacted soil where the volume stays constant or increases, which
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eventually decreases the MDD and increases the OMC by absorbing water (Chang et
al., 2015; Dehghan et al., 2019; M. Hamza et al., 2022).

In the exact opposite case (except the RAP case) of OMC, a decrease was observed in
the maximum dry density of the treated sample compared to non-treated silty sand.
The maximum dry density decreased with the addition of both RAP and XG. The
MDD of silty sand drops from 17.2 kN/m3 to 16.4, 15.6, 15.1, and 14.2 kN/m3 at 10%
RAP, 0.5%, 1%, and 3% of XG, respectively. Considering its behaviour at optimal
water content, it was expected that the maximum dry density would increase when
RAP was added, but on the contrary, an increase was observed. The reason for this is
that although RAP is sieved through a NO-4 sieve, it is still a coarse material compared
to silty sand, so adding 10% relatively incompressible RAP changes the deformation
characteristics of the soil as it reduces the amount of fine particles in the soil (M.
Hamzaetal., 2022). As shown in Figure 4.2, the standard compaction curve is obtained
at the maximum dry density versus the optimum water content graph. The main
function of water addition in compaction is that it reduces soil suction, resulting in an
increase in dry density up to the optimum water content. As soon as the soil exceeds
the water content that is optimum, excessive water causes pore air pressure by filling
intergranular spaces and preventing air discharge. Therefore, it reduces the efficiency
of the applied compaction energy and reduces the maximum dry density (Hilf, 1956).
It has been observed that when xanthan gum is added, the clogging effect is increased
since XG absorbs water and forms hydrogels that prevent the escape of air.

Moreover, when looking at the graph, the first thing you might observe is that as the
XG increases, the curve shifts to the right and down, while it shifts right and down at
RAP. In addition, the wings of the curve were widened even further by the increased
XG content. This refers to the water sensitivity of the soil, which means the soil

becomes less sensitive to changes in water content.

Table 4.1 Optimum water content and maximum dry density

Mix OMC (%) MDD (KN/m®)
100% SM 18,5 17,2
90% SM+10% RAP 18 16,4
89.5% SM+10% RAP+0.5% XG 20 15,6
89% SM+10% RAP+1% XG 21,5 15,1
87% SM+10% RAP+3% XG 23,5 142
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Figure 4.2. Compaction curve from the standard compaction test

4.4 Fall Cone Test

The aim of the fall cone test is mainly to evaluate the undrained shear strength (su) of
the samples at various water contents. Besides that, the liquid limit and plastic limit
can also be determined with this test. The liquid limit corresponds to a 20 mm
penetration with a 30° - 80g cone (Wroth & Wood, 1978). Several studies have
explored the determination of the plastic limit using the fall cone test, suggesting an
average penetration corresponding to the plastic limit between 2-4 mm (Wasti &
Bezirci, 1986; Campbell, 2006; Towner, 2006). In this study, the plastic limit was
determined to be 2.5 mm, as within this range, no significant changes were observed
(O'Kelly et al., 2017). Numerous studies have been conducted on or involving this test
in the past (Kumar & Wood, 1999; Feng, 2000; Cabalar & Mustafa, 2015; Cabalar et
al., 2020). Many tests have been conducted on mixtures of silty sand (SM), reclaimed
asphalt pavement (RAP) (0, 10%), and xanthan gum (0, 0.5, 1, and 3%). And, when
looking at the results shown in Figure 4.3, both the liquid limit and the plastic limit
dropped significantly when 10% RAP was added to clean silty sand. The liquid limit
decreased by 18% (31.4 to 25.5) and the plastic limit decreased by 66.7% (23.3t0 7.7)
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compared to SM when 10% RAP was added. It was not so hard to explain this
behaviour since adding non-plastic material at that percentage will reduce the water
absorption of soil and cause a reduction in the plastic limit and liquid limit. It has been
previously seen that adding a material with a coarse grain structure similar to sand to
fine-grained soil reduces the liquid limit and the plastic limit (Cabalar et al., 2020). On
the contrary, with the addition of fine-grained, high-absorption plastic, the biological
material xanthan gum improved the liquid limit and plastic limit of soil. The liquid
limit of the SM+RAP mixture increased from 25.5% to 37.3%, 45.5%, and 57.4% for
0.5%, 1%, and 3% XG, respectively. Additionally, the plastic limit increased from
7.7% to 8.8%, 12.5%, and 19.9% with the addition of 0.5%, 1%, and 3% XG,
respectively. The increase in the liquid and plastic limits can be seen as the xanthan

gum absorbing excess water and forming new intergranular forms (Kwon et al., 2019).

Moreover, the fall cone test results gave opinions on the change in the undrained shear
strength of the soil before and after treatment. Substances such as xanthan gum
generally reduce or increase the electrical attraction between the clay particles by
changing the water flow between the pores, which indirectly affects the undrained
shear strength (Chang et al., 2021). In this study, the effectiveness of RAP and XG at
different percentages on the shear behaviour of the SM is evaluated by conducting a
fall cone test several times. According to the Su-water content graph presented in
Figure 4.4, the RAP addition worsened the Su of the SM; conversely, the XG gum
enhanced the Su of the SM heavily. The Su values were determined as 0.881, 0.436,
3.822, 5.284, and 7.442 kPa for SM with 10% RAP, 0.5%, 1%, and 3% XG at a
constant water content of 35%. The Su values increased from 0.436 to 7.442, which is
more than 16 times with the addition of 3% of XG, and they reduced from 0,881 to
0,436 kPa by half when 10% RAP is added. This proves that the XG increases the
favorable water content range for SM and enables it to achieve the same or higher
shear strength at high water content, which is the worst case in applications. One of
the reasons for this situation is that xanthan gum reacts with water to form hydrogel
structures, and these structures fill the spaces between the soil particles and reduce the
permeability. Another factor is that the forms play a binding role between the particles
(Mendonca et al., 2021). However, unlike xanthan gum, RAP could not play either a
binder or filler role in that it reduced the finer-high plasticity material content in the

soil, which adversely affected the undrained shear strength of the soil.
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Figure 4.4. The water content versus undrained shear strength (Su) graph of the fall
cone test

4.5 Vane Shear Test

The undrained shear strength of the silty sand treated with RAP and XG and the silty
sand without any treatment was evaluated by performing several vane shear tests in
the laboratory. The su values were shown in Figure 4.5 depending on changing water
content around the liquid limit for clean silty sand (SM), SM with RAP, SM + 10%
RAP, and different XG concentrations (0.5, 1, and 3%). The first thing that catches the
eye in the graph is the change in the water content corresponding to the same undrained
shear strength for different additives and percentages; in other words, the undrained
shear strength has changed significantly for different additives and percentages at the
same water content. For example, if the 35% water content were taken as a comparison
point, the undrained shear strength values would be respectively 3.538, 1.125, 10.428,
14.483, and 17.494 kPa for SM, SM and RAP, SM+RAP, and 0.5%, 1%, and 3% XG.
Similarly, to the fall cone test results, the Su value got worse with the addition of 10%
RAP, and it showed improvement with increasing XG content. The fact that RAP
reduces the shear strength of the soil by almost three times can be simply explained as
the material has no shear strength and no plasticity (Hamidi et al., 2009). A noticeable
improvement was achieved with the addition of XG biopolymer after the decrease in
shear strength caused by RAP, due to the fact that XG interacts with water and forms
a solution with high viscosity (Chang et al., 2021). XG solution fills the pores between
the grains of the soil, acts as a binder, and increases the undrained shear strength of
the silty sand, which has low viscosity and shear strength in interaction with water
(Milas et al., 1985).

Furthermore, it can be seen from the graph that the line connecting the intersection
points of water content and undrained shear strength becomes more horizontal when
RAP is added, while it becomes more vertical as the amount of XG in the mixture
increases compared to silty sand. This is another finding that demonstrates the effect
of RAP and XG on the water susceptibility of silty sand. Moreover, in Figure 4.6, the

comparison of undrained shear strength values gathered from the fall cone test and the
50



vane shear test was visualized with undrained shear strength versus water content.
Contrary to the findings of Cabalar et al. (2018), despite the fact that the Su from the
vane shear test was higher than the Su from the fall cone test, there is not a significant
difference between the two. The correlation between Su from the fall cone and vane

shear test is presented in Figure 4.7 with the equations.
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Figure 4.5. The water content versus Su graph of the vane shear test

o1



70 0 100% SM

A 90% SM+10% RAP

60
© 89.5% SM+10% RAP+0,5% XG
50
X 89% SM+10% RAP+1% XG
£ 087% SM+10% RAP+3% XG
< 40
7]
€
o
(&)
230
©
= 9
O Vane Shear Test
20
® Fall Cone Test
10 Log. (Vane Shear Test)
----- Log. (Fall Cone Test)
0
0,1 100

1 10
Undrained Shear Strength (kPa)

Figure 4.6. Comparison of the undrained shear strength of the fall cone and vane shear

y = 2,1951x0925¢
= 0,6598 R? = 0,9997
y R§_7 ?)2:;36 y = 2,8006x06003
...... o

|

o

=S

= 10

>

3

0 100% SM

A 90% Soil+10% RAP

y =1,3969x + 2,3045

R?=1 © 89,5% Soil+10% RAP+0,5% XG
o \
s X 89% Soil+10% RAP+1% XG
y =1,2462x5
. R?=0,9862 0 87% Soil+10% RAP+3% XG
1 10 100
Su-FCT (kPa)

52



Figure 4.7. Correlation between undrained shear strength (Su) from Fall Cone Test
(FCT) and Vane Shear Test (VST)

4.6 Unconfined Compressive Strength Test

It was possible to determine the effect of reclaimed asphalt pavement and xanthan gum
on the compressive strength behaviour of silty sand by performing unconfined
compressive strength tests on all mixtures prepared at optimum water content and
maximum dry density and exposed to various curing periods (0, 7, 28, and 56 days).
Figure 4.8 illustrates a typical stress-strain graph of 7, 28 and 56-days-cured UCS
specimens, the main observation being that strength against axial loading increases
with the addition of RAP and with increasing XG concentrations. The addition of RAP
caused a slight increment in compressive strength in cured specimens (7, 28, and 56
days), which is mainly due to the incompressible characteristic of RAP aggregates that
have less void compared to untreated silty sand. When XG was added, the increase in
axial stress compared to axial strain was even more noticeable. The axial stress values
were increased gradually with increasing XG content in xanthan gum compared to

non-treated soil and soil with RAP.
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Figure 4.8. Stress-strain graph at (a) 7 days, (b) 28 days and (c) 56 days curing
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Moreover, while the peak on the curves represents the maximum stress reached, most
of the increment in peak stress was observed in the sample with 3% XG. The curing
effect on soil strengthening is examined by conducting UCS tests on specimens cured
at different time periods, and the results for 1% XG treated at 0, 7, 28, and 56-day
curing times shown in Figure 4.9 demonstrate that the variable curing time can be very
efficacious on the strength of the samples. The axial stress increased significantly up
to 28 days of curing but decreased at 56 days. The compressive stress is measured at
181.7 and 6189.6 kPa for 0 and 7 days of curing, respectively, which shows a great
increment nearly thirty-three times. The improvement in strength when the curing time
increased was attributed to several reactions of fine particles of soil, xanthan gum, and
water, such as cementitious products, hydrogen bonding between the carboxyl group
(-COOH) and the hydroxyl (-OH) groups of xanthan, and fine-grained particles of silty
sand (Latifi et al., 2016). At 28-day-cured specimens, the peak stress was measured at
6544.5 kPa, which is considered a minor increment compared to the 7-day-cured
samples. This basically means that most of the strengthening process is completed in
the first 7 days of curing. Additionally, besides the effect of the initial water content
on strengthening, as studied by Ni et al. (2020), the presentation of the water during
the testing process can be very effective. As a result, the stress values were reduced
from 6544.5 kPa to 6040.7 kPa at 28 and 56 days, respectively, proves this claim and
shows the 56-day open-air-cured specimens have less water content, which leads to a

more brittle behaviour during loading.
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Figure 4.9. Stress-strain graph of a 1% XG-cured UCS sample at variable curing

periods

Moreover, a summary of compressive strength outcomes concerning the influence of
reclaimed asphalt pavement (RAP), variations in Xanthan gum (XG) concentration,
and diverse curing periods is presented in Figure 4.10. In alignment with the findings
of Chang et al. (2015), it is observed that an elevated XG ratio leads to a gradual
augmentation in strength. Furthermore, the strength values exhibit a general increase
with prolonged curing time. Additionally, the formation of hydrogels that coat coarse
components such as sand particles and RAP particles is believed to be extremely
effective in strengthening. Furthermore, electrostatic bonds between fine clay particles
and XG monomers also contribute to the increase in strength. Based on Figure 4.11,
the energy absorption levels are provided in kPa to demonstrate the energy transfer
capability of a material, which is measured by taking the integral of the area below the
loading-displacement curve until the peak occurs. The energy absorption values of the
non-cured (0-day) sample increased for any substance (i.e., 10% RAP or XG in any
ratio) compared to the non-treated soil (100% SM), but for each curing period (7, 28,
and 56 days), 10% RAP showed no significant effect on the energy absorption of SM.
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The maximum energy absorption was reached in samples with 3% XG when the curing
periods were kept constant. In addition to this, the energy absorption levels increased
when the samples were subjected to 7-day curing and decreased at higher curing
periods (28 and 56 days). Maximum absorption of energy was observed 7 days after
curing the sample, as the sample displays optimal rigidity, which is able to resist
maximum stress and demonstrate maximum ductility at the same time (Cabalar et al.,
2018).
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Figure 4.10. Maximum compressive stresses for all the mixtures at different curing

periods

Figure 4.12 shows the modulus of elasticity derived from the stress-strain graph by
dividing the stress by the strain corresponding to the tangent of the linear line to the
peak. According to the results, specimens that had been cured for 56 days had the

maximum modulus of elasticity.
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Figure 4.11. Energy absorption levels of all the mixtures at different curing periods
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Figure 4.12. Modulus of Elasticity
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4.7 Consolidation Test

One-dimensional oedometer tests were conducted to examine the general
consolidation behaviour of the silty sand treated with 10% RAP and XG at different
concentrations (0, 0.5, 1, and 3%). Figure 4.13 presents the void ratio (e) versus
logarithmic stress (log o) for all the combinations, and the initial void ratio of the soil
increased with the addition of RAP and XG. The €0 increased in specimens with 3%
XG by nearly 44% compared to non-treated soil. The increment in the void ratio of the
soil with XG can be referred to as the swelling caused by the interaction of XG with
water (M. Hamza et al., 2022). The recompression index (Cr) is a measure of the
compression characteristics of soil and is determined from the slope of the void ratio
versus the logarithm of the pressure plot during recompression testing (ASTM-D1883,
2010). Compression index (Cc) and Cr both decreased with the addition of RAP and
increased with the addition of XG, as shown in Figure 4.14. The Cc of the clean soil
drops to 0.06 from 0.077 by 28% at 10% RAP and increases linearly to 0.253 at 3%
XG. The Cr of clean soil decreased from 0.141 to 0.128 by nearly 17% at 10% RAP
and then increased to 0.25 at 3% XG, where the increment mainly occurred at 0.5%
XG. After that, the increment was slightly. The decrease or increase of compression
and recompression indices indicates that specimens compress less or expand more in
a given pressure range, respectively. In this case, both Cc and Cr decreased at
specimens that contained 10%, which means that the RAP reduced the compressibility
and swelling of the soil. Moreover, Cc and Cr both increased with increasing XG
content, indicating the effect of XG on increasing soil compressibility and swelling
(Cabalar et al., 2017).
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Figure 4.14. Compression index (Cc) and recompression index (Cr) of all the mixtures
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Figure 4.15 presents the consolidation ratio, Cv (cm2/sec) which is calculated by
comparing the change in height of a soil specimen during consolidation by using the
formula suggested by ASTM-D2435 (2021). All of the specimens were subjected to
the oedometer test immediately after being prepared. According to the curve, similar
to previous findings, the only exception was the specimens with 10% RAP. The
addition of the RAP caused an increase in CV values from 0.585 to 0.734 by 25%. At
3% XG, the CV decreased linearly to 0.309, indicating that XG decelerated
consolidation and that it took a longer time for settlement to occur. The RAP, on the
other hand, accelerates the process of consolidation. Wang et al. (2021) found that in
the study of the XG-treated red clay soil, Cv decreased to 1.5% XG content and
increased remarkably with higher XG concentrations. The outcomes from the
permeability graph submitted in Fig. 4.16 supported the CV results from the
consolidation test. The permeability coefficient, k, rose from 3.93 x 10—7 cm/sec to
4.18 x 10—7 cm/sec when 10% RAP was added. After adding the XG additive, there
was a noticeable decrease in the k value, with the highest decrease occurring in the
specimen with 3% XG, and its value decreased by approximately three times to 8.82
x 10—8 cm/sec. There have been similar findings in previous studies, and it is this
behaviour that illustrates the parallel between consolidation and permeability (Cabalar
et al., 2018; Kwon et al., 2019; Dehghan et al., 2019; Singh & Das, 2020; Kwon et al.,
2023).
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Figure 4.16. The coefficient of permeability for all the mixtures
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4.8 California Bearing Ratio (CBR) Test

In this section of the study, the California bearing capacity (CBR) test, which is widely
used before construction projects, especially in pavement design, is presented. The
general aim of the test is to calculate the strength and resistance to penetration of the
soil under vertical loading. Different materials, mainly recycled construction materials
such as crushed brick (CB), recycled concrete aggregate (RCA), reclaimed asphalt
pavement (RAP), waster rock (WR), etc., are used to improve the bearing ratio of weak
soil (Arulrajah et al., 2011; Arulrajah et al., 2013; Rahman et al., 2015).

In this presented study, CBR tests were performed on silty sand treated with RAP and
XG under unsoaked conditions in accordance with ASTM D 1883. The process of the
tests was given under Chapter 3, and the stress versus displacement of the specimens
is presented in Fig. 4.17. In specimens with 10% RAP, the stress values were very
close to those of the SM, and at the point of 5 mm penetration, the stress of the SM
began to exceed the stress of the RAP. On the other hand, the addition of XG resulted
in a substantial reduction in stress levels. The measured stress value of 527.2 kPa in
the sample with 10% RAP decreased to 175 kPa when 0.5% XG was added, while this
value decreased to 125.9 kPa in the sample with 3% XG.

The CBR values of all specimens at 2.5, 5, and 10 mm penetration are presented in
Figure 4.18. The first observation was that the CBR is higher at 2.5 mm, then at 5 mm,
and highest at 10 mm penetration. Furthermore, 10% RAP added to specimens resulted
in a slight increase in CBR, and all CBR values were lower with XG compared to
specimens that did not contain XG. As shown in Figure 4.19, the CBR (%) increased
7.57 from 6.98 by nearly 10% and decreased nearly with increasing XG content up to
1.81 by nearly 3 times at 3% XG. Studies have been conducted with similar materials,
and the findings indicate that CBR values increase with increasing XG content under
unsoaked conditions after a 0-day curing period (Muhammad Hamza et al., 2022;
Hamza et al., 2023). CBR was found to be reduced in this study due to the swelling
potential of the XG materials since an increase in the volume of the specimens as well
as a loose form were observed just before testing. As can be seen from this situation,
the XG has absorbed water and become expanded, resulting in an alteration to the

compaction of the specimens.

63



Stress (kPa)

—6—100% SM
L2 1 _a—90% SM+10% RAP
—0—89.5% SM+10% RAP+0.5% XG
1 | —3—89% SM+10% RAP+1% XG

—¥— 87% SM+10% RAP+3% XG

0,8
0,6
0,4
0,2
0
0 2 4 6 8 10 12
Penetration (mm)
Figure 4.17. Load-penetration of all the mixtures
10
9
8
7
6
5
4
& 3
[s'
o
© 2
0
100% SM 90% SM+10% Sfﬂgj(ﬁy 89% SM+10% @ 87% SM+10%
? RAP ? RAP+1% XG RAP+3% XG

MCBR@ 2.5mm  6,987849702
CBR @ 5 mm 6,538534397
ECBR@ 10 mm | 8,911365902

7,579464286
6,578464606
8,318145563

M CBR @ 2.5 mm

CBR@ 5 mm

RAP+0.5% XG
2,515550595
2,128085743
2,926121635

2,286934524
1,891335992
2,532422732

HCBR @ 10 mm
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64

1,810491071
1,444441675
1,901979063

14



CBR (%)

100% SM 90% SM+10% RAP 89.5% SM+10%  89% SM+10% 87% SM+10%
RAP+0.5% XG RAP+1% XG RAP+3% XG

Figure 4.19: CBR values at 2.5 mm

4.9 Direct Shear Test

In order to establish the shear strength parameter, which indicates the resistance of a
material to horizontal force as a geotechnical aspect, a number of direct shear tests
were conducted in accordance with ASTM-D4318 (2017), which is the recognized
standard for determining shear strength parameters. A direct shear test was conducted
on specimens with different mixtures just after preparation in order to determine how
RAP and XG content affect the shear strength of silty sand soil. It was also intended
to investigate the curing effect by testing specimens aged 0, 7, and 28 days; however,
the testing apparatus's limit (1000 kPa) was insufficient to permit the test to be
conducted properly on specimens aged 7 and 28 days. The stress-strain diagram of all
the mixtures under 150 kPa normal pressure is given in Fig. 4.20. According to the
graphic, a noticeable reduction in shear stress occurred due to the addition of RAP.
The peak stress of SM decreased from 124.6 kPa to 99.2 kPa, and after that, the 0.5%
XG showed nearly the same trend as specimens with 10% RAP. Increasing XG content
caused a reduction in shear stress; at 3% XG, the peak shear stress decreased to 80.8
kPa by nearly 54% compared to clean soil. The bar graphic presented in Fig. 4.21

reveals the general effect of RAP and XG on cohesion (c) and internal friction angle
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(¢). It is noted that the cohesion values initially decreased with the addition of 10%
RAP but showed a linear increase with an increase in XG content. In a similar manner
to cohesion, the internal friction angle also decreased at specimens with a 10% RAP.
Later, XG increased the internal friction angle to some degree, but not to a significant
extent. The cohesion values were measured as 35.15, 33.01, 35.60, 56.62, and 66.76
kPa for 100% SM, SM with 10% RAP, and XG of 0.5, 1, and 3%, respectively. On the
other side, the internal friction angle remains within the range of 29.85° to 31.25°. The
reduction in both cohesion and internal friction angle with the addition of 10% RAP
can be basically connected to the shear characteristics of the RAP, which means that
sands and graves are accepted to be cohesionless materials in the literature (Fannin et
al., 2005), so it can be seen normally to reduce the shear parameters of the SM.
However, the rising trend of cohesion with increasing XG content in the mixtures was
attributed to the viscosity of the hydrogel form of the XG (Lee et al., 2017). As similar
findings were observed in past research, the XG showed no or a minor effect on
internal friction angle, which increased the internal friction angle slightly in this
presented study compared to decreased internal friction angle in related studies
(Cabalar et al., 2018; Lee et al., 2019), and this behaviour can be explained by the
material used in this study, which has less clay and is coarser.
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Figure 4.20. Stress-strain from the direct shear test at 150 kPa normal pressure
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 General

A sequence of experiments was conducted within a laboratory setting to examine the
impact of reclaimed asphalt pavement (RAP) and the environmentally friendly
biopolymer Xanthan gum (XG) on silty sand (SM) natural soil. Various specimens
were prepared, incorporating different combinations of SM, RAP, and XG at distinct
curing times. These specimens underwent a battery of tests, and the results of these

assessments are comprehensively presented in this section.
5.2 Conclusion

1. The liquid limit (LL) and plastic limit (PL) were measured using the fall cone test.
Basically, the RAP reduced both LL and PL, and XG increased both LL and PL in the
soil. The LL decreased remarkably with the addition of 10% RAP, from 31.36% to
25.46%, where it increased to 37.37, 45.45, and 57.39% for 0.5, 1, and 3% of XG,
respectively. The PL dropped sharply from 23.25% to 7.7% when the 10% RAP was
added and increased with XG content, reaching its peak point at 3% XG with 19.93%
still lower than the PL of the clean soil.

2. The optimum water content (OMC) of the soil first decreased with 10% RAP and
then increased with XG concentration. The OMC values were measured as 18.5, 18,
20, 21,5, and 23,5% for SM, SM with 10% RAP, and XG by 0.5, 1, and 3% by weight.
The maximum dry density decreased gradually with the addition of 10% RAP and XG
content, where the lowest point was measured at 14.2% at 3% XG.

3. The undrained shear strength of the soil was investigated by conducting the fall cone
test (FCT) and the vane shear test (VST). Similar findings were observed for
specimens with 10% RAP from FCT and VST, where in both tests the undrained shear
strength values decreased with the addition of RAP. Contrarily, at both tests, the XG
increased the undrained shear strength of the soil perceptibly. The Su values were
determined as 0.881, 0.436, 3.822, 5.284, and 7.442 kPa at FCT and 3.538, 1.125,
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10.428, 14.483, and 17.494 kPa at VST for SM, SM with 10% RAP, 0.5%, 1%, and
3% XG at a constant water content of 35%.

4. There have been several tests of unconfined compressive strength on specimens
prepared in different mixtures and subjected to different curing conditions. With
respect to the UCS results of the noncured specimens, they show a similar trend to
those of the undrained shear strength tests (FCT and VVST), where the addition of RAP
led to a reduction, and with the addition of XG content, the UCS values rose. Upon
subjecting the specimens to a curing period of 28 days, it was observed that the strength
values exhibited an increase with both reclaimed asphalt pavement (RAP) and xanthan
gum (XG). The peak, noted at 8295 kPa, representing the highest value attained among
all specimens, occurred at a 3% XG concentration. The curing effect on the
strengthening was examined, and the peak UCS results of the specimens with 1% XG
measured 181.7, 6189.6, 6544.5, and 6040.7 kPa for O, 7, 28, and 56-day curing
periods, respectively. According to the test results of the cured specimens (7, 28, and
56 days), the compression strength of the soil was always found to be maximum at 28
days for the cured specimens, regardless of the mixtures except the one with SM+10%.
Moreover, the energy absorption of all the mixtures was obtained from UCS results.
For the non-cured specimens, the energy absorption capacity increased with 10% RAP
and XG content, but for the cured specimens, the capacity decreased with RAP and
increased with increasing XG content. The energy absorption capacity of the soil
increased with curing time and reached its maximum at the 7-day curing period,
slightly decreasing with higher curing times (28 and 56 days).

5. The consolidation behaviour of the soil treated with RAP and XG was investigated
under several parameters, such as void ratio (€), compression (Cc) and recompression
(Cr) indices, consolidation ratio (Cv), and coefficient of permeability (k). As shown in
the void ratio versus log pressure graphic, the interstitial space between the initial void
ratio (e0) and the final void ratio (ef) widened with the addition of RAP and XG. Both
Cc and Cr were reduced with the addition of 10% RAP and increased with XG content.
The Cc was dropped from 0.075 to 0.058 and rose up to 0.25 at 3% XG, while the Cr
was reduced to 0.12 from 0.14 and increased to 0.25 at 3% XG. The CV of the soil
showed the expected results, where the CV increased with RAP and decreased with
XG content. The CV was calculated as 0.58 cm2/sec for clean soil and 0.73, 0.51, 0.39,
and 0.30 cm2/sec for 10% RAP and 0.5, 1, and 3% XG, respectively. Parallel to CV,

the permeability showed similar results. The k of the clean soil was measured as 3.93E-
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07 cm/sec and increased to 4.18E-07 cm/sec with 10% RAP and 2.15E-07, 1.32E-07,
and 8.82E-08 cm/sec for 0.5, 1, and 3% of XG.

6. California bearing capacity (CBR) tests were conducted on specimens under
unsoaked conditions, and the results indicated that adding 10% RAP to silty sand soil
had no sufficient effect on improving or reducing its bearing capacity, whereas adding
even a small amount of XG significantly reduced the bearing capacity. Based on the
CBR values at 2.5 mm penetration, the CBR increased from 6.98% to 7.57%, and it is
calculated as 2.51, 2.28, and 1.81% for 0.5, 1, and 3% of XG, respectively.

7. Shear stress (t), cohesion (c), and internal friction angle (¢) of the soil were obtained
by performing a direct shear test. The peak shear stress reached in non-cured
specimens was decreased with RAP and XG. The cohesion of the soil first decreased
with RAP, then increased with increasing XG content. The maximum cohesion was
reached at 3% XG with 66.7°, which increased by nearly 90% compared to SM.
However, not only the RAP but also the XG show no great effect on the internal
friction angle. The internal friction angle decreased to 27.1° from 29.8° when 10%
RAP was added and increased slightly to 28.8°, 29.9°, and 31.25° for 0.5, 1, and 3%
of XG.

5.3 Recommendations

In light of the results of this intensive laboratory testing program, the following
recommendations can be made for further research:

1. The soil that was classified as silty sand (SM) in the presented study can be replaced
with finer soil such as silty clays (ML) or low- or high-plasticity clays (CL, CH) to
better observe the interaction of XG material with fine-grained structures.

2. A more focused test program can be used by reducing the test variety and changing
the percentiles of the RAP (15% or 20%) and XG (1.5, 2, and 2.5%) materials in this
program. This allows for a much more detailed examination of how the bituminous
material affects the effectiveness of XG, as well as a more precise determination of the
optimum XG percentage.

3. The durability of a possible improvement can be investigated by applying a longer
curing time. In addition, especially for consolidation and CBR experiments, samples
can be prepared with less density than MDD or more water content than OMC to be

able to test worse scenarios.
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4. It is also possible to conduct detailed analyses on cost calculations, environmental
impacts, and applicability in the field.
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