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ABSTRACT

HUMPHREY ZEBULUN. Biokinetic Processes of Extracellular Polysacicles
(EPS) stabilization of surface soils against Dust Generation (Under theodirefcProf.
HILARY INYANG).

Extracellular polysaccharide produced by a copiotrophic and nonpathogenic
bacteria,Arthrobacter viscosyspromises to be an effective alternative to the use of
chemical substances in dust control on exposed soil surfaces. Hiailitgaof this
biokinetic stabilization approach to dust control depends in part orcapacity of
injected microbes to produce EPS that can increase the resistrsod to drying
(desiccation) stresses. Initial laboratory based biokinetic iigatisins were performed to
determine the rate of EPS productionAryhrobacter viscosus both Haggstrom media
(EPS production media) and sterilized samples of silty clay,ysadag, and sandy silty
clay soils and the effects of EPS on dusting resistance indiggs as cohesion and
retention of intergranular pore liquid. To achieve this objective, Batipgstrom media
and the soil samples were inoculated with nutrient broth (20 to 1@@Lnolf Haggstrom
media) containingArthrobacter viscosusnd changes in dusting resistance indices (soil
cohesion, frictional resistance, and desiccation rate) in responsB3ogrowth were
monitored. It was initially determined through tests that an optifBB& quantity of 12.5
g/mL of Haggstrom media is produced by microbial broth concemtraf 60 ml/mL of
Haggstrom media. EPS-CM production rate in soil after initiadctipn of microbial
broth concentrations (5 to 25 mL/g of soil) was tracked using thgramionetric analysis
(TGA), which has been shown to be an effective tool in determiningthiéyenal
decomposition of polymeric materials mixed with other compositeé ESults indicate

that optimum EPS production in silty clay soil samples occulefateen 48 and 72 hr



after soil injection with the highest EPS quantity determinedet.8 mg/mg of soil
observed when a microbial broth concentration of 20 mL/g of soil . isesandy clay
and sandy silty clay soils, EPS quantity of 2.5 mg/mg of soil andrg/ng of soill
occurred in both soils respectively. To further investigate tlee@feness of EPS-CM in
surface soil stabilization against dust generation, a direct cafiph of different
concentrations (5 to 25 mL/g of soil) of extracted EPS from #hggitrom media and an
indirect application of extracellular polysaccharide-Culture M&&PS-CM) to the soil
through injection of microbial broth with cells of different concemndrat (5 to 25 ml/g of
soil) for in situ EPS production with time were compared using desdnivater as
control. Three soil mixes were used, which include silty clay soil @igiample), sandy
clay soil, and sandy silty clay soil were prepared from theesanalyses of the soil
samples collected. As part of the characterization of teedesamples, their specific
surface areas were determined to be 8.39g for silty clay soil; 8.121 Aig for sandy
clay soil; and 8.193 ffg for sandy silty clay soil.

As an indirect measurement of the potential resistance otah#ized soil to in
situ stresses that can be caused by drying, direct shear andfined compression tests
were performed on replicates of the treated soil samples.egbations developed in
chapter 2 to compare the effects of EPS-CM treatment of feability indices,
deformation resistance indices, coefficient of soil failled effective porosity were
evaluated in chapter 8. The results of unconfined compression testthsihawEPS-CM
amended silty clay soil samples, a strain of 0.34 to 0.20 from dayldy 3 occurred at
EPS-CM concentration of 5 mL/g of soil but at higher EPS-CM concentrationstraamil

is observed to fluctuate with time. The least strain (0.25) ocowstty clay soils treated



il
with EPS-CM concentration of 25 mL/g of soil compared to sandy ata sandy silty
clay soils. Thus soils with higher specific surface and claerals can develop cohesion
more effectively than coarser-grained soils following EPS-CM amendment.

Desiccation tests performed on treated and control soil santpB#s% relative
humidity and temperature of 3 show that soil liquid content decreases with time. At
relatively high EPS-CM concentrations of 15 to 25 mL/g of sdiSECM-amended silty
clay soils retain 5 % more liquid with time than sandy clay aifiy clay soils.
Fluorescence microscopic imaging of the treated soil sarsfdady show the presence
of EPS-CM as intergranular pore material and as smearsilopasticles in EPS-CM-
amended and microbial broth-amended soil samples whereas thebsaet in the
control samples.

The effects of EPS-CM amendment of the following selected iadafesoil
resistance to dust generation from exposed ground surfaces westigated (soil
cohesion, frictional resistance, effective porosity, desiccatair).r Data show that
effective porosity in EPS-CM amended silty clay soil decieas@h time due to
continued EPS production 8y, viscosusvhile changes in effective porosity with time in
sandy clay and sandy silty clay fluctuated with time and ERSgroduction. After a 21-
day monitoring with sampling at three 7-day intervals, unconfinedpoession and
direct shear tests indicate that increase in cohesion from &5 kdl/nf occurs in EPS-
CM-amended silty clay soil at EPS-CM concentrations rangitqyZs mL/g of soil. In
sandy clay and sandy silty clay soils, maximum cohesion lefeE? kN/nf and 24
kN/m? were observed, respectively, for the same EPS-CM concentratitia this

sampling time while control samples show cohesion increments wfOotd 15 kN/m.



Generally, it is observed that despite cyclical fluctuationsH84M content in response
to microbial dynamics in soil, frictional resistance decreaséth increase in

concentration of EPS-CM. Thus EPS-CM increase in intergranulargpaee reduces
intergranular friction but enhances cohesion within an overall inciaasgear strength
especially in fine grained soils that are prone to dusting. Ligu&htion capacity, which
is known to affect dust generation, improves favorably in EPS-CMdeatesoils. With

respect to practical use of duct control in the field, thisarebeindicates that mixing of
EPS-CM with microbial broth and scarified soil surfaces befmmpaction can be

effective.
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CHAPTER 1: INTRODUCTION

1.1 Background and Problem Statement

Fugitive or airborne dust has been identified as a signifiaarttibutor to health
hazards in the United States. The amendment of the Clean Ain A&90 required the
establishment of a National Ambient Air Quality Standards (NAAQ®y the United
States Environmental Protection Agency to regulate the air qualiboth rural and
urban areas (USEPA, 2004). Under this amendment, airborne particuddter, m
especially those in the size fraction ranging from clasiltovith diameters from 0 to 10
pm, (PMy), is used as a regulatory standard for determining air qalifyeck and Pelt,
2006; Stefanov et al. 2003; Pulugurtha and James, 2006; Singer et al. 2@03jndll
particle size range of this airborne particulate matteresd easy for the material to be
inhaled into the respiratory system, thereby increasing tkefigespiratory disorders in
humans and animals. Also, farm crops can be contaminated by dustadiri¢ct health
effects in humans through the food chain (Inyang and Bae, 2005; Ricd @9&; Miller
and Woodbury, 2003). Control of fugitive dust has become the target of memgiegat
various jurisdictional levels. Figure 3 shows the mechanisms of gkrstration by
moving vehicles on unpaved roads, resulting in human dust inhalation thistadato
respiratory problems.

Two main sources of fugitive dust that have been identified asthjopogenic

sources such as vehicular traffic, industrial emissions, combusfiofossil fuels,



pesticide and herbicide applications; and b) natural sources sughdidown soil and
unpaved road dust (Chow et al., 1992; Pewe et al., 1981; Iskander et al.Ste98iov
et al., 2003). A report by the Federal Highway Administration (198@icates that
nearly 39 % of the road network in the United States is unpaved andrtbentration of
daily vehicular traffic on these roads coupled with wind action, ihaeased the
concentration of dust generated from these roads (Amy and Ehsan 2002).

According to another report by the United States Environmentaled®iar
Agency (2002), increase in population growth rate in arid regiondhefUWU.S. has
increased the need for the use of dust suppressants to reduce gdrbougate matter.
This is also the case in many parts of the world where \aleerground surface is
exposed. This need has resulted in a wide application of cheaweaits as dust
suppressants in these regions. Chemical dust suppressants canhaltphysical
characteristics of soil for control of dust emission from unpawsdis, mining and
construction sites, military sites, forest pathways, agucalltlands, and livestock
facilities, vacant lands, landfills, and steel mills (USEPA, 2002 most commonly
used chemical dust suppressants include salts and brines, petbalsetherganics, non-
petroleum-based organic, synthetic polymers, electrochemical gispdand clay
additives (Bollander 1999a).

In particular, physico-chemical interactions between a waoétpolymers and
various soils have been theoretically modeled and experimentaéigtigated by Bae et
al. (2006). Despite the efficiency of these chemicals in dpadiust emission from
surface soils, their potential environmental impacts remain a pnolfkich impacts

include surface and groundwater contamination, soil and soil wateancimattion, air



pollution, toxicity to soil and aquatic organisms through bioaccumulaand hazards to
humans through inhalation and dermal contact. Since dust emissioarstihs a global
problem that especially results in an increase of respirat@gasies, it has become
necessary to develop alternative methods for their control without negative
environmental impact. The development of such methods requires tization of
natural materials such as slimes from snails and synthesitddngling products such as
the natural polymer, extracellular polysaccharides (EPS) from mi@oisrgs.

Most research studies involving the environmental application of mia@oisms
in both natural and laboratory scale investigations have been largelsged on
bioremediation of anthropogenic environmental contaminants in soil and. Water
production of natural polymers by soil microorganisms has been stumieadnost of
these studies have been largely focused on the application ef pbésners in soil
stabilization against water erosion (Tolhurst et al. 1999; deBroeinedr 2005; Barry et
al. 1991; Gonsalves et al. 1991; Sojka et al. 2005).

Different species oArthrobacterhave been studied for their ability to produce
natural polymers and among those identifiddthrobacter viscosusas been isolated
from soil samples in various parts of the United States, includlimgpis, Indiana, New
York, and Arizona; Ontario, Canada; and Central and South Americaldbat al.,
1965). An understanding of the interactions between soil particles anoatttesium in
soil is essential to the prediction of the cohesion of soil pastiels a result of the
presence of EPS that is produced in soil. Generally, soil microsrganiide on solid
particles and the spatial arrangement of these particletisras the formation of a

complex pattern of pore spaces. Water and/or air that are trapfiexse soil pore spaces



are of different shapes and sizes, thus making them attraetvats for microorganisms
(Chenu and Stotzky, 2002). According to Mills and Powelson (1996), the soil
environment is made up of both microbes living in an organic-and inorgantaining
broth and microbes living in a surface-rich environment with the sesfaoated with a
thin film of water.

An important phenomenon that is essential for the survival of miciob=sl is
microbial adhesion to soil particles. Microbial adhesion has beenloEbas the energy
involved in the formation of the adhesive joint which can be measuredms of the
work required to remove a microbial cell from a substratum tetwhiadheres (Rutter et
al., 1984). Mechanisms of adhesion of microbial cells to soil pestibave been
discussed as well, and it has also been noted that these mechmvisins various
interactions between the microbial cell surface and the sditlear(Mills and Powelson,
1996). According to Chenu and Stotzky (2002), the interactions betwdepagticles
and microorganisms can be classified as both biotic and abiotidhidtie interactions
involve cell growth and multiplication, as well the secretion of eresyand biopolymers
while the abiotic interactions involve physical interactions suatohssion of soil matrix
facilitated by the biopolymers producedsitu (Robb, 1984; Chenu and Stotzky, 2002).

Such interactions include electrostatic and electrodynamic actiens,
hydrophobic interactions, and the adhesion of polymers (Mills and |Bawyel996).
They also involve adhesion processes (Chenu and Stotzky, 2002). Studiesatfial
adhesion to soil particles (Deflaun et al., 1999; Mills and Powelson, h896)indicated
that cell surface charge affects the electrostaticantems between microbial cells and

substratum, hydrophobicity of microbial cells, and the secretion & B these



microorganisms (Deflaun et al., 1999). While the existence andatheities of
microorganisms in subsurface and deep soil have been demonstrateckinll Bald
Boone (1997), Stevens and Holbert (1995), Kinkel et al. (1992), Mayer(2088), and
Tunlid and White (1992), other studies (Lopez et al. 2003; Park et al., 260@sJet al.,
1965; Bejar et al., 1998; and Ben-Hur, 2006; Blume et al., 2002) have also foou$ed
secretion of different exopolymers by microorganisms. Howevesset studies have
failed to discuss the effects of microbial biopolymers on thelztation of surface soils
with consideration of their particle sizes and textures.

Based on the polymer-producing capacitydothrobacter viscosyshis research
project focuses on exploring the potential application of using EPSthisrbacterium to
produce EPS that can stabilize surface soils. To ensure maxinodencpon of the EPS,
an appropriate growth nutrient such as glucose is typically usedyrow the
microorganism. Through the extraction and quantification of the EPS madte
concentration of the EPS produced will be correlated with the ctratens of the
biomass< and substrateusing differential equations 1 and 2 (Bader, 1982).

dx
Esz-i- )(f (1)

ds
—=R +
dt P Sf

whereR; is the rate of production of biomass per unit volume of cultufegthtr?), and
x; ands; are the concentrations of the biomass and substrate respectively (g/m

Bacterial adhesion to solid particles is an important stepoih ssabilization. The
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, developed for omaclecules

and particles, is commonly used to describe the interactions betlaeged colloidal

)



particles and solid surfaces. Bacterial adhesion can be enhagcexopolymers
(Azeredo et al., 1999; Behrens, 1998). According to this theory, two prirfolgals of
attraction involved in these interactions aran der Waalsforces and electrostatic
double-layer forces while other interactions such as ion bridgiag¢ interactions in the
presence of polymers, and hydrophobic interactions in polar media alsthuanto
bacterial adhesion to solid particles (Oliveira, 1997; Hayashl.eP001; Sharma and
Rao, 2003). To apply the DLVO theory to bacterial adhesion studissagsumed that
the interacting surfaces are smooth with homogenous chemical tepétowever,
studies involving solid particles such as soil particles have shoanthie DLVO
interaction energyEpLvo can also be applied to rough surfaces, and equations that
express this phenomenon as well the aggregation of charged particlesbéen
developed (Bhattacharjee et al., 1998; Behrens et al., 1998). FurtheriA8r&ak been
reported to significantly influence the adhesion of bacteria td solifaces (Tsuneda et
al. 2003). By altering the physicochemical characteristics ssichage, hydrophobicity,
and polymeric property, EPS covering cell surfaces enable baaehesion onto solid
surfaces of solid surfaces, which is correlated with thepmtntial of both the bacterial
cell surface and solid surface. Previous studies by Tsunedla(20@3) and Kaya and
Yukselen (2005) concluded that based on the amount and chemical dowonp@$-89
% protein and polysaccharides) of EPS, cell adhesion onto solidesidac be inhibited
by electrostatic interaction or enhanced by polymeric interaction.

These equations also explain the adhesion mechanisms of bastefaaes to

solids (Mills and Powelson, 1996) which can be described as follows.

Eovo(h) = Epu(N+ E (B . (3)



o= Q*hz +%[(W§ +y?) (1-cothwh }+ 2y, coschk H (4)
A, =g,.12zK (5)

where Eypw is the van der Waals interaction energy (kPa) per unit aresebettwo
infinite flat plates,Eep, is the electrostatic double-layer interaction energy (kPajpier
area between two infinite flat plates,is the dielectric constant of solvent, is the
dielectric permittivity of vacuumg is the inverse Debye screening length (n¥#)(mV)
is the surface potential of the smooth surface, Bn@nV) is the surface potential of the
rough surface. In equation By is the Hamaker constarg, andh (m) represent the
Gibbs energy of attraction per unit cross-sectional area arlddhledistance between a
rough surface and a smooth planar surface respectivély Thre differential area of the
aggregate surfaaScan also be determined using the expression,

dS=r?singdo dy (6)
where© and g represent the angular coordinates in a spherical coordinate systet The
nonretarded interaction energy of a pair of colloid particig) (kPa), which comprises
of the van der Waals forces of attractidp/(r)(N) and a repulsive double lay®fg(r)
(N) can be applied to calculate the interaction energy bettheesoil particles and the
EPS expressed as

V(r) =V, (N +V,(r) (7)
The energy of bacterial adhesidf, can also be calculated using a modified version of
the van’t Hoff equation (Mills and Powelson, 1996) expressed as,

B =22

M RT

0

+C (8)



whereky is modified to represent the coefficient of bacterial distrdyutn solution and
soil, m is the number of adhesion sites per grafd’ is the standard enthalpR is the
gas constantl is the absolute temperature, a@ds a constant. Replacirg in equation

8, the energy of the bacterial adhedipp (kPa) can now be calculated as follows,

CSs‘oln
n| & ha c ©)
= n =
Son M RT !

whereC*"andC**' are the concentrations of the bacterial EPS in soil solution ahd soi
solid respectively, which will be determined from a sorption tegt.niddifying the
Arrhenius equation, the adhesion energy can also be estimated as follows,

k = Aexp 5/®7 (10)
wherek is a rate constanf is a pre-exponential factoEy, is the energy of bacterial
adhesionR is the universal gas constant, and the absolute temperature. Mechanisms
of cohesion of soil particles as a result of bacterial adhesioa bhaen described
(Munkholm and Kay, 2002; Konrad and Ayad, 1997; Snyder and Miller, 1985; Marder
and Fineberg, 1996; Briones and Uehara, 1977). The relevant equatiorige for
determination of these soil properties include but not limited to the following,

d—U:i ﬂGZCZ/ZEJZHGZC/ E (11)
dA dc

Equation 11 can be applied to measure the rupture of soil solid Whexe¢he strain-
energy,A is the area of rupture @ E is the Young’s modulus (N c is the semi-
major axis of a pre-existing crack, ands the limiting stress (N/f (Briones and

Uehara, 1977). In a uniformly packed soil with no cracks and an unpackealitioi



potential cracking spaces, the tensile failurean be determined by equation 12 as

described by Snyder and Miller (1985).

e (ZJ - UJ))m (12)

Where o the uniform normal stress (Nfin ua is the air pressure (Nfn anduy is the
water pressure (N/fjy while the expressiofio — u,),, represents the maximum stress
applied (N/m) and (¢ —u,) is the relative tensile stress. Aggregate tensile dtreyig

and aggregate friabiliti, can also be determined by the application of equation 13 and

14 (Munkholm and Kay, 2002)

F
Y=a— 13
e (13)
logY =-klogV+ A (14)

wherea is a constantf- is the polar force needed to fracture the aggregate (N)J &nd
the average aggregate diameter (Anjs the predicted log strength of £ f soil (kPa),
and V is the volume of the aggregate’m

Previous studies have shown the existence of a relationship betlWween t
concentration of the EPS produced and the cell growtkrtbfobacter viscosugNovak
et al. 1992; Perkins et al. 2004; Bader 2000; Pickett, 2000; Yallop e0al). 20has also
been shown that the rate, concentration, and quality of EPS produckis badterium
depend on the composition of the growth medium in terms of nutrients and
environmental conditions (Lopez et al. 2003; Jeanes et al. 1965; Taydbr E399).
Characterization of EPS has revealed the mechanisms of theiation, chemical
composition, and rheological properties (Bejar et al. 1998). Differectetia species
synthesize extracellular polysaccharides (EPS) as a comstructaterial for the

formation of biofilms and sludge, which enables them to exist @nsortium in both
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soil and water environments (Flemming and Wingender, 2001; Miyazaki &nd28@e6;
Xavier et al. 2004). In soil, bacteria interact with the surfatele soil particles through
a mechanism termed, adhesion. This adhesion mechanism involvesstdtictrand
electrodynamic interactions, which is facilitated by the petida of EPS (Chenu and
Stotzky, 2002). Through these interactions, these bacteria artoaitach firmly to the
soil particles thereby acting as a bridge between the stitlpa and the surfaces of the
bacteria cells (Mills and Powelson, 1996; Chenu and Stotzky, 2002¢tBals 1999).
This is the phenomenon applied in soil stabilization using EPS. rizaatells also
synthesize EPS in response to unfavorable conditions such as desiesati nutrient
starvation, which enables them to retain water and nutrients fortéongsurvival. In
order words, the production of EPS, which are major contents of biofdnrsjuced by
desiccation and this does not destroy the inherent water-binding pespafrtiofilms
polymers. This makes it possible for the dried biofiims to act agponge, rapidly
absorbing any moisture that becomes available (McArthur, 2006). In Iqadia, the
production of EPS also enables bacteria to attach to sedimentg swl@hsurface and to
form a cluster, which is able to withstand the effect of skass in such environments
(Dunsmore et al. 2002; Brouwer and Stal, 2001).

Compositional analysis of EPS producedAsthrobacter viscosubas shown the
carbon sources of the polysaccharides as well their carbam-stinactures (Novak et al.
1992). EPS is composed of different monomers such as xylose, gluctsspss
mannose, and @-methylglucose and some percentages of proteins (Hu et al. 2003;
Novak et al. 1992; Taylor et al. 1999). Sorption of EPS to soil partdfests adhesive

mechanisms that bind soil particles together (de Brouwdr 20@2). Other studies have
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also indicated the presence of interrelationships among ratescafbimal production,
EPS production, microbial biomass, and soil stability while the cohesieegth of soils
have been determined based on their shear stress (Yallop et al. T20@st et al.
1999). Essentially, the adhesion of EPS to the surfaces of soilré¢haiost vulnerable to
dust generation (silty clay soils) is expected to improve thehlesion and liquid
retention capacity. Finally, it is expected that all thegeractions will result in the

reduction of potential of dust emission from soil samples.



CHAPTER 2: QUANTIFICATION OF SIGNIFICANT PARAMETERS

2.1 Hypotheses and Research Objectives
2.1.1 Conceptual model

The theoretical basis for this research is that the introducti&®8finto soil with
supporting nutrients, for the growth of resident bacteria will tesuthe production and
growth of EPS to partially or completely fill the existipgre space over a given time
interval. The required time interval for such an occurrence shdefend on soil
porosity, biomass content, nutrient quantities and characteristidsplaysico-chemical
conditions of the system. Consistent with the growth of biomash itatérgranular pore
spaces in soil should be the generation of cohesion among soil graways that
constrain the evaporation of moisture from the exposed soil while enbatice
resistance of the soil to desiccation stresses that produce dust.

In order to analyze soil textural characteristics and fi@ssible alteration by the
production of EPS, it is necessary to quantitatively scale thmoriant textural

parameters. By definition, the porosity of any given soil can be estimatgllagion 15.

7 (15)

Vb
wheren is porosity,V, is the volume of voids in the soil ), Vs is the bulk volume of
soil (L%). Upon the introduction of EPS of a known volunvesd (L% and densityeps

(m/L3) into a given soil of known volumé; (L% and densitys (m/L3), only a fractioro
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of the initial volume of void is occupied. The relevant relationshipn@sve in equation
16 and hypothetically illustrated in Figure 1.
Ve = Vo + Veps + [Vine + Vepsin] (16)
whereVy, is the volume of voids @) at time t,V, is the volume of air in soil @), Vi is
the volume of intragranular pores®JLand Vepsin (L% is the volume of EPS in the
intergranular pores @. A hypothetical representation of the relationships among thes
parameters is shown in Figure 1.
Specifically, the hypotheses of this research are;
1. The adhesion of the bacteria in soil will be enhanced throughrtieigtion
of the extracellular polysaccharide (EPS)
2. The production of the EPS in soil will increase the forces ofsiohédetween
soil particles.
3. Increased soil cohesion will increase soil surface resistemdesiccation and
hence, dust generation potential.
The objectives of this research include;
1. Generally, to investigate the effectiveness of EPS, producédthyobacter
viscosusin the stabilization of different soils against dust generation.
2. To quantify and estimate the amount of EPS producedArbyrobacter
viscosusn both Haggstrom and soil media.
3. To establish a relationship between the amount of EPS produced in these
media and amount of broth (with cells) added.
4. To determine the effectiveness of both direct application of ezttdtPS and

microbial broth concentrations in the stabilization of three difteseils (silty
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clay, sandy clay, and sandy silty clay) against dust generation.

5. To monitor changes in soil property such as effective porosity base®$n
producedn situ.

6. To quantify and compare the indices of soil resistance againsgelustation
achieved through EPS-CM application in these soils.

7. To empirically determine the effects of EPS-CM application@hfsability,
deformation resistance index, coefficient of soil failure, and adhe&Sibbs
energy.

8. To statistically determine the effect of different levelsER#S produced in
Haggstrom media

9. To make recommendations on the implementation of soil stabilization projects
involving the potential use of EPS.

2.2 Strength indices of soils

For any of the soils tested in this research, it is expehtddhe potential of dust
formation in each soil will depend on the magnitude of soil strengthesdach as
cohesion and frictional resistance. For any of soil types that been selected for this
research, the relative magnitudes of increases or decreasesesion and frictional
resistance following EPS amendment are indices of the msistavels of the soils to
stresses that cause dust generation from exposed ground surfaskewfsn Figure 2,
the summation of these strength indices over time will show thkestoéngth in each soil
as well.
2.3 Approach

The purpose of this research is to investigate the feasibilitysoig EPS,
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produced byArthrobacter viscosusio stabilize soil against dust generation. The
proposed method of achieving this objective is growing the microorgamigm
appropriate nutrients that will ensure maximum production of the Ey8xtBacting and
applying this EPS to different soil types and by growing theaorganism in the solil (to
induce real-time EPS production), it is expected that the ER$naikase the moisture
retention capacity of the soil, as well as the indices of esistance against stresses that
generate dusts. Figure 4 illustrates this soil stabilization approach.

The application of EPS to different soil types will be carriedamat based on this
application, the stability of the soil will be tested through sk&angth testing and dust
generation potential. The objective of the experimental work is tesearch is to
determine how much EPS is necessary to stabilize soil partigi@nst dust generation,
what microbial concentration yields the highest concentratioriP&, Bnd what structural
components of the EPS facilitate the solil stability. In thes@@hase of this research,
Arthrobacter viscosusvill be directly applied to the soil and supplied with the esdentia
nutrients necessary for EPS production. The objective of this aspeéna mdsearch is to
compare the soil stability against dust generation achieved thrbegpplication of the
extracted EPS and that achieved by the direct production of EPS in soil by thenmocul
2.4 Significant parameters

In order to develop a model that will be applied to future rebeprojects
involving the application of EPS in the stabilization of surfacessthie following will be
evaluated,

a) Relationship between changes in soil porosity and volume of EPS.

b) Determining of the effect of EPS production on soil stability r@gfai
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desiccation by scaling of liquid retention in EPS-amended soil under
desiccation.

c) Determination of soil failure under stress based on Mohr’s theory.

d) Determination of the effects of EPS-CM application on solil friability.

e) Determination of the effects of EPS-CM application deformati@mnstance
index.

f) Determination of the effects of EPS-CM application coefficient of sibilra

g) Relationship between amounts of EPS produced in Haggstrom media and

empirically derived amounts of EPS.

h) Relationship between all soil strength parameters tested.

Vi

VEps

V (L3

VEeps

Vint

Time Cycle

Figure 1:  Hypothetical representation of changes in soil textural paranreresponse
to one cycle of bacterial growth and associated EPS content with time
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Figure 2. Hypothetical representation of relationship among significant stiength
parameters with time;; % the initial shear strength, @ the initial cohesion, ks
the initial frictional resistance of the tested samples, i$ the final upper shear
strength, Gy is the final upper cohesiongSs the final lower shear strengthyyHs
the final upper frictional resistance; s the final lower cohesion, and HRs final

lower frictional resistance.



18

Figure 3: lllustration of the hman health hazard of road dust generation on exj
soils (Inyang et al., 2006)

Figure 4. Schematic representationcohesion development dueE® < impregnation
of friable soils EPSpolymer molecules are exaggerated in
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2.5 Relationship between changes in soil porosity and volume of EPS
Knowing that changes in EPS production will directly afféet porosity of solil, a
relationship between soil parameters such as soil densitysgedific surface area,

volume of voids, mass of soil, and the area of the soil can be desteting from

equation 17,

_ [Va+Veps]t+Vint+Vepsin
t — V) a7)

wheren, is porosity at time t.

Knowing that for each material, the following relationships apply,

Me S
eps — ﬁ (18)
= (19)

Vi, = 25
int Ds

Assuming that/;,,, andV,,;, are negligible, from equation 17,

M
Vart bt
epsp
=—"20 20
- (20)

whereV,, is volume of air (£) in soil at time t (hnM,ps, is the mass of EPS (m) at time
t, andpeys, is the bulk density of EPS (nf)L With the introduction of EPS in the soil,
the initial porosity of the soil is expected to decrease witle therefore; an estimation of

the effective porosity of the soil can then be estimated from equations 21 and 22,

Meps;
Peps
Net =Ny — Vpbb (21)
H prt
Knowingn; =1 — 5 (22)
p

Meps;

oo 2] P e
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wheren,, is effective porosityp, is bulk density of soil at time t (m), andp, is soil
particle density (m/f). With p,, calculated for different mass and volumes of samples

used angb, calculated from equation 24,

Pp = [x1% Pps] + [x2 % Peps] (24)
where x; is the mass of soil in sample (m), is mass of EPS in sample (m), and is
the effective soil particle density (njL
2.6 Determining of the effect of EPS production on soil stability against désiccat

One of the main factors behind soil cracking that will eventuiaiad to dust
formation is a low liquid content. As earlier discussed in the inttodygart of this
research, soil cracking can also be induced by repeated ingrmgtresses on the
surface by vehicular activities, wind action, and other anthropogenic agivitonsistent
with the direct or indirect introduction of EPS in the soil is theettjoment of cohesion
between the soil particles as a result of the caused bytptos of the slimy EPS soil
particles and the filling up of the intergranular spaces betweesdil particles by EPS
as well.

In order to analyze the strength characteristics of theisoiesponse to the
introduction of EPS, it is necessary to quantitatively deternheeshear strength and
unconfined compressive strength. A relationship between these stpamgtheters and
different types of soils is illustrated in Figure 5.

As a definition, the shear strength of soil is the maximumngtheat which the
soil deforms due to applied shear stress and soils generallyndiejoshear. The normal

shear stress acting on the soil sample can be simply calculated fromeg@%at

F,
Tg =—
Asg

(25)
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wheret is the nominal shear stress is applied to the soil JwAh, is the shear force
applied to the soil (w), andis the initial area of the soil f). For each soil type,
represented by:SS, and S the cohesion, frictional resistance, and shear strength can be
determined. A diagrammatically representation of relationshgeard between EPS
concentration and effect on soil strength is shown in Figure 5.

From the determined deformation forée a deformation indexDy can be
estimated with the following equations based on EPS concentratidnc@hesion
obtained in each soil,

c
Dy = fcof[a In Mg, ]dC (26)

or based on microbial broth concentrations and cohesion obtained in soil thus,

Dy =[;[alnM,,] dC 27)
By integrating equation 26 and 27,

Dy = a[CsInM,ps, — Cr — ColnMeps, + Co| (28)
or

DN = a[Cflant - Cf - Colant + CO] (29)

whereC, and C; are the least and final cohesiGn(kN/m?) respectively of soil sample
before deformation occursf,, . is the initial concentration (mL/g of soil) of EPS at time
t before final soil deformationyf,, is initial concentration of microbial broth at tinte

before final soil deformation, ana is the EPS production constant obtained from the

equation of the line of EPS production based on time and microbial concentration.
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S; = Soil type 1
S, = Soil type 2
S; = Soil type3
S
S
S

Initial Microbe Concentration (mL/g of soil)

Figure 5: Hypothetical relationships between soil strength and EPS caticentr
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2.7 Mohr’s theory of soil failure under stress

Following the Mohr’s theory of soil failure under stress, theofelhg equations
can also be used to determine the effect of EPS adhesion ontadulitys through
cohesion;

T = Ce #Mers + gtang (30)
Solving forp (positive for clayey soils),

T—chand) —e —1OMeps (31)

Taking log of both sides

ln w — lne_.MGMepS (32)
Cc
ln[r—a;anqb

u=- oMy (33)

where is the shear strength (kNfjn o is the net normal stress (N, is the volumetric
water content (i), ¢ is the effective angle of shearing resistar@ds a hypothetical
maximum value of cohesion (Whe#=0) (kN/nf), and x is a coefficient of failure in
soil strength (>0 for clayey soils) (dimensionless). The determination of tiaréa

pattern in these soils is based on the EPS amendments.
2.8 Determination of soil friability based on soil deformation values

Soil friability essentially indicates the potential of eadil type to disintegrate
into various fragments and particles under stress thereforendeaali dusting. This

relationship is illustrated in Figure 6. According to Utomo d&wekter (1981), the



24

equation 34 can be used for the determination of aggregate size apgadggtrength as
an index of friability,

logY =-klogV+ A (34)
where A (kPa) is the estimated log strength of 1 guil andV (m®) is the volume of the

aggregate and is the friability of the soil. For the purpose of this researat ia terms

of shear strength and cohesion of the soil, equation 34 can be modified thus,

logS; = —AlogV + C (35)
Solving for,

(36)

1= — [logSs+C]

logV
since the shear strength of the soils are dependent on thé miteobial broth
concentration (inducing EPS) in the soil, equation 37 can be appliddtérmine the

friability index A of each soil based on EPS-amendment, cohesion, and shear strength,

logSs+C
logVy

A=— [ ] bM,,, (37)

wheres; is the shear strength (kN#rof the soil, ¢ (kN/mP) is the estimated cohesion of
the soil,V, (m®) is the bulk volume of the soib, is the EPS production constant in each

soil at different microbial broth concentrations, dﬂgleps Is the initial microbial broth

concentration (mL/g of soil). It is assumed that soil type is $nore likely to generate
dust due to its high friability index as is the case wilty slay soils; soil type 2 is less
likely to generate dust compared tpvihile soil type 3 Sis least likely to generate dust
compared to Sand $. The expected relationship between the concentrations of EPS,

M., added to a soil and the friability index is shown in Figure 6 armekpected that

EPS-amendment of these soils will reduce these friability @sdi€he models developed

in this chapter are tested in chapter 8, and their results are discussed as well
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S, = Soil type 1
S, = Soil type 2

Sz = Soil type3

Friability index
~

Initial Concentration of EPS (mL/g of soil)

Figure 6:  Hypothetical relationship between soil treatment with EPS abdityi



CHAPTER 3: MICROBIAL GROWTH AND INTERACTIONS WITH SOIL

3.1 Introduction

3.1.1Microbes in soil: quantification in soil and growth dynamics

Understanding the interactions between soil particles and microsngs in soil
is essential to prediction of the cohesion of soil particless Tbhesion results from
microbial-mediated production of extracellular polysaccharides camd promote soil
stability. Soil is made up many kinds of microorganisms but théopneant ones are
bacteria, fungi, and actinomycetes. There are approximatélip10F bacteria in 1g of
soil and about 10 to 1000 bacteria per 1 ahsoil particle surface (Miyazaki, 2006).
Soil microorganisms occupy areas that are characterizedlioyssil particles and the
spatial arrangement of these soil particles result in theatosmof a complex pattern of
pore spaces. Water and/or air are trapped in these pore spaods Pore spaces are of
different shapes and sizes, and are attractive habitats fooarganisms (Chenu and
Stotzky, 2002). According to Mills and Powelson (1996), the soil environreemiade
up of both microbes living in an organic-and inorganic-containing bnethnaicrobes
living in a surface-rich environment with the surfaces coated with thin filmstgrw

3.1.2 Adhesion dynamics and effects on soil cohesion

An important phenomenon that is essential for the survival of miciobssl is
microbial adhesion to soil particles. Microbial adhesion has beenlutas the energy

involved in the formation of the adhesive joint and can be measured s ¢éthe work
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required to remove a microbial cell from a substratum to whieldheres (Rutter et al.,
1984). The mechanisms of adhesion of microbial cells to soilcfemtihave been
discussed as well (Robb, 1984; Chenu and Stotzky, 2002; Mills and Powelson, 1.996). |
has also been noted that these mechanisms involve various interdettoreen the
microbial cell surface and the soil particles. According tomDhend Stotzky (2002), the
interactions between soil particles and microorganism can ssifetd as both biotic and
abiotic. The biotic interactions involve cell growth and multiplicatios, veell the
secretion enzymes and biopolymers while the abiotic interactionslve physical
interactions such as cohesion of soil matrix by microbial sst@bdlymers (Robb, 1984;
Chenu and Stotzky, 2002). Such interactions include electrostatic ectdodiynamic
interactions, hydrophobic interactions, and the adhesion of polymerbs (&hd
Powelson, 1996). These direct surface interactions between the manmsons and soil
particles involve adhesion processes (Chenu and Stotzky, 2002).

Studies of microbial adhesion to soil particles have indicatedathmatmber of
factors affect the adhesiveness of microbes to soil sur{@edkaun et al., 1999; Mills
and Powelson, 1996). These factors include cell surface charge, affechs the
electrostatic interactions between microbial cells and substrahydrophobicity of
microbial cells, and the secretion of extracellular polysacdeari by these
microorganisms (Deflaun et al., 1999). While the existence andvitactof
microorganisms in subsurface and deep soils have been demonstr&atkwyl and
Boone (1997), Stevens and Holbert (1995), Kinkel et al. (1992), Mayer et al. ,(1999)
Tunlid and White (1992), other studies have focused on various factors thehaef the

secretion of different exopolymers by microorganisms (Loped. 2083; Park et al.,
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2000; Jeanes et al., 1965; Bejar et al., 1998; and Ben-Hur, 2006; Blume2802).
However, these studies have failed to discuss the effects nmdacbiopolymer on the
stabilization of different types of soil. To elucidate the &t&pons that determine
microbial growth and effects in soil, bacterial adhesion, soil cohesod, the
relationship between bacterial adhesion and soil cohesion in diftyped of soll, it is
therefore necessary to discuss the following topics, a) the inBuehsoil type and
climatic factors on soil microbes, b) the population dynamics ofaiés in soil, ¢) the
influence of water and nutrient availability in soil on microbiaivéval, d) the effect of
the production of extracellular polysaccharides by soil microbless& are discussed in
detail in the following sections.
3.2 Climatic and Soil Type Controls on Species of Microbes

Soil has a complex structure, and the range of living organismading
microorganisms, inhabiting soil varies extensively. For the purpafséss analysis, soil
profile can be divided into three layers namely, upper layer wimergt weathering
actions occur, middle layer which contains mainly fine soil gdagicand soluble
substances washed in from above while the third (most inner lisyan) area with no
weathering actions (Varnam and Evans, 2000; Paul and Clark, 1989; Paulaakd C
1996; Miyazaki 2006). It has also been noted that humus-rich soil mairstderge
population of microorganisms which enhances soil stability (Varnam and Evans, 2000).

In many regions, soil is subjected to periodic environmental chasggs as
dehydration due to drought and waterlogging from floods. According to Naaral
Evans (2000), the climatic factors that affect microorganisntiserenvironment include

temperature, atmosphere, water availability, and light radiationt Bfosronments are
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dominated by low temperatures and microorganisms that inhabit seeh ane grouped
as psychrotrophs (grow at low temperatures but at a maximun20W) and
psychrophiles (grow at optimum temperature diCL6r lower).

Based on their ability to utilize atmospheric oxygen, microosyasi can be
classified as aerobe or anaerobe. Aerobes utilize oxygen forntieeabolic activities
while anaerobes metabolize without oxygen. A few examples mbigeorganisms
include Pseudomonaspp,Neisseriaspp, andArthrobacterspp (Levett, 1990; Loveland
et al., 1994; Mosso et al., 1994). Other microbial groups such as meraphdes exist
which include those microorganism that are aerobic but can onlywswmider reduced
concentrations of oxygen and facultative anaerobes are anaerobesirthat by the
fermentation of carbohydrates, nitrate respiration, and dihydroéikevgy (Varnam and
Evans, 2000). The production of EPS in soil requires oxygen availabitgfore, it is
important that the microorganism for this purpose be aerobic. This tbarzasis of the
selected microbe for this study. Other climatic factors @gthe availability of water
help microorganisms to balance their internal osmotic pressuespomse to that of the
surrounding environments while light radiation determines the condentradf
ultraviolet and visible radiation that is available for the photosyictlzetivity of both
terrestrial and aquatic microorganisms. In contrast, the absemtmadpheric @in the
soil creates an anaerobic condition that permits the growth ofcdesme Anaerobic
microorganisms do not need oxygen to grow and such organisms have algpdugeed
as obligate anaerobes (Levett, 1990; Kourtev et al.,, 2006) and exaofpksch
organisms includeEnterobacter species andPantoea In between the aerobic and

anaerobic microorganisms, two other groups of microorganisms ekisy. fave been
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identified as facultative anaerobes and micro-aerophiles. Faeoeltahaerobes are
organisms that can survive under both anaerobic and aerobic conditions arsd gosse
ability to grow anaerobically by carbohydrate fermentation, wimiero-aerophiles are
aerobic microorganisms that can only grow in environments with logvgmgen
concentrations (Varnam and Evans, 2000; Levett, 1990). A distinguishing baticeen
aerobic and anaerobic conditions in soil is the nature of the end-pafdinet microbial
metabolic processes under each condition. Under an aerobic condition, carkide di
(CO,) is produced as an end-product while methane, G4 produced anaerobically
(Hanson and Hanson, 1996; Dedysh, et al., 2000; Coles and Yavitt, 2004; Waten e
2005).

Various studies have been performed to determine the effectsnatteland soil
type on microbial population in soil. Working with two soil samples ctéié from
Purdue University’s Piney and O’Neil Agricultural Research @antBlume et al. (2002)
studied the effect of soil depth and seasonal changes on the @litriobnass, metabolic
activity, and community structure of microorganisms. The resultsabfstudy show that
no changes occurred in microbial biomass as a result of soil degteeasonal changes
contrary to the expected result of the study. In contrastidy ¥y Grayston et al. (2001)
to account for the variability of soil microbial communities ofemperate grassland
ecosystem indicate that soil microbial biomass is influencedhbyvegetation type
(improved and unimproved grassland). It was also shown that dependimg £ampling
time, a change in phospholipids fatty acid analysis (PFLA) is itidecaf the formation
of more microbial biomass during winter. On another hand, the studyumyeBet al.

(2002) showed a strong relationship between temperature and miaociwély in soil
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samples as microbial activity increased significantly dutirgsummer period compared
to winter at all soil depths. In their study, Sohlenuis and Bosti®®9) also showed that
a climatic change can influence soil factors such as soipeeature, soil water
concentration, and nutrient availability. This in turn affects therabial metabolic
process as well the microbial biomass

Working at depths of 10 — 15 cm in different surface soils in NewhSdl(#les
(NSW), Australia, Banu et al. (2004) studied the influence of vantysicochemical
properties and climatic zones on microbial biomass and microbiatsiiy of soil in
NSW. According to these authors, microbial diversity and micraoiaimunity structure
in soil samples is a function of the carbon and nitrogen concentratidrfacors such as
soil moisture concentration, total organic carbon, total nitrogen, aedtriedl
conductivity can have a significant influence on both microbial diyeesid microbial
community structure. From their study, the authors also concludedh tredationship
exists between gravimetric soil moisture, microbial diveraitg microbial community
structure.

By investigating the effect of soil properties on microbiaivagtacross a 500 m
elevation in a semi-arid environment, Smith et al. (2002) found tmaiti changes can
affect soil carbon (C) and nitrogen cycles. It was noted thaigesain these cycles result
in changes in annual precipitation, soil processes and microbial commstroityure of
the area as well. Working at a the Arid Land Ecology (ALE)dRes contained in the
United States Department of Energy’s Hanford Site in southeastern \Yash8tate, the
authors sampled different locations to determine the microbialdsisrand the different

biochemical processes in soil. They observed that changes inesgietature and
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precipitation affect the nutrient cycle of the areas as agethe microbial activity. They
suggest that climatic change in the area affected the mtwgee which in turn affected
the shrub-steppe ecosystem as well as microbial population amdya®mith et al.,
2002). A similar study carried out by Acea et al. (2003) alported that temperature
differences in soils affect soil microorganisms as a rasulthanges in the C and N
cycles. Other studies have also shown that bacterial diversity, gopuldistribution,
and metabolic activity in soils are significantly affectgdseasonal changes, large scale
variation in soil temperature and moisture as well as soil déjspatheodorou et al.,
2004; Waldrop and Firestone, 2006; Monokrousos et al., 2004; Fierer et al., 2003).

The result and conclusions that arise from all these studies thiabvelimatic
factors as well soil type, play important roles in the aetisibf microbial populations in
different regions. To incorporate this fact into this presentysttile temperature,
moisture, and humidity of the different types of soil samples to e s experiment
will be controlled in order to improve the validity of expected results.
3.3 Population Dynamics of Microbes in Soils

Different molecular biology techniques have been applied to idaridyquantify
microbial population in different soils. The efficiencies of themghhiques have been
recently reviewed by Dubey et al (2006). Examples of these tpadsiare polymerase
chain reaction (La Rosa et al., 2006; Nemergut et al., 2005), fluorestesitu
hybridization (Hill et al., 2000; Jjemba et al., 2000), and fluorescectosted cell
sorting (Park et al., 2005; Hansen et al., 2001),

The population dynamics of microbes in soil varies with differemtesil type,

soil depth, elevation, and regional climate. According to Brockman andai(t997),
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microbial populations exhibit different patterns of distribution in #wl such as
randomness, clumping, uniformity, and various forms of regular spdisaibutions.
Microorganisms have been identified in terrestrial subsurfacecerents where they
exist in pores or pore networks with different mineral or organiteméBrockman and
Murray, 1997). According to Varnam and Evans (2000), the growth and deeibpm
a diverse microbial population in soil is facilitated by thespree of a physicochemical
gradient in the soil. A diverse microbial population promotes intersctbetween
microorganisms and often leads to the formation of biofilms. Ehisssential for the
long-term stability of the microbial population especially ine tlevent of an
environmental change. This can be attributed to the fact that aselivaicrobial
population is less affected by environmental change and can retaster than
ecosystems with a lower microbial diversity (Varnam and EVZ030). Barbhuiya et al.
(2004) also noted that air temperature, soil temperature andnighsity are significant
in studies involving undisturbed and disturbed forest soils.

The spatial distribution of microbial population in soil can be sicaisy
determined by the use of variogram analysis. A variogram eatebeloped through the
calculation of the average squared difference between all pausirds separated by a
given vector and the formula below is adapted from Brockman and M{@Ir#@y) and is

as follows:
y(h):éw(h)z[ 19— tx+ W (38)

wherey(h) is the estmated variogram value for the vector separation of h; z is thieleari
of interest (e.g., number of culturable aerobes at a sample poantyl x + h are a pair of

locations in the field approximately separated by the vector hiNédmdis the number of
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pairs approximately separated by that vector distance. In admng the population
dynamics of microbes in soil, Varnam and Evans (2000) noted that olethgand
distribution of microbial population in soil is organized either horizontadl vertically,
depending on the direction of the physicochemical gradients. Thuexygen gradient
across small soil particles facilitates the growth of sosbrobes as aerobes, micro-
aerophils, and anaerobes within close proximity to each other.

Different types of models have been developed for the studyniofobial
population dynamics. Bader (1982) has classified the models inegs¢gd, distributed,
structured, unstructured, deterministic, and stochastic models. The alsthooted that
the development of these models can be based on the following;

A. Quasichemical reactions that involve the reaction betweenmiieobial
biomass (x) and the growth substre@edxpressed as

X+aS— 2X (39)
This equation was also proposed by Williams (1985).

B. Differential equations that describe the quasichemical reactionssepras

dx X
E:Rp-i-(xf —5) (40)
ds
EZO‘RML(S —5% (41)
V
do=— 42
an o (42)

where V is the volume of the system, Q is the flow rate throygtem ando = V/Q
describes the holding time of the systerpjsRhe rate of production of biomass per unit
volume of culture, andsxand $ are the concentrations of the biomass and substrate

respectively.
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C. Linearized Stability Analysis (LSA) which can be appliedd&termine the
stability and dynamic behavior of a specific steady stateniranalysis of the set of

differential equations expressed as;

= £V, Vyurrnnnn v, ) (43)

Growth models for microbial populations in particular environments hisge a
been developed by different authors. These growth models are asb drashemical
reaction kinetics that involves the relationship between an increassubstrate
concentrations and the rate of microbial growth (Bader 2000; Pic@®d)). These
chemical reaction kinetics include,

A. Blackman Kinetics (BK), which focuses on the specific growdke rof
microorganisms in a given environment controlled by the substrate ntcatemn.
According to this model, growth is considered to be directly prapwtito substrate

concentration expressed as follows;

%= %%)x for S < 2Ky (44)
dx
a:ux for §> 2K; (45)

wherep is the maximum specific growth rate #yrS; is substrate concentration, ang K
is the constant.
B. Monod Kinetics (MK) which focuses on the relationship betweetrahial

growth rate, substrate concentration, and enzymatic kinetics expressed as,

ax_ 4§
dt _(K1+s)x (46)
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C. Exponential Kinetics (EK) which combines the Blackman and Monodela

and is expressed as,

dx

el exp{— 0.693:%} 3 (47)
or

“_ @a- exp{— 0.693181—} 3 (48)
H K,

wherep is the maximum specific growth rate thyru'is the actual specific growth rate at
a particular concentration of substrate &d K is a constant.

The development of a growth model is a significant step in thigmuresearch
because it is important for the quantification of the extracelltdysaccharide that is
produced by the bacteridrthrobabcter viscocusrom the quantification, it is possible
to show from the experiment, how the concentration of EPS producedsatiecsoil
stabilization.

3.4 Nutrients, aerobic and anaerobic conditions

Based on their nutrient needs, microorganisms in the environment can be
classified as oligotrophs and copiotrophs. Maloney et al. (1997) have dtelieffect of
soil nutrients on these two groups of microorganisms. Oligotrophdharaaterized by a
low growth rate, efficient substrate utilization, and accumaatif nutrients over a long
period to enable multiplication while copiotrophs are characterigetdir low substrate
affinity at high nutrient levels and have high growth rate.g@tophs also possess
adaptive measures, which can sustain them in the presence of lentsufviarnam and
Evans, 2000; Koch, 2001; Maloney et al., 1997). As a general descriptibasef two

groups of microorganisms, Koch (2001) described oligotrophs as those mansons
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that can survive chronic starvation conditions and are not able totpersigtrient-rich
environments. Examples includéaulobacter crescentusnd Arthrobacter spp (the
organism of interest in this researc@ycloclasticus oligotrophuRB1, Rhodomicrobium
vanneili. On the other hand, copiotrophs are those organisms that can only sarvive i
nutrient-rich environments where they rapidly utilize available ienis. Examples
include withBacillus spp, Bacillus subtilis andEscherichia coli andPseudomonaspp
(Giongo et. al., 2007; Peix et al., 2005). Most environments are maddaw lefvels of
nutrients leading to the starvation of microorganisms which favorgpehgstence of
oligotrophs. This assessment has been supported by the work of Willi£85) and
extensively discussed by Varnam and Evans (2000). The persistehegerotrophs,
microorganisms that require organic nutrients to survive in theamagnt, is controlled

by the availability of carbon and low levels of inorganic phosphatag limit the
development of microbial population as well (Peretyazhko and Sposito, 2005;
Gyaneshwar et al., 2002).

The presence or absence of oxygen in a soil environment createbffevent
conditions that determine the group of microorganisms that can inhabitseil. The
presence of @in the soil creates an aerobic condition which permits theeexistof
aerobes in such soil.

From the standpoint of this research, the first few centimetethe ground
surface that needs to be stabilized is porous to air from theteres It thus represents
a largely aerobic condition. As earlier pointed out, a successiduption EPS by soil
microbe requires adequate oxygen availability. It is therefonportant for the

microorganism of interest in this researéuthrobacter viscosysto be supplied with
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adequate concentration ot @nder both laboratory and field experiments since it is an
aerobe. This will ensure the growth of the microorganism thatfagilitate optimum
production of the EPS needed for the soil stability against dust generation.

Since the availability of nutrients in soil plays a significeste in soil microbial
processes, several studies have been carried out to determindethe ef different
nutrients and atmospheric G\,, and Q,and P on the microbial communities in soil. In
their research performed to investigate the effects docaand nitrogen availability on
the growth of soil microbial community in boreal forests, Ekblad aaddgren (2002)
applied sucrose from sugar cang;stcrose, and NI to the organic layer of the soill.
The authors monitored microbial activity in the soil for nine days and sampleailtfe s
evolved CQ from soil respiration. From the results of their study, is whown that the
growth of the microbial biomass in the soil was primarilyited by carbon rather than
nitrogen. It was also reported that the C/N ratio in the orgawaitter of the microbial
nutrient determined the growth limitation of the microbes eitlyecdrbon or nitrogen.
The study concluded that despite the possibility of nitrogen kimitan the growth of
soil microorganisms, the latter is largely dependent on the coatient of available
carbon in the soil (Ekblad and Norgren, 2002).

Blagodatsky and Richter (1998) also carried out a similar studwestigate the
relationship between microbial growth in soil and nitrogen turnoveey hypothesized
that the efficiency of microbial biosynthesis and respiratiocoigtrolled by the ratio of
nitrogen to carbon. By modifying the Monod’s model for microbial growtby were
able to develop different models for microbial growth based on the ahttarbon and

nitrogen turnover. A summary of these models is presented in Table 1.
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Table 1: Summary of models of microbial growth in soil as a function of carbon
and nitrogen concentrations

Variable Equation

Watersoluble substrat&, mg C (g soil}  C; = C,r. (—@ + q(Cp). V)

Microbial biomas<,,, mg C (g soil} Cp = Cp.1. (u(Csj —a(Cs) — amgr- (1 —Y,))
CO; Ccozs MY C (g SOI  Cooz = Cp-1 (W(C)- 772 + tmax (1= ¥) +q(Cr). (1 = 1)
Insoluble organic C, mg C (g sotl) Cp = Cp.1.(a(Cs) — q(Cp)

InsolubleN;. mg C (g soil}} N; = —u(N;).Cp.r(NCpax — IZ—:) +q(Cp).Ny.Cp.7/C,
Microbial biomassV,, mg C (g soil} N, = u(N,).Cp.7 (ncmax - ’2—5) — a(C,).Ny.7
Insoluble organiaV,, , mg C (g soil} Ny, = a(C,).Ny.m — q(Cp,).Ny,. Cp.7/Cp,

Source: Blagodatsky and Richter (1998)

where a is the specific death rate of the microorganism),(d,,,, is the maximal
specific death rate of microbe {d C, is the specific rate of organic matter
decomposition (d), Y, is the efficiency of substrate uptake (dimensionles$),s the
efficiency of organic matter mineralization (dimensionless),is the index of
physiological stateg is the specific rate of decomposition*Jdyu is the specific rate of
microbial, growth (&), , andnc,,,, is the maximal N:C ratio in microbial biomass
(dimensionless).

From the models developed from their study, Blagodatsky and RictéB)
suggested that rates of microbial activities in soil, includinigrobial death and
reutilization, depend on nitrogen to carbon (N-to-C), ratio as ageBoil organic matter
decomposition. The biological effects of mineral nitrogen fedilon on soil
microorganisms have also been reviewed by Barabasz et al. (20@2ydifag to these
authors, soil microorganism are involved in biochemical transformatdnsineral

fertilizers in soil especially NPK fertilizers. They notétht soil microorganisms are
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involved in the synthesis of biological elements such as amino acitdsning,
antibiotics, and toxins as well as nitrogen fixation. Through theitalooéic and
enzymatic activities, these microorganisms are able to regarat circulate different soll
nutrients thereby making them available for uptake by plant8¢Be et al. 1996;
Nannipieri et al. 2003). According to Barabasz et al. (2002), sorseoonganisms,
especially those belonging to the gendémhrobacter and Eubacter through a co-
metabolic process, can breakdown nitrosamines to simple compoundseatictmsas
nutrients. It was also noted that a high rate of mineral mtrdgrtilizers in soil will
result in 50% growth retardation in microorganisms of the geAettarobacter and
Streptomyces as well as completely eliminatingAzobacter, Rhizobium and
Bradyrhzobiumfrom the soil. This makes it necessary for the mineral nitroge
concentration of the experimental soil samples to be determineustoe that it is will
not negatively affect the growth of the microorganisms for this presentcestady.

A similar study by Galicia and Garcia-Oliva (2004) examinkd eéffects of
carbon, nitrogen, and phosphorus additions on soil microbial activity iropacdl
seasonal pasture. Working in Chemela, located in the western péekmo, the authors
sampled soils in the area during both dry season and rainy seasato(twnant weather
conditions in the area). The sampling for the dry season wasdcaut in April while
that of the rainy season was done in September. Using ANO\&Astistical tool, the
results of the study showed that addition of C, N, and P had an effebe microbial
activity in the pasture comprised of plant species suétaagcum maximurmandCordia
elaeagnoidesin the dry season. Results of the soil sampling showed various

concentrations of N, P, and C when different plants were used. Témdes show that
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there is relationship between the soil microorganisms and the sumguretietation in
terms of nutrient utilization and storage. In this present rdsesucly, it is anticipated
that the application of nutrientto the soil to enhance the growth of the target
microorganism will result in the growth of some plant speciegeadistherefore; measures
will be put in place to check such a situation. While this can beralleat in the
laboratory work by sterilizing the soll, it will be difficult to control plagrowth when the
EPS is applied to the field therefore, we can only expect thaathet microorganism
persists in the soil despite such situations.

Other research studies that have shown the effects of nutrientsoibn s
microorganisms include those involving the assimilation of, C&hd nutrient
transformation into soil organic matter (Miltner et al., 2004; Powlsbm@l., 2001); the
consumption of oxygen by soil microorganism as affected byethedd of CQ and Q in
the soil (Sierra and Renault, 1995); and the response of soil micrcorgamo the
addition of C, N, and P in a forest zone (Joergensen and Scheu, 1988).allso been
reported that phosphate solubilizing bacteria from subtropical soh ssc those
belonging to the genuBacillus, Rhodococcusnd Arthrobactercan convert insoluble
forms of phosphorus to an available form that can be utilized for gnewth and
development as well plant growth (Chen et al., 2006).

3.5 Water Availability and Microbial Distribution in Soll

The availability of water is important for microbial growtimee it controls the
osmolarity of the environment surrounding the microorganism and flimtgain the
osmolarity of the environment will result in stress which affebe growth and survival

of microorganisms (Varnam and Evans, 2000; Booth et al., 1990). Therefuositiae
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pressure difference between internal osmotic pressure and thia¢ @nvironment is
necessary for good microbial growth in soil as well. In additiom&intaining osmotic
pressure, soil water affects the moisture available to migansms, the concentration
and type of soluble minerals in soil, and the pH of the soil solutiohad also been
reported that water influences the soil microorganisms through finetsedf diffusion,
mass flow, and concentration of nutrients. Therefore, under a conditiomitédisoil
moisture, diffusion and mass flow of nutrients such as phosphorus isechBaul and
Clark, 1996). Osmolytes such as potassium are involved in maintainguy fuessure as
well. As osmolarity of the environment increases, potassiunkentap by the cell to
maintain turgor by raising the intracellular osmotic pressamd vice versa. The
importance of turgor pressure regulation is highlighted by the tfeat it mediates
synthesis or accumulation of compatible solutes, and it is alsongible for differential
gene expression.

Many regional soils experience periodic dehydration for prolopgeidds. Many
microorganisms need to be drought-resistant to survive in such re§iansval of soil
microbes is generally impaired at the higher temperatusesciased with dehydration.
To survive in such environments, microorganisms such as bacteria prodiosperes.
Bacterial endospores are highly efficient in resisting both digtipn and high
temperatures and based on this ability, endospore-forming bagtetizeanost common
microorganism found in such soils. Another important characteristic ¢hables
microorganisms to survive in harsh environments is the production of sofdrafiims
are very important in protecting vegetative bacteria from deltigar and they can be

formed on any surface exposed to microbes, which has sufficient aratenutrients to
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promote growth (McArthur, 2006). The production of extracellular poliergibstances,
which are major concentrations of biofilms, is induced by deswtaind this does not
destroy the inherent water-binding properties of biofilms polgmémhis makes it
possible for the dried biofilms to act as a sponge, rapidly absodmngnoisture that

becomes available (McArthur, 2006).



CHAPTER 4: SOIL CHARACTERISTICS AND THEORETICAL MODELS OF
ADHESION DYNAMICS OF MICROBES AND EXTRACELLULAR
POLYSACCHARIDES IN SOIL

4.1 Soil texture

The relative proportion of grain sizes and minerals in a soil ¢otestihe soil
texture. Different pore sizes in soil is as a result of dbffe soil textures and when only
one soil particle size is involved, pore si@e(in diameter) is directly proportional to

particle sizePs thus,

S,= R (49)

P
Based on their particle sizes, soils can be grouped into four £laaseely, sand, loam,

silt, and clay soils. Sandy soils do not form aggregates becaysarthsingle-grained

and are mainly coaegextured, loamy soils are medium textured and contains are even

mixture of sand, silt, and clay soils, silt soils are also omadiextured and similar to
loamy soil in terms of particle sizes and soil propertiesleadiay soils are fine textured
and usually hardens when dry and very sticky when wet (Brown, 2008ke soil
particles are arranged spatially in a way that gihesn a complex and discontinuous
pattern of pore spaces of various sizes and shapes that araifiledater or air, which
forms the habitats of soil microorganisms.

According to Chenu and Stotzky (2002), the ratio of the surfaceo&téa solid
particles in soil to the volume of the liquid phase is high. Thezethe surfaces of soil

particles act as sinks for microbial metabolites (Chenu andk$jotBased on the
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percentage composition of a mixture of these solil particles, gthaps of soils can also
be identified such as loamy sand, sandy loam, clay loam, sift, Isity clay loam, silty
clay, and sandy clay soils and each soil type has a unique prapeéetyns of mineral
composition, engineering and microbiological applications. As showrlble 2, these

different soil types comprise of different particles sizes.

Table 2: Particle sizes of the different classes of soil

Class of Soil Particle size (diameter in mm)
Sand 0.10-2.00
Silt 0.05 —0.002
Clay < 0.002

Source: Brown (2003)

The dynamics of microbial adhesions and EPS production are diffeneeach
type of soil. This is due to available pores spaces between thpastidles in which
microorganisms can grow and adhere to soil particles through the poodE&S (main
constituents of biofilms). The proportion of the pore spaces tlglets with water also
determines the maximum concentration of microorganisms thatntabii the spaces
among the soil particles. According to Mills and Powelson (1996),adium texture
soils such as silt and loam with porosities between 0.25 and 0.60, the total spacesavailabl
for microbial habitation is approximately 25 - 60 mL/g. In theseepspaces, an
interaction occurs between the bacterial cells and the saditlpartwhich enables them to

remain attached to the particles. This direct surface irii@naoetween the bacterial cells
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and the soil particles has been termed, adhesion. The next sestiogsds the relevant
aspect of this phenomenon in this present research study with & reliprevious
studies.
4.2 Adhesion dynamics and theory

Bacterial adhesion to solid particles is an important step isdhestabilization.
Studies have also shown a positive correlation between increastedidl productions of
biofilms to sediment stability (Yallop et al. 1993; Yallop et 2000; Paterson et al.
1991). The Derjaguin Landau Verwey Overbeek (DLVO) theory, develdped
macromolecules and particles, is commonly used to describe thactiies between
charged colloidal particles, solid surfaces and bacterial adhesigranced by
exopolymers (Azeredo et al., 1999; Behrens, 1998). According to tlosythtbe two
principal forces of attraction involved in these interactionsvae der Waaldorces and
electrostatic double-layer forces while other interactions sschom bridging, steric
interactions in the presence of polymer, and hydrophobic interactigpedar media also
contribute to bacterial adhesion to solid particles (Oliveira, 199yasta et al., 2001,
Sharma and Rao, 2003). To apply of the DLVO theory to bacterial adlstaaias, it is
assumed that the interacting surfaces are smooth and have homogenwoisalche
properties. However, studies involving solid particles such as soil $tamen that the
DLVO interaction energyEp vo also applies to rough surfaces. As earlier noted,
equations expressing this phenomenon, as well the aggregation ofdcpartyeles, have

been developed (Bhattacharjee et al., 1998; Behrens et al., 1998).
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The DLVO interaction energy between soil particle surfaces aklso be
calculated from the equation developed by Hayashi et al. (2001) and Bbq¥999),

which can be modified to include other soil parameters thus,

i =] (v oa(Lre ) (e ogf - ) |

_A & h
E{F+ h+230+'°9[h+23b] ] (50)

where V;, is the total interaction energyg,is the cell radius,,and y,are surface

potentials of cell and solid respectively,is the Hamaka constant as already given in
equation 5,g,is the permittivity of vacuum, and, is the relative permittivity of the
medium. It has been documented that the initial microbial adhesianil tpasticles is
reversible process, which can further develop over time to areiisible interaction. The
strength of these interactions is also based on the ability afitnieorganism breakdown
energy barriers involved in the interfacial energy of adhesios @ al. 1999). Suffice it
to say that the entire process of surface interactions betWweesoil particles and the
microorganisms is based on the outer electrostatic charges BP®groduced and the
soil surface charge. This creates the need to discuss the@xofgbolymeric substances
by soil microorganisms as part of the processes involved in theiadhdynamics of
microbes to soil particles. As part of the objectives of thisareh study, more emphasis
is placed on previous investigations involving the production of EP3rthyobacter
viscosuswith a brief discussion of other polymeric substances produced lgredfitf
microorganisms.
4.3 Excretion of polymeric substances

The production of natural polymers by microorganisms has been studfad as

back as the late 1960s and early 1970s, which focused mainly on thdicam
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significance as well as their application in the textile, ecggmpharmaceutical, and food
industries (Lopez et al. 2003; van der Aa and Dufrene, 2002). Differeas$ arvolving
the production of extracellular polymers by microorganisms that hesgived much
attention in recent years are the aquatic environment, wastdvestgnent facilities, and
municipal landfill sites (de Brouwer and Stal, 2001; Hilger et28l00; Gorner et al.
2003; McSwain et al. 2005; Radic et al. 2005; Daniels and Cherukuri, 200f&yebi
parameters responsible for improving bonding mechanisms that enl@hsgrength
(cohesion) have been outlined to include cementation, electrostateleaticbmagnetic
attractions, and primary valence bonding and adhesion (Mitchell, 197&3ldition to
acting as a physical bridge between soil particles, the pioduzt EPS by soil bacteria
can be correlated to the improvement of the electrostatiel@stromagnetic attractions
between soil particles therefore increasing soil cohesion as well.

Different microorganisms have been studied for their ability to peduc
exopolymers (Momeni, 2001; Gasdorf et al. 1965). The extraction and teheraion of
these exopolymers have also revealed that they are made otmdiffarbon-based
structures, which makes each of them unique in their physicalremdical properties. In
a study focused on determining the EPS production ability of diffesteains of the
species oHalomonas eurihalinasolated from saline soils and to characterize the EPS
produced, Bejar et al. (1998) used different culture mediums to grow the microorganis
Using thin layer and ion exchange chromatography, the authors det@rrire
composition of the EPS, which showed that the EPS produced by the orgaassm
composed of carbohydrates, proteins, uronic acids, amines, acetyls, saguifigant

concentration of sulfates. It was also observed that the EPS prooydbd different
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strains of the microorganisms differed in the concentration d¢f ethose components,
which gave them other unique properties such as gel forming tainceH and high
viscosity. It was concluded that such properties made the ERStiatt for industrial
applications. A similar study was also carried out by Zinkeviclale (1996), which
involved the characterization of the EPS produced by sulfate-redbartgria isolated
from marine environments in Alaska and off the coast of IndonesiareBud#s of this
study also showed the effect of changes in environmental condutiotie ability of the
microorganisms to produce EPS under unfavorable conditions. Such studies thagges
the production of EPS as the main component of biofilms produced by miangr is

in response to harsh environmental conditions, which makes them withstauadadiein.
Other microorganisms that have also been studied for thgmogsmer production under
unfavorable environmental conditions inclUggeudoalteromonas antarcti¢iaza et al.
199; Cocera et al. 200(@seudomonaspp. (Bueno and Garcia-Cruz, 2006; Priester et al.
2006), Anabaena cylindrical(Lama et al. 1996), Bacillus spp. (Gandhi et al. 1997),
Microcoleus vaginatysScytonema javanicur®hormidium tenueandNostocsp. (Hu et

al. 2003), Rhodopseudomonas acidophilgsheng et al. 2005), an&lostridium
acetobutylicumHaggstrom and Forberg, 1986; Dennis and Turner, 1998; Daniels et al.
2005).

Focusing on the microorganism selected for this presentrcessady, different
species ofArthrobacterhave been studied for their ability to produce natural polymers.
Working with 34 soil samples collected from different parts lné United States
including, lllinois, Indiana, New York, and Arizona; Ontario, Canada; amr@leand

South America, Gasdorf et al. (1965) were able to identify tAefeobacterspecies.
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The species identified includeéArthrobacter globiformis, Arthrobacter pascens,
Arthrobacter aurescens, Arthrobacter citreus, Arthrobacter tumescartbyrobacter
atrocyaneus, Arthrobacter simpleand Arthrobacter ramosusin further studies to
distinguish between two polymer-producing microorganisms isolated $oil samples
in Guatemala and designated as NRRL B-1973 and NRRL B-1797, Gasdbr{l&65)
cultured both organisms to produce extracellular polysaccharide. Reoradults of their
study, the authors showed that both cultures produced large concentrattbesE#HS
and based on the similarities in their morphology and physiologye trggnisms were
grouped as a different species call@gthrobacter viscosusLopez et al. (2003) also
noted that the rate, quantity, and quality of the EPS producdd tgcosusiepend on
the composition of the medium used and environmental parameters such asd pH
temperature. The EPS produced by these bacteria is commonly pbbsde in nature
and occurs in two basic forms in soil, a) as capsule associdtiecells surface and
covalently bound, b) as slime loosely associated with the eefisce (Vandevivere and
Baveye, 1992). Using EPS, these microorganisms form biofilms tfaddilee them to
establish a stable arrangement and function multicellularlyraergistic microconsortia
(Flemming and Wingender, 2001) and these EPS contain high concentrations of
negatively charged functional groups like -COOH,4PG&Q,~ (Wuertz et al. 2001). In
order to utilize the EPS produced by these microorganisms in ireduwstd engineering
applications, it is important to study their rheological behavidriclv involves the
determination of their shear rate and viscosity as well agfthets of temperature and
salt concentration (Bodie et al. 1985; Lopez et al. 2003; Barbaro 20(dl; Knutson et

al. 1979; Pfiffner et al. 1986).
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The production of these exopolymers in soil could affect hydraulic conductivity in
saturated soil by increasing the viscosity of the percolatingisoluthis could also
enhance cell adhesion and retention and increase the friction&tames
at the solid- liquid interfaces, which also decreases porosispiln(Vandevivere and
Baveye, 1992). Banu et al. (2006) also noted that these polymers are able to adhlere to soi
structure by their adhesion to soil minerals, and they do notragmebil aggregates but
adhere mainly to their external surfaces. The exopolymer produgedhdse
microorganisms can either be nonionic (not dependent on a surface-auidve for
effect) or cationic (characterized by an active and ealpecurface-active cation). The
interaction of nonionic polymers with the particles of a clay fwilexample, is mainly
through hydrogen bonds between the hydroxyl group (-OH) of the polymethand
silicate Q at the clay surface. This may also involve various dipole-dipoléharge-
dipole interactions. Conversely, cationic polymers are adhered sutfece of the soil
particles through interactions between the cationic groups of theneoland the
positively charged clay surface and these adhesions on soil sudaals® associated
with the molecular sizes and conformation of the soil particles (Banu et al. 2006).

Generally, the effectiveness of soil strength improvement byyangolis related
to its ability to enhance flocculation (or coagulation) of disperségarticles which can
occur in 2 ways, a) electrostatic adhesion of polymer mascaoh the soil particles
which helps to neutralize the soil surface charge and b) bgdpil particles together
when one polymer molecule adheres some soil particles togétiteeadhesion of these
polymers to soil particles is also enhanced by the roughneke ebil surfaces (Banu et

al. 2006; Chenu and Stotzky, 2002; Van der Aa and Dufrene, 2002).
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Studies have also shown that the concentration of EPS produced by these
microorganisms is dependent on both time and pH. From the graplsichs$ rebtained
from a study by Torino et al. (2005) on the EPS productiohdnyobacillus helveticus
ATCC 15807, the relationship between the production of EPS, using glucasspga)
and lactose as different energy sources, and time can be obtamaghtiine use of the

following equation,

Qeps = In(kx) (51)
or  Qu=kin(kx+ k) (52)
where Q. is the quantity of EPS produced (mg/Ris the time (hrs), and,k, , k, are

growth constants already determined from previous studies. Hl$@adeen shown that
under laboratory investigations, approximately 85 mi/g of the EP8upeal by these
microorganisms occurs during the growth phase and involves the uspeaited pH-
controlled batch cultures in order to increase biomass concentratisn high EPS
productivity (Bergmaier et al. 2003). In relating the concentratibiomass to the
quantity of EPS produced as time dependent variables, the followumtien can be

developed based on the results obtained graphically,
Qups=kE™1 + &2 (53)
where Q,is the quantity of EPS produced (mg/Bijs a growth constanta is the

biomass concentration (g/l}, is the time (hrs), ang, and ,, are surface charges of the
soil and polymer respectively. In the application of EPS to impswmik strength by
inoculating soils with the microorganism, equation 53 can also be expamdeclude

other soil parameters such as poropityemperaturd, humidity H, bulk densityp, and
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particle sizes, pH, and the contact angle of tAethrobacter viscosyswvhich has been

determined to be 8@Loosdrecht et al. 1988). So the equation becomes
Qups= k™1 4 @Y260(p+T+H+ p+e+ pH) (54)

Similar studies by Velasco et al. (2006) reported that high d&®8entrations (4.1g%)
were obtained under high biomass concentrations as well and at eshpbll of 5.2.
This led to the conclusion that EPS production continues in microbial eultedia from
the growth phase into the stationary phase.

In concluding this section, another important factor in the adherendeesé t
bacterial cells to soil surfaces, which is facilitated iy EPS production, is the energy
involved in the adhesion process. This energy is referred to asiadlGibbs energy of
bacteria £,qfG°) can be calculated from the equation modified from Loosdrecht et al.

(1988) and Volmer (1925) as follows,

L2 Jexp

]
cBaaG7/RT) _ (L= A) . (1- A) (55)
[ T X)]
Taking natural log of both sides of the equation and solving, fer,
A A
[ [ 1exm 1
\e” = RT |ln-=A)_(=A) | (56)

X
W

where A is the area of the surface covered)(mX is the concentration of EPS added
(mg/l), R is the gas constant, and T is the absolute temperjurEnhfs adhesion energy
is critical in the improvement of soil strength against dust géioer This adherence also
increases the forces of cohesion between the soil particleagnalkiossible for the soil

to withstand the effect of wind erosion.
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4.4 The role of excreted polymer in soil cohesion against dusting
4.4.1 Defining soil cohesion

The cohesion of a soil has been defined as the existence of tenstear
strength in the soil when it is tested in the absence obldtad or effective stress being
applied to it (Mitchell, 1976; Lambe, 1951). Studies have shown that soikioohe
changes with the moisture content of a soil therefore, the ceheswmponent in the
shear strength of a soil can be determined in an unsaturateds soifuaction of the
moisture content (Matsushi and Matsukura, 2006; Lambe, 1951). To detethigne
relationship, a model has been proposed, which takes into account thefastggaring
resistance in the soil and the stress applied to a soil sangaderding to Matsushi and
Matsukur (2006) and Milligan and Houlsby (1984), such model can be pdsanthe

following equation,
r=0 tang +Ce*’ (57)
r=C +0o tang (58)
where 7 is the shear strength (kN/in o is the net normal stress (N{is the
volumetric water concentration (mLy, is the effective angle of shearing resistar@es
a hypothetical maximum value of cohesion (wh&r0) (kN/nf),, and x is a coefficient
related to susceptibility of soil strength reductign0) (dimensionless).

It is also known that the production of EPS in soils increasesnthisture retention
capacity of a soil under desiccation and on rehydration (Chenu, 199B)tAgiin mind,
it is also possible to determine the soil cohesion as a functithie afuantity of EP®eps

thus equations 57 and 58 can be empirically modified to reflect the following,

r=Ce*¥: i 5 tang (59)
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For clay soils,.q,,,pecome positive, thus equation 59 becomes

r=Ce“** i 5 tang (60)

It has also been suggested that these parameters can be obtamedl® shear test and
a subsequent regression analysis and provides an acceptabldiatdanaengineering
applications.

As already noted the cohesion induced in soil through EPS production or
application is achieved by electrostatic and electromagné&tiese electromagnetic
attractions are due to van der Waals forces and can be a souersite strength and
cohesion between closely packed soil particles of very smal gzl um) (Mitchell,
1976). It is important to note that cohesive forces exist betweanatreces of microbial
polymers (biofilms), which maintains their viscosity. This makesgolymers attractive
for engineering applications as well (Chen and Stewart, 2002) antheca factor in
measuring the tensile strength of cohesive soils. The teststiegth of a soil indicates
the concentration of tensile stress (axially directed pullimgeis) that can be applied to it
before it fails and this tensile stress can be in the formwind blowing over a soil
surface (Mazeover et al. 2005). The two tests that have been devilapetdrmine the
tensile strength of a cohesive soil include shear tests and uncbofimgression test. In
a shear test, a shear failure is induced by a shear forcedppdng a predetermined
horizontal surface while the unconfined compression test measuresni@essive
strength of a cohesive soil in a cylinder in the absencdatéil support (Liu and Evett,
2000; Lambe, 1951; Horvath, 1973). To determine the shear strength of an uedaturat
cohesive soil under stress and air and water pressure, two equaticonmanonly used,

which are
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v, =C +(o, - ) tang + (u, - u,)tan’ (61)

v, =C +(0, — )+ 2 (1, — ) tang (62)
Where c'is the cohesion interceps;, is the normal stress at failurg, is the air

pressure u, is the water pressure, and ¢" are friction angles, angis the degree of soil

saturation (Fredlund and Rahardjo, 1993; Bishop and Blight, 1963). Replacing soil
saturation with the concentration of EPS and eliminating the effeatater pressure,
equation 63 can be modified to determine the shear strength ateswwdil against dust
generation based on EPS concentratiQr), and air pressure (force of wind). This
equation becomes,

v, =C +(0, — )+ Q. (u ) tang (64)

Another important aspect of determining the strength as welthasdust
generating potential of surface soils is the testing offgability. Soil friability has been
defined as the ability of reducing a mass of soil into smplisres or crumbles under an
applied stress (Watts and Dexter, 1998; Utomo and Dexter, 1981). St tef soil
friability has been widely applied in determining soil tikagotential in agriculture and
as a method of determining the organic carbon concentration of soil (Munkholm and Kay
2002; Imhoff et al. 2002; Dexter, 2004; Utomo and Dexter, 1981; Watts awteD
1998), and some of these research studies have also establishettbastep between
soil tensile strength and soil friability (Munkholm and Kay, 2002; Ifhleb al. 2002;
Dexter, 2004; Utomo and Dexter, 1981). In this current research shedigsting of soil
friability can be applied to determine the potential of an EPShdattand unamended
cohesive soil to break down to smaller particles under ddesisess applied by the force

of a wind, which can lead to dust generation from surface soils.
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According to Utomo and Dexter (1981), the index of friabiliy, of a soll
aggregate can be obtained from,

logY, =-DlogV+ S (65)
whereS (kPa) is the estimated log strength of 1 suil andV (m®) is the volume of the

aggregate and the aggregate strength valwan be obtained from

P
Y=o (66)

where cis a constant with a value of 0.576 based on the assumption of spbkbépal

and elastic behavior of aggregates (Dexter, 19P5)s the polar force (N) needed to

fracture the aggregate abd(m) is the mean aggregate diameter, which is obtained from
1
X \3
D = d r— 67
%) (67)

whered (mm) is the mean diameter constant of all aggregatesbiatch (determined
from the experiment)X is the mass (g) of an individual aggregate, ahds the mean
mass (g) of the aggregates in the population (Dexter and Kroebergen, 1985).

In order to obtain a representative valug ofwhich identifies the characteristics of each
soil type to be used, equation 67 can be expanded to also include soifeasasuch as
porosity p, temperaturd, humidity H, bulk densityp, and particle sizes, pH, and the
contact angle of theArthrobacter viscosyswhich has been determined to be® 60

(Loosdrecht et al. 1988). So the equation becomes,

P
YV=CD—'260(p+T+H+p+g+ pH) (68)

Applying this equation to derive the soil friability index involves solving@oinus,

% =D + S
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P
CD—;60(p+T+H+p+g+ pH)- S

D=- v (69)

The determination of different soil friability valuds for different soil types can

be used to establish a relationship between the concentrations o P&lded to a soil

and the friability, F, measured, which will involve an analysis using the following
equation,

Qupe=In(Fy) +C (70)
whereC is a constant.
4.5 Mohr circle representation of cohesion of soils

The shear strengths of geologic materials such as rocks dmasive soils is
mostly represented by the Mohr-Coulomb theory (Milligan and Houls8#§4;1Kezdi
and Horvath, 1973; Vesga and Vallejo, 2006; Favaretti, 1995; Ramamurthy, 2001;
Palchik, 2006; Francois and Royer-Carfagni, 2005). The theory elucttatessponse of
materials such as soils to the effect of shear stress andalnsin®ess and the resultant
eqguation takes into account that soil deformation under any stresstrolled by friction
between the soil particles and this occurs when the sheas,stran a cohesive soll
exceeds a percentage of the effective normal siweSd)e frictional resistance between
soil particles has also been noted as the basic factor respofwililee strength of
different soils (Mitchell, 1976). This relationship is represented in equation 7 Lidnelrf
expanded for cohesive soil by Milligan and Houlsby (1984).

T = Uo = atang (71D

where 4 is a constant for proportionality angl is the angle of internal friction of the

soil. The Mohr-Coulomb theory has been represented diagrammaticatlgfine the

shear strength of soils at different effective stresses as showgune .
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4.6 Test methods for soil cohesion

Different test methods for soil cohesion have been documented and dresef t
methods involves the use of a Cohesion Strength Meter (CSM), whealsumes the
stability of soils and sediments through shear stress (Tolhuadt £099; Yallop et al.
2000; Paterson, 1988; Paterson, 1989). In a majority of the literaturesaartsulted, it

was observed that the major tests that can be applied to determine the magnitede of t

Figure 7: Mohr’s circle of states of stress occurring at different poire soil masg. =
shear stress= angle of internal friction of soit = effective normal stress.
Initial soil failure occurs when a circle first touches the line suchcaslel,
circle 2 indicates a state of stress without an occurrence of failueecindid
3 indicates a state of stress that will not occur due to prior failures.
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cohesion in soils include, unconfined compressive strength test, ticarmression test,

and a direct shear test (Lambe, 1951; Liu and Evett, 2000; Milligan an$iyy, 1984,
Bonala and Reddi, 1999; Palchik, 2006; Ramamurthy, 2001; Kedzi and Horvath, 1973;
Aly and Letey, 1989).

Other investigations have also shown that soil cohesion can be de@rasm
function of soil water concentration. Based on this criterion, soil sohehave been
determined through desiccation tests (Konrad and Ayad, 1996; Abu-Heajidh
Znidarcic, 1995; Bae et al. 2006), a combination of testing soil ameistoncentration
and shear test (Matsushi and Matsukura, 2006), a correlation ofechia soil water
volume and shear strength in unsaturated soil (Kim and Hwang, 2003), a determohati
shrinkage stress in soil as a result of changes in pore watemaaor pressure (Karalis et
al. 2003; Munkholm et al. 2002; Chertkov, 2005), and measuring the hydraulic
conductivity of the soil (Dexter, 2004; Ben-Hur et al. 1990; Al-Shay2@01,
Sivapullaiah et al. 2003 ).

Direct shear tests and unconfined compression tests are detesmiriasobil
resistance against deformations and this can be correlatbddust formation from
surface soils. In direct shear tests, soils are tested uadsoldated drained conditions
to determine the deformation of a soil sample at a controllachsate on a single shear
plane (ASTM International, 2008). To give a description of the nmmeckeehind the
direct shear test, a cylindrical or rectangular soil sanmipleencased in a box
Subsequently, a normal forde, applied to the top of the shear box followed by a shear
force, S, which pushes the top of the box across the box. This causes the soil t

sample to shear along the plane defined between the upper and boxktesn(George et
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al. 1964; Das, 1994; Holtz and Kovacs, 1982). Other equipment used in thase test
involves the use of simple torsional vane shear device (Sibley amdnéa 1966; Das,
1994; Holtz and Kovacs, 1982; Dunn et al. 1980).

It has been shown that changes in soil cohesion can be predicted through shea
deformations based on moisture content of the tested soil sample.ng/evith two
undisturbed residual soils obtained from natural hillslopes in Mt. Kanozapan,
Matsushi and Matsukura (2006) showed that the cohesive strength n$atarated soil
can be estimated as an exponential function of the moisture concentration off fhieisoi
function was determined from the variables obtained from basict dine@ar tests with
subsequent regression analyses. Through direct shear testeschasgil particle and
pore orientations during drained and undrained direct shear testbd@mveshown to be
an indication of cohesiveness in sandy silt-clay soils (CetthSoylemez, 2003; Cetin,
1999). From the results obtained from working with artificiallggared natural clay soll
samples collected from Adana basin and eastern Taurides,yT@&gn and Soylemez
(2003) showed that the orientation pattern of the soil particlepares changed before
and after shearing. These changes in orientation pattern, indicated kg/(&hgted 5) to
the horizontal, were shown to be correlated with the failure pétiee soil. The study
concluded that failure of the cohesive sandy silt-clay soilsroeduat 15 ml/g shear
deformation under undrained tests and 13-15 ml/g shear deformation under drained tests.

Other studies have used shear tests to determine shear behavior of carbonate sands
under static and cyclic loading (Al-Douri and Poulos, 1992), to deterrhgsa strength
of geomembrane/cohesive soll interfaces in landfills (FishmarfPahd 994), to estimate

In Situsoil strength and strength angle on shear-Normal gage (MeNdilGreen, 2008),
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to estimate changes in clay swelling and shear strength pespeftdifferent compacted
soil specimens (Attom et al. 2001), to evaluate the shear strehf@ithe/fly ash slurry
stabilized soil (Borden and Baez, 1991), to evaluate the perforn@dafoemation
behavior of geosynthetic-reinforced soil structures (Ketchart \&iig 2002), and to
investigate the structural stability of a reinforcement-sadayg system (Bo et al. 2006).
Accurate interpretation of soil shear tests is pivotal to the conclusion dililve fsurface
of the soil sample therefore, the need to determine the cohesion and friatigleabf the
soil (Kryzhanovskii et al. 1986; Cavallaro et al. 2004). The regpuéisented in these
studies are indications to the fact that direct shear testbeaised to determined the
shear deformations in cohesive soil samples, which can be usedracation of the
level of resistance of such soils against dust generation.

Unconfined compression test is employed to determine the converesength
of undisturbed, remolded, polymer stabilized, or treated cohesive sgilesausing a
strain-controlled application of axial load (ASTM International, 2008 main purpose
of this test is to determine the unconfined compressive stréqqj, which is then used
to calculate the unconsolidated undrained shear strength of the coheiveder
unconfined conditions (Hird and Chan, 2007; Matsuoka et al. 2002). . According to the
ASTM standard, the unconfined compressive strength (qu) is defined esntipeessive
stress at which an unconfined cylindrical specimen of soil vall in a simple
compression test. In addition, in this test method, the unconfined comprssength is
taken as the maximum load attained per unit area, or the load peresmiat 15 ml/g

axial strain, whichever occurs first during the performance of a test.
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Studies have also shown that the unconfined compressive strengtlwsl of s
samples indicate potential resistance of such soils to deformadisuising from constant
loading and unloading activities on top of the soil surface. The peafare soll
stabilization by polymers or other soil reinforcement productswal as residual
unsaturated soils have been determined of unconfined compressioflagsis et al.
2003; Nishimura and Fredlund, 2000). In an investigation to compare the unconfined
compression strengths of silty soil and kaolin, Nishimura and Fredl@o@0)
demonstrated a relationship between the soil-water charéicterend soil suction
between the samples. From the results of the soil-waterctbastic curve, it was
concluded that the unconfined compressive strength of the sampleasettravith
slightly with increasing suctions. The results of their staldp indicated that the failure
plane of the soil samples was horizontal in the residual statesaturation (Nishimura
and Fredlund, 2000; Nishimura and Fredlund, 1999).

In a similar research study focused on determining the umeshtompression
strength of soft aged clays, Ohta et al (1989) worked withsadayple collected 22 sites
in Japan. By carrying out a stability analysis from resalitained from measurement of
residual effective stress in undisturbed samples, they showed uti@infined
compression strength analysis can be used to determine theofastdety of using soft
aged clay as materials in embankments and additives in stadpif@indations (Ohta et
al. 1989). The mixing of soft clay with stabilizing agents aseams of improving the
engineering functionality of soils has been investigated by &tidl Chan (2007). Other
investigations in this area have shown a relationship between tansileompressive

strengths of compacted soils using silty clay samples réPeted Leavell, 1988), a
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comparison between the microstructure, strength, and consolidation me@ériiriaka
clay deposits obtained from samplers in Japan (Shogaki, 2005), a sdesnteaface
strength of clay at very low effective stress (Peders@h 003), and a measurement of
soil layer strengths and stress-strain behavior of unsaturatksd using unconfined
compression methods (Dawidowski et al. 2001; Matsuoka et al. 2002). Tyglicas of

shear strength of cohesive soils are shown in Table 3.

Table 3: Typical values of shear strength of cohesive soil

Shear Strength
(Half of Unconfined Compressive Strength)

Consistency of clay |byft?)
Very soft <250

Soft 250-500

Medium 500-1,000

Stiff 1,000-2,000

Very stiff 2,000-4,000

Hard >4,000

Source: Liu and Evett, 2003.



CHAPTER 5: MECHANISMS OF DUST GENERATIONS FROM EXPOSED &8I

5.1 Introduction

Dust generation from exposed soils occurs mainly due to mecharstabdince
of the granular materials in the soil matrix. Such disturbanneocaur in the form of
pulverization and abrasive actions on the surface soil by whess, &nd blades of
moving automobiles. Also, the dust particles can also entrapped hybhént action of
winds over the exposed surface soil thereby mobilizing the patgsula air. Other
activities on surface soils that can lead to dust emissiondedlrilling and blasting,
crushing, loading and unloading of finished goods (Young, 2006; Zobeck and Pejt, 2006
Singer et al. 2003). For a better understanding of the mechahaosdbdust generation
from both vehicular and wind actions, it is important to discuss saintbe models
developed from studies in these areas.
5.2 Models of vehicle-induced dust generation

Studies have been performed to investigate the problem of dust tgEmdna
vehicular traffic. In a study to show the transport pattern of leelgienerated fugitive
dust, Veranth et al. (2003) developed analytical models from adfietty conducted at
the Dugway Proving Ground, Tooele County, Utah. By creating a unifiush cloud
using a 1994 Ford pickup truck on a graded road, the authors were aidagore dust
concentration using seven portable DustTrak analyzers witly PMts. From the data

collected in this study, horizontal flux of dust was developed poduct of the dust
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concentration multiplied by the wind speed integrated from ground levtkéttop of the
dust cloud (Veranth et al. 2003). Equation 72 shows the mass fluxnagh lef road
passing through a plane at constant distance from the road,

Faust = [ [0 C(x, 2, )ulx, z, )dtdz (72)
where C is the dust concentration (mg3nandu (m s% is the wind component
perpendicular to thg, z plane, andnax is the trip interval or other averaging time. A
vertical dust concentration model was also developed to show a veharaye in dust
concentration using a Gaussian distribution derived from Goossens (198%)vas in

equation 73,

@ = Gu(2) 73)

Zref

whereCies is the dust concentration measured at heaghtindQ is the fitting parameter.

Similar studies carried by Watson et al. (2001), who developed aKERA
(vehicle-based method for measuring road dust emissions) to iratestiyehicle-based
road dust emissions in Treasury Valley, Idaho, Chen et al. (1999), wht pasele
systems, computational fluid dynamics, and behavioral simulatibnitgees to simulate
dust behavior in real time. The following equations show the matiehabodels
developed from these studies;

0=Ccsr*xe™2° (74)
wheref is the dust emission potential (g/vkt fh)/,ch,s,Tis a constant that is specific to
the county under study, setting (urban or rural), and time ofdle (winter or summer),

s is the traffic speed, andis a positive empirical constant (Watson et al. 2001).

Pp PO

+ gh+ %th = (75)

Pair air
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Wherepnand 4, are the pressure (Nfjrand velocity (m/s) at height(m), andpo (N/m?)
is the pressure on the ground (Chen et al. 1999).

Different studies have been carried out to investigate the probfemind-
induced dust generation and numerical models have been developed froudigshas
well. In a study conducted in the southern Great Plains of wassTa the United States
Department of Agriculture, Agriculture Research Service (USIHS), Wind Erosion
and Water Conservation Research Unit field station in Big Spriegas, Zobeck and
Pelt (2006) demonstrated a detailed analysis on three dust stosnMateh 4, 18 and
27, 2003). Working with different saltation/creep samplers locatedvatrs cited in
relation to eroding open fields, these authors were able to monifersied dust using
aerosol monitors mounted on the towers at heights of 2, 5, and 10 m. Fudts res
obtained at mean wind speeds of 2'm®served over a period of 240 to 395 min long,
different flux equations were applied and modified to determine theambal mass flux
at the soil surface. Equations 76, 77, and 78 show the derivation of thentar mass

flux,

_u k(Cp—Cy)
P

whereFy is the vertical flux (mg Mmin™), u is the wind speed (i}, k is von Karman’s

(76)

dimensionless constant (0.4), and C; are the concentrations (mgJjnof PM at the
bottom of and top DustTraks respectively, apdndz are the heights of bottom and top

DustTraks, respectively (Zobeck and Pelt, 2006; Kaimal and Finnigan, 1994).
Fn(2) = Fyeo (1+7) (77)

Fa(2)™% = K5 (1+3) (78)
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where F,(z) (mg mmin™) the horizontal mass flux at height(m) is, F,_, is the
horizontal mass flux at the soil surface (kg/s), andg is a scale height parameter
(dimensionless).

Similar studies by Rice et al. (1996), who investigated wind @mosf crusted
soil sediments using 12 m long wind tunnel with a cross-sectionoaréd x 0.5 m,
Singer et al. (2003), who assessed thefavid PM s dust generation potential of soils
and sediments in the Southern Aral Sea Basin, Uzbekistan, and &fitlekWoodbury
(2003), who tested simple protocols to determine agricultural dustagemepotentials
from cattle feedlot soil and surface samples in 6000-headitapagen-air beef cattle
feedlot at the USDA Agricultural Research Service, U.S. MeamAl Research Center
located in south-central Nebraska. These studies all show thétawafion is a significant
contributor to dust generation especially in exposed soil surfacefaifeethe need to
develop appropriate technologies to combat this problem. As pidné gblution, use of
dust suppressants has been suggested (Pulugurtha and James, 20063. & heck of
research in the use of biopolymer as dust suppressants therefonaithéocus of this
present research study, which is investigating the use of dkitaceolysaccharides
produced byArthrobacter viscosuso improve the strength of soils thereby effectively

reducing the potential of dust generation from such soils due to failure and cracking



CHAPTER 6: EXPRIMENTATION

6.1 Experiment Design

To determine the soil strengthening effects of the direct eggjgn of EPS and

the injection of microbial broth to the three different soils usetiis research (including

silty clay, sandy clay, and sandy silty clay of differentsptaties), the following three

important tests were carried out,

a)

b)

Unconfined compression tests: these test were typically pestbrio
determine unconfined compressive strength of the treated colfleasexd on
their clay content) soil samples in the remolded condition usingam-st
controlled application of the axial load of 5000 Ibs. Since exposedcsurfa
soils are under unconfined conditions. The essence of this testtowas
numerically quantify the deformation index (derived in equation 29¢dch
soil type, this can be used as a measurement of potential dustidorfnam
these soils under stresses from anthropogenic and natural activities.

Direct shear tests: these tests were typically perfortoeletermine the shear
strength of the EPS-amended cohesive soil samples using compudieretd
shear equipment. These tests were performed at threeediffeormal stresses
of 34.47 kN/mi (5 psi), 68.95 kN/f(10 psi), and 103.42 kNAY(15 psi), in
order to determine the cohesi@and angle of internal frictio® for each

soil. Soils generally fail by shear and depending on the magniof this
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failure, soils can disintegrate into particles under heavy satseshereby

facilitating the transportation of such particles by wind actisndasts.

Therefore, the feasibility of dusting from soils can be esachdased on the

level of cohesion and frictional resistance obtained from eachaifeBded

soil sample was used in this research. These results oftéstsavill be used

in chapter 8 to compute the coefficient of soil failure (from equad3) and

friability indices (from equation 37),

c) Liquid content tests (mini-desiccation tests): desiccatids wesre performed

to essentially quantify the amount of liquid remaining in each d$tal a

certain period of time. For the purpose of this research, liquid monte

determination was performed at a relative humidity of 36 % amg@deature

of 37°C for 72 hours in an oven. The reason behind these tests is that dusting

occurs mostly in dry fine-grained soils such as silty clays shierefore, a

reduction in the rate of liquid loss from such soils as a res@P& treatment

is significant whereas increased liquid loss increases the chances af.dustin

Generally, the initial focus of the experimental design in tegearch was on

monitoring the growth pattern @rthrobacter viscosugn Haggstrom and sterilized soill
media, the quantification of the EPS produced by the microorganismhnmeutia, and
the characterization of the soil for accurate interpretation apthmation of observed
interactions betweeArthrobacter viscosysEPS, and the soil. A specialized method of
soil sterilization through gamma irradiation was performed in lgofaion with the
Radiation Science & Engineering Center at Penn State Uitywddniversity Park, PA.

All other experiments and analyses were carried out using tabpequipment available
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at the Global Institute of Energy and Environmental SystemsES)Egeotechnical and
geoenvironmental laboratories at the Department of Civil and Envimgaime
Engineering, and other laboratories at the University of North Carolina,otbat)SA.
To ensure reproducibility of the results obtained from this studbts teere
performed in triplicate as indicated in Table 4. To determine thprogriate
concentrations of the EPS and microbial broth to be used in the Belsrteulation using
a sandbox, various pilot tests were carried out at the iniagesbf this study. With the
stated objective of this research being investigation of thestilization capacity of
EPS produced by the microorganisirthrobacter viscosysit was necessary to
determine its growth pattern in both liquid and solid media therefloeetest performed
with Haggstrom media and sterilized soil. Since the successfutiygr of this
microorganism in both liquid and solid media correlates with its ability to prdéB& it
was also necessary to determine the concentration the EPS prodtluadawi4 day
interval. This formed the basis for the EPS quantification tests, which involvednmegas
the dry weight of the EPS produced at each 24 hour period in the 14 day interval.
Further experiments were performed to investigate the relatmsmsamong the
agueous concentration of EPS, microbial broth and the sorption of EP8utaslen
various mixed fractions of the silty clay soil. These testewerformed at five different
concentration levels of the EPS solution and microbial broth with the wholelaytgoil
(SCSoil) and its two selected mixed fractions; sandy sldy soil (SSCSoil) and sandy
clay soil (SDCSoil). The sorption tests also allowed the debtation of the

concentration of EPS produced in the soil by the microorganisms,iagpéat the test
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involving the direct application of microbial broth to the soil to atéiin situ EPS
production.

As an indirect method of determining the stability of EPS déwkatoil against
potential failures that can result in dust generation, geotechesisl involving direct
shear and unconfined compressive strength determinations, werangelfty analyze
the behavior of the soil samples under both shear stress and naesslrespectively.
These tests were also performed in triplicate and at thifeeedht loads to determine the
cohesion and angles of internal friction of the soil sampless. 8xperimental design also
allowed the appraisal of the changes in the moisture concent@tithe different soil
mixes as manifestations of their interactions with the aqueous@&gBtn and microbial
broth of different concentrations. It was assumed that more moistlliiee retained in
soil samples with more EPS concentration, added directly or prodocsitl by the
microbe in broth. It was also assumed that increase in cohesidmevéathieved in soils
with more EPS concentrations as a result of increased resistandesiccation and
failures under stress with time. To evaluate these assumptiomssasoples were
desiccated after the geotechnical tests and the distributidre RS molecules in the
desiccated soil samples were examined using fluorescencesoapy. The overall
design of the experiments performed in this study is shown in Table 4.

6. 2 Materials and their sources

6.2.1 Microorganism and culture conditions

A strain of Arthrobacter viscosusATCC® 19584, which produces a viscous
extracellular polysaccharide (Figure 19), was obtained from therigdan Type Culture
Collection, Manassas, VA. To Iinitiate the process of growing tleeomiganism in the
laboratory for the production of extracellular polysaccharides, vain media were
initially prepared following appropriate protocols on the produsellmamely, Difcd"

nutrient broth (8 g/l) and Difdd' yeast mold agar (41 g/l) obtained from ATCC.
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The frozen microbial pellet was initially rehydrated using 1l0ofyeast mold
broth pipetted from a 6 ml solution of the broth, which was obtained from ATCC as well.
Following the recommendations of ATCC, the rehydratgthrobacter viscosusvas
then grown on yeast mold agar (YMA) plates at°@8and incubated for 72 hours in
complete darkness. At the end of the 72 hour period, the plates \war@imed at 4C
until used. To maintain good viability of the microorganisms and theityatml produce
extracellular polysaccharides, they were transferred oncg averweeks to new YMA
plates. As a proactive measure to an eventual death or loss ohi¢ch@organisms
growing in the plates, microbial cells growing in the yeastdnbroth were harvested,
lyophilized, and stored at -80.

6.2.2 Preparation of growth medium

A Haggstrom liquid growth medium was prepared, which consists of 1.0 g/l
peptone, 1.0 g/l yeast extract, 0.1 g/l /44 0.6 g/l NaHPQ,, 0.4 g/l KHPQ,, 0.2 g/l
MgSO..7H,O. The medium also contained trace elements of 0.036 uM JF&%0,
0.097 pM HBOs; 0.017 pM CoGl6H,O, 0.08 pM CuS@5H,O, 0.019 uM
MnSOy.H,0, and 0.008 uM ZnSLrH,O. The medium was then brought to a pH of 8.5
with 10 N KOH and sterilized using autoclave at 221for 20 mins. The medium was
prepared in two parts: the first part contained all the negessamponents for the
medium except the carbon source, and the second part contained the carberadded
after autoclaving. The carbon source, glucose, was added at eofireaintration of 3.0%
(wt/vol.).

6.2.3 Inoculum preparation

Nutrient broth medium was prepared at 8 g/l, and actively growellg of
Arthrobacter viscosusrom a YMA plate were inoculated into a 500 ml pre-sterilized
glass flask containing 300 ml of the broth. The liquid cultures werebated for 72

hours in a Barnstead Lab-line incubator-shaker modeR¥GOO.
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After the incubation period, different volumes of the liquid culturesewesed to
inoculate different volumes of the Haggstrom medium to investigatprdtction rate
of extracellular polysaccharides by the microorganisms.

6.2.4 Growth determination for microorganism in liquid media

An actively growing colony from the YMA plate was placed into h@ihutrient
broth and incubated in the shaker at 150 rpm for 24 hours. After the 24 haat, @€l
of the incubated broth was withdrawn and transferred into a newidlizete 100 ml
nutrient broth and incubated on a shaker as well. The cell densibe cfaimple was
determined from the optical density at 650 nm §{§JDusing a spectrophotometer. The
OD readings were compared with a control sample to deterimengrowth curve of the
microorganism over a 16 hour period.
6.3 Batch EPS production

Experiments in shaker flasks to monitor the production rate of yPdEfferent
volumes of the liquid culture containing the microorganisms were cagdluct500 ml
conical flasks containing 300 ml Haggstrom and inoculated nutrient bredum. The
different volumes, in ml, of the inoculated nutrient broth medium that¢ weed include
20, 40, 60, 80, 100, 120, 140, 160, 180, and 200. The final solutions in the shaker flasks
were made up to 300 ml with the Haggstrom medium. The flasks vegnaged with
perforated aluminum foil, which permits passive aeration, and incubat2d°C at a
shaking speed of 150 rpm in darkness for 14 days in the Barnsteachéabelubator-
shaker model Ma34000, shown in Figure 8. In order to check the reproducibility of the

experimental results, all batch productions of EPS were repeated at thege tim
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(a) Incubator-shaker with EPS production media (b) EPS produced in
Haggstrom



77

6.4 Analytical Method: EPS extraction

During the batch production of EPS, 10 ml samples were withdrawntfr@300
ml Haggstrom/nutrient broth liquid samples at 24 hr intervals usantiztd polystyrene
pipettes. All the withdrawn samples were centrifuged immdglitdeseparate cells from
the liguid medium. Samples were centrifuged at 15,000 rpm, for 60 mias@tto
destroy and precipitate any suspended cells as well the prodB&dr& determine the
concentration of EPS production occurring in each shaker flask, thpifaed EPS was
lyophilized after the decantation of the supernatant. After a 24gsoiad, the produced
EPS with the suspended bacterial cells was quantified by dry-weight detéom.
6.5 Thermogravimetric Analyses (TGA) of EPS

Thermogravimetric analysis (TGA) is a procedure that meastine amount and
rate of change in the mass of a heated sample based onntihienaperature under a
controlled environment. These measurements were used to determiterthal and
oxidative stability of the biopolymer as well as its compositiln summary, TGA
measurements are used for the following measurements: a) cton@sanalysis of
multi-component materials or blends, b) thermal stabilities, @jatixe stabilities, d)
product life estimation, e) decomposition kinetics of materialgffgcts of reactive
atmospheres on materials, g) filler concentration of materaadd, h) moisture and
volatiles concentration (Sichina, 2008).

To determine the thermal stability of the EPS produced in thedttaggnutrient
broth medium by the microorganism, the EPS produced from the diffeo&nnhes of
microbial broth in the batch production was analyzed using the TGA. Im wradeck

the reproducibility of the TGA results, all TGA analysesE6S were repeated at three
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times. As shown in Figure 13, the TA instrument Q500 thermal amalgasl in this

study recorded the thermographs with ultra purified nitrogen gasiaras the carrier
gas. EPS samples produced from the batch production tests reeze-firied at high
pressure overnight and placed in platinum pans for the TGA analyseseMperature of
TGA was increased from ambient to 9 at a heating rate of 2C per minute. Using

the Universal Analysis software, analyses of the plots of wétghtversus temperature
(°C) were performed.

6.6 Soil sample collection and characterization

The soil sample used for this research study was colleci@daatd construction
site on the intersection between East Stonewall Street and SolldgeC Street in
downtown Charlotte, NC. The ongoing construction to expand these roadstevaked
to accommodate the future increase in traffic due to the construzt the NASCAR
Hall of Fame near South College Street in Charlotte. In otdeobtain a good
representation of soil sample within this area, samples wellected at different
locations on the road construction site using plastic containers and thiyronxed
onsite. Under this condition, the samples were subsequently transjottedidboratory
as disturbed specimens.

Prior to the treatment of the soil samples and the tests fostiear strengths and
unconfined compression strengths, the following standard tests forhaogcterization
were performed:

i) Grain-size characterization of the soil samples using botthanemal and

hydrometer analyses,

J) Determination of the liquid limits of the soil samples,
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k) Determination of the plastic limits and plasticity indices of the soil sesnpl

[) Determination of the specific gravity of the soil samples, and

m) Determination of the moisture concentration of soil samples udieg t

conventional oven method.

The standard test method for the grain-size analysis of theasoples was performed
following ASTM D422, the determination of the liquid limit, plastimit, and plasticity
index of the samples (Atterberg limits) were performed follgvASTM 4318, the
specific gravity of the sample were determined following MSD854, and the
determination of the moisture concentration of the samplesrpexibfollowing ASTM
D2216.
6.7 Preparation of different soil mixes

For the purpose of this experiment, it was important to prepare different soil
mixes from the different soil particle sizes determined thrasigliing of the samples.
Sieve analysis was carried out following ASTM 422, which separated the soilesianapl
a series of fractions. Soil fractions passing to sieve No. 40 eadlexted as sand while
soil fractions passing to sieve No. 200 were collected as olhyi#t with clay samples
collected in the pan. Subsequently, soil mixes including silty clay (SCSoil),
designated as HZDRES/01, sandy clay soil (SDCSaoil), desigaatétZDRES/02 and
sandy silty clay (SSCSoil), designated as HZDRES/03 weygaped at ratios of 3:1, 3:1,
1:1:1 respectively. In terms of percentage compositions of theasuples, silty clay soill
contained 65 % silt, 21.5 % clay, and 13.5 % loam; sandy clay soil cah&bn# sand,

21.5 % clay, and 13.5 % loam; sandy silty clay contained 30 %36il% sand, 30 %
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clay, and 10 % loam. As a safety measure against the immalafi an excessive
concentration of dust generated during this procedure, adequate resparadoesye
goggles were used for protection. Table 5 shows the differergifcdaton of fine-

grained soils as used in this research and Figure 9 shows thigcspassification of the
soil used in this research based on plasticity index and liquid limit.

Further determination of the Atterberg limits of these difiersoil mixes was
carried out for proper classification using ASTM D 2487 as standardsoil
classification for engineering purposes. Table 5 and Figure 6 sigouriteria that were
used to classify these soil types.

6.8 Measurement of specific surface area

Using a Beckman Coulter SA 3100 equipment that is available BEESI
laboratory at UNCC, the specific surface areas of the swiples were measured. Prior
to the loading of the three different soil samples into the satmipés, the weight of each
empty sample tube was measured and labeled according to thgesil$ubsequently, 3
g of each soil type was poured into the sample tubes and the vedigiach soll
containing tube was measured as well. Sample tubes were loadethanpmrt and
outgassed for 240 minutes at a temperature of ‘00Upon the completion of the
outgassing process, samples were weighed again and loaded bactkeirport for
analysis using the COULTER SA-VIEW Software. In this analysis, liquid nitrogen
was used as the carrying gas regulated at 12 psig. The Bta€esarea analyses for the
three different soils were in the range of 8 and 84 nThese tests were carried out in

triplicates and data points were computed as mean values.
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6.9 Soll sterilization

In order to monitor the growth of the microorganisms in soil sasnglieng with
the rate of EPS production in the absence of other competing miancngain the soil,
soil samples were sterilized using gamma irradiation. Saiiligation was performed at
the Radiation Science & Engineering Center at Penn State Sityeéerhis sterilization
method was used in order to preserve the nutrient status of theasgile while
eliminating any other microorganisms present in the sample.
6.10 Determination of the microbial growth rate using batch tests

To determine the growth pattern of the microorganisms in soilpvamnight
culture of nutrient broth containingrthrobacter viscosugvas used to inoculate the soil
samples. In performing these tests, 50 g of each soil mixpeasd into a 50 ml
centrifuge tube and 10 ml of the nutrient broth was added to the syilesa To monitor
the microbial growth rate, samples were collected from different depthe tilie within
a 16 hour period. The collected samples were diluted 6-fold usingpRate buffered
saline (PBS). The diluted samples were subsequently cultured on M&tés for 24
hours and from the counting of the visible colonies (multiplying oy mumber of
dilutions), the microbial growth rate in soil were determined.
6.11 Batch tests determination of the concentration of EPS produced in sterilized soi

To determine the EPS production rate in the sterilized samplesyanight
culture of nutrient broth containingrthrobacter viscosugvas used to inoculate the soil
samples at different concentrations to determine the optimum voheeded for
maximum EPS production. In carrying out these tests, 50 g of edahisavas poured

into a 50 ml centrifuge tube and 10 ml of the nutrient broth was added to the soil samples.
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To monitor the EPS production rate, samples were collected froematitfdepths of the
tube in between a 24 hour period. The collected samples were subsequnahiized
using the TGA.

6.12 Construction of sandboxes for soil tests

As shown in Figure 10a and 10b, the sandboxes used for this study were
constructed in the using an external dimension of 15.24 cm (6") by 7.62 ran(B"
internal dimensions of 6.451 am (2.54") by 6.451 cm (2.54"). Three diffemadboxes
were constructed using the following guidelines: the internal cdmpats contained
three sections for each treatment divided into 15 subsections focateptreatments
giving a total of 45 compartments for each sandbox. The matersdd for the
construction of the sandboxes include 5.08 cm (2") by 10.16 cm (4") woadgl@ss
sheets, acrylic sheets, fiber glass resin, screws, nails, and otbhellanisous hardware.

6.13 Soil sample introduction into the sandboxes

For the purpose of this experiment, it was predetermined that pitie afesurface
soil on which dust generation mainly occurs is up to 10 cm. To sienthist depth in the
sandboxes, 500 g was poured into each subcompartment and mixed. The whple set
was agitated to ensure proper settling of the soil samples \aloh¢eof the top layer of
the soil, simulating what can be obtained in the field. As ayafieasure against the
inhalation of an excessive concentration of dust generated duringprthigdure,
adequate respirators and eye goggles were used for protectiail aA trowel was used
to turn the soil to ensure proper mix. To ensure proper aerationneatdrial
homogeneity, the samples were allowed to stand for 24 hours bedatménts were

applied.
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Table 5: Soil classification chart for fine-grained soils

Soil Classification
Criteria for Assigning Group Symbols and

Group Names Using Laboratory Tests Group d
Name Symbg

broup

Fine-grained soils:  50% or more passing the No. 200 sieve

Silt and Clays inorganic_PI > 7 and plots on or above “A” line CL _Lear‘ctdy
Pl < 4 or plots below “A” line ML Ksiit!

Liquid limit less than 50

organic _Liquid limit — oven dried. ; ¢ OL _Organic Clay- "N
Liquid limit — not dried ~ - Organit 5ilf' ©

Silt and Clays  inorganic Pl plots on or above “A” line CH Fat'clay

Pl plots below “A” line MH Elastic ‘s
Liquid limit 50 or more

organic Liquid limit — oven drigd, - OH _Organic Clay~ "N

Liquid limit — not dried Organic Sile ™ ©

Note:

X if soils contain 15 to 20 % plus No. 200, add “with sand”
or “with gravel as necessary.

L if soil contains> 30 % plus No. 200, predominantly sand,
add, “sand” to group name.

M'if soil contains> 30 % plus No. 200, predominantly
gravel add, “gravelly” to group name.

" PI> 4 and plots on or above “A” line.

© Pl < 4 and plots below “A” line.

P Pl plots on or above “A” line.
Q Pl plots below “A” line.

Source: ASTM International, 2008
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Figure 10a: Soil samples in sandboxes for different treatments

Figure 10b:  Sandboxes with different soils before treatments
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6.14 Treatment of soil samples in sandboxes (field treatment simulation)

A total of 75 sub-compartments measuring 5.161 cm (2.032") by 5.161 cm
(2.032") and 9.906 cm (3.9") deep were used for each of the soil samete silty-clay
soil, sandy-clay soil, and silty-sandy-clay soil (raw mixedtment of soil samples in the
sandboxes involved the application of three the stabilizing matasatsin this research.
In terms of factorial analysis, the experimental set up deasisf two factors: three
treatments (Extracellular polysaccharide-Culture Media (ERS, Microbial broth with
cells, and DI water). Five replicates were prepared foh g@atment, and treatment with
water was used as a control. In summary, 225 sub-compartmentmiconsail sample
mixes were treated.

The first treatment involved a direct application of different cotre¢ions of
extracted EPS to achieve different moisture concentrations sathples. The summary
of the set up is as follows:

e 2.5 liters of EPS in 500 g of soil for 5 mL/g EPS-CM soil treatment

5 liters of EPS in 500 g of soil for 10 mL/g EPS-CM soil treatment

7.5 liters of EPS in 500 g of soil for 15 mL/g EPS-CM soil treatment

10 liters of EPS in 500 g of soil for 20 mL/g EPS-CM soil treatment

12.5 liters of EPS in 500 g of soil for 25 mL/g EPS-CM soil treatment

The second treatment involved the application of different concentratibns
microbial broth (containingArthrobacter viscosys to achieve different moisture
concentrations in the samples. This treatment was set up to thydmeanitor In situ
production of EPS by the microorganism in soil. The summary ofs¢heup is as

follows:
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e 2.5 liters of microbial broth with cells in 500 g of soil for 5 mL/g soil treatment
e 5 liters of microbial broth with cells in 500 g of soil for 10 mL/g soil treatment
e 7.5 liters of microbial broth with cells in 500 g of soil for 15 mL/g soil treatment

e 10 liters of microbial broth with cells in 500 g of soil for 20 mL/g soil treatment

12.5 liters of microbial broth with cells in 500 g of soil for 25 mL/g soil treatme
The third treatment (control) involved the application of differentceatrations
of water to achieve different moisture concentrations in the ssmipigure 11 shows the
set up of the treated samples and the summary of the set up is as follows:

e 2.5 liters of water in 500 g of soil for 5 mL/g soil treatment

5 liters of water in 500 g of soil for 10 mL/g soil treatment

7.5 liters of water in 500 g of soil for 15 mL/g soil treatment

10 liters water in 500 g of soil for 20 mL/g soil treatment

12.5 liters water in 500 g of soil for 25 mL/g soil treatment.
6.15 Sample collection from sandboxes

After the determination of soil strength parameters at Q @&y hour period was
allowed for the treatment samples to stand. This was to eth@bl®microorganisms to
adjust to the new environment and to allow the treatments to atdilthrough the soil
layers. For day 1 sampling, after the expiration of 24 hours, #tesét of samples were
collected from three replicates at an average depth of 3 cdirémt shear strength and
unconfined compression strength tests while the other two repliwatessampled for
EPS sorption tests and imaging of EPS distribution using fluoreseeiocoscopy in soil

respectively. Subsequent sampling of the treated soil continued at differevdlstér48



Figure 11:

Figure 12:

Setup of treated soil samples in sandboxes

Soil samples after treatments in sandboxes
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hours for day 2 sampling at an average depths of 6 cm, 72 hours for daplihgat an
average depth of 9 cm. An average of 125 g of soil samples wastanbllaic each
sampling time for the geotechnical tests while samples folf @& analysis and soil
imaging for EPS were collected by direct penetration of 18terlle tubes into the soil at
average depths of 3 cm, 6 cm, and 9 cm.

These experiments were performed under ambient room temperat26"0f
The following relationships were obtained from these experimeatsesion among the
different soil types at different EPS, microbial broth, and watencentrations;
unconfined strengths among the different soil types based on ER®iCMbial broth,
water contents, and time, angle of internal friction among the differdnyges based on
soil treatment, shear strength among the soil types based tmemneéaiquid loss among
the soil types based on treatment, and fluorescence image amdlyises soil samples
based on treatment and time. At this point, it is important to note that these in@sigat
were performed as an indirect measurement of the propendidym dusts as a result of
the deformation or failure of these different soils under exposed worsddnd different
loads or activities.
6.16 Direct shear strength determination of treated soils

The direct shear test for soil samples were performed under clatsdldrained
conditions following ASTM D3080 standard. This test was performed ttidilowing
objectives; to estimate the angle of internal fricti@) &nd cohesionQ) from plots with
different normal loads for different soils under drained conditions, @rrdetation the
shear parameters for over and normally consolidated samplesntrol the stress and

strain rates, and to compute the residual shear by prescailslogv rate of shear with a
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maximum displacement limit. As shown in Figure 13, the equipmentfasdidese tests
was the S2220 DigiShear™ Automated Direct Shear System.
6.17 Unconfined compression strength determination of treated soils
These tests were performed on the soil samples to determineutiveinfined
compressive strengths as treated and remolded cohesive soil santy@se tests were
also carried out under consolidated and undrained following the ASTM Ds2a68ard.
As shown in Figure 13, the equipment used for these tests wBsgited Tritest 50 BS
1377-7.
6.18 Soil desiccation tests based on moisture relationships with sample treatments
Using the oven method, the determination of the moisture concensratidhe
treated samples was performed following ASTM D2216 standard.rUhdemethod,
treated soil samples used in the direct shear and unconfined csimipréssts were
weighed under wet conditions before placing them in an oven. Aftetha@4period in
the oven, the weights of the soil samples were measured and thereno@centrations
of the samples were determined by simple computations.
6.19 EPS sorption determination on treated samples

Soil samples collected with the 13 mL sterile tubes were tese@termine the
concentration of EPS sorbed to the treated samples at differemis dapd sampling
times. To achieve this objective, TGA analyses was performezhom of the samples.
The instrument used, TA Instrument TGA Q500 series is shown in Figurk these
analyses, different concentrations of the samples were platied ptatinum pans of the
TGA equipment and each test was run at a mode (TGA 4Dpand test (ramp). This

experimental mode and test procedures were designed to heat the sample aht const
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Figure 13a: Direct shear strength testing instrument used in thiscresear

Figure 13b: Unconfined compressive strength testing instrument used in this
research



Figure 14: TGA analysis instrument used in this research
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rate of 20°C and were to determine the thermal stability and composition sfatingles
over a broad temperature range. The final temperature was set’at 80 at a flow rate
of 60 mL/min using ultra high purity nitrogen. The analyses optaks were carried out
using a universal analysis 2000 software (Figure 15).
6.20 Imaging EPS distribution in treated samples by fluorescent microscopy

To visualize the spatial distribution of EPS in treated soil pasnunder a
fluorescent microscope, a modified version of the protocol prescribdfiester et al.
(2007) and Rodriguez and Bishop (2007) was followed. Soil samples wabaied at
37°C for 72 h. After the incubation period, 40 mg of soil was weighed mditnasixed
with 1 mL of phosphate buffer solution (PBS) containing ethidium broifit®r) using
2 mL centrifuge tubes. The samples were mixed thoroughly usingtexvmixer. The
solutions were then centrifuged for 60 mins af@and 5000 rpm. The supernatant was
withdrawn and discarded using a pipette. This was followed bylditian of another 1
mL PBS/EtBr solution and centrifugation was repeated with sugrnaliscarded
(Bonaventura et al. 2006; Kolari, 2003). Pellets of the soil sam@te mounted on a
slide and covered with a slip for viewing under the fluorescentostope and EPS
fluorescence was observed at 488 nm using Olympus model BX51 fluorescenc

microscope, shown in Figure 16.
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Figure 16: Olympus model BX51 fluorescence microscope (Olympus, USA)

6.21 Statistical analyses

In order to determine the significance of the different patars evaluated and
the data obtained in this study, statistical analyses wererped. Using Microsoft
Excel, correlation analyses were carried out in order to exathmeeffects on the
different levels of EPS produced in Haggstrom media and the thitagpes. Similarly,
two-way analyses of variance ANOVA were carried out using 3& determine the
significance of cohesion in all soils based on the differenttsmatments tested. Error
bars in the results of EPS production in Haggstrom media and suall$he& comparison
of soil strength parameters indicate standard deviations white bars in empirical
results of deformation indices, friability, coefficient of fadurcomparisons of effective

porosities, and quantification of EPS produced indicate standard error of means.



CHAPTER 7: EXPERIMENTAL RESULTS AND ANALYSIS

7.1. Characteristics of soll

The soils used in this research have been identified as piedesahial soils and
their behavioral characteristics have been well documented. Thitsare predominant
in the southeastern to the mid-Atlantic regions of the U.S antharprimary foundation
bearing soils mainly found in many cities within this regiodudmg Atlanta, Charlotte,
Philadelphia, Washington DC, and Baltimore (Finke et al., 1999; Hatyaand Macari,
1999). Residual soils are formed from the weathering of rocks anchittezalogy and
behavior of these soils mainly depends on the nature of the partriatsaas well as
other factors such as climate, age, and topography of th¢hobamedzein and Aboud,
2006; Townsend, 1985; Pitts and Kannan, 1987). The mineralogy of residual in North
Carolina has been documented as well. Data obtained from X-ragctidh of residual
soil samples by Leith and Craig (1965) showed that the mind@i®tcur frequently in
these soils include kaolinite, vermiculite, illite, quartz, micdgdear, amphiboles and
montmorillonite. Residual soils have also been shown to be composedirdf/ clay,
fine silt, and coarse silt fractions therefore the different soil typesinghis research.

The different soil types silty clayof soil (SCSoil); sardigy soil (SDCSoil); and
sandy silty clay soil (SSCSoil) were classified based o\therican Society for Testing
and Materials (ASTM) classification system designated D 2486 known as the

Unified Soil Classification System (USCS). As shown in Figlie the grain size



96

distribution curve indicates significant contents of silt and ctagtions relative to the
coarse fractions. The specific surface areas, particle dermsity bulk density, and
porosity of the soil samples were also determined and as exptwteshecific surface
area decreases in the following order: silty clay soirdy silty clay soil > sandy clay
soil. No major differences were observed between the particlbwdkdiensities of the
soil samples while the porosities decreased in the followingr:osdady clay soil >
sandy silty clay soil > silty clay soil. The actual datahese results are summarized in
the Table 6. The data obtained from the grain size analysis \edstaplot a semi-
logarithmic graph, which was analyzed to determine the Atterbiengs as shown in

Figure 17 and 18.

Table 6: Characteristic of soil sample used in this research

Soil Type Silty clay Soll Sandy clay soil | Sandy silty clay soil
Moisture content
(%) 2 2 2
Liquid Limit
(%) 17 17 17
Plastic Limit 11 8 11
(%)
Plasticity Index 6 9 6
(%)
Specific Surface 8.40+1.34 8.12+1.41 8.20 £1.37
Area (nf/g)
Particle Density 2.45 2.50 2.46
(g/)
Bulk Density
(glcnt) 2.120 1.956 2.007
Initial Porosity 13.47 21.01 18.40
(%)
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7.2 Growth curve oArthrobacter viscosus

An initial growth of theArthrobacter viscosusvas observed in the yeast mold
agar plates, which showed the microorganism growing as opalesseotivicolonies as
shown in Figure 19. Prior to initiating a batch production of EPS u&ingscosusn
liquid media using glucose as carbon soutfoe growth curve was monitored within a 24
hr period. In performing this test, turbidity measurements weee to determine the cell
density and EPS production was determined from dry weight measuseroént
lyophilized broth samples collected at hourly intervals.

As illustrated in Figure 20, the results obtained indicateAhaiscosusindergoes
a growth curve in the following order: lag phase, environmentéihstzation period,
occurs in the first 3 hr: log phase, period of increased cell ptiods¢coccurs within a 10
hr period: and a stationary phase, period of no further cell increnoectg's from the 13
hr onwards. The EPS production estimation shows a trend of increasiogntrations
from 0.50 to 4.00 mg/mL, which continues after the stationary phase of the
microorganism from Figure 20 as well. Report from previous studies shatwwEPS
production measured at intervals of 7, 9, and 16 hr culture cycle rehw@nstant at the
16 hr due the complete utilization of the nutrients in media therefeliegrowth and/or
EPS production can be further facilitated by adding a carbon sdBecgnfaier et al.
2003; Gandhi et al. 1997). The result obtained in this study shows aatiorrddetween
cell growth ofA. viscosusnd EPS production.
7.3 Batch fermentation and quantification of EPS production in Haggstrom media

The production of EPS in liguid media was investigated using ditfere
concentrations of microbial broth in Haggstrom media. The objectivieiotdst was to
determine the optimum concentration of the broth to be used for asleageproduction

of the EPS needed for soil stabilization.
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soil treatments. Following the modified protocol developed from the mettestsibed

by Lopez et al. (2003) and Novak et al. (1992), batch fermentation wasdcaut at a
constant temperature of 38 and pH of 8.5 using 3 % (w/v) of glucose as carbon source.
The characterization of EPS based on carbon used has been documetnedingdo
Novak et al. (1992), Knutson et al. (1979), Jeanes et al. (1973), and Boli€1685),
EPS produced byrthrobacter viscosusvith glucose as carbon source contains 28.7 %
glucose, 30 % galactose, 18 % mannuronic acid, and 24 % acetyl. Teatpge total
weight and average molecular mass have been determined as HdHl ®00 kDa
(1494.48 &® mg). Results obtained by Lopez et al. (2003) also showed that increased
production of EPS occurred at a controlled pH of 8 and constant teonmeepf28°C in

a bioreactor. The results obtained in this study showed that thandtquantity of EPS
produced varied with time and microbial broth concentrations.

The experiments were performed using 500 ml-shaken round-bottomed glass
bottles containing a total volume 300 ml of microbial broth and Haggstnegha. A
constant shaking speed of 150 rpm was maintained to ensure homogetiegtynedia.
Three different experiments were performed and the averageSté&kentrations was
plotted with time. The most important variable in these experimgassthe microbial
broth concentrations. Under these conditions, crude EPS concentration dmB.®fg
Haggstrom media was observed within 72 hours in the media containingnd080a
ml/mL microbial broth while a total of 2.5 g, 2.3 g, and 2 g wereinbtafrom 60, 40,
and 20 ml/mL broths respectively. Since it was expected thagaserin microbial
growth will result in increased production of EPS in mediagttpgeriments were further

monitored for 336 hours (14 days) following the recommendations of Novak et
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(1992). As shown in Figures 21 and 22, the results obtained in this study shetvet:
EPS production pattern was shown to occur in a nonlinear manner witthdwever,
with the focus of this research centered on estimating thestigledd of EPS after 336
hours; it was observed that maximum EPS production of 13 g/mL edcatr240 hours
with 100 ml/mL broth, 12 g/mL at 336 hours with 80 ml/mL broth, 12.5 g/mP8&8
hours with 60 ml/mL broth, 10 g/mL at 288 hours with 40 ml/mL broth, and 1tb gf
288 hours with 20 ml/mL broth.

These results indicate that the addition of glucose as a carbae smirances the
production of EPS byrthrobacter viscosusThe amount of the microbial broth used can
also be correlated with the EPS production due to the nutrientrdostoen in the media.
However, studies have shown thatthrobacter viscosusan produce a significant
amount of EPS even in the absence of adequate nutrients. Thedepudent of EPS
produced in the 20 ml/mL broth compared with the 40 ml/mL broth in tludys
confirms this. A significant decrease in EPS concentration, 7.5ninghd 8.5 mg/mL
observed in the 100 mI/mL broth and 80 ml/mL respectively as weletbbserved at
lower broth concentrations respectively can be attributed to thesadetfect of a lower
pH in the media. The negative effects of low pH in the growth anleave been reported
by Novak et al. (1992) and Lopez et al. (2002).

However, in this study, no measures were taken to control the altbtofor the
natural process of pH fluctuations that occur based on different enwamalnfactors,
which is the case on exposed surface soils. For the purposes of this study, 60 notfmL b
was chosen to be the optimum concentration for a large scale prodottioe EPS
needed for soil treatment. This was based on the observation steaelse in EPS

production after 336 hrs compared to other broth concentrations used instrasche
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However, the results of the EPS production pattern using these edifféroth
concentrations are inconclusive due to the cyclical pattern observed. Therefoténb0 m
broth cannot be concluded as the optimum concentration needed for effeBtve
production.

7.4 Batch EPS production in soil

As stated earlier in the methodology of EPS treatment of vasmissused in this
research, one approach adopted was to allow the microorganism teéetbduEPS in
situ by applying it directly to the soil as microbial broth. medstigate the practicality of
this approach, the production of EPSAyiscosus in the different soil types used in this
research was monitored over a 72 hr period using different micrdivaih
concentrations. It was assumed that more EPS will be produced snwsthl higher
concentrations of microbial broth. To monitor the amount of EPS producedhis@hat
different time intervals, soil samples treated with therofi@l broth were collected,
lyophilized, and analyzed with thermogravimetric analysis instrun{@@A). The
objective of this analysis was to quantify EPS in each soildbaséhe rate of change in
weight of the samples as a function of temperature in a controlled environment.

From Figures 23 and 24, the results obtained in this study shawhth&PS
decomposes at about 355 %3 silty clay soil at 518.28C, sandy clay soil at 520.8C,
and sandy silty clay soil at 509. 20. Data shown in Figure 25 shows that optimum EPS
production occurred between 48 and 72 hr in silty clay soil with lilghest EPS
concentration of 3.8 mg/g soil observed at microbial broth concentraitiag@ mL/g of
soil. Figure 26 and 27 show different nonlinear patterns of EPS groaduic both sandy
silty clay and sandy clay soils with highest EPS amount of 2/g swjl and 3.3 mg/g

soil occurring in both soils respectively. A decline in the amount of EPS produced in the
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soil samples was observed with time and subsequent increaséseocrrelated with

the complexity of population dynamics of the microorganism in aadl available
nutrients (Schmidt, 1987). Another explanation of the observed trend in tBe EP
production in soil can be the available surface area for midrabliaesion and EPS
adhesion.

Further monitoring of EPS production By viscosusn all three soils showed that
the ability of the bacteria to produce this biopolymer is enhanceal dreater surface
area as seen in the production curve in Figure 28. The results alsedstiaw optimum
EPS productions occurred intermittently at 48 hr and 120 hr. The otds#gekne in the
mass of EPS produced has been explained by the decomposition of tiegsolg soil
(Martens and Frankenberger, 1992). These authors reported a rapid detompbsi
monosaccharide fractions of the produced biopolymer resulting in tlreagecof the
overall amount of the biopolymer. In addition, this trend can also beiresglhased on
the fact that as EPS is produced in soll, it occupies the inteigrepore space but as it
grows, it enters more into the intragranular pore spaces lsach becomes available for
burning when analyzed with TGA thereby reducing the amount observde isoil
sample (Inyang, 2008).

Conversely, the rates of EPS production in sandy clay and sandglaitgoil
indicates a less significant production of the biopolymer, which caatthbuted to the
presence of more intergranular pore spaces in sandy clay andssiindlay soils. The
presence of these intergranular pores spaces makes maagailable but makes it
difficult for the more cells oAA. viscosugo attach to the soil particles thereby inhibiting
their ability to generate more EPS. Similar results weponted by Vandevivere and
Baveye (1992), which concluded that EPS production in a sandy soil colasimaot
significant due to the inability of the inoculated strains to fawionies in the soil
column. Another factor that has been reported to influence thetiedieess of microbes
to produce biopolymers in soil is the moisture content of the soil. Argpto Cosentino

et al. (2006), the dryness and wetness of a soil sample dffeatsspiration of inhabitant
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microbes in the soil and could affect their ability to produce aegtlular
polysaccharides.

With this in mind, the abundance of intergranular spaces in sandgralagandy
silty clay soil samples is most likely to result into in@@e liquid loss, which could
account for less microbial metabolic activities. This hindersstloeessful production of
EPS in such soils as indicated in the results of this study. Iparamg this with the silty
clay soil, a reduced number of intergranular pore spaces redugeifecant liquid loss
thereby providing more moisture for increased microbial actsvigading to greater EPS
production (Caire et al. 2000). Other authors have also confirmedntlwddyey solil
samples, visible EPS quantities can be observed to form compartménend among
the clay particles (Lunsdorf et al. 2000; Kumar et al. 2007). Theatowmof these EPS
compartments with soil samples tend to enhance the binding of thpaslticles thereby
increasing their stability and the distribution of the EPS caobiserved in the soil using
microbiological stains as will be reported in this presentarebeas well. These results,
as confirmed by Robb (1984), indicate the significance of biopolymetisei adhesion
dynamics of the bacterial cells to solid surfaces.

Research has shown that the roughness of the soil surfaceriiadsa the initial
process of biofilms development (Loosdrecht et al. 1989). Since EP®eamain
components of biofilms (Flemming et al. 2007; Hilger et al. 2000; Zlearad. 1999), it
has been documented that the fundamental process contributing to bieWiéopment
in soil matrix could be from the combined effects of a) transpbdrganic molecules
and microbial cells to the wetted soil surface, b) adhesicorgdnic molecules to the
wetted soil surface resulting in a conditioned soil surface, c)samhef microbial cells
to the conditioned soil surface, d) metabolic activities by theclaéd microbial cells
inducing the adhesion of more cells and associated materials, ametaghment of
portions of the biofilms (Characklis, 1984). These factors explaidifferent amounts

of EPS produced in the different soils in this research.
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7.5 Analysis of treated soils in sandboxes

To accomplish the main goal of this research, which is to moaitdrcompare
the strengthening effects of EPS-CM in treated and untresgédsamples, it was
necessary to simulate a natural environment. The soil strengiheffects of direct
application of extracted EPS-CM to soail, indirect applicationE®S through in situ
production by applied microbial broth, and control samples treated wahizied water
were compared. The soil strength parameters measured inrgbesrch include
unconfined compressive strengths and shear strengths. Although iteimaeperted that
soil strength decreases with increasing water content @tyd®95), soil liquid content
is essential to the resistance of exposed soil to cracking doéeto stress. Therefore,
desiccation tests were performed to determine the effectsldfeatment with EPS on
liquid loss with time.

7.5.1 Determination of unconfined compressive and shear strength

Results from unconfined compression and direct shear tests in seits w
computed to show the strain at failure based on different soit tgpd treatments. A
general trend of decreasing strain with increasing concentmattiveatment and a trend
of increasing strain with time was observed in most samipigsres 31 and 32 show the
soil samples under unconfined compression and direct shear testsprasented in
Figure 33, silty clay soil treated with EPS-CM showed geaof maximum deformation
of 0.34 to 0.20 from day 1 to day 3 at EPS-CM concentration of 5 mLgjloAs higher
EPS-CM concentrations, these values tend to increase and dexithasee indicating
variations in this soil behavior with time. On the other hand, in thdysailty clay and
sandy clay soil, an opposite trend was observed as shown in Bdguaed 35. The
maximum deformation was shown to occur at day 3 while decreadwgéreday 1 and

2 but the results showed a decrease in deformation with incre&RgrCM
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concentrations as well. In summary, the lowest mhefdion results of 0.25 occurred
day 3 in silty clay soil with 25 mL/(EPS-CM 0.18 at day 3 in sandy silty clay s
treated with 25 mL/gEPS-CM, and 0.15 at day 1 irasdy clay soil treated with 25 mL
EPS-CM.

In comparing these results with control samples, dedinite pattern of so
deformation was observed. However, maximum defdonatranging from 0.20 to 0.z
were observed between day 1 and day 3 in all tlil types and the soils exhibite
fluctuations and increments between water contamts$ times of treatment. The
inconsistent variations in soileformation as shown in Figures,3&, and 38, show
water treatment in soil does not exhibit a consistpatern of soil deformatiol
improvement. ltalso proves thaEPS-CMtreatment of soil samples can be used
variable in determining the amount of deformati@ewring in soil samples at differe

times.

Figure 31: Unconfined compreion (a) prepared sample; (b) sample under defoam
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(b)

Figure 32: Direct shear (a) slightly sheared sample; (b) cetapy sheared sam)
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In comparing results obtained in the different soil types,ntbminferred that the
least deformation of 0.15 observed in sandy silty clay and sdagysail show that the
roughness of soil surface (based on sand content) is significaim¢ iadhesion of the
EPS-CM in these soils. A lower EPS-CM content in these magnna lower liquid
retention therefore, less deformation by unconfined compressive. dtregder to verify
this result, a comparison of liquid loss with treatment and time performed, which is
discussed in the next section. It can also be concluded that the aof@ley content,
which is significantly higher in the silty clay soil, contributesthe greater surface area
of the soil allowing more EPS-CM adhesion therefore, more ligghtien. More liquid
retention reduces the compressive strength of soils as shown in these results.

7.5.2 Determination of liquid loss based on soil treatments

To compare the effects of soil treatments with time, sodatéd with initial
concentrations of EPS, microbial broth, and water were desicaaté® fhours. From
the results obtained in these test, it was shown that a géresrdlof decreasing liquid
loss with time occurred most of the samples. Consistent witexipected results in this
research, Figure 39 shows that liquid losses in EPS-CM trei#ttedlay soils occurred
the least at higher concentrations of the EPS-CM and the ilnifuadl content of 16%
occurred at the maximum EPS-CM treatment of 25 mL/g of soil coedpa 14 % and
11 % observed in both broth treated and control samples (Figures 41, 46,) aBoil
samples containing EPS-CM by direct application (Figures 39, 42, arat #&sluced by
microbial concentrations (Figures 42, 45, and 48) show lower feastfildgying during
desiccation when compared to control samples (Figures 43, 46, and 49pllgeaiy

clay samples showed
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greater resistance to desiccation than sandy silty clayamdy clay soils therefore, the
least desiccation occurred in the following order; silty claiy s sand clay soil < sandy
silty clay soil.

7.5.3 Comparisons of strength parameters

A major component of this research was a summation and analybes k#sults
from the unconfined compressive tests and direct shear tests intordetermine a
relationship between cohesion, angle of internal friction, and streagth of these soils.
It was postulated in the proposal of this research that increakedion in the soil could
be achieved with EPS treatment, which will in turn increaselhtbarsstrength of the soil.
Subsequently, increased shear strength of the soil means aaedadtie propensity of
each treated soil to generate dust. As a general observatioisitrda®ed soils, increase
in cohesion occurred with a decrease in the angle of interntbrriand an increase in
the shear strength of the soils. For microbial treated and cauitatamples, cohesion
remained relatively constant with a decrease in shear diseagd angles of internal
friction.

Focusing mainly on the soil strength and cohesion values obtained, Figure 50
shows that soil strength increased from 37 to 45 KNvhile cohesion increased from 15
to 28 kN/nf at increasing EPS concentrations for silty clay soil witghsldecrease
occurring at EPS concentrations of 20 and 25 mL/g of soil. In satigycky soil
(Figure 51), the soil strength obtained was 48 KNrile the cohesion was 27 kN9m
and for sandy clay soil (Figure 52), soil strength obtained waeN4®* and cohesion
was 24 kN/m. In comparing these values with soil samples treated with méadrotgith
and DI water, soil strength decreased from 37 to 28 kN#msilty clay soil while
cohesion remained constant at approximately 15 KNFigures 53, 54 and 55). As
shown in Figure 56, 57, and 58, similar results were obtained for wedéed sandy silty

clay and sandy clay soils as well.
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Figure 39: Liquid content with time during desiccation of silty clay soil cunta
EPS-CM at various concentrations
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Figure 47: Liquid content with time during desiccation of sandy clay soil containing
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7.5.4 Fluorescence imaging of treated and untreated soil samples

Fluorescence microscopy of various segments of the treated andtechts®il
samples was performed at 24 hr intervals for 72 hr to showgaeal distribution of
EPS-CM in all the soils treated with EPS solution (5 to 25gnlhicrobial broth (5 to
25 mL/g), and the control samples. Part of the objective of thetevas to show the
ability of the Arthrobacter viscosuso produce EPS in the soil under laboratory
conditions as well. Using a magnification of 4x, images of raw &Ri5soil samples are
presented in Figure 57.

As presented in Figures 58, 60, and 62 it can be observed that at HR$WEINE
concentrations, soil particles form visible aggregates as st resuthe EPS-CM
flocculation over the particles. It can also be seen that no B/ 8eCculation occurs in
control samples (Figures 58 — 63 p, g, and r) and in soils treated with microbial bsoth, it i
can be inferred that enough EPS is produced to enhance soil aggréigigtimes 59, 61,
63).

From these results, it is evident that a good a spatial distrbat EPS-CM in
the soil samples can mainly be achieved by a direct appliaattithe extracted EPS-CM
into the soil rather than applying the microbial broth. This is imEdhere are many
other factors in the soil that can inhibit the effective productioBRS in the soil by.
viscosusdespite their ability to survive in unfavorable environment thereffmeetically
engineering the microorganism might be necessary to achieweaningful results but
there are caveats associated with this process.

Similar to the results obtained in this research, previous stigid-arrell et al.
(1967) have shown that the amount of water content in soil affext@xial strain under

compression and computations from measured stress-strain relatioceships used to
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estimate the deformation. The treatment of soil gamwith EPSCM and microbial
broth in this present researwas aimed at improving the water retention capaditthe
soil with the hope thaincrease water content ithe soil will result in decreas:

deformation.

,
!

|E

(a) Untreated SCSoil (b) Untreated SSCSaoil (@ptreatecSDCSoll

[ i SN e ese—— N S e e e Te oy e )

(d) Moist EPS (e) EPS @ 10x magnification (f) ERB4x magnification

(g) EPS strands (h) Raw EPS in test soil (i) Moiahtreated soil under lig

Figure 57: Fluorescence microscope images of test sal
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Figure 62: Fluorescence microscope images of sandy siltysdysamples treat

with EPEM
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The results so far confirm this theory while it also shows timabnfined compressive
strength of soils decreases with increasing amount of watdertt. Therefore, it was
necessary to determine the threshold at which increased amounS-daZMPesulted in
decreased compressive strength and results obtained show that tins after soil
treatment with more than 15 mL/g of EPS-CM in soil. This resuktonsistent with
previous work on sediment stability (Yallop et al. 2000), where aipesiorrelation
between the amount of biofilms and sediment stability was obereRrevious studies
by Causarano (1993) reported a decrease in soil compressive strgtihgthcreasing
water content of 15 g/100g of soil as well. On the other, an exmantt the slight
improvement in soil strength observed in soil samples treated wétblral broth could
the adhesion of the bacterial EPS-CM to the soil intergranutéaices, which enhances
that soil resistance to deformation (Dade et al. 1990).

Soil cohesion, which is one of the critical component in the resultsnelot in
this research, has been reported to be function of volumetric watgent as well
(Matsushi and Matsukura, 2006; Mohan et al. 1999; Abu-Hejleh and Znidarcic, 1999;
Francois and Royer-Carfagni, 2005). In their effort to establisielation between
changes in soil cohesion with moisture content in sand soil ansodjltMatsushi and
Matsukura (2006) were able to show that increase in moisture coesetted in shear
strength decrease, and hence, a decrease in cohesive strengdr. cdnalusions were
reported by Bonala and Reddy (1999). However, Karalis (2003) hamsthat water
loss in soft cohesive soils produces in loss of cohesion in soilss ltden reported that
soil friability, another component of this research similar to stgéngth (Watts and
Dexter 1998; Dexter, 2004), depends on soil water content, plasticttyaggregation.

Results obtained from the relationship between soil treatmenigamdl loss can be used
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to predict the friability index of each soil, which can be coteglavith the potential of

dust generation as well.



CHAPTER 8: CONSISTENCY OF OBTAINED RESULTS WITH CONCEPTUA
MODEL

In chapter 2, models were developed to describe the results ghrB&&tion in
soil by A. viscosusnd its effect on soil porosity. In chapter 7, experimental restittse
relationship between soil treatment and soil strength paramstets as cohesion,
frictional resistance, strain, and shear strength were obtaim@dgeotechnical tests. To
further analyze these experimental results using the conceptggls developed in
chapter 2, more comparisons between these soil strength pasametes carried out to
determine their relationships based on soil types and treatmdrgse Experimental
results are consistent with the theoretical results of thesdelsy In the following
sections, the relationships between these soil strength parameters wldreck

8.1 The comparisons of strength parameters and effective porosity with tirtg ahesi
soll

The experimental result of the relationship between frictioresdistance,
cohesion, and effective porosity in silty clay soil is shown igufé@ 66 and 67. In
comparing the frictional resistance in the soil sample witte tbased on treatment, the
result shows that this strength parameter decreases wi¢éhand concentration with
treatment and this is in agreement with Figure 1 and 2. At 2Aéhfrittional resistance
decreased from 27 kN/nat 5 mL/g microbial content to 13 kNfrat 25 mL/g microbial
content; at 48 hr, the frictional resistance decreased from 22%ki/BamL/g microbial

content to 14 kN/fhat 25 mL/g treatment of soil; at 72 hr, the frictional resise



139

decreased from 18 kN/nat 5 mL/g microbial content to 13 kNfrat 25 mL/g microbial
content. In the determination of the soil cohesion based on treatment and time, itns show
that increased microbial content, which means increased EPS produeBatied in
increased cohesion.

In the determination of effective porosity in silty clay ssith time, it is shown
that effective porosity generally decreases with increasimg and microbial content in
soil. This can be attributed to the gradual increase in the ammb&RS produced in the
soil by the microorganisms. As already reported in this rekeahe continuous
production of EPS in the soil matrix By viscosusvith time, results in the filling up of
intergranular pores in the soil. This in effect, reduces theteféeporosity of the soil.
From this result, it can be inferred that a reduction in the nupfbietergranular pores
will mean more compaction in the soil, which will ultimately e&se the cohesion in the
soil as indicated.

8.2 The comparisons of strength parameters and effective porosity with tinmelyn sa
clay soil

The experimental result of the relationship between frictioredistance,
cohesion, and effective porosity in sandy clay soil are shown ine-gfurand 66. In
comparing the frictional resistance in the soil sample witte tbased on treatment, the
result shows that this strength parameter decreases wi¢hand concentration with
treatment as well. At 24 hr, the frictional resistance deegé&om 26 kN/rhat 5 mL/g
microbial content to 13 kN/fmat 25 mL/g microbial content; at 48 hr, the frictional

resistance decreased from 23 kRiah5 mL/g microbial content to 18 kNrat 25 mL/g
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treatment of soil; at 72 hr, the frictional resistance dsecdrom 18 kN/at 5 mL/g
microbial content to 8 kN/fmat 25 mL/g microbial content. In the determination of the
soil cohesion based on treatment and time, it is shown that indreasebial content
resulted in increased cohesion as well. This theoretical resswdonsistent with the
experimental result shown in Figure 51. Contrary to the exjpmtsain this research,
production of EPS in sandy clay soil By viscosuswhich in turn affected the cohesion,
frictional resistance, and effective porosity in the soil, inégdhe versatility of these
microorganisms in their effective adhesion to the soil partstlgace for biofilm
production for a short period of time. However, a sustained EPS piadwnd soll
effective porosity reduction in these soils over a long periodwe tvas not feasible as
indicated in the effective porosity at 48 hr. The observed decreagéi@ctive porosity
can be attributed to the minimal increase in the amount of EPS produced in the seil by th
microorganisms as well.

8.3 The comparisons of strength parameters and effective porosity with tinmelyn sa
silty clay soil

The experimental result of the relationship between frictioredistance,
cohesion, and effective porosity in sandy silty clay soil are shown in Feguaed 69. In
comparing the frictional resistance in the soil sample witte tbased on treatment, the
result shows that this strength parameter decreases wi¢hand concentration with
treatment as well. At 24 hr, the frictional resistance deedé&om 28 kN/rhat 5 mL/g
microbial content to 17 kN/fat 25 mL/g microbial content; at 48 hr, the frictional
resistance decreased from 23 kRlah5 mL/g microbial content to 18 kN7rat 25 mL/g
treatment of soil; at 72 hr, the frictional resistance dsegdrom 18 kN/at 5 mL/g

microbial content to 8 kN/fat 25 mL/g microbial content. In the determination of the
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soil cohesion based on treatment and time, it is shown that indreasebial content
resulted in increased cohesion as well. This theoretical resubnsistent with the
experimental result shown in Figure 52. As shown in Figures 70 artte/firoduction
of EPS in sandy silty clay soil b&. viscosuswhich in turn affected the cohesion and
frictional resistance in the soil, also indicates that thetglafi these microorganisms to
thrive under unfavorable conditions in these soils through their adhesdrani&m to
the soil particle surface for EPS production for a short period an #gain, a sustained
EPS production and soil effective porosity reduction in these soilsaolerg period of
time was not feasible as indicated in the increased effeptivesity at 48 hr. These
results are also consistent with the hypothetical relationshipslageed in chapter 2

(Figure 2).
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8.4 Quantitative estimation of EPS production

As part of the objectives of this research, it important to quénéta estimate
the amount of EPS produced in each soil with time based on equatiowvélapael in
chapter 2, this can be applied using the growth constants determomedhe 7-day
monitoring of EPS production in each soil. From the data obtained, itwated
amounts of EPS produced in each soil based on time are shown in FQuY&s and 75.
In the silty clay soil, EPS production at different time intesvialdicates a continuous
increase in production after 96 hr with increasing EPS concentration iandpe of 1.1 to
1.4 mg/mg of soil obtained. This can be attributed to the availabikcsuarea in the soll
that enhances the adhesion of the microorganism hence, promoting EP Sigmoaiudt
sorption. This follows the observations of Bos et al. (1999), Loosede¢dit (1990),

and Flemming et al. (2007), which concluded that the tendency ofithearganisms to
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attach to surfaces increases their ability to form biofilcemposed mainly of EPS),
which in the case of soil, creates bridges between soiclegrtand the EPS (shown in
Figure 59 to 62). Conversely, soil samples with increased pocesgach as the sandy
clay and sandy silty clay soils used in this research ardittte or no surface areas for
bacterial adhesion. This in effect, affects the ability of the migarosm to remain in the
soil for a long period of time thereby reducing the amount of thBtScan be produced in
such soils. The evidence of this phenomenon is shown in Figure 72 and 74théhere
calculated concentrations of EPS in the range of 0.9 to 1.1 mg/sgiladre obtained
with a decreasing trend observed with increasing time. A cosgpa between the
calculated and measured EPS concentration as shown in Figure 71d 73, amdicates
that a direct measurement of the EPS produced yields valuggvithat better picture of

the trend of EPS production in the soil samples.
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Figure 70: Theoretical quantification of in silty clay soil using based an tim
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8.5 Determination of the adhesion energy of EPS-CM to soil surfaces

Another objective in this research was to quantitatively deterthimeadhesion

energy ofArthrobacter viscosuso the different soils based on the initial microbial broth

added surface areas. Using equation 56 developed in chapter 2, the adhesion @nergy of

viscosusin each soil was determined to be in the range of -2.85?kd/r2.39 kJ/mi

These results are mostly in agreement with those estimgteéddsdrecht et al. (1989)

who reported adhesion Gibbs energy of -2.5 kJamd -1.9 kJ/m for Arthrobacter

globiformisandArthrobacterstrain 177 respectively.

The adhesion energy observed in

these microorganisms has also been widely attributed to their yamo@olproducing

ability (Loosedrecht et al. 1987; Palmer et al. 2007; Stenstrom, 119887 bnd Gould,

1990; Loosedrecht et al. 1989; Loosedrecht et al. 1990; Loosedrech2@d2). From

the results obtained, the relationships between the adhesion enerdgdSoéartd soll

treatment are shown in Figure 76, 77, and 78.
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8.6 Determination of deformation indices of EPS-CM amended soil samples

In order to test the hypotheses presented in this researchresjiect to the
expected increase in soil resistance to deformation based o $€MH treatment, the
deformation index of each soil was determined based on the EP®@ntration and
cohesion observed in each soil. These indices were quantitativiedymdeed using
equation 29 developed in chapter 2 and the result is shown in Figur@hi$.result
follows the pattern of the hypothetical relationships shown in Eigumwhich indicates
that an increase in the deformation resistance indices ocdihwrsme based on the EPS-
CM concentration and cohesion. In the silty clay soil, it is showgu(Ei 79) that a
deformation resistance indé& in the range of 401 to 1500 can be obtained based on
initial microbial concentrations of 5 to 25 ml/g of soil. Thisulealso shows that while
the production and/or use of EPS-CM in silty clay soils improver ttesistance to

deformation, this resistance is not infinite and it expected t@afaiome point. In sandy
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clay and sandy silty clay soils there is a moderate inergathe regime values but are
still not significant compared to the silty clay soil.
8.7 Determination of coefficient of soil failure

In addition to the determination of deformation index, equations 31, 32, and 33
developed in chapter 2 determine a dimensionless coefficientlwiefa that indicates
the susceptibility of soils to failure due to decreasing sheamgth, cohesion, frictional
resistance, and EPS-CM concentration in each soil. In athtke soil samples used in
this research, it is shown that this coefficient decreaséls wmcreasing EPS-CM
concentration. As shown in Figure 80, the initial coefficient of failigrlower for silty
clay soil (0.18) compared to sandy clay soil (0.23) and sandyc$dty soil (0.21) but
generally, this coefficient decreases to about 0.07 in ak thods treated with EPS-CM.
The smaller this number, the less susceptible the soil is tat@btiailure due to stress,
therefore the less likely to form dust.
8.8 Determination of friability indices

Following the modification made on the equation developed by Utomo and
Dexter (1981) that the friability of soils based on their aggeegaength and volume,
equation 37 developed in chapter 2 has been used to quantify the frialdidikyof each
soil based on their EPS-CM content, shear strength, bulk volume, anthtedt
cohesion. As shown in Figure 81, the friability indices of theetlseils used in this
research decreases with increasing microbial broth contientf@nce, increasing EPS
production. This is in agreement with the Figure 6 that showed a hypothetidahsgt
between these parameters. Based on the data obtained, a lowyfriatddx indicates a
less propensity of the soil sample to fail under stress leadidgsting. The result also
shows that friability in silty clay soil is lower (0.008 to 0.001) for silty clay sompared
to sandy clay (0.0105 to 0.003) and sandy silty clay (0.009 to 0.002) soils.
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8.9 Statistical Analyses

Based on a significance level of 0.6, Table 7 shows that thdat@mnebetween
all broth volumes and the EPS produced in the Haggstrom media geifecant at all
times except at 240 hr, 264 hr, and 336hr. The correlation betweenthalvbiumes and
the EPS produced in the silty clay soil was significant diralts except at 24 hr, 120 hr,
and 144 hr (Table 8). The correlation between all broth volumes andP&@rfeduced in
sandy clay soil was significant at all times excep2thr, 48 hr, and 144 hr (Table 9)
while the correlation between all broth volumes and the EPS produdkd sandy silty
clay soil were significant at all times (Table 10).

Based on ANOVA testing for significance ak®.05, cohesion was significant in
silty clay soil based on control and EPS-CM treatments whilé lreatment showed no
significance (Table 11). Conversely, no significance was obséeteceen cohesion and

the treatments in sandy clay soil (Table 12). In sandy dlity soil, significances were
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observed between cohesion, broth treatments, and EPS-CM treatmetas nehi
significance was observed between the control and cohesion (Table 13).

Further correlation analyses between cohesion and desiccationtimea!lsoils
indicate that the relationships between these two factors gmdicant as shown in
Tables 14, 15, and 16. From these results, it can be inferred that doataoh broth
(with bacterial cells) used in combination with Haggstrom medigspa significant role
in the quantity of EPS produced. Similarly, the cohesion and desicaatiserved in the
different soil types are dependent on the type of soil statizdreatment applied in

such soils.

Table 7: Correlation results showing the significant effect of EPS produced in
Haggstrom media based on time. Valu@s$ indicate significance.

Broth (with cella) va._Mean Ef Signiieance
24 hi 0.98¢
48 hi 0.97i
72 hi 0.98¢
96hi 0.97i
120 h 0.66
144 h 0.61;
168 h 0.98¢
192 h 0.74¢

216 hr 0.96(
240 h 0.54:
264 h 0.441
288 h 0.66¢
312 h 0.59¢
336 h 0.42(
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Table 8: Correlation results showing the significant effect of EPS producedty iclasy
soil based on time. Value®.6 indicate significant results

Correlation Factors Significance
Broth (with cells) vs. Mean EPS
24 hr 0.145
48 hr 0.863
72 hr 0.694
96hr 0.956
120 hr 0.377
144 hr 0.286
168 hr 0.758

Table 9: Correlation results showing the significant effect of EPS produsaddy clay
soil based on time. Value8.6 indicate significant results

Correlation Factors Significance
Broth (with cells) vs. Mean EPS
24 hr 0.503
48 hr 0.258
72 hr 0.694
96hr 0.854
120 hr 0.882
144 hr 0.140
168 hr 0.649
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Table 10: Correlation results showing the significant effect of EPS producanddy s
silty clay soil based on time. Value%.6 indicate significant results

Correlation Factors Significance
Broth (with cells) vs. Mean EI
24 hi 0.63¢
48 hi 0.64¢
72 hi 0.92¢
96hi 0.84¢
120 h 0.88:
144 h 0.83¢
168 h 0.69¢

Table 11: Results of analysis of variance ANOVA indicating the significahce
cohesio@ in silty clay soil based on treatments. Valgegs 05 indicate
significant results

Sourct DF ANOVA SE | Mean Squal FValue Pr>F
Contro 4 663.784256 | 165.946064 17.9¢ 0.000:

Broth conter 4 282.898906 | 70.724726 1.9C 0.186¢
EPS-CM 4 260.4006012| 65.1001503 0.87 0.0516
conten
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Table 12 Results of analysis of variance ANOVA indicating the significance of
cohesio@ in sandy clay soil based on treatments. Vatu@95 indicate

significant results

Sourct DF ANOVA SE | Mean Squat FValue Pr>F
Contro 4 12.9032410 | 3.2258102 1.9¢ 0.178¢

Broth conter 4 270.433964 | 67.608491 1.1t 0.386¢
EPS-CM 4 0.20112648 | 0.05028162 2.11 0.1547
conten

Table 13: Results of analysis of variance ANOVA indicating the significahce
cohesio@ in sandy silty clay soil based on treatments. Vaiu@<95

indicate significant results

Sourct DF ANOVA SE | Mean Squat FValue Pr>F
Contro 4 12.9032410 | 3.2258102 1.9¢ 0.178¢

Broth conter 4 469.023649 | 117.255912 3.32 0.056:
EPS-CM 4 0.25509103 | 0.06377276 4.46 0.0252
conten

Table 14: Correlation results showing the significant effects of cohesidesittation
in silty clay soil based on time and treatment. Vaki@s indicate significant results

Correlation Factors Significance
Cohesion vsePS-CM
24 hi 0.97¢
48 hi 0.84:
72 hi 0.961
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Table 15: Correlation results showing the significant effects of cohesiorsmeatéeon
in sandy silty clay soil based on time and treatment. \faluésndicate
significant results

Correlation Factors Significance
Cohesion vsePS-CM
24 hi 0.96¢
48 hi 0.95(C
72 hi 0.99¢

Table 16: Correlation results showing the significant effects of cohesiorsmeateon
in sandy clay soil based on time and treatment. \falluésindicate
significant results

Correlation Factors Significance
Cohesion vsePS-CM
24 h 0.977
48 hi 0.84¢

72 hi 0.961




CHAPTER 9: CONCLUSIONS AND FUTURE WORK

9.1 Practical significance of the results

In field applications of dust control technologies, an important composéhei
cost effectiveness and the environmental sustainability of semitmadlogies. In this
present capital driven economy, cost is usually associated and euamifterms of
material acquisition and heavy road equipment supply. Little otteoten is paid to the
environmental cost of applying of harmful chemical dust suppressaetgpbsed soils,
which is their potential to degrade into more toxic substancésanacontaminate both
aguatic and terrestrial environments. Furthermore, the use of extragatilylsaccharide
as alternative to chemical dust suppressants is one technoktglyath been shown to
involve less expensive equipment and materials for large saadugtion and
application. Currently, biopolymers are daily produced in huge amounts by
microorganisms in aerobic digesters of waste water treatpd@nts and in bioreactors.
So it is possible to set up a bioreactor with a good amoukttiafobacter viscosuas the
main microorganism thereby, enabling them to produce enough EP&nha¢ extracted
and applied as dust suppressants and erosion control additives. Thealgsadtichis
approach in terms of cost and implementation is obtainable.
9.2 Conclusions

Models and indices for predicting the effectiveness of EPS Inligtag surface

soils against dust generation have been developed. The application omtiteds can
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be an effective tool in the determination of the amount of EPS @ohbial broth needed
to stabilize a defined area of exposed soil as well the amoustaloility that can be
achieved based on the soil type. The use of EPS as an alternapedytmier to other
synthetic dust suppressants and the so called “biodegradable polynetbideamajor
advantages:
1. The environmental hazards arising from the use of synthetic dusessppts
are removed.
2. Large scale production of EPS is feasible as evidenced in WWAGP
bioreactors.
3. This technology promises to be cost effective.
These advantages make the use extracellular polysaccharidefaoe il stabilization
more attractive and safe. Based on the pilot tests, data obtamedh field simulation
tests performed in the laboratory, and data analyses in thémroh, the following
conclusions are made.
1. Based on the cyclical production pattern of EPS in the Haggstraiia rard
the different soils, no conclusion can be made on the microbial broth
concentration required for optimum EPS production. However, results
indicate that EPS production in soil By viscosuss more efficient in silty
clay soils than sandy clay and sandy silty clay soils.
2. The amounts of EPS produced in both Haggstrom and soils by varying
amounts of broth (with cells) indicate that a relationship gxist these
parameters.

3. A direct application of EPS-CM to the soil samples showed aerbett
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correlation between soil strength parameters such as cohesuaignél
resistance, shear strength, strain at failure, and desiccatmopared to direct
application microbial broth (with cells) and the control.

. From the results of unconfined compression and direct shear testssed
cohesions from 37 to 45 kNfmoccurs in EPS amended silty clay soil
compared to maximum cohesions of 27 kRland 24 kN/m obtained for
sandy clay and sandy silty clay soils. Compared to control samittiée
increases of 15 kN/fror no increased cohesions are obtained.

. Generally, frictional resistance decreases with increasargentrations of
microbial broth/EPS.

. In unconfined testing of soils treated with EPS/microbial brotlgemeral
trend of decreasing strain with increasing concentration ofrsaiiment and a
trend of increasing strain with time is obtainable.

. In silty clay soil treated with EPS a deformation of 0.34 to 0.20 flasn1 to
day 3 at EPS concentration Of 5 mL/g of soil but at higher EPS concentrations,
these values tend to increase and decrease with time indigatiagions in
this soil behavior with time. Lowest deformation of 0.25 occurslig sliay
soils treated with 25 mL/g soil of EPS compared to sandy cddysandy silty
clay soils. Therefore, lower deformation indices are obtainedtynctay soils
compared to sandy clay and sandy silty clay soils.

. Effective porosity in EPS/microbial broth amended silty clay cmtinues to
decrease with time due to continued EPS productioi byiscosuswhile

changes in effective porosity with time in sandy clay and saiitlyclay is
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not consistent therefore increases with time.

9. Deformation resistance indices increase in silty clay, satay and sandy
silty clay based on EPS treatment but this index is more signifin silty
clay soil samples compared to sandy samples.

10. Friability indices decrease in silty clay, sandy clay, sawdy silty clay based
on EPS treatment but this index is more significant in silly sloil samples
compared to sandy samples.

11.For a drying duration of 72 hours (at temperature of°G7and relative
humidity of 34 %), EPS amended silty clay soils retained 5 % ihopril
with time under desiccation tests compared to sandy clay and silty clay soil

Generally, it is known that silty clay soil samples are niikedy to form dusts

than sandy clay and sandy silty clay soils. However, thesdtgeshow that silty clay
soils amended with EPS-CM through both direct injection of EPS pruglunicrobes
and direct EPS-CM application display more resistance to dasit@nd failure under
stress therefore, are less likely for form dusts comparedet@ther soil types. Again,
failure of the EPS amended soils can be defined in terms of maxstnength based on
secant or tangent moduli of elasticity, which will be the famusubsequent analyses of
further study. In this study, a 14 day monitoring of EPS productidtaggstrom and
soil media was not enough to draw a meaningful conclusion on the optinotim(\rth
cells) concentration required for optimum EPS. Furthermore, BRIl is subject to
various environmental factors that lead to their degradation, whashnat monitored in
this research. More studies are needed in these areas a3hveekbxperimental results

suggest that EPS stabilization of soil against dust generataependent on various soil
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stresses pertinent to typical Civil and Environmental Engineevorgs. Finally, the use
of the method developed in this study following field verification nyasid more
accurate estimates of dust generation potentials of differdst aod thus need further
investigation.

9.3 Future work

The use of EPS as a surface soil stabilization materiatilisa simulated
experiment performed in the laboratory for now; more researnbaded to investigate
the possibility of a large scale production of this biomateriakdat time applications.
For this technique to be successful, a genetically mod#Arkdrobacter viscosusnay
need to be developed to ensure maximum EPS production both in the fieldligoddin
media.

Since this is fermentation process, appropriate technologie®deamdo control
the odor emanating from the production of this biopolymer in liquid metia.ute of a
respirator is not enough protection from this strong odor. Weariagiater may seem a
little bit extreme therefore, the construction of a large ilai@n system over the EPS
production media should be considered. This will undoubtedly affect the ofost
production but the environmental benefits will offset this.

The amount of EPS produced in soil has been quantitatively investigatied
research using different microbial broth concentrations; the seconse pbfa this
guantification process should involve monitoring the degradation proce$3SoinEsoil
with time and this will require using new technologies as.widle following journal
articles are expected to come out of this research,

1) A conceptual model of soil strength changes due to secretions db\ESS
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microbes.

2) Cyclical persistence oArthrobacter viscosug soil as an indicated by EPS
fluctuations.

3) Using desiccation of EPS-amended clayey soils as an index esftjabtdust
suppression.

4) Scaling of the effects of microbial activities on soil stranghd stability: A

review.
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TGA results showing (a) Sandy silty clay soil; (b) Silty clay soil
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Figure TGA results showing (a) Sandy clay soil; (b) 2 g/L EPSin soil
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TGA results showing (a) 4 g/L EPSin soil; (b) 0.5 g/L EPS in soil
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TGA results showing (a) 4 g/L EPSin soil; (b) 0.5 g/L EPSin soil
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TGA results showing (a) 40 g/L EPSin soil; (b) 80 g/L EPSin soil
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TGA results showing (a) 100 g/L EPSin sail; (b) 40 % broth production of raw EPS
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TGA results showing (a) 10 % broth production of raw EPS; (b) 20 % broth production

of raw EPS
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TGA results showing (@) 40 % broth production of raw EPS; (b) 60 % broth production

of raw EPS
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TGA results showing (a) 80 % broth production of raw EPS; (b) 100 % broth production

of raw EPS
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TGA results: (a) 10 % broth production of EPS in soil; (b) 20 % broth productions of

EPS in soil
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TGA results: (a) 30 % broth production of EPS in soil; (b) 40 % broth productions of

EPSin soil
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TGA results: (a) 50 % broth production of EPS in soil; (b) 60 % broth productions of

(b)

EPSin soil
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TGA results (a) 70 % broth production of EPS in soil; (b) 80 % broth productions of EPS

in soil
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TGA results: (a) 90 % broth production of EPS in soil; (b) 100 % broth productions of

EPSin soil
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TGA results showing (a) 25 % EPS in Sandy silty clay soil; (b) 5% EPSin silty clay soil
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TGA results showing (a) 20 % EPS in sandy clay soil; (b) 20 % EPS in silty clay soil
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TGA results showing (a) 10 % EPSin silty clay soil; (b) 10 % EPS in sandy clay soil
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TGA results showing (a) 10 % EPS in Sandy silty clay soil; (b) 15 % EPSin sandy clay

s0il
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TGA results showing (a) 15 % EPS in Sandy silty clay soil; (b) 15 % EPSin silty clay

soil
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TGA results showing (a) 20 % EPS in silty clay soil; (b) 20 % EPS in sandy clay soil



APPENDIX B: GRAPHS OF UNCONFINED COMPRESSION TESTS FOR

SILTY CLAY SOIL
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Unconfined compression result of silty clay soil treated control at day 12
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Unconfined compression result of silty clay soil treated control at day 11
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Unconfined compression result of silty clay soil treated with microbe at day 2
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Figure Unconfined compression result of silty clay soil treated with EPS at day 5
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Figure Unconfined compression result of silty clay soil treated control at day 9
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Unconfined compression result of silty clay soil treated with microbe at day 14
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Unconfined compression result of silty clay soil treated with microbe at day 10
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Unconfined compression result of silty clay soil treated with EPS at day 7
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Unconfined compression result of silty clay soil treated control at day 1
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Unconfined compression result of silty clay soil treated with microbe at day 13
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Unconfined compression result of silty clay soil treated with microbe at day 7
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APPENDIX C: GRAPHS OF UNCONFINED COMPRESSION TESTS FOR SANDY
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Unconfined compression result of sandy clay soil treated with microbe day 6
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Unconfined compression result of sandy clay soil treated with microbe day 14
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APPENDIX D: GRAPHS OF UNCONFINED COMPRESSION TESTS FOR SANDY
SILTY CLAY SOIL
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Unconfined compression result of Sandy silty clay soil treated with EPS at day 1
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Unconfined compression result of Sandy silty clay soil treated with EPS at day 10
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Unconfined compression result of Sandy silty clay soil treated with microbe at day 6
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Unconfined compression result of Sandy silty clay soil treated with microbe at day 13
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Unconfined compression result of Sandy silty clay soil treated control at day 3
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APPENDIX E: GRAPHS OF SHEAR STRENGTH TESTS ON SOILS
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Shear Stress (ksf)
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Shear Stress (ksf)
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Shear Stress (ksf)
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