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ABSTRACT

Soil treatment and improvement have been an important field for construction since
times, where the use of bitumen or sticky rice mortars have been used for soil strengtheni
then with the advancement of civilizati, the durability and construction materials have impr
allowing for further advancements in the field of geotechnical engineering. The main purpose
improvement has been the enhancement of one or many engineering characteristics of g
characteristics include the strength, hydraulic conductivity, durability, and the revitalization of
vironment. Among the soil treatment methods, the most widely used and accepted is the
ment. The use of cement has a long standing histetdynumerous advantages, such as high sti
and durability with an ability to form calcium carbonate crystals under the water table. Howe
use of cement has also been associated with various environmental concerns, such as the r
sion ofgreenhouse gases, urban runoff and heat, and vegetation growth limitations.

Due to the many environmental hazards associated with cement use, research and de
into an environmentally friendly substitute for a soil binder has been researchechinyesrs. Env
ronmentalfriendly and sustainable approaches have recently emerged in the field of geotech
gineering which involve the use of alternative materials, including geosynthetics, chemical p:
geopolymers, or biological treatment.

Among such research one possible avenue for an environmentally friendly soil binde
use of biopolymers. Biopolymers are organic polymers that are synthesized by biological or
They consist of monomeric units that are bonded into larger fomsatio this study, gellan gum
opolymers are used for soil improvement purposes, and-@epit study on the structure and be
ior of gel type biopolymers has been conducted.

The use of various experiments such as the uniaxial compressive strerggthsli@ar tes
hydraulic conductivity tests, and oedometer tests have been performed to analyzed the strt
behavior of these gellan treated soils. Specifically with a focus on the presence of clay part
water molecules. These investigatiprovided numerous insights into the properties of these

treated soils, and the importance of many factors, such as the gellan to clay ratios.

Keywords gellan gum, sand, kaolinite, strengthening, structural analysis, behavioral analysis, dtying

cycles
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Chapter 1. Introduction

1.1 Research Background

Soil treatment and improvement have been an important field for construction since ancient
times, where the use of bitumen or sticky rice mortars have tmh for soil strengthenir(d, 2].
Since then with the advancement of civilization, the durability and construction materials have im-
proved allowing for further advancements in the field of geotechnical engineering. The main purposes
of soil improvement halseen the enhancement of one or many engineering characteristics of the soil.
Such characteristics include the strength, hydraulic conductivity, durability, and the revitalization of
the environmenf3]. For engineered soils there are two primary methods that are used: mechanical
improvement and chemical treatment. Mechanical improvement makes use of physical processes such
as compaction, dimage, loading, or other various means to reinforce the strength and behavior of the
soil. On the other hand chemical treatment involves the use of chemical reactions such as hydration or
pozzolanic reactions to create an artificial binding effect.

Amongthe chemical treatment methods, the most widely used and accepted is the use of ce-
ment. The use of cement has a long standing history and numerous advantages, such as high strength
and durability with an ability to form calcium carbonate crystals undewtter tablg4]. However,

the use of cement has also been associated with various environmental concerns.

Environmental Concerns of Cement Use

The use of cement has been most associated with the environmen&hsavichigh green-
house gas emissions. When producing cement, 0.4 tons pis@mitted from calcination and the
burning of fossil fuels during production for every 1 ton of cement produced. Additionally, when ce-
ment undergoes hydration to form calciunrbezmate (i.e, 5CaCQ + 2SI Y 3 Ca Ql+Si O
2Ca0SiG + 5CO) 0.55 tons of Care produced for every 1 ton of cement. Therefore, a total of
0.95 tons of C®is produced for every 1 ton of cem¢g}.

With such a high ratio of CQOemissions with the production and use of cement, the use of

cement has been a major contributor to global greenhouse gas emissions. In 18%agteeglobal



production of 1453 Mons of cement, which contributed to approximately 5% of the global annual
CO; emissions for that yed6]. In addition, the global cement production has only increased since
1995, which in turn has increased the@missions from cemefit, 8]. By the year 2003, the global
CO; emission from cement production had increased to 7% of the global annyah@3ions, and

by 2010 this figure had increased to 88 The CQ emissions from cement through the years can be

seen inFig. 1.1.
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Fig. 1.1 CO, emissions of cement throughout the years (based off Oss 2014 (a) and Rapier 2012 (b))

In addition to greenhouse gas emissions, cefmasteen known to cause several other envi-
ronmental problems. When mixed into the soil the process of hydration releases alkaline hydroxide
(OH-) ions which significantly increases the pH of the soil up td3210], and this increase in pH
can cause many detrimental effects to the organisms and ecosystem in tfl] area

Widespread use of cemdntalso related to several urban environmental issues, such as urban
runoffs, heat islands, and prevention of vegetation growth. Along with such urban problems, due to
the irreversible effects of cement hydration demolition and waste problemd d2jcur

Urban runoff is known to be amplified due to the massive use of impervious ebasent
concrete with increasing urbanization. The abseriaground infiltration and severe surface runoff
can produce floods, and is strongly related to economic and ecological losses such as residential or
infrastructural damaggl3, 14]. Moreover, surface runoff also degrades overall water quality by

flushing various pollutants and contaminants into waterways from urban spLisc§].



Urban heat island effect is mainly caused by concrete or agph#dtrials, whose specific
heats are lower than that of sfil7], to increase the temperature around urban areas. Urban heat is-
lands can have a number of environmentgbacts such as affecting local wind patterns, humidity,
the development of urban smog, and localized heavy precipifa@ph9].

Moreover, the presence of cementitious covers also prevents the growth of surface vegetation.
Vegetation such as trees and grass can lower the surrounding temperature via evapotranspiration and
by providing shade. Thus, vegetation can reduce peak summer temperatures in urban até@s, by 1
and can also be used to mitigate urban heat islg@jisin addition, the presence of vegetation has
other benefits, including increasing the efficiency of cooling systems, enhancing rainwater manage-
ment and water quality by absorbing and filtering piation, and improving air qualiy21].

Cement demolition waste and its management by disposal or recycling has become a signifi-
cant enviromental concern at the end of the life cycle of cermasied concrete structurf2?].
Moreover, cement used for geotechnical purposes such as deep mixing or grouting is difficult to re-
move from the ground

Concrete dust can be released into the air through various pathways such as concrete structure
demolition or natural disasters.g, earthquakes), and can induce lung disep28s For example,
high concenttai ons of ¢ on c ¢ wdreemonitored tafter the $56eat Blapghim earthquake
in Japan in 2015, where the alkaline component of the concrete dust in the air was equivalent to an
amount sufficient to neutralize the annual acid rainfall in Jép4n

Due to such environmental hazards associated with many chemical soil treatments, such as
cement useagesearch and development into an environmentally friendly substitute for a soil binder has

been researched in recent years.

1.2Related Research Trends

Geosynthetics and Geopolymers

While the use of cement creates a number of environmental problemgnéisnad in the
previous section, the construction industry also accounts for approximately 40% of global energy
consumption[25]. In response, environmendaiendly and sustainable approaches haveenty
emerged in the field of geotechnical engineering which involve the use of alternative materials, in-

cluding geosynthetics, chemical polymers, geopolymers, or biological treatment.



Geosynthetics are artificial polymeric products, including geotextijesgrids, geonets, ge-
omembranes, geosynthetic clay liners, geofoam, geocells, and geocomposites, which are implanted
into the soil to strengthen or enhance the soil
have high tensile strength, flexiltyli and impervious characteristics, and are therefore, generally used
for soil separation, filtering, reinforcement, and drainage purposes across a large range of applications.
[26-28]. While such materials can provide higher strength, specifically tensile strength, the strength-
ening is almost completely dependent on the material itself and not the soil, making them undesirable
for various engineering practices.

In the late 20 century, geotechnical engineers began introducing chemically synthesized pol-
ymers as soil conditioners to replace the use of conventional binders, such as lime and cement, for
geotechnical engineering and agricultural purposes. PolyacddafRAM)[29] is a simple linearor
crosslinked polymer synthesized by acrylamidee( CHLCHCONH,) subunits, which are netoxic
and hydrophilic[30]. Anionic polyacrylamide (PAM) has negative charge density and induces elec-
trostatic bonding with clay particl¢81, 32], which results in reduced soil erosiamdarunoff control
[33]. PAM consequently has been used in various fields such as agriculture, construction, and military
applications €.g, temporary helicopter landing fieldas a soil erosion reduction ag¢8, 34]. So-
dium silicate (N&(Si0O.)nO) and other chemicals, including acrglidignosulfonates and phenolasts,
have been widely implemented in soil grouting practices, especially for sandy soils. However, chemi-
cally synthesized polymers and solutions have raised concerns about toxicity and water pollution
problems[35], which has restricted the usage of chemical solutions near water consengitbos re
in particular.

Meanwhile, electroosmotic chemical treatment (ECT) has been attempted in several studies to
improve the strength of soft soifl86, 37]. However, the ECT method requires the massive injection
of chemical solutions to produce an increase in osmotic pressure, and has not yet been accepted for
practical implementatio[88].

Geopolymers are polymers synthesized from either organic or inorganic, such asbsitedn
origins[39, 40]. The geopolymerization process involves initial mixing in an alkaline solution, which
dissolves silicon and aluminum ionse(, alkalractivation) from soil or industrial byproducts such as
fly ash or blast furnace slag. Hydroxyl ions (2Dkemaining in the alkaline solution then react to

form one free water molecule 48) and an oxide iofO?) [41]. The released oxygens then form



monomers with the dissolved silicon and aluminum ions, which undergo condenGaapulymers

requre isolated heating (above 60°C) for proper geopolymerization (hardddiag}3], which can

limit site application for geotechnical engineering purposes. Studies have shown that geopolymers are
highly susceptible to water and show significant degradation in strength when saturated in water, es-
pecially in acid solutions, due to depolymerization of ahasilicate polymers and removal of silicic

acid[44].

Bio-mineralization

Since the beginning of the 21st century researchers have been seeking more biogenic alterna-
tives to existing strengthening agents. Recently, environfrientdly approaches have emerged that
involve the use of biological materials such as microbes and eszimetempts to improve the me-
chanical properties of soil. The most common approach isbieralization, which entails mineral
precipitation in soil pores via biological organisidb]. Another approach, based on biofilm for-
mation, starts with a weak attraction force between migesusms that later develops into a larger
attachment which is irreversibjég].

Among biemineralization strategies, the mastognized soil treatment method is microbial
induced calcite precipitation (MICP). MICP employs microorganisms incluSimgrosarcina pas-
teurii andBacillus pasteuriito precipitate calcium carbonate crystals in soil voids, to provide- inter
particle bondag [47, 48]. MICP occurs through urea hydrolysis, which primes the soil for calcium
carbonate precipitatiowhen calcium is preset9]. Ureolytic bacteria are used to convert urea to
ammonium and carbonate. Calcium carbonate precipitates are then formed from the carbonate and
calcium iong50]. The calcium carbonate precipitates bind with the soil grains to increase the strength
and stiffness of the sdib1].

Several studies have been performed to increase the strength and stiffness ohgailsease
positive microorganism§48, 52]. In those studies, the microamsm Sporosarcina pasteurivas
injected directly into the soil to allow for calcite precipitation by the microorganisms themselves.

The use of urea, Cag’land urease will precipitate calcite through enzymatic processes with-
out microbial activities, whit is suitable for soil strengthening and increasing stifffigSs MICP
has also been found to be applicable in various other fields, including the remediation of heavy metals

[54], CO, sequestratiorf55], and the repair of concreitgs, 57].



Although MICP is a more environmefitendly substitute to conventional methods of soil
treatment, it has several shortcomings when implemented in the field. MICP is most applicable to
coarse sedimentgand encounters difficulties when used with fine grained soils due to infiltration
problems: the pore sizes of fine grained sediments provide an unsuitable environment for bacteria
growth. It has been speculated that clay particles may provide betteatiarcisites for the calcium
carbonate precipitatgs88]. Moreover, the transport, cultivation, and fixation performance of bacteria
is not consisten Thus, recent studies have adopted the use of urease enzyme instead of using bacteria
to promote the hydrolysis of urea, for the chemical precipitation of cfidte

The application of MICP leaves ammonia as a byproduct in the soil, which increases the pH
and affects the local soil ecosystem. Another limitation of MICP is that the microorganisms have dif-
ficulty penetrating the soil, which causesterogeneous cementation of the soil layer. The most im-
portant factor for attaining uniform calcium carbonate precipitation is the effective distribution of mi-
crobes[60]. Furthermore, the use of MICP results in a highly concentrated ammonium chloride by-
product, which needs to be removed and treated, generally in the form of soil flL&ljing

Even though the limitations of MICP are problematic, thedoiib method has been shown to
have several promising features, including high strengthening, low environmental impact, self
proliferation, and biodegradation. A number of researchess thais focused on the direct use of bio-

genic excremeni.g. biopolymers) instead of attempting to cultivate the microorganisms in the soil.

Biopolymers

Biopolymers are organic polymers that are synthesized by biological organisms. They consist
of monomeic units that are bonded into larger formations. The use of biopolymers is, in fact, not an
entirely new development in geotechnical engineering. Organic polymers such as natural bitumen,
straws and sticky rice have been used in ancient civilizationgam@lso be classified as biopoly-
mers in a broad sense. In ancient Chinese civilization, sticky rice mortar was used as a binder. Sticky
rice soup mixed withActinidia chinensicane juice, lime, loess, and river sand produced a mortar
with good strengthhigh toughness, and water resistajGa.

Among the three typical types of biopolymérpolynucleotidesd€.g, RNA, DNA), polypep-
tides €.9, composed of amino acids), and polysaccharidgslysaccharides have been the most

common contemporary biopolymer type to be applied in various prapsiges].



Polysaccharides are polymeric carbohydrate chains composed of monosaccharide units. Poly-
saccharides are widely found in nature because they are yadglo key biological roles, as sub-
stances forming skeletal structures, assimilative reserve substances, and water binding sjg&8tances
The properties of polysaccharides have led to their widespread use as thickening agents, stabilizers,
sweeteners, and gel forming agents in the fields of food produetipiculture, cosmetics, medical
treatment, and pharmaceuticfdé-68].

Biopolymers mixed with soil, such as sticky rice mortar, promote strengthening of tha-soil,
cluding increased cohesion and strength, resistance to erosion, reduced permeability, etc., by acting as
a binder. The direct use of biopolymers in soil has several benefits ovexigtiag biological soil
treatment method$9]. The direct application of biopolymers to soils circumvents many of the short-
comings of other approaches, such as microbial injection, time required for cultivation and precipita-
tion, and the uncertain quality tife soil treatment. Moreover, since biopolymers are readily found in
nature and many are known to be harmless and edible, biopolymers can be consid&reddbco
substitutes for soil treatment. Several polysaccharide group biopolymers have been erecaimgd
for use in geotechnical engineering. The characteristics of common biopolymers are summarized in
Table1.1, and the following sections review their notable case studies in geotechnical engineering.

The enhancement capabilities of biopolymer rdatoils in geotechnical engineering has been
shown to have significant strengthening efficiencies from previous st[kleg1]. In general, bi-
opolymers have high specific surfaces with electrical charges, which enable direct interactions be-
tween the biopolymers and fine soil particles, thereby providing firm biopolgoiematrices with
high strength. Additioriy, the use of biopolymers in soil have shown various behaviors and proper-
ties with the presence of clayey soils and wgtér 72]. Therefore, the use of biopolymers has shown

promise as a possible alternative for an environmentally friendly soil binder.



Table 11 Characteristics of common biopolymers (Adibkia et al., 2007; Barrére et al., 1986; Charlg et a

2006; Daniel et al., 1994; Harada et al., 1968; Hassan, 2005; Kulicke et al., 1982; Wan et al., 2004).

Biopolymer  Composition Characteristics

Cellulose b-( 1 Y-B-plucosdinkages - Hydrophilic

- Properties depend on the chain length

Starch D-glucoseresiduedinked by - Soluble in heated water
U1, 4) glucosidic bonds - Viscous, gelatinization
Chitosan P-(1,4)2-amina-2-deoxyD-glucost- Soluble in acidic solvents

- Bioadhesive for{) charged surfaces

- Biodegradable
Xanthan CssH49029 - High viscous rheology
Curdlan (CsH1005)n - Gel formation via heating in aqueous solut|

BetaGlucan D-glucose monomers linked by - Capable of immune activation in humans

b-glycosidic bonds - Cholesterol absorption capabilities
Polyacrylamid (CsHsNO), - Wate absorbent, gel formation
- Thickener

1.3Research Purpose

Among previously studied biopolymers the use of thermally treatable gel type biopolymer gel-
lan gum has shown the largest increases in strength and stigtditfHowever, research on such bi-
opolymers till now have only focused on the strengthening efficiencies and not the behavior and
mechanisms behind such biopolymer treated soils. As such the purposeretéarch was to pro-
vide an in depth study on the structure and behavior of gel type biopolymers, using gellan gum as a

basis, and the various parameters that effect the properties of these biopolymer treated soils.



Chapter 2. Materials and Procedure

2.1 Materials

Gellan Gum Biopolymer

Gellan gum was chosen as the biopolymer binding agent for this study due to its high strength
and stability. Gellan gum is a high molecular weight polysaccharide that is fermente8ghamgo-
monas elodeamicrobes. Lav acyl gellan gum biopolymer produced by Sigma Aldrich (CAS No:
7101052-1) was used in this study. Low acyl gellan gum partially hydrates in cold water, and fully
dissolves at temperatures above 90 °C, forming a hydrocolloid solution. The viscositgliafraggim
solution increases with declining temperature and finally forms a highly viscous hydrogel below 40°C
(i.e., thermagelation). Thus, hydrogel formation is expected to natumadigur during the mixing
process with soWia decreasing temperature.

Jumunjin Sand

Jumunjin sand is a typicatandardsand in Korea that has been widely used in various studies
[73-79). In the USCS classification Jumunjin sand lessified as a poorly graded sar&P( with a
particle size distribution as shown in Fig. 1. The coefficient of uniforn@ty &énd the coefficient of
gradation Cc) are 1.94 and 1.09, respectively. It has particulate structures between a minimum void
ratio of 0.64 and a maximum void ratio of 0.89; its specific grady is 2.65.

Kaolinite

To compare with Jumunjin sand, kaolinite was chosen to represent the fine soils for this study.
Bintangkaolin (Belitung island, Indonesia), a commercially availatite kaolin powder, wassed
for this studyBintangkaolin is a highly plastic clayQH) having material properties &1 = 24,LL =
56,Gs=2.65, anDso= 44 & m.

2.1 Experimental Procedure
2.1.1 Sample Preparation

All gellan gumsand samples were pared by following the same sample preparation method.
First, a gellan solution was prepared by dissolving pure gellan gum into hieatet (L0O0 °C) dis-
tilled water according to the target concentratiog, (0.5, 1.0, 1.5, 2.0, and 5.0 % of gellamyto



the mass of soil) of the gellan gesuil mixtures. Once the gellan was fully dissolved into the solution,

the solution was directly mixed with the soil. The soils used were a combination of sand and kaolinite
at various concentrations to observe teetba vi or al properties for fine
water content was set so that the desired water content and gellan concentration was mixing into the
soil. Once the mixture was thoroughly mixed, the mixture was set into a mold and alloged to
while reaching room temperature (24 °C). Once the samples reached room temperature, the samples
were removed from the mold and cured with either air drying (dry condition) or submerged in water

(wet condition).

2.1.1 Experimental Setup

Unconfined unigial compression test

Cube (50 mm x 50 mm x 50 mm) shaped gellan-goitl samples were prepared at various
gellan concentrations. Unconfined uniaxial compressive testing was performed using a UTM (Uni-
versal Testing Machine; Instron 5583) device. Thelatrain rate was controlled at 0.5 mm/miire {

1 % strain / min). The maximum strength and the sts&assn behaviors were obtained by averaging
three different measurements for a single condition. The experimental setup can bd-geehlin

Fig. 2.1 Unconfined uniaxial compression test setup

Direct shear test

Disk shapgD 60 mm x H 20 mm) gellan gusoil samples were placed into a direct shear ap-
paratus (Humboldt HM2560A) with porous stones placed above and beneath, anidesbrt 50,

100, 200, and 400 kPa respectively via a pneumatic actuator for 24 hours before applying horizontal

-10-



shear. The samples saturated in water by filling the inside of the shear box with water before applying
vertical confinement. Horizontal sheae(, shear rate = 2 % strain / min) was applied under a consol-
idateddrained condition following the instructions of the ASTM D 3080 stanfiz8 with confin-

ing pressuresf 50, 100, 200, and 400 kPa, respectively. Horizontal shear was applied for 500 sec-
onds to finally induce 10 mm (= 1.2 mm/min x 500 secs) horizontal displacement. Horizontal load,
vertical stram, and horizontal displacements were obtained automatically via load celt (HM
2300.020) and LVDT (HML4368, HM14180) measurements. The direct shear experimental setup is
shown inFig. 2.2
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Fig. 2.2 Direct shear test setup

Hydraulic Conductivity

A variation of the constant head permeability test was performed, where the permeability was
observed with varying confining pressures and pore water pressures. The general setup for the exper-
iment can be seen fig. 2.3 As shown a pneumat&ir compressor was used to apply a confining
load onto the sample while a water inflow and outflow allowed for the control in pore pressure. An
applied pressure of 100, 200, and 400 kPa onto the soil was implemented for thia thedyrained
conditionand the hydraulic conductivity was observed after no more settlement was ob&sreed
confined the top cap was fixed to prevent any additional vertical movement of the tdhegpore
pressures were continually increased until a dramatic increase fretineability (i.e. the breakdown

pressure) was observed.
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Fig. 2.3 Hydraulic conductivity experimental test setup

Soil consolidation / Elastic wave measurements

Soil consolidation tests were performed according the ASTM 3 2dging method77]. Ad-
ditionally, p-wave and svave sensors were attached to the top and bottom locations of the consolida-
tion mold for elastic wave measurements. The one dimensional loading was performed at 50 kPa, 100
kPa, 200 kPa, and 400 kPa increments. The loadings were perfornietbuutther consolidation
was observed. After each step of consolidation was finished the elastic wave measurements were per-

formed. The experimental setup is showiiig. 2.4.
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Fig. 2.4 Consolidation / Elastic wave measuremh test setup

SEM (Scanning Electron Microscope)

SEM images were taken to observe the mgwale direct interactions between soil particles
and gellan gum biopolymers. 1 % gellan gtreated sand samples were considered by collecting 0.5
cm?® (i.e., width 10 mm x length 10 mm x height 5 mm) bulk cubic samples from dried gellan gum
soil mixtures. The samples were situated on an SEM mount (diameter 25 mm) using carbon conduc-
tive tabs (Pelco Tab%). Carbon paint (DAGT-502) was applied to both the undisted and the dis-
turbed sample edges and bottoms to provide sufficient grounding. Specimens were coated for 20 sec-
onds using an Osmium plasma coater (€8#®8) with osmium tetroxide (Osfas the source of os-
mium. An extreme highesolution scanning electramicroscope (FEI Magellan 400L XHR) was
used to observe the surface of the gellan-gand samples.
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Chapter 3. Strengthening Effects of Gellan Treated Soils

3.1Unconfined Uniaxial CompressidResults

For the unconfined uniaxial compression tests arettshear tests the specimens were mixed
with differing sand to clay ratios of 10:0, 5:5, 8:2, and 0:10 ratios respectively. The gellan concentra-

tions were set at 0%, 0.5%, 1.0%, 2.0%, and 5.0% to the weight of the sand or clay content.

Strengthening edtcts of gellan on uniaxial compression

In Fig. 3.1the effects of gellan concentrations on uniaxial compressive strength for pure sands
can be observed. As can be seen, the overall strength of the samples tend to increase with an increase
in gellan concemation. However, the increase in strength is not linear and shows a tendency to level
off at gellan concentrations above 2.0%. This shows that there is an optimal strengthening efficiency
of gellan gum and that the continual addition of gellan gum biopaigrwill not have the desired
strengthening effects. FroRig. 3.1it can be approximated that the optimal point of gellan concentra-

tion will be somewhere betweerD30 4.0 percent.

Uniaxial Compression Tests for Gellan Treated Sands
700

& Dried Sand < Wet Cured Sand

Uniaxial Compressive Strength [MPa]
[ w = (%)) (=]
8 8 8 8 8

8

— ——
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Gellan Content [% to soil content by weight]

Fig. 3.1 Strengthening efficiencies of gellan gum biopolymer on Jumaajid
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Additionally, it was observed that the dry specimens had a much larger overall strength than
that of the wet specimens. This is most likely due to the densification and increase in stiffness of the
gellan gels wiiin the pores of the treated sand. In comparison with pure sand samples, the specimens
with clay content shwed a high correlation between the strength of the specimens to the content of

clay particlesftig. 3.2).

(a) Wet Strengths for Gellan Content to Weight of Total Soil
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Gellan Content [% weight of total soil]
(b) Wet Strengths for Gellan Content to Weight of Clay
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‘ 0100% Clay ©50% Clay A 20% Clay < Pure Sand
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a
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030 ’ ° A
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0.05

0 1 2 3 4

Gellan Content [% to clay content by weight]

Fig. 3.2Unconfined uniaxial compreis® strengths of gellan treated soils with (a) gellan content compared to

the weight of the total soil and (b) gellan content compared to the weight of only the clay content
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As shown inFig. 3.2a, the specimens with lower clay content (i.e. sand to clay oh 8:2)
seem to have a much higher strengthening efficiency with only 1.0% gellan achieving similar wet
strengths as 5.0% gellan for pure clay soils. However, when the specimens were plotted with gellan
gum concentrations to the clay content not thal teoil (i.e. 1.0% gellan for soils with sand to clay
ratios of 8:2 will have the same gellan to clay radb% pure clay samples)kig. 3.2b, it was seen
that all the soil types had very similar strengths with the general strengthening trendswigtimg
certain boundary. This showed that when in the presence of clayey soils, the strengthening efficien-
cies of gellan treated soils is highly dependent on the gellan to clay ratios not the gellan to total soil
ratios. This effect is most likely due the electrical charges present in clayey soils. This effect was

also observed in the SEM images takig.(3.3).

@4

Gellangum 3
@ chains

Biopolymers

$ \ 9% ~= ] e o .
Gellangumconnectmgon/ » 7 Biopolymer- Kaolinite

clay matrices ‘Iv)‘an*ltrzlesj‘ 7

kaolinite pafticle edges N,

Sand

Sand particles

particle

Biopolymer- Biopolyn?er-
clay mixtures \ clay matrices

Dried Biopolymer

Fig. 3.3SEM images of gellan treated soils (a & b) pure clay gellan mixtures, (b & c)

gellan treated sand/clay mixtures, and (e & f)@san gellan mixtures
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FromFig. 3.3e&f we can see that when mixed with pure sand gellan acts as a coating agent
encasing the gellan particles and providing additional connections and stronger interparticle interac-
tions. These gellan biopolymer particleteimct with each other more than they do with the sand par-
ticles forming biopolymer chains between the particles. However, when mixed with clay, unlike the
pure sand mixtures, the gellan particles show a higher interaction with the clay particles thdn they
with other gellan particle§Fig.3.3a&b). Therefore,when gellan gum biopolymers are mixed with
soils with clay particle§ig. 3.3c&d the gellan particles interact directly with the clayey soils aggre-
gating the claygellan mixtures around the coarsang particles achieving and overall binding effect
without directing interacting or bonding with the sand particles

The overall strengthening efficiencies of gellan treated soils have shown an extremely high
correlation to the gellanlay ratios, howevernlike pure sand soilwhere the strengthening effects
level off after around 3.04.0% (ig. 3.1), concentrations of gellan gum to clay above 4.0% shows a
detrimental effect. This reduction in strength can be easily observed in the dry samples dkigwn in

3.4

Uniaxial Compression Tests for Dry Samples
14

‘ O0100% Clay ©50% Clay A 20% Clay < Pure Sand

[y
%)

10

Uniaxial Compressive Strength [MPa]

Gellan Content [% to clay content by weight]

Fig. 3.4Dry unconfined uniaxial compressive strengths of gellan gum treatedctandoils
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This reduction in strength between the 4.0 to 5.0% gellan to clay content is most likely the re-
sult of several factors. First off, at 5.0% gellarchay ratios the overall workability is greatly reduced
by the viscosity of the mixture. With such a high viscosity the probability of air voids or the existence
of weak planes is greatly enhanced. Additionally, due to the charge interactions of geldayand
particles, rough estimates and calculations on the charge density and available ionic interactions of
kaolinite show that around 4.0% gellan to kaolinite ratios omayjainthe maximumallowable ionic
interactions of kaolinite clay3able3.1 shows he approximations and variables used in this calcula-

tion.

Table 3.1 Calculations for the maximum possible ionic interactions possible for kaolinite clays and the total

amount of gellan gum particles required to fill this number.

Kaolinite Gellan gum

Chage Density = 8.3E19 nt/ion Molar Massa 1,000 g/mol

# of gellan particles to
Specific Surface = 20 /g 1:1
equivalent ionic chargé

Therefore possible # of # of gellan gum | 4.00%| 2.41E+2%5 2.40E+21
2.40E+21 ions
ions in 100g of Kaolinit& "ions"a 5.00%| 3.01E+212.40E+21

The calculations shown ifable3.1imply that any additional addition of gellan gum into kao-
linite past 4.0% will not aid in the increase in strength, but it may instead result in the reduction of
compressive strengtlrig. 3.4) due to the ionic interference caused by the excess gellan gum biopol-
ymers. This data also implies that with different clays with different charge densities the maximum
concentration of gellan gum may be alterféid).3.5shows a schematic model of thessible biopol-

ymer interference that may result in the reduction in strength with a surplus of biopolymers.
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Fig.3.5 Schematic model for possible interference reaction for a surplus of electrarge interactions

(a) 4.0%gellanto clay comrentration (b) 5.0% gellan to clay concentration
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3.2Direct SheaResults

Direct Shear Results

The direct shear results can be seeRign 3.6. The friction angle {) of pure sand does not
show a noticeable variation with the presence of gellan gum hydragstisr (content (W/Cy 30%)
inside intergranular pores, regardless of the gellan hydrogel concentration, while thearitele
cohesion ¢) increases substantially with an increase of gellan concentr&ipri3(a). Thefriction
angleof untreated soils decreases wdttcreasing sand tay ratios (i.e.« = 29.3° for pure sand «
= 18.7° for pure clay), while the soils with clay showemarkable increase @rfiction anglewith an
increases in gellan concentration as seefign3.6b, ¢, and d The maximum increment is found at
sand to clay ratios of 8:(Fig. 3.6b). This indicates that thiiction angleof the gellan gum treated
soils is mainly governed by thiateractionsof the gellan gumi clay particlesrather thargellan to
total soil ratios. Meanwhile, the cohesion of gellan gtreated soils increases consistently with in-
creasinggellan concentrations for both gellan to clayl ayellan to total soil ratiogevealing the im-
portant role of the gellan gum ggle. gellan gum to wategoncentration on cohesion enhancement,

regardless of the soil type.

(a) Pure Sand Direct Shear
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(b) 20% Clay Direct Shear
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Fig. 3.6 Direct Shear results for gellan gutreated soils o thedi Uplane

Increases in cohesion and friction angle with gellan treatment

With regards to the increasing trerafscohesion and friction angle of the soil when compared
to the gellan content of the total weigktd. 3.7), a general increase in both esfon for all soil types
are observed while increases in friction angle are only present in soils with clayey soils. Overall, the
increase in cohesion seems to follow a general trend converging at higher gellan concentrations. The
increase in cohesidn atributed to the increase in the interparticle connections which is present in all
soil types. The friction angle however does not increase for all soil types. The pure sand is the only
soil type that did not exhibit any increases in friction angle witinarease in gellan concentrations.
Instead the pure sand soils exhibited nearly no changes in the friction angle with changes in the gellan
concentrations. On the other hand all of the soils containing clayey soils had a dramatic increase in
friction angke with a small addition of gellan gum biopolymers and subsequent increase in friction
angle with higher concentrations of gellan. Additionally, the soils containing sand particles had a
higher untreated friction angle due to the presence of granulafismilsand) while the pure clay had

an extremely low untreated friction angle due to the nature of clay soils. The increase in friction angle
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