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초 록
최근 미생물 기반 바이오폴리머를 이용한 흙 처리와 지반 보강 기술이 활발히 연구되고 있다.
바이오폴리머 처리토는 토양-수분-하이드로겔 상호작용으로 인해 강도 증진, 투수계수 감소,
비산먼지 및 표면 침식 억제 등의 공학적 거동을 갖는 것으로 알려져 있으나, 구체적인 연구는
이루어지지 않고 있는 실정이다. 바이오폴리머를 이용한 지반공학적 적용은 외부 환경(강우 및
온도)의 영향을 많이 받는 표층 및 천층을 주 대상으로 하고 있는 실정이다. 따라서 표층의 토양
함수 특성 변화에 따른 바이오폴리머 처리토의 강도와 기타 지반공학적 물성들의 거동에 대한
연구가 필요하다. 아울러 바이오폴리머 처리토의 투수계수 조절 기능에 대한 구체적인 이해를
통해 바이오폴리머 처리토의 적용 분야를 차수벽 또는 지반주입재로의 확장 가능성에 대한 타당성
검토 수행도 가능할 것으로 기대된다.
본 연구의 목표는 토양-수분-바이오폴리머 하이드로겔의 상호작용을 고려한 바이오폴리머
처리토의 토양-수분 특성과 투수성을 파악하는 것이다. 이를 위해 물 흡습 시 하이드로겔을
형성하는 바이오폴리머인 잔탄검과 젤란검을 주 재료로 사용하였다. 다양한 실내실험을 통해
바이오폴리머 처리토의 토양-수분 특성 곡선, 가압조건에서의 투수계수, 중금속 흡착능, 그리고
식생생장 거동을 평가하였다. 특히 실험결과를 통해 바이오폴리머 처리토를 매립지 등지에서
적용할 수 있는 타당성을 검토하였다. 또한 본 연구를 통해 토양-수분 관점에서 각 바이오폴리머
별 최적 적용 조건을 도출하였다.
건조 및 습윤 상태에서의 토양 - 수분 특성은 바이오폴리머가 흙의 흡습율과 수분 함유율을
증진시키는 특성과 동시에 토양의 모세관 전도성을 감소시킴을 보였다. 점토가 혼합된 흙의 경우
점토 종류에 따라 바이오폴리머 처리 토양이 매우 상이한 습윤 거동을 보임이 확인되었다. 높은
수압 조건에서도 열적젤화 된 바이오폴리머 고분자 처리토는 높은 수분 흡수 및 보유 능력은
물론 투수계수 저감 효과가 높음을 실험을 통해 밝혀냈다. 특히 카올린 점토와 바이오폴리머 간
형성되는 바이오폴리머-점토 매트릭스 더 높은 압력 조건에서도 우수한 투수계수 저감 효과가
있는 것이 확인되었다. 한편, 바이오폴리머의 이온 흡착능은 토양의 중금속 제거에도 효과가
있음이 실내 중금속 여과 실험을 통해 확인되었다. 표준 니켈 중금속 오염시액을 젤란검 처리된

사질토에 여과 시 니켈 중금속의 제거능은 바이오폴리머의 농도와 유효표면적이 증거함에 따라
높아짐이 확인되었다.
일반적으로 바이오폴리머 처리토의 토양-수분특성은 바이오폴리머를 활용한 토양 침식 억제,
식생 생장 증진, 강우 시 비탈면 안정화 증진 등 다양한 분야에 활용될 수 있을 것으로 기대된다.
아울러 중금속 흡착능은 지하수 처리 또는 폐기물 매립지 분야 등에서 활용 가능할 것으로
보여지고, 사막화 확산 방지 등 다양한 지속가능한 공학 분야로의 적용이 기대된다.

핵 심 낱 말

바이오폴리머 처리토, 토양-수분 특성 곡선, 가압조건에서의 투수계수, 중금속

흡착능, 식생생장 거동

Abstract
Microbial biopolymers have recently been introduced as a new material for soil treatment and ground
improvement. The engineering properties of biopolymer-treated soil are determined by the soil-waterhydrogel interactions, which allows biopolymers to show excellent performances in soil strengthening,
reduction in hydraulic conductivity, dust control, reduction in surface erosion, and so on. Typical
applications of biopolymer are for surface treatment and building materials, which are sensitive to
weathering conditions such as rainfall and temperature. Weathering conditions determine the water
distribution in biopolymer-soils as well as the relationship between water content and strengthening
effects of biopolymer-soils. Furthermore, with biopolymer-soils’ controllability of water flow, it may
be suggested as a hydraulic barrier or grouting material.
The aim of this study is to have an understanding of the water-related properties of biopolymertreated soil, considering the effects of external conditions on the soil-water-hydrogel interaction. To
meet the objective of this study, xanthan gum and gellan gum were used for this study. Soil-water
characteristic, pressurized hydraulic conductivity, heavy metal adsorption were main laboratory tests
conducted in this study. In order to introduce the applicability of biopolymer-treated soil, additional
testing on vegetation growth in a controlled chamber and numerical modeling on rainfall-induced
slope failure retention were carried out. Furthermore, based on the experimental data, a potential as a
landfill material using of biopolymer-treated soil was also provided. Through the study, biopolymer
types and optimal content were suggested for different geotechnical engineering purposes.
The drying and wetting soil-water characteristics show that biopolymer can improve the water
storage in soil and reduce the capillary conductivity of soil via water absorbing and holding capacity.
The presence of clay admixture can render different wetting behavior of biopolymer-treated soil
corresponding to clay types. Even under a high water pressure, the water absorbing and holding
capacity of thermo-gelatin biopolymers, allows the treated-soil to be able to hold its structure and
restrict the water movement through the soil system. The biopolymer-kaolinite matrix enhances the
hydraulic reduction performance of biopolymer. Furthermore, ion adsorbability of biopolymers
enhances the heavy metal removability of soil. The metal removability from a contaminated flow
increases proportionally with biopolymer concentration.
In general, the water-related properties of biopolymer-treated soil brings a promising future of
using biopolymer to improve drought survivability of vegetation and rainfall-induced slope
stabilization. In addition, the water flow controllability and ion removability of biopolymer allow
biopolymer-treated soil can be used as a hydraulic barrier.

Keywords biopolymer-treated soil, soil-water characteristic, pressurized hydraulic conductivity,
vegetation, heavy metal adsorption.
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Chapter 1. Introduction
1.1 Background of biopolymer−soils
The drastic increase in the global population is a major reason for the unprecedented rate of expansion
for civil infrastructures. One of the developments of civil infrastructures tend to demand promising
and sustainable methods of soil improvement, with more than 40,000 soil improvement projects being
performed per year at a total cost exceeding US$6 billion/year worldwide (DeJong et al. 2010).
The primary purpose of soil improvement methods is to increase soil stiffness and reduce soil
hydraulic permeability, water infiltration. There are four main categories in the soil improvement
technique: (1) soil improvement without admixture, which is known as mechanical stabilization; (2)
soil improvement with admixture (e.g. microbial methods and sand compaction piles, etc.); (3) soil
improvement grouting type admixtures (e.g. chemical stabilization, deep mixing, etc.); and (4) earth
reinforcement (e.g. ground anchors, vegetation methods, etc.) (Chu et al. 2009). Mechanical
stabilization and earth reinforcement are not the main subjects of this thesis and will not be further
discussed.
The majority of the admixture methods is that soil stabilization mainly depends on the chemical
reaction between the additives, which are injected into the pore space of soil, and are mixed with the
natural soil to achieve the desired effect (Makusa 2012) via binding soil particles together. Common
additive and grouting materials are cement, fly ash, bituminous materials, and sodium silicate
polyacrylamides (PAM), or a combination of these materials. However, these materials generally
exhibit a negative influence on the. Fly ash and cement have significant environmental impacts
associated with its production in terms of high-energy consumption and CO2 emissions (Gaafer et al.
2015). The production of bitumen is responsible for 90% human and eco toxicity (Mazumder et al.
2016). Additionally, the residual monomer of PAM is a reproductive and development in humans
(Dearfield et al. 1988), and it can cause long-term effects on human breast tissue (Christensen et al.
2003), and skin (Igisu et al. 1975).
Recently, interest in the use of biomineralization technologies such as microbially induced
calcite precipitation (MICP) and living microorganism induced polymer (i.e. biopolymers) in
geotechnical engineering has been rising over the last decade. Several studies have attempted to
explain the hydraulic reduction and strength improvement of MICP (Cheng et al. 2013; Soon et al.
2013; Whiffin et al. 2007) and biopolymers (Chang and Cho 2019; Chang et al. 2016; Khatami and
O’Kelly 2012) in soils. MICP was presented as an alternative method of soil improvement; however,
there are several drawbacks in the application of MICP. MICP is affected by many factors for bacterial
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ureolysis and the subsequent calcium carbonate precipitation such as pH value (Ivanov and Stabnikov
2017), soil structure, and soil components (Rong et al. 2011). Furthermore, several by-products of
urea hydrolysis is ammonium and ammonia that are toxic substances for workers, harmful for the
aquatic environment and atmosphere, and increases the risk of corrosion due to its high pH (PachecoTorgal and Jalali 2011). Meanwhile, biopolymers have the advantages of direct in field applications
compared to MICP since biopolymers can be produced off site. Biopolymers has been studied for soil
strengthening, soil permeability control, and erosion reduction, dust control, and drinking water
treatment (Chang et al. 2016; Chang et al. 2015a; Chang et al. 2015d; Chen et al. 2013a; Zemmouri et
al. 2013).

1.2 Main objective of this study
The direct biological attempt using common commercial biopolymers: xanthan gum, gellan gum were
used in this study. While gellan gum hydrogel can form hard gels through heating above 90° and
cooling process, xanthan gum hydrogel does not change its properties with temperature. These
biopolymers have been researched for soil strengthening (Chang and Cho 2019; Chang et al. 2015a;
Chang et al. 2015c; Khatami and O’Kelly 2012; Kulshreshtha et al. 2017), and hydraulic reduction
(Bouazza et al. 2009; Chang et al. 2016). However, the detailed understandings on the effects of
xanthan gum and gellan gum via inducing soil-water-hydrogel interaction on geotechnical engineering
properties of soils such as water retention behavior, hydraulic conductivity concerning external
pressures, and ion control have not been deeply studied. Furthermore, the interaction mechanism of
soil-water-hydrogel in the soil system and their optimized biopolymer condition has been
undiscovered.
The standard jumujin sand of Korea is the main objective material used in this study.
Furthermore, kaolinite and montmorillonite clay were used as admixture materials to observe the
effects of clay particles on the performance of biopolymers on sand treatment. In this thesis, xanthan
gum and gellan gum are introduced to improve the water-related properties of jumunjin sand. A series
of experimental studies performed to investigate the soil-water-hydrogel interaction mechanisms was
soil-water characteristic test, pressurized hydraulic conductivity, and heavy metal ion adsorption tests.
In order to introduce the applicability of biopolymer-treated soils, additional testing on vegetation
growth in a controlled chamber and numerical modeling on rainfall-induced slope failure retention
were carried out. Furthermore, based on the experimental data, a potential as a landfill materials of
using biopolymer-treated soils was also provided. Through the study, biopolymer types and optimal
content were suggested for different geotechnical engineering purposes.
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1.3 Scope – organization
The thesis consists of 7 chapters: starting with a brief Introduction (present chapter) followed by an
extensive literature review (Chapter 2), which expresses commonly used biopolymer and their up-todate applications in geotechnical engineering. The literature review also presents a brief introduction
on unsaturation soil mechanics, hydrogels, hydraulic conductivity, ion-hydrogel interaction, and soil
materials. This is followed by three experimental chapters (3 – 5) and a practical application chapter
(6). Finally, in Chapter 7, the Conclusions, and Further Recommendations are presented.
Chapter 3 presents water absorbing and holding properties of sand treated by xanthan gum.
Laboratory attempts on wetting, drying soil water characteristic testing are performed to discover
water distribution in xanthan-treated sand. Furthermore, this chapter also provides the role of clay
admixture – xanthan gum interaction in the water retention performance of xanthan gum−treated sand.
Emphasis is placed on water holding performance concerning xanthan gum content and soil types,
compared to untreated soil materials.
Chapter 4, extending from the knowledge on water absorbing and holding capacities of
biopolymers gathered in Chapter 3, assesses the performance in flow control of biopolymer treated
sand in consideration of external pressures (i.e., pore water pressure and effective stress). A reason for
using gellan gum in this chapter is explained. Besides providing the role of soil particles – gellan gum
hydrogel – water interaction in reducing hydraulic conductivity of sand via pore-clogging, the effect
of kaolinite on the hydraulic conductivity behavior of gellan gum-treated sand is shown. Based on
obtained results an empirical equation is suggested to predict the hydraulic conductivity of gellan
gum−treated sand, and the optimized biopolymer concentration is indicated in this chapter.
Chapter 5 expresses the ability of gellan gum on improving the metal ion adsorption of sand.
This chapter investigates on nickel removal capacity of gellan gum treated sand from a nickel
contaminated solution. Besides providing an insight into the adsorption mechanisms of gellan gumnickel and sand – nickel via adsorption isotherm, kinetic studies, and surface morphology, the role of
pore-clogging effect on nickel adsorption is emphasized.
Chapter 6 addresses practical applications of biopolymer-treated soil. From wetting SWCC
parameters obtained from Chapter 3, numerical modeling on slope stability during rainfall is
developed. Water retention improvement for soil of xanthan gum brings out the idea of providing
water storage in sand for perennial ryegrass, which is also mentioned in this chapter. Including results
obtained from previous chapter, a potential in landfill materials of biopolymer- treated soil is provided.
Finally, salient conclusions and recommendations for further study were summarized in
Chapter 7.
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Chapter 2. Literature review

2.1 Application of microbial biopolymers in geotechnical engineering
2.1.1 Biopolymer materials used in geotechnical engineering
2.1.1.1 Agar gum
Agars, a seaweed biopolymer (Lee et al. 2017), are linear polymers based on a disaccharide repeat
structure of 3-linked β-D-galactopyranosyl and 4-linked 3,6-anhydro-α-L-galactopyranosyl units
(Araki 1966). The most important property of agar is its capable of forming reversible gels simply by
cooling hot aqueous solutions without the need for further reactions with other products or the
introduction of a counter-ion, unlike carrageenans and alginates (Imeson 2012).
Agar gum is widely used in gelling, thickening, and stabilizing food additive (Imeson 2012), and has
medical-industrial applications such as drug delivery (Nakano et al. 1979), DNA information
(Dumitriu 2004), and dermatophyte recovery (Adachi and Watanabe 2007). Furthermore, as agar gum
has rheological properties, it recently has been used to improve the strength of cohesionless soil
without causing environmental toxicity (Chang et al. 2015c; Khatami and O’Kelly 2012; Smitha and
Sachan 2016).

2.1.1.2 Guar gum
Guar gum, which is extracted from the seeds of plant Cyamopsis tetragonoloba (Lapasin 2012),
consists of a (1-4) – linked β-D-mannopyranose backbone with random branchpoints of α-D
galactose units (Risica et al. 2005). Guar gum is applied in many industries such as food (Mudgil et al.
2014; Whistler and Hymowitz 1979), pharmacy (Chourasia and Jain 2004; Khullar et al. 1998), paper
(Chudzikowski 1971), and textile (Parija et al. 2001).
To geotechnical engineering, guar gum can be used to stabilize mine tailings to improve
impoundment stability and erosion resistance by enhancing the undrained shear of mine tailings (Chen
et al. 2015). Guar gum is used for grouting stabilization of sand for construction works in desert areas
(Gupta et al. 2009), and used as an installation aid for the permeable reactive barrier wall construction
in Belgium, Canada (Velimirovic et al. 2014). Guar gum also shows potential in ion removing from
wastewater (Mukherjee et al. 2018).
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2.1.1.3 Gellan gum
Gellan gum is a linear anionic polysaccharide manufactured by microbial fermentation of
Sphingomonas paucimobilis microorganism (Oliveira et al. 2010). The primary structure of gellan
gum is a tetra-saccharide unit composed of α-L-rhamnose, β-D-glucose, and β-D-glucuronate, in the
molar ratios 1:2:1 (Jansson et al. 1983).
In general, gellan gum is used as a food additive because in the food industry (Giavasis et al.
2000), oral drug delivery in pharmaceutical technology, and in the biomedical application such as
tissue engineering, surgery and wound healing (Osmałek et al. 2014). Furthermore, it can be used in
bioremediation of soil, particularly in petroleum contaminated soil, because of its bio-degradative
property (Giavasis et al. 2000). Recently, gellan gum has been researched in soil strengthening and
hydraulic reducing (Chang and Cho 2019; Chang et al. 2016)

2.1.1.4 Dextran
Dextran, which is produced by bacteria of Leuconostoc mesenteroid, is consist of α(1,6)-linkages in
their major chain (Myriam et al. 2005). Dextrans are mainly used for medical (Bouhadir et al. 2001;
Kaplan 1998; Lévesque et al. 2005), analytical (Auerbach et al. 1988) applications, food industry as a
soluble macromolecule emulsifier (Kato et al. 1988) and paper industry (Myriam et al. 2005). For
geotechnical engineering, dextran is used to improve the workability of oil drilling muds (Horace et al.
1944) and cement mixtures (Kato et al. 1988). Dextrans can be used as potential soil conditioners
(Pini et al. 1994).

2.1.1.5 β-1,3-glucan
The main chain consisting of (1,3)-linked β-D-glucopyranosyl units along which are randomly
dispersed single β-D-glucopyranosyl units attached by (1,6) linkages, giving a comb-like structure, is
a common structure of β - glucan (Bohn and BeMiller 1995). Curdlan amd Scleroglucan are popular
biopolymers in this group, which have been subjected to experimental testing for geotechnical
purposes.
Scleroglucan is produced by an aerobic submerged culture of a selected strain of the
fungus Sclerotium rolfsii (Castillo et al. 2015). It is a multipurpose compound that is applicable in
many industrial fields, including the oil industry (Survase et al. 2007), and pharmaceutical industry
(Kulicke et al. 1997; Viñarta et al. 2007). Furthermore, in conventional building products,
scleroglucan has found a niche application in asphalt emulsions (Kulicke et al. 1997; Pierre et al.
1993). Scleroglucan is also studied to improve water retention of soils (Chenu 1989).
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Curdlan, which is produced by pathogenic Alicagenes faecalis bacteria (Poli et al. 2011), has
many positive performances in the food industry (Kaplan 1998), biomedical application (Bohn and
BeMiller 1995; Zhan et al. 2012), and cosmetical industry (Davis 1992; Takanabe et al. 2001). To
geotechnical engineering application, curdlan effectively reduces residual contaminants (D'Cunha et
al. 2009) and controls hydraulic conductivity as a pore-clogging agent (Ivanov and Stabnikov 2017).
Furthermore, curdlan has been used as an additive in concrete mixtures as a superplasticizer to
improve workability and prevent cement-aggregate separation (Tanaka et al. 1996).

2.1.1.6 Xanthan gum
Xanthan gum is an anionic water-soluble exopolysaccharide that is synthesized by the Xanthomonas
campestris bacterium (Poli et al. 2011). Xanthan gum is composed mainly of D-glucose chains linked
via β(1→4) bonds, with side chains consisting of D-mannose and D-glucuronic acid at a ratio of 2:1
(Babbar and Jain 2006; Candia and Deckwer 2002).
Xanthan gum has been popularly used as an emulsifier, suspension stabilizer, flocculant, and
thickening agent in various industrial applications such as food, agriculture and petroleum production
(Garcı́a-Ochoa et al. 2000; Katzbauer 1998; Palaniraj and Jayaraman 2011). Recently, there are many
researches on the applicability of xanthan gum in soil strengthening, soil binding improvement
(Ayeldeen et al. 2016; Chang et al. 2015a; Latifi et al. 2016; Yang et al. 2007)

2.1.1.7 Chitosan
Chitosan is derived by deacetylation of biopolymer chitin, and it is also found in the cell wall of fungi
(Chatterjee et al. 2005). Chitosan is composed of randomly distributed β-(1-4)-linked D-glucosamine
and N-acetyl-D-glucosamine (Islam et al. 2017). The application of chitosan includes a variety of
areas such as food preservation as active coating materials (Aider 2010), biomedical engineering
(Islam et al. 2017), agriculture as biopesticides and fertilizers (Hirano et al. 1996), paper industry
(Tang et al. 2016), and cosmetics (Jimtaisong and Saewan 2014).
Regarding geotechnical and geoenvironmental applications, chitosan has been used in
wastewater treatment (Lee et al. 2014; Liu et al. 2002; Renault et al. 2009). Chitosan also shows
promising potential in increasing the plugging effect of soil via reducing the hydraulic conductivity of
sandy soil by coating the sand particles (Khachatoorian et al. 2003b).
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2.1.1.8 Starch
Starches, which are mostly found in plants (Poli et al. 2011), are polysaccharides, composed of a
number of monosaccharides or sugar molecules linked together with α-D-(1-4) and/or α-D-(1-6)
linkages (Rodrigues and Emeje 2012). Starch is widely used in industries as diverse as food (Eliasson
2004), adhesives (Vishnuvarthanan and Rajeswari 2013), paper (Nachtergaele 1989) and
pharmaceuticals (Rodrigues and Emeje 2012).
In geotechnical engineering, starches have been applied as an adhesive for drilling fluids
(Francis et al. 1987), soil strengthening and permeability control (Ayeldeen et al. 2016). Furthermore,
starch can reduce erosion by aggregating the soil particles (Lentz et al. 1992; Orts et al. 2000)
Table 2.1 provides source, structure and applications of these common biopolymers
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Table 2.1 Source, structure and applications of biopolymers
Biopolymer

Source

Structure

Application

3-linked β-D-galactopyranosyl
Agar gum

Isolated from red algae

and 4-linked 3,6-anhydro-α-Lgalactopyranosyl units

Guar gum

Extracted from seeds of
Cyamopsis tetragonoloba

Gellan gum

Produced by microbial
fermentation of
Sphingomonas
paucimobilis
microorganism

Food industry: stabilizer, emulsifier, thickener
Textile industry: gelling and thickening agent
Pharmaceutical applications: thickening agent, release agent, emulsifier.
Paper industry
Geotechnical engineering: grouting stabilization, initialization aid, heavy
metal adsorbent

(1,4) – linked β-Dmannopyranose backbone

α-L-rhamnose, β-D-glucose, and
β-D-glucuronate

α(1,6)-linkages
Dextran

Scleroglucan

Food industry: Food additive
Medical industry: drug delivery system, dermatophyte recovery
Geotechnical: Soil strengthening

Food industry: food additive
Pharmaceutical engineering: oral drug delivery
Biomedical applications: tissue engineering, surgery and would healing
Geotechnical engineering: soil strengthening, hydraulic reducing

Produced by bacteria of
Leuconostoc mesenteroid
bacteria

Food industry: emulsifier
Medical industry: Blood plasma extender, industrial separation of plasma
protein, tissue engineering
Paper industry: explosives, deflocculants
Geotechnical engineering: drilling muds, cement additive, soil conditioner

Produced by fungus
Sclerotium rolfsii bacteria

Oil industry
Pharmaceutical industry: drug delivery vehicle
Cosmetic industry: thickener
Geotechnical engineering: asphalt emulsions, soil water retention

(1,3)-linked β-D-glucopyranosyl
units
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Curdlan

Produced by pathogenic
Alicagenes faecalis
bacteria

Xanthan gum

Synthesized by the
Xanthomonas campestris
bacterium

Chitosan

Starch

- derived by deacetylation
of biopolymer chitin
- found in cell wall of
fungi

Found in plant

(1,3)-linked β-D-glucopyranosyl
units

Food industry: stabilizer, water binder and holder
Biomedical technology: enzyme carrier
Cosmetic industry: water holder
Geotechnical engineering: pore-clogging agent, superplasticizer for cement

β(1,4)-linked D-glucose

Food industry: emulsion stabilizer
Agriculture industry: stabilizer
Petroleum production: slurry explosives
Geotechnical engineering: soil binder

β-1,4-glucosamine

Food industry: coating materials
Biomedical engineering:
Paper industry: wound-healing management products, biocompatible
materials
Agriculture: biopesticides and fertilizers
Geotechnical engineering: wastewater treatment, hydraulic reduction of soil

α-D-(1-4)

and/or

α-D-(1-6)

linkages

-9-

Food industry: thickeners and stabilizers
Pharmaceutical engineering: binder, diluent, disintegrant
Paper industry: paper strengthening
Geotechnical engineering: soil strengthening, soil erosion controller,
hydraulic controller

2.1.2 Current biopolymer applications in geotechnical engineering practices
2.1.2.1 Soil strengthening purposes
Biopolymers increase the strength of soil via enhancing the binding ability between soil particles.
Biopolymer can coat grain particles via forming thread or textile type matrices, while biopolymer
interacts with clay particles directly via hydrogen bonding (Chang et al. 2015a). The hydrogen
bonding is conducted by functional groups such as hydroxyls, carboxyl, and amino group, depending
on biopolymer types.
Previous studies, through testing the compressive strength and shear strength of soil, have
found that xanthan gum, starch, guar gum, agar gum, and gellan gum increase the shear strength of
soil particles, especially cohesion (Ayeldeen et al. 2017; Chang and Cho 2012; Chang et al. 2016;
Chang et al. 2015c; Khatami and O’Kelly 2012; Latifi et al. 2016). To sand, the biopolymers coat soil
particles and may decrease the particle roughness, thereby, in some cases, leading to a minor decrease
in the friction angle of sand (Fig. 2.1a). The results indicated that the friction angle of sand decreased
from 32.3° to 17.5° as it is treated by agar-starch mixture (Khatami and O’Kelly 2012). Meanwhile,
biopolymers increase the friction angle of clay via a strong biopolymer – clay matrix (Fig. 2.1b). The
effect of biopolymer on cohesion and friction angle, in turn, affects the strengthening behavior of the
soil system (Fig 2.2a & b). Furthermore, with a small amount of beta-glucan, the compressive strength
of soil reaches 2,650 kPa, which is stronger than that of 10% cement-mixed soil (2,170 kPa) (Chang
and Cho 2012). Therefore, biopolymer has strong potential for the use of soil or ground strengthening
purposes.

2.1.2.2 Erosion resistance purposes
Many studies have been conducted to investigate the applicability to wind and water erosion using
biopolymers (Chang et al. 2015d; Kavazanjian et al. 2009; Larson et al. 2012; Orts et al. 2007; Orts et
al. 2000). Biopolymers improve the stability and surface erosion resistance of slope and dam
construction based on interaction mechanism such as bio-aggregation, bio-crusting, bio-coating, bioclogging, bio-cementation (Stabnikov et al. 2015)
Figure 2.3 shows the effectiveness of using biopolymer in soil erosion via laboratory tests. In
which, xanthan gum and chitosan treated sand perform a significant erosion resistance where the
amount of soil runoff is less than 1% (Kavazanjian et al. 2009). The experimental laboratory results
show a promising potential of using biopolymers in soil erosion control. However, the in situ
environmental condition results in different erosion behavior than laboratory test (Orts et al. 2000)
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Figure 2.1 Shear strength parameters of biopolymer treated (a) sand and (b) kaolinite
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Figure 2.2 Effect of biopolymers on compressive strength of soils
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Figure 2.3. Effectiveness of the use of biopolymers on erosion control (referred to Orts et al., 2000,
2007; Larson et al., 2012, Kavazanjian et al., 2009)

2.1.2.3 Grouting purposes
For conventional underground grouting, biopolymers have been used to increase the viscosity of
mixing water and enhance the stability of cement-based systems (Ghio et al. 1994; Khayat and Yahia
1997; Sonebi 2006). Biopolymer is highly effective at controlling bleeding because the long-chain
molecules of biopolymers adhere to the periphery of water molecules (Khayat and Yahia 1998).
Previous studies show the addition of biopolymer gums in cement paste can increase the
viscosity of the system. However, the effectiveness of biopolymer on viscosity increase is more
significant at low shear rates than at higher shear rate (Ghio et al. 1994; Sonebi 2006). The increase in
apparent viscosity is caused by the adsorption of water molecules via biopolymer via hydrogen
bonding (Khayat 1998). For low shear rates the pseudoplasticity of the admixture, produced by the
entanglement of the long chain polymers, has a higher influence on the apparent viscosity than for
higher shear rate (Ghio et al. 1994). Due to the partial realignment of the polymer chains in the
direction of flow and dislodge of the intertwined chains, the apparent viscosity is reduced, and the
fluidity enhances at a higher shear rate (Ghio et al. 1994; Sonebi 2006).

2.1.2.4 Flow control purposes
The presence of biopolymer hydrogels can affect the hydraulic conductivity of soil via inducing soil
pore-clogging (DeJong et al. 2013; Mitchell and Santamarina 2005). When the hydrogel treated soils
are subjected to water, the interaction with water and accompanying swelling of hydrophilic gels can
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minimize the pore spaces (Chang et al. 2016), and in turn, reduce the hydraulic conductivity of soil
(Al-Darby 1996b; Bouazza et al. 2009; Chang et al. 2016; Khachatoorian et al. 2003b).
Figure 2.4 shows hydraulic conductivity behaviors of sand where the pore-clogging is induced
by a continuous biopolymer solution flow (Khachatoorian et al. 2003b). Parts of biopolymers from the
solution were retained on the sand surface, therefore blocking sand pores. For instance, over 11 days
the circulation of biopolymer solution decreases the hydraulic conductivity of sand down to 101 ~ 103
times depending on biopolymer type. Figure 2.5 shows the hydraulic conductivity of directly mixed
biopolymer – sand (Bouazza et al. 2009; Chang et al. 2016). The pore-clogging is induced by the
swelling of biopolymer when the water flow runs through the soil system. There should be a concern
about the weakening and flushing out of hydrogel under high hydraulic pressure condition.

2.1.2.5 Water retention purposes
Biopolymers that can adsorb an extreme amount of water to their weight will alter the soil-water
characteristic by rendering higher water retention (Al-Darby 1996b; Chenu 1989; Chenu 1993).
Biopolymers hold water in the soil under high pressure due to the strong bonding of biopolymer with
water molecules (Chang et al. 2010; Narjary et al. 2012).
However, the water retention behavior of soils depends on biopolymer types and concentrations.
It is found that higher biopolymer concentration renders higher water content under a given pressure
(Fig. 2.6) (Al-Darby 1996b). Different biopolymers show different water retention of the soil. For
example, water retention of 1% biopolymer-treated sands in the order of xanthan gum > scleroglucan
> dextran (Fig. 2.7) (Chenu 1993).

2.1.2.6 Vegetation growth purposes
Generally, plants require a small amount of water for their metabolic purposes; however, most of the
water supplied to plants is lost through transpiration. Low water holding capacity of sandy soils result
in the lack of water for the germination and root growth in drought condition (Crous 2017; Fan et al.
2005).
Due to the high water retention of biopolymer treated soil, the biopolymer can act as an
additional water reservoir within the soil (Chang et al. 2015d; Yvin et al. 2002). The biopolymer can
show high water retention behavior even under loose soil, which provides a proper environment for
the seed germination and the root penetration in the soils (Chang et al. 2015d).
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Figure 2.4. The pore-clogging effect of biopolymer flood on sand column
(referred to Khachatoorian et al., 2003)

Figure 2.5. Effect biopolymer types on hydraulic conductivity of sand
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Figure 2.6. Improvement in water retention of sol using Jalma hydrogel with different content
(referred to Al-Darby 1996)

Figure 2.7 Effect of different types of biopolymers on water retention improvement for sand
(referred to Chenu, 1993)
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2.2 Hydrogel structure, hydrophilic rheology of hydrogels and its effect on soil
behaviors
2.2.1 Hydrogel structure
Hydrogels are three-dimensional networks of hydrophilic polymers, which is able to absorb and retain
large amounts of water or biological fluids while maintaining their dimensional stability (Guilherme
et al. 2015; Kazanskii and Dubrovskii 1992). Hydrogel can be made from virtually any water-soluble
polymer, including a wide range of chemical compositions and bulk physical properties (Hoare and
Kohane 2008).
Based on the types of crosslinking within the hydrogel network, hydrogels can be classified
into two types: physically crosslinked gels and chemically crosslinked gels. Hydrogels are called
physical crosslinked gels when the network is held together by molecular entanglement, and
secondary forces including ionic, H-bonding or hydrophobic force (Hoffman 2002). Meanwhile,
hydrogels are called chemically crosslinked gels when they are covalently-crosslinked networks. The
chemical hydrogel may also be generated by crosslinking of water-soluble polymers, or by conversion
of hydrophobic polymers to hydrophilic polymers plus crosslinking to form a network (Gun’ko et al.
2017; Hoffman 2002). Both physical and chemical hydrogels are not homogeneous due to the
formation of clusters where ionically-associated domains in physical gels or high crosslink density in
chemical gels can be seen (Hoffman 2002).
The hydrogel hydrophilicity is owed to a number of water–solubilizing groups (i.e., functional
group): -OH, -COOH, -COO−, >C=O, >CHNH2, -CONH2, -SO3H, etc., in the polymer network
(Gun’ko et al. 2017), which relates to the amount of water absorbed.

2.2.2 Water in hydrogels
The available water content within hydrogel plays an important role in determining biological
properties of hydrogels through interfacial free energy (Hu and Tsai 1996; Jhon and Andrade 1973) in
biomedical application. The arrangement of water molecules inside hydrogel structures can be
considered a critical point in understanding their rheological behavior (Pasqui et al. 2012). The
amount of water within hydrogels may also reflect the water absorption ability of the hydrogel.
Figure 2.8 shows the different states of water in hydrogel: strongly bound water, weakly bound
water and free water (Gun’ko et al. 2017). When a dry hydrogel begins to absorb water, the first water
molecules entering the matrix will hydrate the polar, hydrophilic groups, forming the strongly bound
water. As the polar groups are hydrated, the network swells and exposes hydrophobic group, which
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also interact with water molecules, leading to the secondary bound water (i.e., weakly bound water).
After that, the network will imbibe additional water, due to the osmotic driving force of the network
chain towards infinite dilution resisted by the physical or chemical cross-links. The additional water is
called free water (Hoffman 2002).
The bound water is directly attached to the polymer chain through hydration of functional
groups or ions. The bound water remains as an integral part of the hydrogel structure and can only be
separated at very high temperatures or high pressures/suction. Although other layers of water can be
accommodated into the hydrogel structure, these have much weaker interactions with functional
groups and ions as they are farther away from the functional cores. The free water can potentially be
removed from the hydrogels by centrifugation and mechanical compression (Ottenbrite et al. 2010).

2.2.3 Hydrophilic rheology of hydrogels
Most of the hydrogels show the pseudoplastic or shear-thinning behavior where the more shear is
applied; the fluid becomes less viscous (Agi et al. 2018; Huang et al. 2007; Marcotte et al. 2001;
Miyoshi and Nishinari 1999). It has been recognized that pseudoplasticity represents an irreversible
structural breakdown and the decrease in viscosity occurs as a result of molecular alignment that takes
place within such a substance (Glicksman 1969). There are several models has been used to describe
the flow behavior of hydrogels, for example, linear (Newtonian or Bingham), power law, and power
law with yield stress (Fig. 2.9) (Agi et al. 2018; Marcotte et al. 2001). However, the rheology of the
hydrogel can depend upon the combination of temperature (Marcotte et al. 2001; Miyoshi and
Nishinari 1999), hydrogel types (Marcotte et al. 2001; Yaseen et al. 2005), concentration (Miyoshi and
Nishinari 1999), and molecular weight (Amundarain et al. 2009; Tirtaatmadja et al. 2001).
Previous studies show that the presence of hydrogel in the soil will affect the colloidal
properties of clay in suspension such as viscosity and flow behavior (Heller and Keren 2002). For
instance, hydrogel adsorption by clay leads to an increase in viscosity and a change in yield stress of
suspensions (Chang et al. 1992; Heath and Tadros 1983; Lagaly 1989; Wang et al. 2016), which
depends on concentration, types

and molecular weight of hydrogels (Heller and Keren 2002). The

yield stress and the flow behavior of clay suspensions are sensitive indicators of clay particle
interactions concerning the particle−particle association strength (Heller and Keren 2002; Lagaly
1989). Furthermore, the improvement in physical conditions of the soil stems from the linking of clay
particles, or coating sand particles by hydrogel to yield soil aggregation stabilization (Barclay and
Lewin 1985; Chang et al. 2015d; Marten and Frankenberger 1992). Additionally, hydrogel shows the
effect on blocking the channels of losing water from the soil layer, i.e., the hydraulic conductivity
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responsible for the gravitational flow or the physical evaporation. Therefore, hydrogels can provide an
increase in the water content of the soil and, consequently, improve the water supply of plants
(Kazanskii and Dubrovskii 1992).

Figure 2.8 Type of water in hydrogels (referred to Ottenbrite et al. 2010; Gun’ko et al. 2017)

Figure 2.9 Rheology behavior of hydrogels (Agi et al. 2018)

2.2.4 Ion interaction
Hydrogels with physically well-defined three-dimensional porous structures and have chemically
responsive functional groups can readily capture metal ions and dyes from wastewater and release the
toxic pollutants upon changes in aqueous solution conditions. Hydrogel swells up to several times of
their original volume in aqueous media which results in interaction and sorption of dyes and metal
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ions on to polymer chain.
Adsorption of the metal ions by hydrogels takes place by the attraction mechanism, depending
on the difference in charge between the positively charged metal cations and the negative charged
active sites distributed everywhere along with the hydrogel structure and these active sites govern the
whole uptake of the metal cations by the hydrogels. Besides the adsorption mechanism, there is a
contribution of the ion exchange mechanism, which depends on types of functional groups. Different
hydrogels have different functional groups that mainly contribute to the ion adsorption mechanism
such as –SO2OH and COOH for poly[2-(acrylamino)-2-methyl-1-propanesulfonic acid-co-itaconic
acid] hydrogel (Çavuş and Gürdağ 2008); −CO2H and –C=O or –OH groups for polycarboxulated
starch-based hydrogels (Chauhan et al. 2010), −COOH groups for Xylan rich hemicellulose-g-AA
gels (Peng et al. 2012), −NH2, −OH and −COOH for chitosan (Wang et al. 2009) and so on.
Furthermore, the cation-exchange mechanism is the minor contribution of the metal ion adsorption of
hydrogels (Kawahara et al. 1996; Kolla et al. 1987).
The charged hydrogel also interacts with clayey particles, which have electric charges, via
hydrogen bonding and ionic bonding, which in turn improves geotechnical engineering properties of
soils (Chang et al. 2016b; Chang et al. 2015a). The effect of hydrogels on soil properties was detailed
mentioned in section 2.3.3

2.3 Unsaturated soil mechanics
Terzaghi (1943) had a meaningful contribution toward our understanding of unsaturated soil behavior
via emphasizing the importance of unsaturated portion of the soil profile concerning “capillary forces”
and “mechanics of drainage”, which provides insight into the fundamental nature and importance of
the air-water interface (Terzaghi 1943). Later, unsaturated soil mechanics have been developed and is
largely taught as an extension of the concepts fundamental to saturated soil mechanics. Unsaturated
soil mechanics involved the engineering description of a multi-phase system that has soil, water and
air. The air-water interface is also suggested as the fourth phase of the unsaturated soil (Fredlund and
Morgenstern 1977). The description of unsaturated soil behavior needed to embrace a wide range of
degrees of saturation. The degree of saturation of the soil ranged from saturation in the capillary zone
to a discontinuous water phase in the dry soil zone (Fredlund 2017).
The unsaturated zone is defined as the earth’s terrestrial subsurface that extends from the
surface to the regional groundwater water, which is an important definition to retain because of the
manner in which the soil-water characteristic curve (SWCC) is measured in the laboratory and used in
engineering practice (Fredlund 2017). The SWCC is used to describe the nonlinear relationship
- 20 -

between matric suction and water content of unsaturated soil, and water distribution within the body
of unsaturated soil (Tao et al. 2017; Williams 1982). The SWCC has played an important role in
extending saturated soil mechanics to embrace unsaturated soil behavior.
There are three water types in soil: adsorption water (Karube 1988), meniscus water and free
water (Karube and Kawai 2001). Adsorbed water has tightly bound the surface of the soil particles via
the static electric attraction on the surface of sand (Mitchell 1993; Wu et al. 2008). The meniscus
water induces meniscus stress with suction, which works at the contact points between soil particles.
The meniscus stress works internally and produces a pseudo-cohesive force in unsaturated soil media
(Lourenco et al. 2012; Wu et al. 2008) to stiffen the soil skeleton. Free water is easily removed from
the soil by a suction smaller than -0.3 bars. Meanwhile, a suction of (-31 ~ - 0.3) bars is needed to
remove capillary water out from the soil (Plaster 2013). The adhesion force is the most potent force in
the soil media, the adsorbed water; therefore, can be separated from soil surface under suction in the
range of (- 10000 ~ -31) bars (Plaster 2013).
Therefore, the SWCC has three stages that describe the process of desaturation of soil as shown
in Fig. 2.10 (Fredlund et al. 2012; Fredlund 2000), which reflects different properties of water in soil.
The capillary saturation zone (or boundary zone) is where the pore-water is in tension, but the soil
remains saturated. This stage ends at the air entry value, where the applied suction overcomes the
capillary water forces in the largest pore in the soil. The transition zone (desaturation zone) is where
water is displaced by air within the pores. This stage ends at the residual water content, where the pore
water becomes discontinuous, and the coefficient of permeability is greatly reduced. The residual
saturation zone is where the water is tightly adsorbed onto the soil particles, and flow occurs in the
form of vapor. This stage is terminated at oven dryness (Fredlund 2000).
The SWCC is known as the central relationship in describing the behavior of unsaturated soils,
which can be used as a significant value for the estimation of unsaturated soil property functions such
as permeability, shear strength and volume change (Fredlund 2000). There are many researchers have
described the nonlinear SWCC via empirical models or equations (Brooks and Corey 1964; Brutsaert
1967; Burdine 1953; Campbell 1974; Fredlund and Xing 1994; Gardner 1956; Laliberte 1969; McKee
and Bumb 1987; Mualem 1976a; Pham et al. 2005; van Genuchten 1980). In which, the van
Genuchten equation and the Fredlund and Xing equation are the best SWCC model for a variety of
soils (Leong and Rahardjo 1997).
The van Genuchten equation is typical of proposed sigmoidal equation (van Genuchten 1980).
The volumetric water content (θw) of soil is expressed as (Eq. 1):
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θ w= θ r +

(θ s − θ r )
m
1 + (ψ α )n 



(2.1)

where θw is the volumetric water content; θs is the saturated volumetric water content; θr is the
residual volumetric water content; ψ is the soil suction (kPa); α is a soil parameter related to the air
entry value (AEV); n is a soil parameter associated with the rate of water extraction from the soil; and
m is a soil parameter related to θr and m, which is calculated by m = 1 – (1/n) (Mualem 1976a, 1976b;
van Genuchten and Nielsen 1985).
The Fredlund and Xing (1994) equation can be written as follows
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(2.2)

where θw, θs, θr, ψ have same meanings as in Eq. 2.1; a is the soil parameter related to the AEV of the
soil (kPa); n is the soil parameter related to the slope at the inflection point (near the AEV) on the
SWCC; m is the soil parameter related to the residual water content portion of the curve; e is the
natural number 2.718; ψr is the residual suction (kPa) corresponding on the residual water.
The SWCC parameters obtained are used to calculate permeability, effective saturation, matric
suction which are used to estimate the strength of unsaturated soil. The drying and wetting SWCCs
are significantly different, and in many cases, it becomes necessary to differentiate the soil properties
associated with the wetting curve. The geotechnical engineer must take a decision regarding the
process that is to be simulated and the use the appropriate estimated unsaturated soil property function
(Tami et al. 2004).
Effective stress is the term used to describe the general stress state that can subsequently be
used to describe the physical behavior of saturated soils. The effective stress has been expressed in the
form of an equation

σ=' σ − u w

(2.3)

where σ’ is the effective stress, σ is the total stress and uw is the pore water pressure.
It was recognized that there needed to be a separation between the effects of total stress changes
and pore-water pressure changes when attempting to describe unsaturated soil constitutive behavior
(Biot 1941). The oldest and most-often-used effective stress relationship is that proposed by Bishop
(1959). The equation is commonly referred to as Bishop’s effective stress equation for unsaturated
soil (Bishop 1959)
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σ ' = (σ − u a ) + χ ( u a − u w )
Where χ

(2.4)

is a soil parameter with a value between zero and unity depending on soil type and the

degree of saturation assuming that the pore water does not occupy the total pore volume (Cai and
Ugai 2004), and ua is the air pressure.
The value of parameter χ can roughly be replaced by the degree of saturation or the relative
degree of saturation as (Vanapalli et al. 1996)

χ=

Sw − Sr

1− S r

(2.5)

Where Sw denotes the degree of water saturation, and Sr is the degree of residual saturation.

2.4 Hydraulic conductivity
The rate of water movement through soil is of considerable importance in many aspects of agricultural
and urban life. An important soil property involved in the behavior of soil water flow systems is the
conductivity of the soil to water. Hydraulic conductivity is the ability of the soil to transmit water
(Klute 1965). The definition of the hydraulic conductivity k follows from Darcy’s Law. In the
saturated flow conditions, the velocity of water flow ν (m/s) in the soils is directly proportional to the
hydraulic gradient i. The coefficient of this direct proportionality which is a constant with units of
velocity is named as hydraulic conductivity. The relationship can be generally expressed by equation

ν = k .i

(2.6)

In the saturated flow conditions and according to the Darcy’s Law, the flow velocity ν can be
expressed

ν = k.

∂h
∂x

(2.7)

where x (m) is the distance in the direction of groundwater flow, h (m) is the hydraulic head.
The hydraulic conductivity of soil is important in geotechnical projects related to the
determination of seepage, stability analyses, and settlement prediction (Chung et al. 2018).

Many

researchers have found that hydraulic conductivity of soil is affected by many factors such as density
(Sällfors and Öberg-Högsta 2002), water content (Sällfors and Öberg-Högsta 2002), void ratio
(Sivapullaiah et al. 2000), grain size distribution (Hauser 1978), and soil types (Ebina et al. 2004;
Ritzema 2006). Furthermore, in sandy soils, the k value is the same in all direction, but usually, the k
values vary with the flow direction. Soil layers vertical permeability is very often different from
horizontal permeability because of vertical differences in the structure, texture, and porosity.
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At the flow goes through an unsaturated zone, the hydraulic conductivity decreases. It is
because part of the pores in unsaturated soil is filled with air, which reduces the area available for
flow and soil-water content. Therefore the unsaturated hydraulic conductivity is lower than the
saturated conductivity. Many laboratory and field methods have been developed to measure the
unsaturated hydraulic conductivity. Indirect methods, which predict the hydraulic properties from
more easily measured data (e.g. soil-water retention and particle-size distribution), can provide
reasonable estimates of hydraulic soil properties with considerably less effort and expense. The
SWCC parameters can be used to have a predictive estimation on the unsaturated soil. For instance,
the set of closed-form equations formulated by van Genuchten (1980), based on the Mualem capillary
model (Mualem 1976a, 1976b; van Genuchten and Nielsen 1985), is used to represent the hydraulic
characteristics of unsaturated soil as follows

Κ (θ )


=
k s S 1/2
e 1−


(

)

m m
1− S1/

e


2

where Se denotes the effective saturation (i.e., χ), m is SWCC parameters

Figure 2.10 Soil-water characteristic curve illustrating the components
(referred to Frendlund et al. 2012; Fredlund 2000)
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(2.8)

2.5 Soil materials: Mineralogy and basic properties
2.5.1 Sand
Sand particles are made of mostly quartz and feldspar (Das and Sobhan 2013) which falls into a group
of minerals called the silicates. The silicates are dominated by the invariance of the SiO4 pyramid unit
(Greaves et al. 1981) (Fig. 2.11a).
In our study, Jumunjin sand which is a standard sand material in Korea is used in this study.
Jumunjin sand has a specific gravity (Gs) of 2.65 (Chang and Cho 2019), and is classified as a poorly
graded sand with D50 = 0.43mm. Its uniformity coefficient (Cu) and coefficient of gradation (Cc) are
1.39 and 0.76, respectively.

2.5.2 Clays
Clay Kaolinite consists of repeating layers of elemental silica-gibbsite sheets in a 1:1 lattice (Fig. 11b).
Montmorillonite has one gibbsite sheet sandwiched between two silicate sheets (Fig.11c). The layers
are held together by hydrogen bonding (Das and Sobhan 2013).
The charges on the clay surfaces are always negative regardless of pH (Bolland et al. 1976), but
the magnitude is pH-dependent (Zhou and Gunter 1992). The charge on the edges is due to the
protonation/deprotonation of surface hydroxyl groups and therefore depends on the solution pH (Zhou
and Gunter 1992). At low and intermediate pH values, the charges of the edge faces are positive and
turn to negative values at high pH (Preocanin et al. 2016).
In dry clay, the negative charged is balanced by exchangeable cation like Ca(II), Mg(II), Na(I)
and K(I) surrounding the particles being held by electrostatic attraction. When clay interacts with
water molecules between clay layers, water can create an interlayer ionic solution that causes swelling
phenomena related to electrical double layer properties (Bolan et al. 1999; Karaborni et al. 1996b)
Kaolinite has a lower cation exchange capacity (CEC) than montmorillonite, on average (Arnott 1965;
Mitchell and Soga 2005). In general, kaolinite is regarded as a less-swelling clay mineral (Osacky et
al. 2015), whereas montmorillonite has been widely applied for drilling purposes owing to its high
swelling tendency (Karaborni et al. 1996a). Because of the difference in the CECs, kaolinite, and
montmorillonite are expected to interact with biopolymers differently.
This study used Bintang kaolinite (Belitung Island, Indonesia) and a pure montmorillonite
material (CAS: 1302−78−9; Sigma Aldrich) for clays. Table 2.2 summarizes the basic properties of
the clays
Table 2.3 summarizes materials used in each chapter of this study

- 25 -

Figure 2.11 Diagram of structures of (a) sand; (b) kaolinite and (c) montmorillonite
(referred to Das and Sobhan, 2013)

Table 2.2. Basic properties of clays
Clay

Gs

Liquid limit

Plastic limit

[%]

[%]

D50 [µm]

Specific surface
area [m2/g]

Kaolinite

2.65

59

25

44

22

Montmorillonite

2.70

295

42

0.07

220
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Table 2.3. Materials used in this thesis
Materials
Jumunjin sand
Soils

Biopolymers

Reasons
Standard sand used in Korea

Experiments

Kaolinite

Used as an admixture in biopolymer-sand mixture for soil
strengthening (Chang and Cho 2019)

Montmorillonite

Widely used for hydraulic barrier materials

Xanthan gum

Show a good performance in water retention (Fig. 2.7)
(Chenu 1993), hydraulic reduction (Bouazza et al. 2009)

Gellan gum

Soil strengthening (Chang and Cho 2019)
Thermo gelatin (Fig. 2.12) (Chang et al. 2015c)

All tests
Wetting biopolymer-soil water characteristics
(Chapter 3)
Pressurized hydraulic conductivity (Chapter 4)
Soil water characteristic (Chapter 3)
Pressurized hydraulic conductivity (Chapter 4)
Vegetation growth (Chapter 6)
Pressurized hydraulic conductivity (Chapter 4)
Heavy metal ion control (Chapter 5)

Fig. 2.12 Increase in strength performance of gellan gum-treated soil via heating process (referred to Chang et al. 2015c)
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Chapter 3 Soil-water characteristic of biopolymer-treated soils

3.1 Introduction
3.1.1 Biopolymer−Soil−Water Characteristic Curve (B-SWCC) – Definition and concept
As mentioned in section 2.3 the SWCC is used to describe the relationship between matric suction and
water content of unsaturated soil, and the water distribution with the body of unsaturated soil. When
the sand is treated by biopolymer, the water absorption of biopolymer controls the amount of water
held in the unsaturated soil. Different from original SWCC where expresses the effect of air pressure
on water held by surface tension in the sand, biopolymer provides an artificial absorption layer for
sand. Similarly, water held in clay is based on the water absorption of clay via double layer, however,
in biopolymer-treated clayey, the water adsorption is induced by the biopolymer-clay matrix.
Therefore, in this study, we define the curve that shows water distribution in the body of biopolymertreated soil as biopolymer-soil-water characteristic curve (B-SWCC)

3.1.2 Water retention of hydrogel treated soils
Few studies are conducting on the effects of hydrogels on the SWCC of soils (Al-Darby 1996a;
Bhardwaj et al. 2007; Chenu 1993; Narjary et al. 2012). The studies prove that hydrogel can increase
the amount of retaining water in the soil under high suction compared to the untreated soil. However,
the effect of hydrogel on the SWCCs depends on hydrogel types and concentration.

It is because the

presence of hydrogel can affect the soil structure (Chang and Cho 2014; Chang et al. 2015a; Neethu et
al. 2018), and in turn, tends to change the SWCC shape for the materials involved significantly.

3.1.3 The role of the B-SWCC in engineering practice
Besides giving information on water distribution in soil, providing parameters for the numerical
modeling methods which are used for the estimation of unsaturation soil property function is the main
role of the SWCC. The B-SWCC could do the same role for biopolymer-treated soil, especially at
where the biopolymer-soil treatment is used for surface treatment.
Therefore, evaluating the effect of biopolymer on water distribution within soils and obtaining
B-SWCC parameters for numerical modeling are the main purpose of this chapter.
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3.2 Experimental program for B-SWCC
3.2.1. Drying test
3.2.1.1 Specimen preparation: xanthan-soil mixtures
Xanthan gum solutions were prepared by dissolving xanthan gum powder into deionized water at
room temperature (20°C) at different xanthan gum content (xanthan gum to water ratio in mass)
according to the controlled xanthan gum content of 0.5; 1.0; 2.0 and 3.0 % to the mass of the sand.
Each xanthan gum solution was mixed with dry soil at an initial water content equivalent to 10% of
the mass of the soil.

3.2.1.2 Experimental procedure
Drying SWCCs of xanthan−treated sand were determined via Fredlund-type SWCC device (GCTS
SWC-150). Xanthan gum-sand mixtures are molded into a specimen ring (diameter of 42 mm and
height of 20 mm; 27.69 × 103 mm3). The dry density of untreated and xanthan gum-treated soils was
controlled at 1.54 ± 0.1 g/cm3 to avoid the effect of dry density on the SWCC’s results (Gallage and
Uchimura 2010). Then, the specimens were saturated in deionized water for 24 hours to ensure that
the soil samples can absorb water as much as they can.
After saturation, the specimen was carefully placed into the Fredlund SWCC cell right above
the ceramic disk (75 mm in diameter). Pneumatic pressure was applied in steps as, 5 kPa, 10 kPa, 20
kPa, 50 kPa, 100 kPa, 200 kPa, 400 kPa, and 800 kPa, where each pressure was constantly applied for
24 hours. Water released from the specimen was measured via two volume tubes on the pressure
panel during the test. The matric suction in soil is regarded to be identical to applied air pressure when
after the volumetric water content (θw) in soil becomes stable (i.e., no more water release), where θw is
defined as Vw (water volume in soil) / Vt (total volume of soil; 27.69 x 103 mm3).

3.2.2 Wetting test
3.2.2.1 Specimen preparation: Xanthan gum–soil mixtures
Four types of soils were reconstructed: pure sand (100%; S10), sand 90%−kaolinite 10% (S9K1),
sand 80%−kaolinite 20% (S8K2), and sand 90%−montmorillonite 10% (S9M1) specimens, where the
clay and sand percentages are represented by mass composition. Xanthan gum solutions were
prepared by dissolving pure xanthan gum in deionized water at room temperature (20 °C) at different
xanthan gum concentrations (xanthan gum to water ratio, in mass), as summarized in Table 3.1. Each
xanthan gum solution was mixed with dry soil at an initial water content equivalent to 10% of the
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mass of the soil. Thoroughly mixed xanthan gum−soil mixtures were dried in an oven at 30 °C for 30
days before conducting laboratory wetting tests.

Table 3.1. Target xanthan gum content for wetting SWCC test (Tran et al. 2019b)
Biopolymer content [%]
(xanthan gum to soil ratio in mass; mb/ms)
Xanthan Biopolymer solution concentration [%]
gum (xanthan gum to water ratio in mass; mb/mw)
Xanthan gum solution densities [g/cm3]

0.0

0.1

0.0

1.0

0.99

0.99

3

Average xanthan gum solution density [g/cm ]
H500 capillary tube
Wetting (diameter 100-mm; height 500-mm)
test H100 capillary tube
(diameter 35-mm; height 100-mm)

0.25

1.00

0.5

1.0

5.0

10

1.01

1.02

1.0
○

-

-

○

○

○

○

○

○

○

3.2.2.2 Experimental procedure
Two different capillary rise tubes were employed to obtain the wetting SWCCs of the xanthan
gum−soil mixtures. First, a capillary rise tube with a 100−mm diameter and a 500−mm height (H500)
(Yang et al. 2004) was used (Fig. 3.1a) (Tran et al., 2019). The dried xanthan gum–soil mixtures were
compacted into the tube at a target dry density of 1.52 ± 0.03 (g/cm3) and placed in a tray. In order to
prevent evaporation from the soil surface, the top of the tube was sealed with parafilm to avoid
evaporation from the soil surface. The tray was then filled by water up to a height of 10 mm and
maintained during the test. The water in the tray started to move into the soil column. When the
capillary water in the tube reached equilibrium, the 500−mm−height soil column was divided into
several segments to determine the variation in the gravimetric water content along the soil column.
The matric suction (ua–uw) inside the soil tube was calculated as: ρf (the density of fluid) × g
(the acceleration due to gravity: 9.81 m/s2) × H (the height of the water inside the soil column,
regarded as the negative pore water pressure head in soil, in m). A fluid density of 1.0 g/cm3 was used
in this study (Table 3.1). The capillary conductivity (i.e. flow velocity in unsaturated soil) was
calculated as H / t (the time for the water inside the soil column to reach the H)
Xanthan gum−treated soils are known to exhibit pore−clogging behavior because of the
hydrophilic water absorption and the corresponding hydrogel swelling of xanthan gum (Cabalar et al.
2017; Chang et al. 2016b), which is expected to interrupt the capillary rise of water in the soil.
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However, the H500 tubes showed significant pore clogging at the bottom, which restrict the
movement of water in soil column (Fig. 3.1a). Thus, additional tests using scale−reduced minitubes
(with a diameter of 35 mm and a height of 100 mm) (H100; Fig. 3.1b) (Tran et al., 2019) were
performed simultaneously to reveal the capillary behavior of the xanthan gum−soil mixtures more
effectively. The water level in the tray was maintained at 5 mm. The capillary conductivity, which
reflects the ability of water to infiltrate into the soil, was obtained by tracking the change in the water
level within the soil column over time.

3.2.3 Analysis methods: van Genucten’s equation
In this study, we use the van Genuchten’s equation (Eq.2.1), the wetting SWCC parameters of the
biopolymer−treated soils was obtained using a nonlinear fitting program (Seki 2007).
φ = 100 mm

(a)

(b)
5.0

parafilm

ne
c li

500 mm

tati
ros

hyd

H

φ = 35 mm
1.0
100 mm

10 mm

0.0

5 mm

Figure 3.1 Schematic diagram of capillary rise tubes (a) H500 (500-mm-height, 100-mm-diameter)
tube, (b) H100 tube (100-mm-height, 35-mm-diameter) (Tran et al. 2019b)

3.3 Results
3.3.1 Drying behavior of B-SWCC
3.3.1.1 Improvement of water holding capacity
Figure 3.2 shows the θw of the drying SWCCs of the xanthan gum-treated sand with different xanthan
gum contents. The SWCC test data for each specimen was best-fitted using the van Genuchten (1980).
The SWCC parameters are summarized in Table 3.2.
Xanthan gum -treated sand shows a higher initial θw (i.e. θs) than that of untreated sand due to
the high water absorbing and holding capacity of xanthan gum, which instantly formed hydrogels
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during the saturation process. As pneumatic pressure was applied for drying, the θw of the untreated
sand significantly dropped by 84% at the suction of 800 kPa. Meanwhile, xanthan gum-treated sand
showed a gradual reduction of θw which slightly decreased correspondingly to the xanthan gum
contents. The water content decreased by 46.5%, 31.9%, 29.3% and 26.2% as the sand was treated by
0.5%, 1.0%, 2.0% and 3.0%, respectively.
The water content in the treated sand decreased and turned to a level off at xanthan gum content
of 1%. The θs and θr values show an exponential relationship with xanthan gum content with R2 > 0.9
(Fig. 3.3), which is expressed as follows:

θs =
θ 0 + 0.054 (1 − e −3.239 XG )

(3.1)

θr =
θ 0 + 0.392 (1 − e −2.461 XG )

(3.2)

where, θ0 is volumetric water content at 0% xanthan gum content, XG is the xanthan gum content, and
e is the exponential constant value (i.e., 2.718).

3.3.1.2 Relationship of xanthan gum content and drying B-SWCC’s parameters
Figure 3.4 shows the change of AEVs with xanthan gum content. The experimental results
show that the AEVs were almost similar (4.1 kPa) as the sand treated 0.0 % and 0.5%, then slightly
increased to 4.6 kPa for 1.0% treatment. The AEVs then increased two folds for xanthan gum contents
of 2.0% and 3.0% treatment. The relationship between AEV and xanthan gum content can be
expressed using the four parameters logistic curve with R2 = 0.99 (Fig. 3.4)

=
AEV i AEV i max +

AEV i min − AEV i max
 XG 
1+ 

 1.6 

55.521

(3.3)

where AEVi is the air entry value at i % xanthan gum content; i max is the maximum xanthan gum
content; i min is the minimum xanthan gum content.
The presence of xanthan gum shows a strong effect on the n parameter. The n parameter
significant decreased from untreated sand to 1% treated (Fig. 3.5). After this point, the increase of
xanthan gum content did not show a decrease in the slope of the SWCCs. The decline in n parameter
with xanthan gum content reflects the shallower of slope due to the lower rate of water change during
the drying process. The n parameter which expresses the slope of the SWCCs shows an exponential
decay relationship with R2 > 0.9 as follows:
For the van Genuchten (1980) equation
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(

nV =3.036 + 1.968 1 − e −3.239 XG

)

(3.4)

Figure 3.2 Drying soil-water characteristics of xanthan gum-treated sand

Table 3.2 van Genuchten B-SWCC parameters
Xanthan gum content [%]
Equation

van Genuchten (1980)

Parameters
0.0

0.5

1.0

2.0

3.0

θs

0.517

0.566

0.595

0.578

0.583

θr

0.040

0.278

0.000

0.000

0.000

a

0.110

0.107

0.209

0.046

0.077

n

3.036

1.472

1.074

1.085

1.068

m

0.671

0.321

0.069

0.078

0.064
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Figure 3.3 Volumetric water content and xanthan gum content relationship

Figure 3.4 Increase in air entry value with xanthan gum content

Figure 3.5 Decrease in n parameter with xanthan gum content
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3.3.2 Wetting behavior of B-SWCC
3.3.2.1 Effect of biopolymer on capillary conductivity of soils
The effects of the xanthan gum biopolymer on the upward movement of water within the H500 and
H100 tubes, are respectively shown in Fig. 3.6 and 3.7 (Tran et al. 2019b). For the untreated S10,
water rose upward because of the surface tension force, whereas the xanthan gum treatment reduced
the capillary conductivity of S10 with the increase in the xanthan gum content (Figs. 3.6a and 3.7a).
Compared to untreated case, the capillary conductivity of the sand−kaolinite mixtures, slightly
increased at low xanthan gum contents (0.1% and 0.25%) and then became lower than the capillary
conductivity when xanthan gum ≥ 0.5% (Figs. 3.6b-c and 3.7b-c). Meanwhile, the xanthan
gum−treated S9M1 soil showed capillary conductivity reduction with the increase in the xanthan gum
content (Figs. 3.6d and 3.7d).
The capillary conductivity of the different types of soil within the H100 tubes under the same
xanthan gum treatment condition is showed in Fig. 3.8 (Tran et al. 2019b). For the untreated cases
(Fig. 3.8a), the capillary conductivity decreased at higher clay contents, and the sand-montmorillonite
mixtures showed a lower capillary conductivity than the sand-kaolinite mixtures. In general, the
presence of clay tended to delay the movement of water in the soil via the double layer absorption and
pore filling, which are enhanced at higher clay contents (Lu and Likos 2004).
Under the xanthan gum–treated condition, pure sand showed the lowest capillary conductivity,
regardless of xanthan gum content (Figs. 3.8b–d). As the soils were treated by 0.1%, the
sand−kaolinite mixtures started to show a higher capillary conductivity than the sand−montmorillonite
mixtures (Fig. 3.8b) and 0.5% (Fig. 3.8c). Meanwhile, the variation in the capillary conductivity
between the clay types and clay contents reduced at xanthan gum content of 1.0% (Fig. 3.8d). Overall,
the capillary conductivity results (Figs. 3.6, 3.7, and 3.8) showed different xanthan gum–soil
interactions with respect to the type of soil, and xanthan gum content.
Table 3.3 summarizes the maximal water level and related time in soil columns

3.3.2.2 Role of kaolinite in the wetting behavior of sand-clay mixtures
The variations in the capillary conductivity of the xanthan gum −treated S9K1 soil and S8K2 soil in
the H100 tube at a matric suction of 0.3 kPa is shown in Fig. 3.9 (Tran et al. 2019b). As the soils were
treated by xanthan gum contents lower than 0.25%, the capillary conductivity seemed to promote
water transfer through the soil. Meanwhile, pore−clogging and water flow interruption mainly
governed by the behavior at high xanthan gum contents (≥ 0.5%) (Fig. 3.9). Figure 3.10 (Tran et al.
2019b) showed the variations in the capillary conductivity of the different soil types treated by the
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same xanthan gum content and matric suction. When xanthan gum = 0.5% and higher, the capillary
conductivity of the S9K1 soil becomes lower than that of S8K2 (Fig. 3.10) which implied the role of a
gel−type biopolymer–clay matrix formation in pore clogging and in the following capillary
conductivity reduction (Chang and Cho 2019). In details, the xanthan gum–kaolinite matrix of S9K1
soil showed higher xanthan-to-kaolinite ratio than that of S8K2 soil for same xanthan gum content to
the dry mass of soil (e.g., for 1% xanthan gum to soil content, xanthan gum to clay content becomes
10% and 5% for S9K1 and S8K2 soils, respectively). Thus, the S8K2 soil had more unbonded
kaolinite particles than S9K1 soil, resulting in a higher capillary conductivity compared S9K1 at high
xanthan gum-to-soil content (0.5%) higher capillary conductivity than S9K1 soil at high xanthan
gum-to-soil contents (≥ 0.5%). Therefore, the S9K1 soil requires more time than the S8K2 soil to
reach matric suction equilibrium, as shown in Fig. 3.11.
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Figure 3.6. Capillary conductivity of xanthan gum–treated soils in H500 tube. (a) S10; (b) S9K1; (c)
S8K2; (d) S9M1 soils (Tran et al. 2019b)

Figure 3.7 Effect of biopolymer content on capillary conductivity of soils in H100 tube. (a) S10; (b)
S9K1; (c) S8K2; (d) S9M1 soils (Tran et al. 2019b)
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Figure 3.8 Capillary conductivity of xanthan gum–treated soils in H100 tube. (a) Untreated (0.0%).
Xanthan gum−treated with (b) 0.1%, (c) 0.5%, and (d) 1.0% xanthan gum to soil content in mass
(Tran et al. 2019b)

Figure 3.9. Capillary conductivity of sand−kaolinite mixtures with xanthan gum content variation
(Tran et al. 2019b)
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Figure 3.10. Capillary conductivity comparison of 0.5% xanthan gum−treated soils (Tran et al. 2019b)

Figure 3.11 Matric suction and corresponding equilibrium time of xanthan gum−treated
sand−kaolinite mixtures. (a) S9K1in H500 tube. (b) S8K2 in H500 tube. (c) S9K1 in H100 tube. (d)
S8K2 in H100 tube (Tran et al. 2019b)
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Table 3.3 Maximal water level and related time of the soils in H500 tube
Specimens
Soil types

Sand

10% kaolinite – sand

20% kaolinite – sand

10% montmorillonite – sand

Biopolymer
content [%]

Water level
in soil
column

Time
[days]

[kPa]

0

3.75

23

0.5

1.00

150

1.0

0.80

151

2.0

0.55

142

0

5.00

10

0.5

1.50

185

1.0

1.30

186

0

5.00

11

0.5

5.00

122

1.0

3.50

183

0

2.30

98

0.5

1.20

81

1.0

0.50

69

3.3.2.3 Effects of xanthan gum on wetting SWCC curve
The wetting SWCCs and relevant parameters of untreated and 0.5% xanthan gum-treated S8K2 soils
are presented in Fig. 3.12 and Table 3.4 (Tran et al. 2019b). The saturated volumetric water content
(θs) of the treated soil (θs = 0.4) was higher than that of the untreated soil (θs = 0.28) because of the
high water−holding capacity of the xanthan gum hydrogels (Bhardwaj et al. 2007; Hatakeyama and
Hatakeyama 1998; Zhang et al. 2016). At a certain suction level, the effects of xanthan gum on the
increases in pore clogging and surface tension were exhibited which alter significant reduction of the
water suction, which in turn significantly reduced the water suction. The difference became
inconsiderable when the matric suction is ≥ 5 kPa. The volumetric water content (θw) values at 5 kPa
were 0.122 and 0.136 for treated and untreated S8K2, respectively. Thus, the n value of the xanthan
gum−treated soil (2.27) is significantly higher than that of the untreated soil (1.81), whereas the
difference in the m values was less. The results demonstrate the significant effect of xanthan gum on
the water retention of the soil (i.e., θs or θw) at suction levels lower than 5 kPa.
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Figure 3.12. Wetting soil−water characteristic curves of the untreated and 0.5% xanthan
gum−treated S8K2 soil (Tran et al. 2019b)

Table 3.4 SWCC parameters of untreated S8K2 and 0.5% treated S8K2 (Tran et al. 2019b)
20% kaolinite-sand
Van Genuchten parameters
Untreated

Treated

θs

0.28

0.40

θr

0

0

0.46

0.54

n

1.81

2.27

m

0.45

0.55

8.50

7.00

α

WEV

[kPa -1]

[kPa]

3.4 Discussions and summary
3.4.1 Discussions
3.4.1.1 Drying B-SWCC
3.4.1.1.1 Water-related behavior of xanthan gum−treated soils during drying process
Figure 3.13 shows a schematic model of the drying behavior of untreated and xanthan gum −treated
sands. At the saturation stage of the drying test, xanthan gum -treated sand contains more water than
untreated sand (Fig. 3.13a and b). It is because the saturation of untreated sand is governed by a
capillary force which is always affected by gravity force. The sand itself has very low water holding
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capacity (Mustafa et al. 1989). Therefore, the surface of the untreated sand specimen is not fully
covered by water. Meanwhile, the water absorption of xanthan gum is essential to saturate the treated
soil system. The xanthan gum absorbs and swells until the pore spaces are fully filled. The role of
hydrogel on improvement the saturated volumetric water content of the sand obtained seem to
coincide with that of many previous studies (Al-Darby 1996a; Bhardwaj et al. 2007; Chenu 1993).
As the soil specimen is subjected to higher suction, for the untreated sand, together with the soil
skeleton the free water can stand a suction which is lower than air entry value. When the suction
reaches to the air entry value, the free water is replaced by air immediately (Karube and Kawai 2001).
After that, the increase of suction reaches a value at which the meniscus water is removed from the
untreated sand. The water keeps moving out quickly from the sand with higher suctions (Fig. 3.13c).
The amount of bound water in hydrogel decides the strength of xanthan gum hydrogel matrix.
The higher the xanthan gum content, the stronger the xanthan gum hydrogel. Therefore, the treated
sand can bear higher air pressure, and control the penetration of air into the sand system. As a result,
the AEVs and the amount of remaining water at higher suctions are higher in the case of the treated
sand compared to the untreated sand (Fig. 3.13d).
Furthermore, the inconsiderable of volumetric water content for cases of 1%, 2%, and 3% is
due to the constant pore size of the specimen (Chang et al. 2016). At 1% xanthan gum treatment, the
sand pores are mostly filled with bound water. From this point, the excess amount of xanthan gum
shows less effects on the water absorption of specimens.

Figure 3.13 Schematic model of the drying of untreated and xanthan gum -treated sands
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3.4.1.1.2 The rate of change in water storage
On the SWCC, the slope of the line joining the AEV and the residual point provides a measure of the
rate at which water is removed from the soil as suction is increased past the AEV. The slope of the
SWCC indicates the rate of change in water storage in the soil concerning soil suction. The n
parameters of fitting curves reflect the slope of the SWCC. Since the specimens have similar dry
density, the presence of xanthan gum hydrogel solution is the main affecting factor on the change of
the SWCC for jumunjin sand.
The n parameter decreases as the xanthan gum content increases. It is because the water
absorption of xanthan gum play a leading role in holding water and controlling the decreases in pore
size. As a result, the higher xanthan gum content used, the shallower the slope of the SWCCs and the
lower n parameters. However, as the xanthan gum content is beyond 1%, the effect of fixed pore size
on the amount of water absorbed causes the less impact of xanthan gum on the n.

3.4.1.2 Wetting B-SWCC
3.4.1.2.1 Water-related behavior of xanthan gum−treated soils during wetting process
Figure 14 shows a schematic of the wetting behavior of the xanthan gum−treated soils. For the S10
soils, the dried xanthan gum instantly absorbs water due to hydrophilicity, then clog the inter−granular
pore spaces, restricting the upward flow of water (Fig. 3.13a) (Bueno et al. 2013; Lehrsch et al. 2011).
Water within a soil column is known to rise until the total surface of the capillary system is balanced
by the weight of the water that is lifted (Free 1911). As the sand contains xanthan gum, xanthan gum
absorbs an abundant amount of water owing to its hydrophilicity, thus significantly increasing the soil
water content from the wetting datum. The amount of water in treated soil column have to carry a
great effect of gravity. Moreover, as the funstional groups in xanthan gum completely interact with
water, the xanthan gum hydrogels located at the bottom of the soil column may exhibit a hydrophobic
wetting characteristic that results in a significant reduction in the capillary conductivity (Nagy and
Deák 2013), as shown in Fig. 3.14a.
The untreated S9K1 and S8K2 soils show a steady upward water flow and reach higher water
levels in the capillary tubes compared to the S10 soil. However, the water absorption of the kaolinite
particles in the inter−granular pore spaces requires more time for sufficient wetting because of their
high water absorption, compared to the untreated S10 sand (Fig. 3.8a). In treated soils, a xanthan gum
–kaolinite matrix via hydrogen bonding is formed (Nugent et al. 2009), during the wetting process
xanthan gum-kaolinite bridge get loosen due to the simultaneous water absorption of xanthan and
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kaolinite (Fig. 3.14b). At low xanthan gum contents (0.1 and 0.25%), the xanthan gum –kaolinite
matrix works well to spread the water rapidly. xanthan gum with its water absorbability reduces the
frictional effects due to the water absorption of the kaolinite particles in the pore spaces. When the
xanthan gum content ≥ 0.5%, xanthan gum seems to fully clog the pore spaces, accompanied by a
significant capillary conductivity reduction (Figs. 3.7b and c).
Moreover, as montmorillonite has a specific surface area and CEC values higher than kaolinite
(Kahr and Madsen 1995), the untreated S9M1 soil shows a lower capillary conductivity than the
untreated S10 and S9K1 soils (Fig. 3.8a) via the pore clogging induced by high swelling ability of
montmorillonite particles as it contacts with water (Fig. 3.14c). Xanthan gum treatment can improve
the water absorption and the swelling ability of montmorillonite (Razakamanantsoa et al. 2014),
which in turn shows a significant effect on the capillary conductivity of the sand–montmorillonite
mixtures, as shown in Fig. 3.7d. Montmorillonite can adsorb more xanthan gum compared to kaolinite
because montmorillonite have smaller particles and the thicker double layer (Du et al. 2010); therefore,
under the same conditions of the xanthan gum treatment, the treated S9M1 soils exhibit a lower
capillary conductivity than the treated sand–kaolinite mixtures (Figs. 3.8b–d).

3.4.1.2.2 Significance of the wetting B-SWCC of biopolymer-treated soil
As mentioned above, the xanthan gum−treated soils show a distinctive absorption behavior compared
to the untreated soils. In particular, biopolymer-treated soils show promising potential for immediate
infiltration prevention. An example of using the wetting behavior of the xanthan gum−treated soils for
slope stability against heavy rainfall are provided. In fact, the water-entry suction value of the xanthan
gum−treated soil (ψw(XG) = 7.0 kPa) is lower than that of the untreated soil (ψw(untreated) = 8.5 kPa) (Fig.
3.12, Table 3.4). If water entry is the only deciding factor for the slope stability, the xanthan gum
treatment should be more vulnerable to slope stability. Although xanthan gum quickly absorb water,
water holding and swelling of xanthan gum which cause the reduction in hydraulic conductivity
becomes the dominant factors for the behavior of the entire soil area because of the significant
reduction in the hydraulic conductivity (and infiltration) of the soil. Note that the trend in the wetting
SWCC shown in this example is for the 0.5% xanthan gum-treated S8K2 soil. Different biopolymer
types and contents will render different wetting behaviors, especially water-entry values. Therefore,
the overturning trend in the biopolymer−treated soil to untreated soil may be different.
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Figure 3.14. Schematic comparison of the wetting and water retention behaviors of untreated and xanthan gum biopolymer−treated soils (Tran et al. 2019b)
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3.4.2 Summary
The drying and wetting soil-water characteristics was conducted to understand the effect of
xanthan gum via water absorbing and holding capacity on water distribution in unsaturated
soil. Fredlund SWCC device was used to conduct the drying test, while, column test was used
to obtain the wetting behavior of xanthan gum-treated soils.
The drying-SWCC shows that xanthan gum enhance volumetric water content, and air
entry values via high water-absorption and water-holding capacity as the soil subjected to
high air pressure. Furthermore, the slope of the BSWCC of xanthan gum treated sand is less
steep than that of untreated sand, which show the low rate of change in water storage. It is
because xanthan gum hydrogel can decrease pore size of soil via water absorbing-swellingwater holding capacity. The fixed soil pore size is the main factor renders the exponential
decay relationship between xanthan gum content and van Genuchten parameters n and θ. The
volumetric water increases with xanthan gum content; however, at 1% and higher xanthan
gum content treatment, there is no significant change in amount of water absorbed. This
finding indicates that 1% xanthan gum hydrogel fully filled pores of soil with dry density of
1.55 g/cm3. This finding can be useful for agriculture purpose where xanthan gum is used as
anartificial water storage for plant. The 1% xanthan gum treatment can cause a bad aeration
condition in soil.
The wetting-SWCC provides the role of water absorption and holding capacity of
xanthan gum in capillary conductivity of soil. If the water risen in sand column is due to the
surface tension, then water absorption and holding capacity of xanthan gum reduces the water
movement in sand column. The presence of clay in sand render different wetting behaviors
corresponding to type and amount of clay which affecting factors on number of kaolinite and
xanthan gum interaction. At low xanthan gum treatment, xanthan gum can work as a water
transferor since the water can quickly transfer within kaolinite-xanthan gum matrix. The uses
of xanthan higher than 1% quickly blogs soil pores which causes the difficult in movement of
water flow. Due to the pore-clogging effect of xanthan gum. This phenomenon happens only
to kaolinite clay. Montmorillonite with smaller size particles, thicker double layer, higher
charge and strong swelling capacity renders decrease in capillary conductivity with xanthan
gum content. This finding of water movement in unsaturated xanthan-gum treated soil can
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provide a quick understanding on unsaturated hydraulic conductivity of xanthan gum-treated
soil as it is applied to geotechnical engineering.
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Chapter 4 Hydraulic conductivity of biopolymer-treated soils with stress
variations

4.1 Introduction
In order to investigate the water absorbing and holding capacity of biopolymer-treated soils subjected
to stress variations, hydraulic conductivity was investigated.
The laboratory experimental methods to estimate the pore-clogging effect of hydrogels used in
these studies can be divided into two groups. Groups 1 includes methods where water flow goes
through hydrogel treated soil such as falling head permeabiliy test (Andry et al. 2009), constant head
permeameter (Al-Darby 1996a; Narjary et al. 2012), and flexible wall permeameter (Bouazza et al.
2009; Chang et al. 2016). Group 2 are methods where hydrogel solution runs through untreated soil
pack such as pressure pumping flow (Etemadi et al. 2003; Khachatoorian et al. 2003a). In this study, a
pressured hydraulic conductivity apparatus, which can be classified in group 1, is introduced. The
advantage of the equipment is to be able to investigate the effects of the effective stress and pore
pressure on hydraulic permeability of soils, which has yet to be considered commonly.
Previous studies show that the gel-type biopolymers show better inter−particle interaction with
clay particles via a direct ion or hydrogen bonding than that of sand (Chang et al. 2016; Chang et al.
2015b). And, the ratio in the mass of biopolymer to clay becomes the dominant parameter governing
the strengthening behavior of the gellan gum−treated sand−clay mixtures (Chang and Cho 2019).
However, a detailed understanding of the interactions of gellan gum and soils and their permeability
reducing behaviors, especially for sand−clay mixture with different gellan gum content, has yet to be
achieved.
Thus, the chapter seeks to address the following questions: 1) the effect of inter−particle
interaction on the effectiveness of gellan gum on hydraulic conductivity reduction; 2) Hydraulic
behavior of gellan gum−treated soil in consideration of external pressures. To reach the target of this
study, a series of laboratory hydraulic conductivity tests using a pressurized hydraulic conductivity
system was conducted on gellan-treated soils. Furthermore, a single case of xanthan gum treatment
was conducted to have a comparison on the workability with gellan gum at initial condition (i.e. right
after mixing).
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4.2 Experimental program for hydraulic conductivity test
4.2.1 Sample preparation
The tests was conducted on xanthan gum and gellan gum treated sand. To prepare thermos−gelated
gellan gum−treated soil mixtures, gellan gum powder was first dissolved and hydrated in deionized
water heated at 100°C to obtain a gellan gum solution. After that, the dry soil and hot gellan gum
solution were uniformly mixed. The heated gellan gum -treated soil slurry was molded into a
cylindrical cell which is a part of the equipment. The soil specimen was cooled down at room
temperature (i.e., 20°C) to form a solid state. The specimen conditions were summarized in Table 4.1.
To prepare xanthan gum-sand mixtures, the xanthan gum powder was first dissolved and
hydrate in deionized water at room temperature. Xanthan gum content was 1.0% and initial water
content was 35%.

4.2.2 Experimental design and process
The saturated permeability of soils was determined using a pressurized hydraulic conductivity system
(Fig. 4.1). The soil mixtures were set into a cylindrical cell which is 9.3 cm in height and 8.0 cm in
diameter. However, specimen height depends on soil type and biopolymer hydrogel viscosity, which
was measured for every test. At the top and bottom of the specimen, filter papers were placed so that
water can evenly distribute within specimen during the experiment process.
The confining stress was applied when the specimen was cooled down to room temperature.
The confining pressure was applied to the soil under the drained condition using a pneumatic air
compressor, which was set up at 100, 200 and 400 kPa (Table 4.1). The consolidation process lasted
for 24 hours at where the vertical strain of soil reached constant (Fig. 4.2a-b). At the beginning of the
consolidation process, water dropped out due to the movement of free water under high air pressure.
The amount of water loss was lower than 6% of the initial water designed for the test. The water loss
depended on the amount of gellan gum concentration. For instance, for the case of treated S9K1 soil,
there were 6% and 1.3% water loss (in the mass of the initial water weight) for 0.25% and 2% gellan
gum concentration, respectively. At the end of the consolidation process, there was no more water loss,
and the confinement pressure worked as the effective stress σ′ on the soil system. The dry density of
soil after consolidation was tabulated in Table. 4.2.
For the case of xanthan gum treated sand, the volume of xanthan gum-sand specimen quickly
changed (Fig. 4.3), and xanthan gum kept flushing out of xanthan gum hydrogel with time (Fig. 4.4).
It is because the viscosity of xanthan gum hydrogel solution, which can be easily pressed out with air
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flow. Meanwhile, gellan gum with its thermal-gelation properties did not show unstable state of
hydrogel.
Curing was carried out for saturation purpose via supplying water pressure of 70 kPa into the
specimen. To de-air the specimen, the outlet valve was open at the beginning of the saturation process.
After that, the outlet valve was closed. The flow rate was tracked via a pump controller. As the flow
rate dropped down to zero, the specimen was considered to be fully saturated.
When the specimen was fully saturated, the outlet was opened, and the permeability test was
conducted. The water drained out was collected and weighted with time. The hydraulic conductivity
was observed at varying water pressures. The inlet water pressure (hereafter, IWP) was applied for 24
hours to ensure that the specimen reached a stable hydraulic conductivity.

Table 4.1. Specimens and experimental conditions
Inlet water
Gellan gum

Initial water content

Effective stress

content [%]

[%]

[kPa]

Soil types

pressure, ∆u
[kPa]

Sand (S10)

0; 0.5

30

1.0

36

2.0

44

0; 0.25; 0.4; 0.5

30

Sand−10%

0.75

35

kaolinite

1.0

36

(S9K1)

1.5

38

2.0

44
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100; 200; 400
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Settlement
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Pneumatic air
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Figure 4.1. Schematic diagram of pressurized hydraulic conductivity

Figure 4.2. Vertical deformation of 2% gellan-treated (a) 100% sand (S10) and (b) sand−kaolinite
mixture (S9K1) at different confinement pressures
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Figure 4.3. Vertical deformation of 1% xanthan gum treated sand under at confinement pressure of
200 kPa

Figure 4.4 Flushing out of biopolymers with time under 200 kPa confinement pressure
Table 4.2. Dry density of soils with different effective stress

Gellan
content [%]

Gellan gum to soil
ratio in mass (mb/ms)

0

0.25

0.40

0.50

0.75

1.00

1.50

2.00

Gellan gum to
solution ration mb/mw

0

0.83

1.33

1.67

2.14

2.78

3.95

4.55

S10

ρd

[g/cm3]

1.48

S9K1

ρd

[g/cm3]

1.53

1.65
1.62
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1.57

1.77

1.48
1.51

1.53

1.50
1.58

1.58

4.2.3 Analysis method
In order to know if the flow which runs through the soil system is turbulent or laminar flow, the
Reynold number is calculated as follows

Re =

ρ .v.D
µ

(4.1)

The Reynolds number values for some cases are provided in Table 4.3
Table 4.3 Reynolds number values
Gellan
content
[%]
0
0.5
1.0
2.0

S10

S9K1

IWP

IWP

Effective
stress
[kPa]

100

200

400

100

200

400

100

11.47

21.56

32.50

12.18

19.89

23.77

400

10.70

14.70

25.70

11.08

18.02

24.12

100

0.74

0.53

400

0.27

0.52

0.01

0.00

0.06

100

0.01

0.00

0.02

400

0.01

0.03

0.00

0.00

100

0.02

0.06

0.00

0.02

400

0.00

0.01

0.00

0.00

0.01
1.75
0.15
0.08

0.01
0.01

When the Reynolds number is below 1-10, the flow pattern is considered to be laminar (Bear
2012, 2013); otherwise, the flow pattern is transitional and turbulent (Chen and Wagenet 1992).
Based on the Reynold number, the flow through untreated soil is non-laminar flow. Therefore,
the flow velocity and hydraulic conductivity is nonlinear. The hydraulic conductivity (HC) is
calculated as follows (Mulqueen 2005)

V  L 0.5
k=
. 
A.t  h 

(4.2)

The flow through the treated soil is laminar flow. The HC for the gellan gum-treated soil is
calculated following Darcy’s law

k=

V .L
A.h.t

(4.3)

where V is the collected volume of water, L is the height of soil specimen, A is the area of soil
specimen, h is the head difference, and t is the time required to the V volume.
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4.3 Results
4.3.1 Workability of biopolymers at initial state
Figure 4.5 the initial xanthan gum gum did not have any effect on hydraulic reduction, even the HC of
xanthan gum treated sand was lower than untreated sand (Fig. 4.5) due to its unstable condition.
Therefore, it is concluded that at initial state, xanthan gum hydrogel is not proper materials for
hydraulic conductivity reduction of soil. Further testing will focus on gellan gum-treated soil

Figure 4.5 A comparison on effectiveness of xanthan gum and gellan gum at initial hydrogel state

4.3.2. Hydraulic conductivity of gellan gum-treated soils
Figure 4.6 shows the changes in the HC of gellan gum−sand (S10) with the increase in pore water
pressure. The untreated sand (i.e. gellan gum = 0.0 %) obtained the HC values which were in a range
of 5.29 ~ 6.70 x 10-7 m/s (Fig. 4.6a). The HCs seemed to have similar regardless of the σ′. Meanwhile,
as the sand was treated by gellan gum, the starting value of HC at IWP of 70 kPa decreased
significantly compared to the untreated sand, corresponding to the gellan gum content (Fig. 4.6b, c, d).
For treated sand, the changes of HC with IWP formed upward concave curves. In the beginning, the
HC gradually decreased to a minimum value, as the IWP reached a certain value, the HCs started
increasing. The sand itself shows a low capacity of holding water (Mustafa et al. 1989), which
allowed the pressurized water to run through the soil easily. The presence of gellan gum in the sand
system improves the strength of soil and water holding capacity (Chang et al. 2016), which in turn
enhanced the stability of the sand under high pore water pressure applied. Furthermore, gellan gum
played a role in filling pore space within the sand specimen (Chang et al. 2016), and in turn, showed
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more resistance on the water flow.
The relationships between HC and IWP of sand−kaolinite mixtures (S9K1) with different gellan
gum content were shown in Fig.4.7. Similar to the S10, the upward concave curves which express the
HC−IWP relationship for the gellan gum-treated S9K1 was achieved, which depended on the gellan
gum concentration. The water interaction of gellan gum-kaolinite matrix was essential to water
control in the S9K1 soil. A linear relationship was obtained as the sand−kaolinite mixtures were
treated by 0.0% and 0.25% (Fig. 4.7a, b). For the untreated S9K1 soil, the HCs were in a range of
3.77 ~ 4.49 x 10-5 m/s, which were as same as the values of the untreated sand. The loss of kaolinite
particles during the increase of IWP could be a reason for the results obtained (Fig. 4.8). The water
pressure was so high that kaolinite particles could not hold water or keep themselves stable in the soil
system. For the case of 0.25% gellan gum-treated S9K1 soil, even though its HCs were lower than
that of the untreated soil, the HC showed a linear increase trend with IWP. At gellan gum = 0.5% and
higher, the strength of the soil was improved because of the stronger gellan gum−kaolinite matrix
(Chang and Cho 2019), which allowed the soil to be able to stand a higher water pressure and to
perform the interaction with water.
Linear tangent lines of the upward concave curves allowed determining the minimal HC
(k_min) and the relative IWP (Pk_min) of the soils (Fig.4.9). For further sections, the k_min was used to
estimate the effect of gellan gum content and effective stress on the HC.
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Figure 4.6. Hydraulic conductivity with pore water pressure of sand treated (a) 0.0%; (b) 0.5%; (c)
1.0 % and (d) 2.0% of gellan gum content
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Figure 4.7. Hydraulic conductivity with pore water pressure of sand−kaolinite mixture treated (a)
0.0%; (b) 0.25%; (c) 0.4%; (d) 0.5%; (e) 0.75%; (f) 1.0%; (g) 1.5% and (h) 2.0% of gellan gum
content
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Figure 4.8. The loss of kaolinite with the increase of inlet water pressure

Figure 4.9. Minimum hydraulic conductivity and related inlet water pressure
of gellan gum−treated soil
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4.3.3 Effect of gellan gum content on the pressurized hydraulic conductivity behavior
The HC of gellan gum−treated soils in the initial state decreases exponentially (Fig.4.10). The HC of
gellan gum−treated sand significantly reduced from an untreated condition to 1% gellan gum content.
After that, above gellan gum content toward a stabilized HC was obtained (Fig.4.10a). The trend is in
consistency with the results obtained by Chang et al. 2016 (Chang et al. 2016). The HC of the S9K1
also exhibited the exponential relationship with GG content (Fig.4.10b). For the S9K1 soil, the
convergence started at the gellan gum approximately 0.75%. The effective stress did not show a
significant effect on the shape of the trend. However, the HCs of the treated soils shifted down slightly
with the higher effective stress.
The decrease of HC with gellan gum content was due to the increase in water holding capacity
of GG. With higher gellan gum content, there were more strongly bound water molecules that were
formed in the soil system, which rendered the reduction in HC for the S10 soil. The HC was
converged at gellan gum of 1% was because within a fixed pore size, the gellan gum hydrogel was
entirely filled the pore space with strongly bound water under saturation condition. From this point,
the excess amount of gellan gum no longer had a significant effect on hydraulic conductivity
reduction (Chang et al. 2016). Meanwhile, the gellan gum−treated S9K1 converged earlier state of
gellan gum treatment (0.75%), which was because the higher water holding capacity of the soil was
governed by gellan gum-kaolinite matrix. Thus, the pore spaces were quickly filled with water
absorbed by gellan gum-kaolinite matrix.
Figure 4.8 shows the relationship between gellan gum content and the Pk_min. To avoid the
effect of σ′, the Pk_min was divided by the σ′. For the S10 soil, the Pk_min decreased slightly with gellan
gum content regardless of σ′ (Fig. 4.11a). The hydraulic behavior of the soil mainly depended on the
rheological properties of gellan gum. Meanwhile, for the S9K1 as gellan gum content lower than 1%
was used the Pk_min increased with gellan gum content. Above 1%, the Pk_min decreased with gellan
gum content. Here, the hydraulic behaviors of the soil were based on the interaction mechanism of
gellan gum and kaolinite in their matrix and their responses under water pressure.
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Figure 4.10. Reduction in hydraulic conductivity with gellan gum content
of (a) 100% sand (S10) and (b) sand – kaolinite mixture S9K1
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Figure 4.11. Effect of gellan gum content on Pk_min of (a) 100% sand (S10) and (b) sand – kaolinite
mixture (S9K1)
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4.3.4 Role of kaolinite particle on hydraulic conductivity behavior
Sand−kaolinite mixtures have advantages that result in higher strength due to the conglomeration
effect between the gellan gum−kaolinite matrix and sand particles compared to pure sand (Chang et al.
2018). In this study, the gellan gum−kaolinite matrix not only suggested higher stability of the soil
structure under the high water pressures but also introduced a higher water absorbability and holding
capacity in the soil system. Thus, the HC values of the S9K1 soil were lower than that of the S10 soil
regardless of effective stress. At 0% gellan content, the HCs of both soils were almost similar (5.0 ~
6.8 x 10-7 m/s). As gellan gum and kaolinite interacted with water, the gap in HC of treated sand and
treated sand−kaolinite mixture could be seen (Fig. 4.12)

Figure 4.12. Effect of clay particles on hydraulic conductivity of gellan gum-treated soil
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4.3.5 Effect of effective stress on hydraulic conductivity
At the beginning of the HC test, the applying confining pressure on the specimens suggested closer
contacts of the particle−particle, gellan gum−particle, and gellan gum−gellan gum as the effective
confining pressure reduced the pore space (i.e., porosity) in the soils. The soil system could increase
the resistance to the water flow. The pore space of soil is an essential factor to control not only the
amount of water contained in the pore space but also the water absorption and the swelling ability of
gellan gum and kaolinite. The effective stress does not only limit the water absorption by the hydrogel,
but it also extends the swelling time (Lejcuś et al. 2018). Thus, the HC obtained decreased with the σ′
regardless of soil types, and gellan gum content (Fig. 4.13).
As the soils had the same gellan gum treatment condition, the lower amount of water
penetrating to the gellan gum solution or gellan gum−kaolinite mixture system, the higher strength of
hydrogels could be seen during water absorption process under higher water process because of the
less effect on the rheological behavior of gellan gum. Therefore, the Pk_min value increased with the σ′
with regardless of gellan gum content (Fig. 4.14).
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Figure 4.13 Effect of effective stress on hydraulic conductivity
of (a) 100% sand and (b) sand – kaolinite mixture
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Figure 4.14 Effect of effective stress on Pk_min turning pressure of (a) 100% sand and (b)
sand−kaolinite mixture

- 65 -

4.4 Discussions and summary
4.4.1 Discussions
4.4.1.1 Interaction mechanism of gellan gum with pressurized water
For the untreated S10, after water molecules fully fill soil pores, there are two types of water in the
soil. Water molecules, which are close to the sand surface, can be held by surface tension. The others
are free water. Under water pressure higher than 70kPa, free water can be flushed out easily without
any interruption. The drained out water molecules are quickly replaced by new water molecules,
which in turn cause an even water circulation in the soil system. Therefore, the HCs are almost
constant with the pore water pressure (Fig.4.6a). For the untreated S9K1, the presence of kaolinite
cannot support for the water holding which is expected to reduce the HC. It is because there is no
interaction or bonding between sand and kaolinite; meanwhile, kaolinite itself cannot stand under the
pressure applied. Therefore, a constant in HC with the pore water pressure is also obtained.
The water exists in the gellan gum−treated sand are strongly bound, weakly bound, and free
water, which depends on gellan gum content. At the water pressure below the Pk_min, when the water
flow contact to the soil surface, the speed of the water flow is reduced via pore−clogging effect of
gellan gum. First, the extra water molecules are held by the gellan gum on the top of the specimen.
Meanwhile, the pressure spreads through the specimen and pushes the free water or weakly bound
water, located at the bottom, out of the specimen. The water that moved out gives more spaces for the
movement of water from the upper parts. Free water and even weakly bound water that are trapped at
the upper parts can move down. As the water holding process predominates over the water removing
process, therefore, a decrease in HC can be seen (Fig. 4.6b~d). As the IWP gradually increased above
the Pk_min, due to the reduction in viscosity and the strength of gellan gum and magnitude of pressure,
the gel cannot hold water molecules as strongly as before. Thus, the water removing process
predominates, and in turn, increases the HC (Fig. 4.6b~d).
For the S9K1 treated, a similar mechanism occurs at gellan gum content of 0.4% or higher. It is
noted that the strength of gellan gum−kaolinite matrix plays a significant role in reducing water
flowing into the specimen, and in holding water during the HC test. At gellan gum content of 0.25%,
there are more free water and weakly bound water distributed in the gellan gum−kaolinite matrix,
which smoothly moves out even under a minimum IWP of 70 kPa. The water holding process is taken
over by the water removing process from the beginning of the HC test (Fig. 4.7b).
Chang and Cho 2018 recommended the mass ratio of gellan gum to kaolinite (mb/mc) of 4% for
the maximum strength capacity (Chang and Cho 2019). In this study, the gellan gum−kaolinite matrix
was subjected to a series of high pressure and was gradually weaken induced by the water absorption
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process. Therefore, the ratio of higher than 0.75% is suggested as an optimal ratio for the minimum
HC (Fig. 4.10).

4.4.1.2 The formation of Pk_min
Pk_min was obtained from two trends of the upward concave curve. For the S10, the lower value of
Pk_min with gellan gum content indicated that the increasing trend come earlier at higher gellan gum
content. At higher gellan gum treatment, the soil pores were fully filled by bound water. The water
molecules penetrating to the gel can be due to the combination of osmosis driving force and
compression force of water pressure. The osmosis driving force will have a direct effect on the
strength of gel via decreasing the viscosity of the gel. Meanwhile, the water pressure gives a
compression force that pushes water to move into the gel or soil system. The combined force can
suddenly cause the formation of microcracks, micro water pathways, which can disturb the gel system
and affect the water distribution within the soil system. Furthermore, low gellan gum content (<
0.5%), the gels are much more sensitive and have a quick response to the water pressure. Meanwhile,
at high gellan gum content, the gel may be less sensitive to the water pressure; therefore, it performs
sudden changes in hydraulic behaviors. As a result, the higher the gellan gum content, the lower Pk_min
was obtained (Fig. 4.11a).
For the S9K1 soil, ratio mb/mc is essential to the Pk_min. The adsorption of anionic gellan gum
occurs primarily onto the edge surface of kaolinite via hydrogen bonding (Chang and Cho 2019).
(Nasser and James 2007). At low gellan gum concentration, gellan gum can facilitate inter−particle
bridging forces between kaolinite and grains, which in turn increases the strength of the sand− gellan
gum−kaolinite (Shaikh et al. 2017). The bridging system improves water absorption, distribution, and
water holding in the soil system. Therefore, the soil can quickly response to the increase in water
pressure, and the Pk_min is related to the IWP at where the strength of GG−kaolinite lose its strength
and connection (Fig. 4.11b). This behavior can be seen as 0.75 ≤ Pk_min ≤ 1.0.
Gellan gum content increases suggested disruption of the kaolinite network structure. The
adsorption of polymer molecules onto kaolinite and enhanced electrostatic repulsion through polymer
anionic functional groups (Chang and Cho 2019; Lagaly 1989; Wang et al. 2016). The electrostatic
repulsion between kaolinite particles and the anionic hydrogel allows limited polymer adsorption
(Nasser and James 2007) (Fig. 4.15)
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Figure 4.15. Gellan−clay matrix at pH = 6.5 ~ 7.0

4.4.1.3 Exponential decay of hydraulic conductivity
Most of the studies, which estimates the effects of hydrogels on the hydraulic conductivity of the soils,
perform the relation between the additive concentration and the hydraulic conductivity via equations
(Al-Darby 1996a; Ivanov and Stabnikov 2017). In this study, the hydraulic conductivity of treated soil
depends on the content of gellan gum by the following equation

(

k =k 0 − α 1 − e − β x

)

(4.2)

where k0 is the HC at 0.0% of gellan gum; α is related to the difference between the maximum of HC
(i.e., k0 of the untreated soil) and the lowest HC; βis the decay parameter, which reflects the slope
of the decreasing line; x is gellan gum content (%).
The relationship between HC and gellan gum content was found to be exponential decay with
R2 = 0.99 (Fig. 4.16, Table 3). The β of the trendlines of S9K1 soil are much higher than that of
S10 soil. At high effective stress, the difference in βeven reaches two times higher for S9K1 soil
compared to the S10 soil. It is due to the S9K1 soil has a significant drop in hydraulic conductivity
compared to the S10 soil as they are treated at the same GG content.
The decay parameter β shows a logarithmic relationship with effective stress (σ′) (Fig.4.17).
Although the β increases with the σ′ for all soil cases, the effect of σ′ on the increase in β is
much obvious for the case of the S9K1 soil. It indicates that the gellan gum-kaolinite matrix is much
sensitive to the σ′concerning the arrangement of soil structure or pore space reduction which is one of
controlling factors of the HC reduction in gellan gum-treated soils.
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Figure 4.16 Trendline for hydraulic conductivity – gellan gum content for sand

Figure 4.17 Relationship between decay parameter and effective stress

Table 4.4. Parameters for the exponential decay trendlines
Soil types
S10

S9K1

β

R2

100

3.50 x 10

-5

12.5

1.00

200

3.02 x 10-5

13.2

1.00

400

2.43 x 10

-5

13.8

1.00

100

4.48 x 10

-7

20.0

0.99

200

3.77 x 10-7

26.0

0.99

400

-7

32.0

1.00

Effective stress

α

4.49 x 10
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4.4.2 Summary
Water absorption ability of biopolymer can reduce the hydraulic conductivity, however, the thermogalated biopolymers such as gellan gum which is used in this study allow biopolymer-treated soil can
withstand higher pressures and reduce hydraulic conductivity. The hydraulic conductivity shows an
exponential decay relationship with gellan content. The hydraulic conductivity decreases and keeps
constant at gellan gum 1% and higher content due to the effect fixed soil pore.
Furthermore, hydraulic conductivity follows an “upward concave curve” trend with the inlet
water pressure. The minimal hydraulic conductivity is result from multi processes such as water
absorption of gellan gum, water pressure-induced compression on gellan gum, the water distribution
in soil, as well as the formation of water pathways and micro cracks.
The presence of kaolinite admixture enhances the effectiveness of gellan gum in hydraulic
conductivity reduction because kaolinite-gellan gum matrix at the same time absorption. It is also
found that the gellan gum hydrogel can control the loss of kaolinite in the soil system.
It is concluded that the significant hydraulic behavior enhancement of gellan gum-treated soil
for high effective stress and water pressure suggests the considerable potential of gellan gum
application for geotechnical engineering such as grouting and hydraulic barrier materials which can
control the water leakage, leachate, and pressure distributions. The relationship between HC and
gellan gum can become a useful tool for engineers to have a general evaluation, prediction of the
hydraulic conductivity of the gellan gum-soil treatment in the site application at where the effective
stress or excess pore water pressure need to be considered
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Chapter 5 Adsorption behavior of biopolymer-treated sand
5.1 Introduction
Nowadays, there is an increasing number of researches suggesting soft technologies (i.e., biosorption)
to remove the contaminants (Bassi et al. 2000; Lázaro et al. 2003; Mogollon et al. 1998; Zhang 2016),
and to reduce the hydraulic conductivity (Bouazza et al. 2009; Chang et al. 2016). The principal
mechanism of ion adsorption involves the formation of complexes between a metal ion and functional
groups (carboxyl, carbonyl, amino, amino, sulfonate, phosphate and so forth) presenting on the
surface or inside the porous structure of the biological material (Fourest and Volesky 1997).
Biopolymers with hydrophilicity, furthermore, interact with water molecules via hydrogen bonding
(Mani et al. 2015), which leads to pore-clogging and controls the flow and transport properties of the
porous media (Aal et al. 2010).
Nickel is one of toxic heavy metals. It is known that nickel is used in a wide variety of
metallurgical processes such as electroplating, alloy production (Das et al. 2008) and batteries (Rydh
and Karlström 2002). Contact with nickel compounds can cause a variety of adverse effects on human
health, such as nickel allergy in the form of contact dermatics, lung fibrosis, cardiovascular and
kidney diseases and cancer of the respiratory tract (Oller et al. 1997; Seilkop and Oller 2003).
Therefore, nickel received a shameful name as the “Allergen of the Year” in 2008 (Brunk 2008).
Gellan gum has been shown the highest accumulation of Ni(II) compared to other biopolymers
(Fig. 5.1) (Lázaro et al. 2003). This study aims to investigate the nickel removal ability of gellan gumtreated sand from a nickel-contaminated flow via an upward flow system.

Figure 5.1 Nickel adsorption of different biopolymers
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5.2 Experimental programs
5.2.1 Sample preparation
Gellan gum−soil mixtures were prepared with gellan gum contents (to the mass of soil) of 0.5;
1.0 and 2.0%. To allow thoroughly mixing, the initial water content has been set at 35%. gellan gum
was first dissolved and hydrated into deionized water heated at 100°C to obtain a uniform gellan gum
solution. Dry sand and heated gellan gum solution then were uniformly mixed. After that, gellan gum
−sand specimens were formed in a mold of 3.5 cm in diameter and 10 cm in height. The samples were
cooled down at the room temperature (i.e., 20°C), and dried in an oven at 100°C. The samples were
trimmed to get the target height of 5 cm, which were defined as hydraulic barrier liners (hereafter,
HBL) in this study. The specimens are referred to as 0.5HBL, 1.0HBL and 2.0HBL corresponding to
the gellan gum content used to form HBL; 0.5, 1.0 and 2.0% respectively. The dry densities of
specimens were summarized in Table 5.1.

Table 5.1 Information of soil column
GG content [%]

0.0

0.5

1.0

2.0

HBL

Dry density
[g/cm3]

1.61

1.57

1.54

1.53

Sand
column

Dry density
[g/cm3]

1.0HBL

2.0HBL

Soil column Symbol

1.61
0.0HBL

0.5HBL

5.2.2 Pressurized upward flow system
The experimental flow system used consists of three main parts; a syringe pump, an acrylic cylinder
(diameter of 3.5 cm; length of 12 cm) and pressure data logger (Fig. 5.2). A syringe pump, which
allows supplying a constant flow rate, pumping NiCl2.6H2O solution from a 60 ml syringe to the soil
column in the acrylic cylinder via the inlet system. Dry jumunjin sand was compacted at in the acrylic
column before setting the dry HBL on the top of the specimen. The heights of the sand column were
12 and 7 cm corresponding to the height of HBL; 0 and 5 cm, respectively. The bottom and top caps
include inlet and outlet systems. The pressure data logger was used to track the change in pressure in
the specimen column.
First the specimen was de-aired and wetted by NiCl2.6H2O solution. After that, as the nickel
solution keep supplied continuously, outlet solution was obtained with time. The solution was used to
track the change in hydraulic conductivity of the soil column, and Ni(II) removability analysis.
- 72 -

Figure 5.2 Schematic diagram of a pressurized upward flow system

5.2.3 Adsorbate preparation
Nickel concentration in groundwater and municipal tap water in polluted areas are in the range of 100
– 2500 mg/L; meanwhile over 1000mg/L is an extreme value found in water boiled in electric kettles
(Rathor 2014). In this study, to assume the worse condition of environmental pollution, an initial
concentration of NiCl2.6H2O of 1000 mg/L was used. The concentration has been used in many
studies (Krishnan et al. 2011; Panda et al. 2007).

5.2.4 Adsorption isotherm and kinetic study
To study the adsorption mechanism of gellan gum−treated sand mixture on nickel, equilibrium
isotherm study was conducted. Different concentrations of nickel (10-1000mg/L) were experimented
to check the equilibrium isotherm. 40mL of samples with designated nickel concentrations were
mixed with 5g of gellan gum treated sand (0HBL, 0.5HBL, 1.0HBL, and 2.0HBL) in 50mL Falcon
tubes. Samples were then shaken at 120rpm, 25℃ for 24 hours, and filtrated using 0.45µm nylon
filter for further analysis.
The empirical equilibrium adsorption isotherm was modeled using Langmuir and Freundlich
isotherm equation. The adsorption isotherm gives the insight into understand the interaction between
the adsorbent and adsorbate. The Langmuir model is written as

qe =

q max k LC e

1 + k LC e

(5.1)

where qe is the metal uptake per adsorbent (mg/g), qmax is the maximum adsorption, kL is the Langmuir
constant, and Ce is the equilibrium metal concentrations (mg/L). Langmuir isotherm fitting indicates a
monoayer process where the kL can be a criteria of adsorbate affinity to adsorbent. Higher the kL,
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stronger the interaction. In other words, Langmuir isotherm can be directly related to the homogenous
surface with uniform adsorption energy.
The Freundlich equation is written as

q e = k F C1/n
e

(5.2)

where kF is the Freundlich constant, and n is the empirical constant. Freundlich isotherm empirically
considers a multi-layer coverage on rough surfaces. Model fitting of the experimental data was
checked with the correlation coefficient R2.
To understand the kinetic uptake of nickel adsorption according to time, gellan gum treated
sands with 25mg/L, 50mg/L, and 100mg/L nickel solution were tested and taken according to the
desired time. Other experimental conditions were the same as those written above.

5.2.5 Analysis methods
5.2.5.1 Hydraulic conductivity analysis
The hydraulic conductivity (HC) is calculated following Darcy’s law

k=

V .L
A.h.t

(5.3)

where V is the collected volume of water, L is the height of HBL, A is the area of soil specimen, h is
the head difference, and t is the time required to the V volume.
The L is the height of HBL because the presence in HBL is the main factor governing the
reduction in hydraulic conductivity.

5.2.5.2 Heavy metal analysis
The concentration of nickel ions in the solution was measured using Inductively Coupled PlasmaOptical Emission Spectrometry (Agilent ICP-OES 5110, USA), calibrated by the standardized metal
solution. Amount of nickel uptake (mg/g) was calculated using the following equation,

qe =

( C i − C t ) .V
1000.W

(5.4)

where Ci and Ct are the metal ion concentration at the initial and at t stage, respectively (mg/L), W is
the amount of adsorbent (g), and V is the volume of solution (mL).
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5.2.5.3 Surface morphology
Samples of gellan treated sand with nickel adsorption were taken for Scanning Electron Microscopy
(SEM-SU5000, Hitachi, Japan). Morphologies of samples were taken along with the energy
dispersive X-ray spectroscopy (EDS) for element characterization. SEM-EDS was carried out for at
least 10 spots per sample to lessen deviations. Samples were coated with platinum prior to the analysis
to enhance the electrical conductivity on the surface.

5.3 Results and analysis
5.3.1 Isotherm and kinetics of heavy metal adsorption mechanism
Figure 5.3 shows the adsorption of nickel solution on each of gellan gum-treated sand. The results
show that gellan gum and sand had the ability in adsorbing nickel. All three conditions (Sand, 0.5HBL,
1.0HBL, 2.0HBL) show a logarithmic trend at equilibrium state. The equilibrium uptake of nickel
adsorbate increased as the gellan gum concentration increased. Figs. 5.3a and b show the Langmuir
and Freundlich isotherm models respectively. All three data were fitted more to Langmuir isotherm
model, compared to the Freundlich isotherm model, with the R2 value of 0.9881 to 0.9983 for
Langmuir model (Fig. 5.3b) and 0.782 to 0.9197 for Freundlich model (Fig. 5.3c).
The Langumuir model is the best fitting model for the data set, therefore, the adsorption of
Ni(II) on gellan gum and sand indicated monolayer coverage of the adsorbate on the surface of the
adsorbent, which is coherent with the other studies on heavy metal adsorption on biopolymer (Huang
et al. 1996; Panda et al. 2007; Stojakovic et al. 2011). The slopes of the Langumuir fittings (Fig. 5.3b)
were converted into qmax for better understanding of the adsorption model. The qmax started from 0.19
mg/g for 0HBL (pure sand) to 0.29 mg/g for 0.5HBL, 0.40 mg/g for 1.0HBL and 0.60 mg/g for 2.0
HBL (Table 5.2).The results show that gellan gum had higher adsorbability compared to pure sand.
The qmax increased with gellan gum, which indicated that the use of gellan gum in HBL could improve
the nickel adsorption ability of the entire HBL, and can be the main adsorbent of the HBL system.
Kinetic study on nickel adsorption by gellan gum according to time shows a sudden increase in
qe and steady state after certain time (Fig. 5.4) (Panda et al. 2007; Panda et al. 2006). The adsorption
can be illustrated by two stages, where the first stage goes through rapid removal regardless of the
nickel concentration within first 1 min, and the latter stage reaching equilibrium around 40 minutes.
Rapid removal in the initial stage may be attributed to ample sites for adsorption on the surface of
gellan gum.
SEM EDS spectra, as shown in Fig. 5.5, shows peaks of gellan gum in its pure state and nickeladsorbed state. The EDS data show a reduction of potassium peak and appearance of the nickel peak.
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This can be considered as cation exchange mechanism of gellan gum with nickel ion, similar to the
result of other adsorbents on nickel (Panda et al. 2007). The replacement of Ni(II) for potassium in
gellan gum indicates that gellan gum used is a potassium-type gellan gum (Kawahara et al. 1996;
Tsutsumi et al. 1993). Furthermore, the functional groups in gellan gum; carbonyl, methylol, and
methyl are also responsible for chemical interaction with nickel ion (Kawahara et al. 1996).
Meanwhile, the sand can adsorb nickel via the inner−sphere interaction where Ni(II) can interact with
silanol groups at the sand surfaces (Awan et al. 2003; Takahashi and Kuroda 2011).

5.3.2 Nickel adsorption behavior of sand column
For the cases of 0.0HBL, 0.5HBL, and 1.0 HBL specimens, as nickel solution was continuously
supplied to the specimen, nickel adsorption behavior followed a similar trend. At first, nickel ions
were quickly adsorbed due to the high amount of free exchangeable ions of absorbents. Then, the
adsorption reached its equilibrium as the free sites for nickel became less value to the constant
adsorption.
In general, the pure sand column had the lowest total amount of cumulative nickel adsorbed.
The presence of gellan gum in HBL improved the amount of nickel removed from the nickelcontaminated solution. The higher gellan gum content, the more considerable amount of nickel ion
could be adsorbed because there were more functional groups and potassium cation exchange in the
specimens provided by gellan gum. Based on the nickel adsorption trends obtained from Fig. 5.6, Fig.
5.7 shows the potential maximal nickel adsorption ability of specimens with different gellan gumtreated sand at different flow rates. Total nickel adsorption varies proportionally with gellan gum
content.
Flow rate is essential to control contact time between Ni(II) and adsorbent materials, which is
crucial for determining the amount of nickel adsorbed. Therefore, there was a gap in the total amount
of adsorbed nickel, which was obtained from the low and high flow rates. For instance, under the low
flowrate (i.e., 0.04 ml/min), the 0.0HBL specimen could adsorb 40 mg of nickel ion as 200 ml of
nickel solution ran through the specimen (Fig. 5.6a and Fig. 5.7). Meanwhile, 29.98 mg of nickel was
removed from 200ml nickel solution supplied via high flowrate (0.2 ml/min) (Fig. 5.6b and Fig. 5.7).
This phenomenon also happened to gellan gum-treated sand. The 2.0HBL adsorbed 86.89 mg and 109
mg nickel as 600ml nickel solution was provided at flowrate of 0.2 ml/min and 0.04 ml/min,
respectively (Figs 5.6 and 5.7).
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5.3.3 Effect of gellan gum content on hydraulic conductivity control
The change in HC with time is shown in Fig. 5.8. The HC values of 0.0HBL specimens were
approximately 1 x 10-5 m/s as the flowrate ran through the specimens. HC of pure sand column kept
constant with time.
As HBLs were installed into the soil column, the initial HC (1 x 10-6 m/s) became lower
compared to the HC of pure sand column. It is due to the water absorption of gellan gum. Furthermore,
the HC decreased with time due to the pore clogging effect of gellan gum as gellan gum interacted
with water.
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Figure 5.3 Adsorption isotherm at various initial nickel concentrations (10–1000 mg/L) on gellan
treated sand (a), Langmuir adsorption isotherm (b), and Freundlich adsorption isotherm of nickel on
sample (c)
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Table 5.2 Parameters of Langmuir fitting model
Soil column symbol
Parameters

qmax [mg]
2

R

0.0HBL

0.5HBL

1.0HBL

2.0HBL

0.19

0.29

0.40

0.60

0.9881

0.9983

0.9866

0.9967

Figure 5.4 Kinetics of Ni binding to the gellan gum at different initial nickel ion concentrations of
25mg/l, 50mg/l, and 100mg/l
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Figure 5.5 SEM-EDX spectra of (a) pure gellan and (b) nickel adsorbed gellan
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Fig. 5.6 Cumulative nickel adsorption at flowrate of (a) 0.04ml/min and (b) 0.2ml/min

Fig.5.7 Potential maximal nickel adsorbability of specimens
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Figure 5.8 Change in hydraulic conductivity of soil column
at flow rate of (a) 0.04ml/min and (b) 0.2 ml/min
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5.4 Discussion and summary
5.4.1 Discussion
The difference in the amount of adsorbed nickel was rendered by gellan gum content. This study
shows the improvement in nickel adsorption using gellan gum-treated sand. Based on the result
obtained, the potential nickel adsorbability of 1m3 is suggested (Fig. 5.9).
The effect of hydraulic reducing with gellan content is shown to decrease nonlinearly and level
off at gellan gum content of 1.0%, which is provided in Chapter 4. However, if gellan gum-treated
sand is suggested for nickel treatment, 2% gellan gum can show much significant effectiveness on
nickel removal (Fig. 5.7). To form 1m3 of 2% gellan gum-sand mixture, 26.5 kg gellan gum needs to
be dissolved in 463-liter heating water before mixing with 1.3 tons sand. If the gellan gum-sand
mixture is used to treat a 1g/L Ni(II) contaminated flow with flowrate of 0.04 ml/min, 1906 kg of
nickel can be trapped by gellan gum.
The experiment was conducted in a given time; therefore, 2% gellan gum could not reach its
equilibrium. The amount of adsorbed nickel by 1m3 gellan gum-treated sand was calculated based on
the experimental data; therefore, in the field application, the real nickel adsorbed may be much higher.

Figure 5.9 Potential nickel adsorption by 1m3 gellan gum-treated sand
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5.4.2 Summary
To investigate the applicability of bio-soil treatment on heavy metal removal, a series of nickel
adsorption test was conducted on gellan gum-treated jumunjin sand using the pressurized upward flow
system. Furthermore, to have a better understanding of the insight of nickel adsorption mechanism,
the adsorption isotherm and kinetic studies were carried out.
Jumunjin sand can absorb nickel via silanol functional groups and a tiny amount of fine
particles that may contain in sand. As gellan gum is treated with jumunjin sand, gellan gum enhances
nickel adsorption of sand via adding functional groups such as carbonyl, methylol, and methyl for ion
exchange mechanism, and potassium cation exchange. Therefore, the installation of gellan gumtreated sand in the sand column promotes higher nickel removal rate. It is noted that the potassium
cation exchange of gellan gum that was found in this study may only correct for the Ni(II) adsorption.
Other heavy metal ions may show different mechanisms, which depends on valence and ionic radii of
heavy metal ion. Furthermore, due to the pore-clogging effect induced by gellan gum, the hydraulic
conductivity of soil decreased with gellan gum content.
In general, based on the ability of heavy metal adsorption and flow control of gellan gum,
gellan gum-treated sand can be used as a filter and a membrane as well.
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Chapter 6 Feasibility assessments for practical applications of biopolymer-based
hydrogels in geotechnical engineering

6.1 Vegetation growth behavior of biopolymer-treated soils
6.1.1 Background
Vegetation cover plays a number of roles in controlling soil erosion, such as mitigating surface runoff
and severe soil losses in most climate zones (Chang et al. 2015d). The stability of a slope, which is
often comprised of well-drained and low-cohesive soil, depends on the mechanical reinforcement
provided by the plant roots in the soils and on the soil-water suction characteristics (Chirico et al.
2013; Roering et al. 2003). Vegetation dynamics is one of the key indicators of an ecosystem’s
response to climate change. Climate change alters numerous site factors and the biochemical
processes of vegetation communities, which affect nutrient and water availability and, in turn, affect
the root distribution (Hufnagel and Garamvölgyi 2014). Therefore, soil erosion control will likely
continue to present problems.
Global average temperatures have increased over the past 100 years due to the increase of
greenhouse gases. The global warming phenomenon becomes more severe in arid and semi-arid
regions (Huang et al. 2012; Ji et al. 2014). Arid and semi-arid areas are classified due to low, erratic
rainfall, long periodic droughts, and high evaporation levels (Maghchiche et al. 2010). Generally, soils
in these areas easily erode because they contain a low amount of organic acids and natural substances
that can provide shear resistance against erosion (Marinari et al. 2000). Furthermore, a temperature
increase reduces the water storage capacity of the soil and may exceed the drought tolerance of
vegetation, which is known to be a limiting factor for seedling survival (Cao 2008; Chang et al.
2015d).
Thus, to reduce the effect of increasing temperatures on the survival of seedling in drylands, the
use of gel conditioners for irrigation water retention becomes an important issue in which hydrophilic
hydrogels are expected to maximize the efficiency of vegetation water uptake (Koupai et al. 2008).
Chapter 3 proved the effect of xanthan gum on water retention of jumunjin sand. It is suggested
that lower than 1.0% xanthan gum should be used for vegetation purpose in order to avoid the
negative aeration condition due to waterlogging. Therefore, in this chapter 0.5% of xanthan gumtreated sand was used to investigate the effect of xanthan gum on the germination and growth of
ryegrass
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6.1.2 Experimental programs
6.1.2.1 Vegetation types
Perennial ryegrass (Lolium perenne L.) is one of the common cool-season turfgrasses that have been
utilized to improve the environment for humans for more than 30 centuries. Moreover, the turfgrass
used in this study is known to have functional benefits, such as soil erosion control, flood control, and
dust stabilization (Beard and Green 1994).

6.1.2.2 Vegetation growth in the environmental control chamber
The soil specimens were distributed in a vegetation tray that consisted of 12 circular sections. Each
section had dimension as 60-mm in diameter and 30-mm in height (Fig 6.1). Specimens were cultured
in an environmental control chamber at a temperature of 25°C, a humidity of 85%, and daylight of 12
hours/day (Table 6.2). During the first 30 days, each specimen was watered by 7mL for seed
germination and sprout growth, while a drought condition with a daily water supply of 0
mL/day/specimen was simulated after 30 days. The temperature was increased to 33°C while the
chamber humidity was decreased to 57% in order to model the drought condition (Table 6.1).
The germination rate is used to estimate the viability of a population of seeds. The equation to
calculate the cumulative germination rate is given as follows:
(number of germinated seeds/ total seeds) × 100.
When the turf grasses are subjected to water stress, they merely run out of the available water
and wilt. As the green grasses start turning yellow, they are named wilted sprouts in this study. The
wilting rate is calculated as follows:
(number of wilted grasses/total grasses) × 100.
The height of the grass is the height above the surface (Chen et al. 2013b) (i.e., the length from
the top of the main tiller to the crown). The root length was the length from the crown to the end of
the main root. The means and standard deviations were calculated.

Figure 6.1 Vegetation tray
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Table 6.1. Experimental conditions
Temperature Humidity CO2
[°C]

[%]

Normal: 25

80

Drought: 33

57

Lighting Watering

[ppm]

[h/day]

915

12

[mL/day]
7
0

6.1.2.3 Softness of soil – Unconfined compressive strength
Cubic samples (3.5 cm × 3.5 cm × 3.5 cm) of the biopolymer treated sands were prepared to a dry
density of 1.58 ± 0.02 g/cm3. Unconfined uniaxial compressive testing was performed with a
Humboldt digital master loader (HM-5030.3F). The axial strain rate was controlled at a rate of 1%
strain/min, according to ASTM D2166 (ASTM 2016). The test was conducted on specimens dried at
30°C in an oven. The maximum unconfined compressive strength was obtained by averaging three
different measurements for each single soil condition.

6.1.3 Results
6.1.3.1 Effect of xanthan gum on softness of soil
The high viscosity of biopolymers could improve the inter-cohesion between the sand particles, which
in turn significantly increased the compressive strength of the sand. Fig. 6.2 (Tran et al. 2019a)
showed the compressive strength values of sand treated xanthan gum. UCS data from the untreated
sand could not be obtained due to the particles being unbound as the sand was dried. Meanwhile,
xanthan gum showed the best performance in strength improvement for sand due to its high viscosity
providing a strong binding with the sand particles. The softness of the soil could be reflected by the
strength data, which possibly affected the germination of seeds or root penetration (e.g., root size and
length) into the soil.
In general, biopolymers affect the soil structure and in turn change the aeration, water uptake
condition of the soil environment, and root-soil contact. Thereby, biopolymer concentrations and
types influence the growth mechanism of vegetation. Their effects were described in the next section.
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Figure 6.2 Unconfined compressive strength of xanthan gum treated sand
(referred to Tran et al., 2019a)

6.1.3.2 Effects of biopolymer on seed germination
Figure 6.3 (Tran et al. 2019a) show the cumulative germination rate of ryegrass seeds cultured in
untreated and treated sand. Untreated sand showed the best germination rates because of good
aeration conditions formed within the soils. The pores contained a proper ratio of air and water for
seed germination. As the amount of xanthan gum increased, a significant change in the amount of
water within the soil may lead to unbalanced air–water circulation or waterlogging, which in turn
could delay the germination of ryegrass seeds.
The germination behavior also differs with soil type, where the aeration condition of the soil
seems to be the primary factor. The grass height of 9 cm has been observed in the untreated sand
medium (Fig. 6.4a) (Tran et al. 2019a) while the average height of 5.5 cm was found in in the xanthan
gum-treated sand condition
The effects of xanthan gum were not only on the height but also on the root system of the
ryegrass (Fig. 6.4b) (Tran et al. 2019a). The root actively developed within the untreated sands due to
proper aeration conditions. Meanwhile, the root system in the xanthan gum-treated sand was much
shorter. The hard surface of the soil (i.e., the high compressive strength) and water near the soil
surface (i.e., high water retention) might be important factors for the root lengths observed
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Figure 6.3 Seed germination rate on xanthan gum-treated sand (referred to Tran et al., 2019a)

Figure 6.4 Vegetation height (a) and root growth (b) in xanthan gum-treated sand
(referred to Tran et al., 2019a)
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6.1.3.3 Effect of xanthan gum on the survivability of vegetation under drought conditions
Under the drought condition, the ryegrass started wilting due to water loss. The wilting rate of the
ryegrass is shown in Fig. 6.5 (Tran et al. 2019a). For the untreated sand, the wilting started for one
day and on the 4th day, all of the grasses in the untreated sand wilted. While it happened slowly for the
xanthan gum-treated sand. In the same cultural condition, the wilting of grass significantly depends on
the amount of available water within the soil. It is because the xanthan gum-treated sand has higher
water retention compared to untreated sand (Chapter 3). In other words, under drought conditions,
xanthan gum fosters less water loss, which can explain why the xanthan gum biopolymer
demonstrated the best performance in improving the survivability of grass under drought conditions.

Figure 6.5 Effect of xanthan gum on the survivability of ryegrass (referred Tran et al., 2019a)

6.1.4 Discussion and summary
6.1.4.1 Discussion
The higher the amount of xanthan gum, the lower the free pore space within the soil. This is because
the xanthan gum hydrogel absorbs the daily water, swells, and blocks the pore spaces. It is believed
that the water-holding capacity of the biopolymer is an impacting factor when deciding what ratio of
biopolymer concentration should be used to avoid waterlogging. Therefore, xanthan gum content
lower than 0.5% is not suggested for vegetation purpose at a condition where water is supplied daily.
However, our results demonstrate that xanthan gum has a crucial role in the survivability of
ryegrass owing to their high water-holding capacity during the first seven days of drought stress
condition. More water contained in the pore spaces of the xanthan gum-treated sand provides water
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more available to the ryegrass. Furthermore, the xanthan gum application method has a significant
effect on increasing particle binding, which in turn can control the loss of fine soil particles subjected
to wind or water erosion. The authors suggest that the amount of xanthan gum used should not be
higher than 0.5% to control the softness and pore size of soil.
In conclusion, xanthan gum in sand from arid or semiarid regions can serve as essential tools
for increasing water use efficiency and vegetation survivability and for reducing wind erosion and
water erosion.

6.1.4.2 Summary
The presence of xanthan gum in soil control the root growth due to the high amount of water near the
surface. Furthermore, xanthan gum also provides artificial water storage for the plant to improve its
drought survivability, which is one of the most pressing issues in arid and semiarid areas. However, to
avoid the waterlogging and have a better performance in the seed germination, lower than 0.5%
xanthan gum should be used.
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6.2 Slope surface treatment using biopolymer soils
6.2.1 Background
Section 3.3.2.3 provides the wetting parameters of 0.5% xanthan gum treated 20%kaolinite-sand
mixture. The idea of evaluating the effect of xanthan gum on slope surface stability using a numerical
modeling is brought up. Using a 2D finite element program (FLAC2D), which is effective for
complex hydromechanical behavior consideration (Itasca 2011), the stability of a fictitious slope
under a heavy rainfall is simulated.

6.2.2 Analytical method
The finite element method is an effective tool to consider the shear strength variation under transient
unsaturated seepage (Cai and Ugai 2004; Fredlund et al. 1978). The yield criterion of the unsaturated
soil is as follows (Fredlund et al. 1978).

τ max =
(σ − ua ) tan φ ′ +

Sw − Sr
( ua − uw ) tan φ ′ + c′
1 − Sr

(6.1)

where τmax is the material shear strength, φ′ is the effective friction angle of the soil, c′ is the effective
cohesion of the soil, Sw is the water saturation, and Sr is the residual saturation. Moreover, the shear
strength parameters, cohesion (ctrial), and friction angle (φtrial) are defined as follows.

=
ctrial

1
F trial

⋅ c′

(6.2)

 1

φ trial arctan  trial ⋅ tan φ ′ 
=
F


(6.3)

where Ftrial is the trial factor of safety. The initial Ftrial value is set sufficiently low to ensure that the
system is stable. The value is incrementally increased until failure. The critical factor at which failure
occurs is taken to be the factor of safety.
In FLAC2D, a set of closed−formed equations is commonly used to simulate the hydraulic
characteristics of unsaturated soils (Itasca 2011):

Sw − Sr
Se =
=
1 − Sr



1


n
1 + (α ⋅ψ ) 

m

m
K (θ ) = K s ⋅ K r = K s ⋅ Se1 2 1 − (1 − Se1 m ) 



(6.4)
2

(6.5)

where Se is the effective saturation, m = 1 – 1/n, n > 1; K(θ) is the permeability of the soil, and Ks and
Kr are the saturated and relative permeabilities, respectively.
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6.2.3 Geometry and input parameters for FLAC simulation
The geometry of a real slope (N 57° 46′ 19.6″, E 127° 16′ 46.4″; Namyangju, Republic of Korea) was
considered for numerical simulation. The site slope (39 m in height, 22° in average inclination) was
reconstructed to contain the S8K2 soil along its surface in this study. Table 6.2 summarizes the basic
geotechnical engineering properties and soil–water characteristics of the soils. The effective cohesion
values were taken as zero to avoid overestimating the factor of safety (FS), as the failure surface is
shallow (Fell et al. 2005).
Figure 6.6 (Tran et al. 2019b) shows the geometry of the slope and its initial FS. Using
FLAC2D, the weakest area along the slope surface is predicted to start at a 38-m distance from the left
boundary of the slope and extend down to the toe of the slope with a length of 23 m (Fig. 6.6a). It is
assumed that the predicted failure area of the slope is treated by 0.5% xanthan gum-treated S8K2 soil
with a thickness of 6 cm along 38 m in length, which appropriately forms a biopolymer – soil layer
over the weakest area (Fig. 6.6b). To characterize the treated area, the soil properties of the weakest
area are replaced by those of the xanthan gum −treated soil listed in Table 6.2.
For precipitation simulation, a heavy downpour (intensity = 1,125 m/h) condition reported to
have caused serious debris flow in 2011 (Mt. Umyeon, Seoul, Republic of Korea, on 27 July 2011)
was employed (Jeong et al. 2015). The change in the pore water pressure with depth in the weakest
area (A-A′) (Fig. 6.6b) was estimated for the treated and untreated slopes.

6.2.4 Effect of biopolymer-soil treatment on shallow slope stability
Figure 6.7 shows the negative pore pressure (i.e., the matric suction) distribution along the crosssection A–A′ before (a, b) and after (c, d) rainfall. Before rainfall, the negative pore pressure at 0.06m
depth of untreated slope (5.30 × 103 kPa) (Fig. 6.7a, b). Therefore, there were not a considerable
improvement in the shear strength of soil. However, after 40 hours of rainfall, the negative pore water
pressure of the xanthan gum−treated slope was higher than that of the untreated slope (Fig. 6.7c, d)
because xanthan gum treatment at the surface of the weakest area could retains surface infiltration into
the ground via the lower permeability. Thus, the xanthan gum treatment allowed the entire slope to
remain safe for a longer period than the untreated slope under continuous heavy rainfall (Fig. 6.8)
(Tran et al. 2019b). The untreated slope failed after 40 hours under continuous rainfall, whereas the
slope treated with the 0.5% xanthan gum −treated soil on its weakest area surface (for a depth of 0.06
m) remained safe up to 480 hours. Therefore, a small amount of xanthan gum biopolymer (even for a
shallow depth of 0.06 m) can enhance the slope stability against heavy rainfall.
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Figure 6.6 A Fictitious slope for numerical verification. (a) Overall geometry and weakest area of
the slope. (b) Xanthan gum treatment simulation (0.06−m−thickness from the toe up to the entire
weakest area) (Tran et al. 2019b)
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Table 6.2. Input parameters for FLAC simulation (Tran et al. 2019b)
Value
Parameters

Untreated S8K2 Xanthan gum -treated S8K21)

Unit

1.55

1.55

g/cm3

0

0

kPa

Friction angle (φ')

35.7

34.6

°

Saturation

0.5

0.5

0

0

α

0.46

0.54

m

0.45

0.55

4.519 × 10-7

1.573 × 10-9

Dry density
Cohesion (c')

Residual volumetric water content (θr)

kPa-1

Van Genuchten parameters
Saturated permeability of soil (Ksat)
1)

0.5% xanthan gum (xanthan gum to soil ratio, in mass)
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m/s

Figure 6.7. The pore pressure distribution along section AA′ before (a, b) and after 40−hours (c, d) of
downpour simulation on untreated slope and xanthan-treated slope
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Figure 6.8. Variation of factor of safety against slope failure under continuous rainfall simulation
(Tran et al. 2019b)

6.3 Potential for landfill materials using biopolymer-soil treatment
Increasing affluent lifestyles, continuing industrial and commercial growth in many countries around
the world in the past decade has been accompanied by rapid increases in municipal solid waste
production. Landfilling is the primary technology used for municipal solid waste management in
middle and low-income countries (Townsend et al. 2015).
There are two main systems; liner and final cover, including many parts with different functions,
which allows the landfill to storage wastes and serve to prevent contamination between the waste and
the surrounding environment, especially groundwater. The liner system at the bottom of the landfill,
besides pipe systems for leachate collection, removal and treatment, and foundation, has liners (i.e.,
barrier liner) is to prevent or minimize the migration of leachate to the environment. The final cover
system has gas control, water drainage control, and liner that can prevent gases from escaping and
water from entering and forming more leachate. Furthermore, most landfill caps include vegetation or
grass layer of topsoil to prevent erosion. (Townsend et al. 2015)
To meet demands for a hydraulic/gas barrier liner, barrier materials such as inorganic
adsorbents, organic adsorbents, and biosorbents need to have good performances in hydraulic
conductivity reduction (k < 10-10m/s) (Bouazza 2002), high shear strength and high contaminant
removal abilities (Balkaya 2016; Prashanth 2001). Geosynthetic clay liners have been widely known
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as a popular substitute for compacted clay liners in cover systems and composite bottom liners
(Bouazza 2002).
The problem is that the development of vegetation root which is able to penetrate down to the
liner of the final cover (Flower 1978; Hakonson et al. 1982), which in turn forms cracks in the cover
system. To limit the root penetration, the use of heavy compaction of soils, which have small pore
space and low oxygen supply for exhibits root growth, is suggested (Johnson and Urie 1985).
However, this method can cause runoff due to the small pore space for water infiltration. Another
problem to the liner is the effect of sunlight or temperature that can dry clay and destroy the
workability of clay in liner and geomembrane system (BLM 1992)
Types of materials used for topsoil formation is essential for weathering erosion prevention
such as rainwater and wind. If the low permeability materials are used, excess rainfall runs off the
surface causing erosion (Johnson and Urie 1985). Wind erosion often occurs to landfills located in
arid or semiarid regions where dry soil particles capable of being moved by velocity of the wind
(Chepil 1958; Lutton et al. 1979). The use of vegetation layer provides excellent control for both wind
and water erosion to landfill cover (Hauser 2016). Another problem that vegetation has to face is the
competition for available space from surrounding shrubs or bushes (BLM 1992). To have effective
performance, short root vegetation and dense vegetation layer are required for weathering erosion
control (Johnson and Urie 1985).
With a quick look, the biopolymer-soil treatment seems to meet the requirements for a landfill
liner and topsoil materials: (1) supplying a saturation zone for controlling the root growth and for
preventing drying clay liner; (2) reducing water erosion via increasing infiltration and water holding
capacity; (3) decreasing hydraulic conductivity and (4) increasing heavy metal removal via metal ion
adsorption. However, different types of biopolymers show different effectiveness level for each
application. From this study, we suggest using xanthan gum-treated sand as topsoil material, and
gellan gum for liner material.

- 98 -

Chapter 7 Conclusions and future study

7.1 Conclusions
This dissertation focused on the water-related properties of biopolymer-soil treatment considering
soil-water-hydrogel. Xanthan gum, and gellan gum, which have different strengthening behaviors to
thermos-gelatin are used in this study.
Previous researchers have been suggested the use of xanthan gum for surface soil treatment
such as anti-wind erosion, water retention improvement. SWCC results in this current study show that
xanthan gum increases the remaining water and air entry values via water absorbing and holding
capacity of xanthan gum hydrogel in soil. However, the swelling ability of xanthan gum is controlled
by the pore size of soils. For instance, the xanthan gum content at 1% or higher does not show
significant differences in water retention because during saturation 1% of xanthan gum hydrogel
already fill the pore spaces of the soil in its entirety. No more water can be absorbed even at xanthan
gum higher content. In other words, the pore size controls the amount of water absorbed. The pore
size also controls the rate of change in water storage of xanthan gum-treated soil, which is reflected
via the slope of the SWCC, as the air pressure increases. Therefore, the van Genuchten n parameter
which indicates the slope of the SWCC shows an exponential decay relationship with xanthan gum
content. The amount of xanthan gum lower than 1 % is suggested for the vegetation purpose in order
to avoid the waterlogging impacts on vegetation germination and growth. As the soil pores are
entirely filled by xanthan gum of contents higher than 1%, waterlogging can occur, which have an
adverse aeration condition with respect to vegetation germination and growth.
Clay has the ability to form an active matrix with biopolymers via the presence of charges on
both the clay and biopolymers. The presence of biopolymers renders different wetting behaviors of
biopolymer-treated soils depending on the number of interaction between kaolinite and xanthan gum.
At low xanthan gum content, the kaolinite-xanthan matrix acts as a water transferor. It is due to the
water absorption capabilities of kaolinite and the biopolymer. As predominant properties of water
absorption in xanthan gum occurs, xanthan-kaolinite mixture acts as a water barrier. Meanwhile,
kaolinite-xanthan matrix serves as a water barrier as xanthan gum content of 0.5% or higher due to the
predominant properties of water absorption in xanthan gum. This effect is only shown in kaolinite so
far because kaolinite itself is known as less-swelling clay. For montmorillonite, due to the strong
water absorption capacities of montmorillonite, the soil pore spaces are quickly blocked by swollen
montmorillonite and xanthan gum.
If a hydrogel can form a strong and hard gel via heating and cooling process, the hydrogel is
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classified as thermo gelatin hydrogel. Thermo-gelation properties allow gellan gum hydrogel to
withstand high pressures such as effective stress and inlet water pressure. The pressurized hydraulic
conductivity test shows that the effect of pore size and kaolinite admixture also appear in the
performance of gellan gum on hydraulic conductivity control. The hydraulic conductivity of gellan
gum-treated sand shows the exponential decay relationship with gellan gum content. The hydraulic
conductivity converges at gellan gum higher than 1% content. The gellan-kaolinite matrix improves
the performance of gellan gum in hydraulic conductivity reduction. Furthermore, the use of gellan
gum helps control the loss of kaolinite induced by the high water pressure.
The ability of gellan gum in working under high pressure allows gellan gum-treated soil to
become a hydraulic barrier. Via the pressurized upward flow system, a sand column containing a
gellan-treated sand liner was used to treat a solution containing nickel which is shown as serve metal
allergen. The results show that gellan gum, which can adsorb nickel via functional groups and cation
exchange, enhances nickel adsorbability of sand. The nickel adsorbability increase with proportionally
with gellan gum content. It is noted that the potassium cation exchange which is found in this study is
only for nickel adsorption.
Based on the suggestion of xanthan gum content for vegetation purposes, 0.5% xanthan gum
content is used to test the germination and growth of ryegrass. It is found that 0.5% xanthan gum
reduces the seed germination due to the waterclogging of xanthan gum hydrogel. However, via
providing a saturation zone near the surface, xanthan gum hydrogel can control the root growth,
which can be useful for reducing the effect of plan root on membrane or liner below.
The numerical modeling using FLAC 2D shows that xanthan gum-treated soil can be used for
water erosion reduction via quickly absorbing and holding water. During rainfall, the negative pore
water pressure located near the surface of untreated slope decreases faster than that of xanthan gumtreated slope. It is because the amount of water that penetrates to the body of the treated slope can be
controlled via 0.06 m xanthan gum-treated sand liner covering the weakest area of the slope. The slow
decrease in negative pore water pressure, in turn, delays the strength reduction of the slope during
rainfall. Therefore, the stability of the treated slope is longer than the untreated slope under the rainfall
condition.
Generally, biopolymers through water absorbing and water holding processes can control the
water distribution in soil, and the water flow through a soil. Besides, biopolymers with the functional
groups such as carbonyl, methylol, methyl can enhance the ion interaction of soil particles; therefore,
biopolymers can form a matrix with kaolinite and adsorb heavy metal ions. Depending on the desired
engineering purpose of the use of biopolymers, the type, and concentration of biopolymers need to be
considered. From this thesis, xanthan gum is suggested for surface treatment with purpose of water
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erosion control, water storage for plants during drought conditions. Meanwhile, gellan gum can take
advantage of its thermo-gelatin properties in urgent and deep applications such as grouting or
hydraulic barrier.

7.2 Philosophy and Further Recommendations
Philosophy
It is known that the soil–water interactions, which are formed by the water content and soil
physicochemical properties such as mineral composition, grain size distribution and soil organic
matter content, determine the structural and hydrological properties of the soil. The presence of
biopolymer-based hydrogel with its water absorbing and holding capacity will affect the soil-waterinteraction by adding new interactions of hydrogel-soil particles, hydrogel-water to the original
interaction.
A biopolymer-based hydrogel is a form of material between liquid and solid, so it has properties
of both: viscosity and viscoelasticity. Therefore, to what extent biopolymer hydrogel can be
considered to be a separated phase in soil, which has its properties that vary widely according to their
water content.
Biopolymer soils are complex systems as they comprise two different porous frameworks:
mineral soil constituents and swollen biopolymer hydrogel structures. Laboratory testing results show
that the soil structure is a function of both biopolymer treatment (i.e., binding soil particles) and
swelling ability of biopolymer between the soil particles.
The effects of biopolymer on soil rheology are keys for assessment of soil microstructural
stability, which has been recognized. However, there is a limited number of existing studies dealing
with the effects of soil-water-hydrogels interaction. Therefore, there is a need for further investigation.

Further recommendation
The research that has been undertaken for this thesis has highlighted several topics on which further
research would be extended. The followings can help to enhance the understanding of water-related
behaviors of bio-soil and applicability in engineering practice
Microscale: This study provides an understanding of water-related properties of biopolymertreated soil considering soil-water-hydrogel interaction. However, providing information on the
contact angle, surface tension, and viscosity of biopolymer-based hydrogel in soil surface is essential
for having an insight into the performance of treated soil in microscale.
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Macroscale: This study used laboratory SWCC data used for numerical modeling to evaluate
the applicability of xanthan gum on reducing the rainfall-induced slope instability. Therefore, field
monitoring data on pore water distribution and should be provided to check if there are a gap and
connection between laboratory research and field application of biopolymer-soil treatment.
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