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Abstract

The main objective of this study was to experimentally investigateMtie-Coulomb
strength parameters of masonry sand mixed witfingaramounts of water and lignin. Lignin is
a plantderived biomasswhich is aco-product of biefuel prodution. It exhibits binding
gualties when mixed with water thus making it an ideal candifbstsustainable notraditional
sand stabilization.

An experimental program was devised and carried out to quantifgothpaction and
early agestressstrain ad dilatancy esponses of sarignin mixes The program included sieve
aralysis, Atterberg limit tests, standard Proctor temtel direct shear tests. The experimental
results were used to find the cohesion tedangle ofinternal friction of the testd materia)
therefore determining the influence of the amount of lignin and veat¢ine strength of the
samples. An extensive data analysis was subsequertlijnpleted to gain deepanderstanding
of the umlerlying strength gain mechanism.

It was found hat thenormalized cohesion beneft dueligmin is contolled by two
variables; water to lignin ratiand voidratio. The lignin and water createpastewhich
providesparticle bonding ahe contacts of sand partiglethus increasing the stredseaing
cross sectional area. Increase in the portion of-@estional area occupied by water and lignin
normalized bygravimetrc lignin content,increass the normalized cohesiamp to a point, while
the cohesion per gravimetric lignin content decreastbstie increasing eearatio. This in turn
indicates that cohesion increases only uf%oof lignin, beyond which it starts to decrease due
to the presence of too much fine material withime pores. The presence of lignin in the pores
consistentlydeaeases the angle of internal friction. However, for all configurations with lignin
tested hereincohesion was larger thdar dry sand, thus indicating strength beneditdow

confining pressueor at normal stressdselow the so-called limiting normalstress.
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Chapter 1 - Introduction

It is the inherent instability of dry sands at loanfining pressures that necessitates
maintenance of unpaved roads, which often serve as the main transportation lifelines in rural
areas. In Kansas alone there iaw@e than 98,00fhiles of unpaved gravel roads, which
comprisesabout 72.9% of the total oad mieage in the statend accounts for about 10% of
annual vehicle mies travelddissanayake et al, 2009. Sloped embankmentswvhich are
highly susceptible to erosion and require occasional maintenasacealso be found along most
roadways.

Tradiional methods of stabilizing soils to improve strength and durability of unpaved
roadways have included the use of cement, lime, fy ash, and asphalt emulsion [Netwatan,
2004]. Although these materials are relatively inexpensive ande@apply, bey require
intensive indistrial processes to manufacture and have not been fourglafosbbstantial benefit
to sity, sandy soil typesdNewman,et al, 2004. Recently, a variety of netradttional soil
stabilization additives froncommercial sectorsalve proved viable such as polymer emulsions
acids, lignosulfonate derivatives, enzymes, tree resin emulsions, and sjidatesan, et al,

2004] Other recent studies have investigated the use of alternative materials, such as a rapidly
renewable resoce ke compostfor prevention of erosion of sandy and sity s@ieddi, et al,
2010}

Lignin is an essentiatomponent of alprimary plant life that bondshe cellulose fibers
togetherin plant cell walls,whereby the later provide thensile stregth. Lignin is the second
most abundant biological material on the planet, exceeded only by celulose and hemicellulose
and comprising 125% of the dry weight of woody plants [Ragauska811. Though lignin has
long been known as a-qwoduct of the pagr industry, it has only recently becomeca-product
of the biofuelindustry. The most common use of lignin today is as a dust pallative, however in
the future lignin could prove to be an effective and sustainable method for preventing slope
erosion angossibly as a stabilizer for paved road beds and slopes.importance of lignin
could alsoincrease substantially in the future due to its statushighly sustainable and rapidly
renewale material The sustainability of soil additives is acreasing topic of relevance. For

example, the production of cement, a common soil additive, accounts for approximately 5% of
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marrmade carbon dioxide emissions to the atmosphere, making it a major contributor to global
greenhouse gas emissions [DCN Digital e@011].

Consequently, tiis ofaparticular interest to assess the increase in cohesion and any
accompanying changes in frictioof soitignin mixes in comparison to dry sand$o this end
the first phase dahis research, where the main goal waseaskg strength benefits of sand
lignin mixes immediately upon mixing, has been completed. This wil provide baselires valu
for a future study, whosgoal wil be to assess the strength benefits after different periods of air
drying. During the testingprogram visual and tactile observations indicated that the ligainl
mixtures rapidly gained stiffness and strength due to air drying. A quantitative assessment of

these gains is presently being carried out and wil be the subject of another M.S. thesis

1.1 Scope of Work
The scope of the work for this studhcludes the following

A backgraind investigation of lignin.
The preliminary material characterization.
The direct shear testing.

Analysis of direct shear test results.

ok 0N PRE

Conclusions & Recommendati®n

The background investigation consistedredfiewing sources of information about
ligniné dhistory, productio, usage and previous reseasthdies. Whie lignin has long been a
marketed product, it has primarily been used for smal, specific usea.re&sit, most
information collectedis produced by lignin manufacturers or as a portion of a larger piece about
wood pulping and paper production. A limited amount of case studies were found as part of the
background investigetn and are reported on @hapter 2.

The preliminary charaterization of materials was performed by means sieve analysis,
standard Proctor testingind Atterberg limits tests. Thetrength characterization was carried out
by direct shear testing. Tigeve analysis was condedt on the ovewlried, masonry sand
obtainedfrom Midwest Concrete Materials in Manhattan, ,kKi8d was used in all tests herein
Standard Proctor tests were conduabedix different combination of sand and gravimetric

lignin content; 0, 2, 4, 6, 9, and4%. The results of ther&ctor tests provided a basis for
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planning of the direct shear testing program. Atterberg limit tests pegfermed where
possible, to determinevhether the sanjnin mixes exhibited any clake behavior.

The direct shear $ts were conducted on tk& gravimetric lignin contentsThe samples
containing lignin were testeat five different configurationswhie tests on sand alone were
performed at only three different configurations. All samples were testie@ differen normal
stresses for a total of 14€sts. The samples wettaroughly mixed individually before each
direct sheatest in a bowlcarefully placed in the direct shear box, compadie@ predetermined
value of relative compactioand then mounted insidéhe apparatus. Moisture contents were
determined by placing portions of the mixed sample in the oven for drying liifece shear
tests. Additionally, portions of direct shear samples were placed in the oven upon the
completion of tests fodirect deermination of moisture contenest the end of tests

The cohesion and angle of friction were deteeahi based on the measungeak shear
stress The results of direct shear tests were subjected to further extensive analysis in order to
gualitatively andquantitatively assess tmeechanism of the coheriogain and accompanying

changes irfriction.



Chapter 2 - Background

Lignin is a part of plant biomasshere it forms a bicomposite together with cellulose
fibers. While the fbers provide primarily tensdérength, the lignin bonds the fibers together.
A widely available and abundant material, igns traditionally extracted from wood bthe
pulping process necessary to create pabignin used in this study is also known as calcium
lignosulfonate. More recently, lignin hasalso been extracteals a ceproduct of biefuel
production. Lignin has been produced and marketed for several decades, mostly as a niche
product without a broad industrialse As an environmentally friendly, hiyh sustainable
resouce that is widely available, it seems lke only a matter of time before lignin is utlized for a

larger purpose.

2.1 History

Lignin was first discovered by Anselme Payen in 1838discovered that treatment of
wood with nitric acid and an alkaline saiuti yielded an insoluble residue he referred to as
Acellul oseo and[Whngs201d.llte dvasmédét uutnamtd s | ater, i
designated these incrustants as lignin, a ter
Awo odo tohna by the &wiss botanist Augustin Pyramus de Candolle in[GBd$ser,
2000] Extensive workhas beemlone folowing the inttial experiments of Payen to find ways to
selectively stabilize lignins with either sulfurousidaor alkaline solutionsn order to separate
useful cellulose fbergGlasser 2000J. In the years that followed until nova myriad of
research papers have been produced in the field of organic cheleeiing to the discovey
andfundamental knowledge of the chemical structurdigiiin.

Lignin has been used to suppress dust emisdions unpaved roads America and
Eur ope si n{Cabindeh 20011 Bu& @ndissions are a concern for several reasons.
Dust can carry unwantedhemicals and other irritants into the eyed lngs of humans as well
as animals. Dust can also obstruct visibility on roads, particularly near construction sites, and
cause accidents [Muckel, 2004pttially, raw lignin solutions (liquor) were taken from pulp
mills and sprayed on unpaved roddsuppress dugGlasser 200Q. This practice was
valdated when rese&h showed that lignosulfonates bind soil particles together and draw air

from the atmospher@.e. hydroscopic)to maintain a measure of moistness in unpaved roads,
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therefore reducinglust generatian It has also been established that lignosulfonates applied at a
higher rate and deeper mixing level can be used to stabiize subgrade or base materials
containing fine particles, providing a firm, mostly dirse surface Kestler, 2009] Lignin is
also widely used for stabilization of parking lots, driveways and road shoulders, as a more
economical alternative to pavemg®eed. It should be noted, however, that while lignin has
been extensively used for several decades, lttle rdséacbeen done concernitige strength
and stability ofsandlignin mixtures.

The use of ligninhas not been limited to roadwaypplications. As far back as the 1880s
lignin was used in leather tanning and dye bfitis 200Q. Lignins have been used food
products, used as emulsifiers in animal feed and as a raw material in the production of vanilin, a
widely used ingredient in food flavor, in pharmaceuticals and a fragrance in perfumes and odor
masking product s Ilike pfopestyofdigiiim bas made the méterial Laaiseful
component in the making of charcoal briquettes, ceramics, linoleiste, gywood and particle

board

2.2Production

Lignin is produced as a kyroduct of wood pulping, produced by two different methods;
sulfate (&0 known as kraftand sulfite pulping The primary difference between the two types is
in the chemicad used in the process. The chemicalsuaesl to dissolve the ligninvhich makes
up approximately 25 percent of the wood) createpulp and liquor[Brady, et al, 1999.

After the fAdigestiond stage, Awashingo is dir.
Washing removes the weaker black liquor from the pulp which is sent to the chemical recovery
process.Dilute liquor is treated and ooentrated to 5&0% solids by evaporating water. From

this base material, the products known as lignins and lignosulfonates are priiRhgmaskas

20117]. Figure 21 shows the pulp process in more detall.

Recently, an interest in using biomass as acsodf lignin has significantly increased
Agricultural biomass conversion to produce biofuels, such as etHaa®lbeen a rising trend in
the industry. A major source of biomadsr cellulosic ethanol in particularis corn stover, the
residue of cormarvesting. Itis estimated that approximately 75 million dry tons of corn stover

are produced annualljFox, 2006] which would go to waste since there is no other practical



industral use for the product.Of this amount it isestimatedthat 11.4%o0f the content contains
lignin, therefore corn stover could provide 8.5 million tons of lignin a yfaox, 2006]

Similar to wood pulping, chemicals are used to separate lignin from biomass. A weak
mineral acid is used to pretreat the biomass then thelsaifade is depolymerized and extracted
by either continuing acid hydrolysis or by enzymatic treatment. In a second process known as
steam explosion, the biomass is briefly subjected to high pressure and temperatt2860{€)0
before being rapidly relead to atmospheric conditions. The lignin can be extracted by aqueous

alkaline solvents [Fox, 2006].
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2.3 Environmental Impact

The impact on the environment from applying lignosulfonates has been found to be
negligible [Adams, 1988] Lignin has been applied to roads, used as an ingredient in animal
feeds, ancevenused in many humaifoods for decades without incident. Thereno presence of
dioxins (toxic chemicals acquired from paper bleaching prasess any other organics present
at hazardous levels in lignin. hig is nontoxic to animals, however minor irritation could
occur if exposed to eyes or directly to skine to its extremely small particle siz®ata
indicates that there minimal risk of groundwater contaminatioat cacentrations oless than
10 kgper square metgStepanian and Shea, 1986].

The effects of corrosion from lignihave considerably smalle consequence than those of
other chemical treatments typically used for dust suppression such as catkuiae or
magnesium chloride [Adams, 1988ecause of the nature of their bonding mechaniigmins
mix with soils to form cohesive bonds. Theoeé lignin, as a treatmentis not as easily
transferable as, for examplealcium chloride, where the chemical is loosely concentrated on the

surface ands more readily passed to automobiles.

2.4RecentWork
Whie work concerning lignin as a sustainaladditive to road building materials has
been Imited, the studies recently completed rewavn that it ieffective. The following

briefy summarizes tweuccessfulfield studies and some laboratory investigations.

2.4.1 Federal Highway Administration Wdlife Refuge Studies

The Federal Highway Administratio(FHWA) has recently taken some interest in
investigating thgpotential of lignin as an unpaved road surface stabilizéliting the problems of
dust generation from road user trafic and overalicdify of maintenance for unpaved roads,
the FHWA hadunded two studies to broaden tHaowledge about dust control productsignin
was compared to several other producibe frst study took place at Buenos Aires National
Wildlife Refuge in soutftertral Arizona in October 2005while the Seedskadee National
Widlife Refuge in southwestn Wyoming was the location of the second study, which took

placein September 2008



In the first studyat Buenos Aires National Wildlife Refug&urdahl, et al 2009, six
different road stabilizer and destippression productsere appliedto a surface course
comprised of borrow material classified as poorly graded sand by AASHTO and ASTM
classification standards. The duration of the study 24asionths The interibn of the study
was to evaluate the six products for ldagn performance. The investigat sought to rate
each producperformancein dust control, rutting, washboarding, raveling and soil stabilization
over a 24month period. Of the six productsyo were lignin based; magnesium/lignosulfonate
mixture and aignosulfonate productThe performance of the materials was monitored- at 6
month intervals for 2 years starting after the first 6 months folowing application.

Al products were applied todepth of 6 inchesn windrows; blade mixed, and then
compacted with a 9.4 Mg (1®n) 9-wheel pneumatic roller. The application of the lighased
products was done by blading off 3 inches of top material andomied! to the side of the road.
The prodict was then applied to the bladed surface in two passes, with the 3 inches of bladed
material replaced folowing applicaton. The products were then applied again to the top surface
of the replaced material in three pas$eliowed by addtional bladingor leveling. Finally, the
material was compacted with aheel pneumatic roller [Surdalét al 2005]. The process can

be seen in Figures-2through 24 below.



Figure 2-2: Spray application of Lignin product to bladed surface[source: Surdahl et al,
2005].

Figure 2-3: Blending of borrow material with lignin product [source: Surdahl et al, 2005]
10



Figure 2-4: Rolling and compaction of blended material surfacgsource: Surdahl et al,
2005]

The monitoring consisted of visual inspection, Dynamic Cone Penetrometer tests, sit
load evaluations, nuclear density gauge readings, and GeoGage Soll Stifres©wvesil, the
lignin products performed wel. The products were approximately average in terms of visual
inspection, above avage in stabiization performancand average in reie cost and
application rate [Surdahkt al, 2005].

The second studgit Seedskadee National Wildlife Refuffgurdahl, et al, 2008Jused the
same lignin hsed products, agnesiurdignosulfonate and lignosulfonate, as in the Buenos
Aires study. At this site the surfacing material was classified as-dnbAmaterial, defingé as
wel-graded finer stone fragments, gravel and santhdASHTO M 145 classification
system. This soil fell into three classifications by the ASDN487standard; poorly graded
sand with sit, poorly graded sand with clay, and sity clayey sahdseTclassification
differences were not thought to be significant.

In the Seedskadee NWHal, application of the lignin productsvas processed by

scarification of the aggregate surface course to 5 inches depth with the grader whie the water
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truck addd 2,320 gallons of the product solutiothe water truck then attached to the front of a
CMI 650 pulverizer where the solution was applied to the surface course through liquid
dispersion nozzles as it was miled to a 5 inch depth. The mixture was #usd gnd rolled
[Surdahl, et al 2008].

In this trial the lignin products consistently ranked near the top in the same inspection
parameters of visual inspection, physical inspection, relative cost and applicatias ttae
Buenos Aires NWR tria[Surdaly et al, 2008].

Al

Figure 2-5: Application of Lignin -based product at Seedskadee National Wildlife Refuge

[source: Surdahl et al, 2008].

Possible drawbacks to the FHWA studies are the environimewhich they were
applied, lesstraveled widlife preserves imostly dry clmates. Although dry climate is typical
for both of these locations, Seedskadgperienced more precipitation and wind than Buenos
Aires during the course of these studi#ghile these teidies were set in somewhat ideal locales,

the potential of lignin as a soil stabilization and dust pallative material was demonstrated

effectively.
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2.42 lowa State University

An investigation ofeffects of lignin in in the form of oil and powder, botrgled from
biomas, on claywas recently completed at lowa State Univerg@eylan, et al, 2010] The
intent of this study was to determine whether or not lignin provided a significant strength
improvement. The trials found that strengths comparableoils enhanced with fly ash could be
achieved with the combination of a liquhsed lignin product and a powdered lignin product
added to clay and from the combination of the same Jdioagkd lignin product and fly ash
added to clay. It was concludedat lignin served as a suitable, erwineentally safe clay
stabiizer Ceylan et al, 2010].

2.4.2 U.S. Army Engineer Research and Development Center

An investigation of the stabilization potential ofmaist sity-sand material with twelve
nontraditioral additives was conducted at the U.S. Army Engineer Research and Development
Center in Vicksburg, MS. The additves investigated in the study were 1 acid, 4 enzymes, 2
lignosulfonates, 1 petroleum emulsion, 3 polymers, and 1 tree rBs#.authors oftie study
choose to omit the product names of the materials used.

Each mixture wa represented by six specimens. Two specimens were allowed to cure
for 1 day, two were allowed to cure for 7 days, and 2 were allowed to cure for 28 di@es.of
the specimas were subjected falryd unconfined compression testing, one for each curing
period The remaining three were subjectedit@® unconfined compression testing in which
the cured specimen was soaked in water on one side for 15 minutes and then alldvedl for
5 minutes prior to testingThe sitysand was uniform throughout testing, with the water content
being equal prior to the addition of all additives at the desired amount.

Neither Lignosulfonate 1 ndrignosulfonate 2 displayed a marked impnment over the
control sample in thédryo test. Lignosulfonate 1 showed improved unconfined compressive
strength for the wet conditipras well as a resistance to disintegration in the water
Lignosulfonate 2 began to disintegrate once plactedthe wagr for the wet test, which reduced
the unconfined compressive strength. Lignosulfonate 1 did show an increase in strength at 28
days over the control specimen, where Lignosulfonate 2 did not. This test would seem to imply
that curing time is a significdnfactor in the compressive strength gafrlignin-modified soils.

Curing time is a topic to be discussed in future research.
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Chapter 3- Material Properties

Materials used in this study include sand, lignin, and water. Folow up sections provide
more detailed desption of these materials.

3.1 Sand Description

The sandused in this studyvas obtained from MidwesConcrete Materials in Manhattan,
Kansas. A sieve analysis was performeaadonordance with ASTM D 422The coefficiers of
uniformity and curvature fadhe sandwvere found to bequalto 2.75and 1.45 respectively.
Thus, according to the Unified Soil Classification system, this sand is poorly graded (SP). The
specific gravity of the sand was found to be 2.64 by using the ASTM D 854 meffwmdrding
to ASTM D 2487this sands medium to fine sand tha& also known as masonry sand.

. 0
\

80

70

60 \
\ dgp=0.33 mm

50
\ dsp=0.30 mm

d30= 0.24 mm
40 \ dp=012mm — |

30 \
20 \
10

10.00 1.00 0.10 0.01
Grain Size, D (mm)

Percent finer (%)

Figure 3-1: Grain size distribution curve of masonry sand
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3.2 Lignin Description

The lignin used in this study is NorliA, a commercially marketed purified calcium
lignosulfonatebased producbbtained from Lignotech USA. It issed in a wide variety of
organic and inorganic industrial binding applications such as the agglomeration of imestone,
coal, ceramics and ferger. Other uses include, but are not limited to, dust control of unpaved
roads and stockpiles and as a-lowst dispersant of various substgatecluding gypsum and
concrete [Lignotech, 2008].

Norlig Ais a brown powder, with a pH value of 4.0. It @amé 0.4% sodium, 5%
moisture, 4.4% calcium, 5% sulfonate sulfur, 5% total sulfur, and 17.9% HPLC sugars with a
bulk density of 36 IbsAt

3.3 Water Description

Water used irthis study was nopotable water taken from the tapthe laboratory.

3.4 PhaseRelationships

The multiphase nature @ soitlignin mix is ilustrated in thgphase diagrams shown in
Figures 32, 33-3 and 34. In this studyHe typical constituents which aresold particles, water
and air areaugmentedby the additim ofalignin powder The lignin powder is a&enewable
material that may be considered as either an individual component or as a partition of the
cementationcomponent of the soil. Figure-Bilustrates the amposition of the soilincluding
sandsolids, lignin and \ateras separate constituent$igure 33 displays water and fign as a
single constituent whieFigure 34 depictsthe definitions of the degre®f saturatioa of each
constituent: lignin, water, and air The basic dfinitions andphaserelationshipsamong the

constituents in terms of massand volums folow the phase diagrams.
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Mass

Figure 3-2: Phase diagram showing separate constituents

Volume * Density = Mass

Figure 3-3: Phase diagram showinglignin and water as a single constituent
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Volume * Density = Mass

Figure 3-4: Phase diagramshowing various degrees of saturatiorand masses
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3.5Basic Definitions

Basic definitions describing the phasdationships are grouped in three sections

comprising volume, mass and volume/mass relationships.

3.5.1 Volume Relationships

3.5.1.1 Void Ratide)

D
1
<|<

3.5.1.2 Porosityn)

V, n
n=—-—n=—— and e=—
\ 1

3.5.13 Degree of Water Saturatio(5,)

e
VV

3.5.14 Degree of Lignin Saturation(S)

_V
S—VV

3.5.1.5 Degreef Air Saturation (S,)

and the following holds
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3.5.2 Mass Relationships

3.5.2.1GravimetricWater Conten{w)

3.5.22 Modified Gravimetric Water Conteniw)

Ivl_'vldry_ w
M

w=

dry 1+ CI

3.5.2.3GravimetricLignin Content (G)

M, w
WW/I - WW/I =— o W=
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1S,
Won = =<
G S

(Vw +VI +Va :1)
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3.5.3 MassVolume Relationships

3.5.3.1 Mass Density of Watér,)

w

M w
Vs =
VW
It is assumed that,= 1.0 g/cm = 62.4 b/

3.5.32 Mass Density of Sand Solidgs)

<

For masonry sand used in the stydy 2.6 g/cr = 162.24b/ft>

3.5.3.3 Mass Density of Lignin Solidg))

For this study}; = 1.6 g/cri = 99.84 I4ft® according to Lignotech USA Inc.

3.5.3.4Dry Mass Density} ¢)

20

(11)

(12)
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3.5.3.5Total Mass Density (ofoil-Lignin Mixture) (})

r=— (15)

3.5.3.6Dry Mass Density obandSolids and Lignin (} 4 s&)

_MS+M|

Fasal = v (16)

21



3.5.4 Derived Relationships
Based on the definition given in Egn. (15) and Fig. 3 the following is obtained:

r=@Q-nyr +nS,r,+nSr, (17)
or
r =[1- NG, +n(S, +SG)Ir,, (18)

and by substituting the exprams for vad ratio from Eqn.(2) the following alternate

expressionis obtained:

r:[GS+e(S\N+SGI)]rW (19)

l+e

Based orthe defintion given in Eqn(16),Fig. (3) and Eqgn. (18) the following is

obtained:
rg = [(1- n)GS +nSG, ] Iy, (20)

and by substitihg the expression for wbiratio from Eqn. (2jhe folowing alternate

expression is obtained:

- (Gs +eSG|)fW
l+e

(21)

S&I|
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3.6 Proctor Tests
Standard Proctor Tests (ASTM D 6#8ocedue A) were performed on the mof dry

sand lignin powderandwaterfor six different gravimetric lignin contents corresponding0%6,
2%, 4%, 6%, 9%, and 14%.

3.6.1 Standard Proctor Test Procedure

The testwas conducted by applying standarccompaction effort to samplesontaining
2500 grams of sand mixed withffefent quantities of lignin specified above. For each value of
gravimetric lignin content several different configurations having different water contents
defined by Eqgn. ) were tested. These constituents were thoroughly mixed and compacted in a

mold having a volume of 943 ém

3.6.2 Standard Proctor Test Results

Summary compaction curves fak tests are shown in FigureS3and 36. These figure
depict the experimentally observed relationship between the dry mass dpmsiybyEqgn. (4)
and noisture caotent w. The results of eadhdividual test are shown in Figuse3-7 through
Figure 3-12. These figures depict the zeaw-voids-curve (Z.A.V.C.), which represents the
relationship between the dry mass density and water content at zeomtaimt or when all voids
are completely filed with water and lignin. This state is not attainable by compaction. The
greater proximity of the Z.A.V.C. to the experimentally obtained compaction curve indicates that
a smaller amount of air is present e tvoids. In addition, the constant water and air saturation
curves are shown whereby the degrees of water and air saturation correspond to their values at
the optimum water contents. Figur8s/ through 312 also contain the detailed information
including void ratics, lignin and air saturatien and gravimetric water to lignin ragicat the
optimum moisture contest In addition, the values of the optimum moisture conterand
maximum dry densitiesre provided.

These results show that the maximum deysty of sandignin mix decreases with the
increasing lignin content indicating thée smaller amount of sand can be packed into the
standard volume size by using the standard compactive effort. However, the increasing amount

of lignin causes the inease in the dry mass density of sand and lig&omn. (21)] Furthermore,
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while the air saturation decreases the water saturation increases with the increasing lignin

content except in the case of zero lignin content shown in Figaie 3
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Figure 3-5: Summary of Standard Proctor Tests
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3.7 Atterberg Limit Tests

Liquid lmits (ASTM D-4318), of the san@gnin mix, were determined in this study
Atterberg limit tests are typically conducted for figeained soils However, the addition of
lignin to sand adds a quantifiable hesive quality making Atterberg limit tests relevaais a
supplemental art ofthe overall investigatianThe liquid limit test was conducted for all
gravimetric lignin contents excefor 2%, where the results provedonclusive. The plastic
limit testcould not be performediue to the noiplastic nature of the materialThe results of the
liquid limit test are presented in Figure13 below. Figure 314 shows that the increase of liquid

imit with increased gravimetric lignin content folows a nearigdr trend.
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Chapter 4 - Experimental Equipment, Techniques and Program

The program of direct shear tests was selected based wmstitis of theéProctor tests
and in an effort to assess the effect of void ratio and water content as well as water to lignin ratio
on the stength of ligninsand mixtures.

The direct sheatest is usedhereinto measure the friction angind, cohesion, which are
necessary for, faiure analysis of foundations and slopies shear strengthof a dry or fully

saturated sand or gravel may be expressed by the equation

U=06 ©& n (21)
where6 the effective normal stress acting on the failure surface

ud theeffective angle of internal friction of soll

The angle ointernal friction is a function of the relative density cbar®e grainedsois,
and theirgrain size, shape, amglain sizedistribution. For examplean increase in the void ratio
of sandwill result in a decrease of the friction angle. However, for a gven void ratio, an
increase in the angularity of tharel paricles wil producea higher value offs friction angle
[Das, 1997]
The direct shear test is desirable because it is known as the simplest, the oldest, and the
most straightforward procedure for measuring the shear strengthisof $be direct shear tes
has somalisadvantagesthe most immediatdeing the predetermined faiure planfHead,
1994]

4.1 Direct Shear Test Apparatus

The direct sher apparatusised in this study belongs ttee Geotehnical Laboratories
located in the Civil Engineering Depiamnt at Kansas State University. céinsists of a shear
box, two linear variable displament transducers (LVIBY , Sa nt ¥ pcel, digialairgut
head an autonomous data acquisition unit (ADU), and the loading/carriage assembly. The
prepared speten is transferred to the shear pakich is thenplaced into the carriage

assembly on the loading frame. The shearing of the specimen is edntoglithe digitalinput
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on the drive unit housingThe vertical and horizontal displacememkthe specimerare

measured by the two LVDTs. The horizontal force is measured by the load cel, sends the data
electronically to the ADU, which is connected to a personal computer that displays the test
progress in redime and stores the results. The computer Biis DS7 Geotechnical software

to facilitate the data recording and analysis. The specifications and dimensions of the direct

shear apparatus are provided in Tablg. 4
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Table 4-1: Direct Shear Apparatus Spedications and Dimensions[ELE, 2006]

Manufacturer ELE International
Model 26-2114
Max Specimen Size 100 mm

Max Design Normal Load |1000 kg

Specimen 60 mm square [100 kg

10:1 ratio Shear Force 2.8 N/mnf (272.5 kPa)
Max Design Shear Force |5.0 kN

Weight (approximate) 70 kg (155 Ibs)
(ALpErgX)'(mvf‘/t)e DImensions 1554 y 1135 x 1260 mm
Enclosure Metal casing with painted finis
Temperature 5°Cto40°C
Supply Voltage(s) 115 VAC 50/60 Hz

230 VAC, 50/60 Hz
Power Consumption 26W
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4.1.1Shear Box

The shear box is asplt mefar a me fAbox0 consistingheof an
inside, which houses soil samples, is rourihere are a total of six screws included and
associated with thehear box. Four Tefletipped screws are used to assist the procedure by
controling the space between the upper and lower parts, thereby reducing friction between the
two halves of the box. Two lockimin screws that are removed before testing are tasé&sten
the box together during sample preparatiddpper and lower porous stones are usedrain
water romsamples. In addition, upper and lower serrated pressure pads are necessary for testing
to minimize slippage at the interface between theaswl shear box and also to improve the
transfer of the normal load to the sdiftiter papers arplaced at the top and bottom surfaces of

a sample, between the sample and the potuuges.

Figure 4-1: Photograph of Shear Box Components

4.1.2Linear Variable Displacement Transducers
A Linear Variable DsplacementTransducer(LVDT) is a type of electronic transducer

used for measuring displacements. Tlamsducer has three solenaidis placed endo-end
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around a tube. The center coll is the primeapd the two outer coils act as secondary .céils
cylindrical ferromagnetic core, attached to the object whose position is to be measured, slides
along the axis of the tube. The motion induces an eldctigaent in the coils, whose voltage
depends on the magnitude of the motion. MWOTSs are used in this case to measure the
horizontal and vertical displacemsndf the soil sampleduring testing. The two LVD§ used for
shear testing are identicand nterchangeable, therefore one is used for the measurement of

vertical displacement and the other is usedtiermeasurement bbrizontal displacement.

e

Figure 4-2: Photograph of Linear Variable Displacement Transducers

413 SO0 TypCell Load

The load cell is an electronitansducer that is used to measure an acting force by an
electrical signal. This measurement is indirect and happens in two stages. Through a mechanical
arrangement, the force beingnsed deforms a strain gauge. The strain gauge converts the
deformation to electrical signals that are relayed to the ADU and in turn to the computer as the
measured force on the sample. The load cell is placed so as to measamsotnt of horizontal

force. The load cell below is shown attached to extension pieces and mounting bracket screws.
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Figure 4-3: Photograph oQlliSo Type Load

4.14 Digital Input/Drive Unit Housing

The operation of the direchaar apparatus is doolled by the digital input located on
the drive unit housing. The inpiatures a digital keyboard dime facing of the housinghat
allows the user to input the rate of shear displacement for the test, a range of 0.00001 mn/min to
9.99999 mmVmin. Théwousing contains a smal motor tlthives apiston that applies the force
to the soil sample and load celhe motor assembly includes a limit switch that automatically

stops the motor at 10 mm.

Figure 4-4: Photograph of Digital Input Box
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4.14 Autonomous Data Acquisition Unit (ADU)

The autonomous data acquisition unit is a data storage facility wiboam intelligence
and memory capabiity. Th&DU allows communication betweeineé LVDTs, load cel, and
computer that is to be used for testing; therefore acting as a bridge between the direct shear
apparatus and the computefhe LVDTs and load cell areonnected directly to the ADU, each
to one ofthe eight channels included oretlinput panel. While eight channels are available, the
ADU allows for expansion of an additional eight channels for each panel for a maximum of 32

total channels

Figure 4-5: Photograph of Autonomous DataAcquisition Unit

4.1.5 Loading Assembly

The lcading assembly consists of thrparts: the load frame, load hanger, and the loading
lever arm. The load frams connected to the lever loading arm, which is in turn connected to
the load hangershown in Fjure 46. The amount of vertical force applied to the sample is
predetermined by placing any combination of weights on the load hanger. The load hanger is
offset from the location where the force is applied by the length of the lever anatipdy the
weight by a factor of ten, i.e. oméewton equals ten Newtord the verticalforce. If no weight
is placed on the load hanger, then the force on the sample from the load frame is assumed to be

zero. A calibration curve showing the deflection of the feantue to loading versus the amount
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Figure 4-6: Schematic of Direct Shear Apparatus Load FramelELE, 2006]
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of the vertical stress acting on a dummy steel sampiepicted in Figure 4.
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0
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Figure 4-7: Plot of vertical force vs. deflection of frame.

4.16 Carriage Assembly

The carriage assemblolds the direct shear box and movksing the apmation ofa
horizontal force. The carriage rests on two {ratte tracks to allow the movementAfter the
sample is prepared in the shear box it is carefully placed in the box carriage and attached screws
are tightened to secure the speciménload pad is placed on the sampieevenly distribute the
pressureard the load frame is moved into position. After the horizontal and vertical LVDTs are
placed in the correct position, the sample is ready for tesfingchematic of the carriage

assembly is shown in Figure 8
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4.17 DataSystem 7 Geotechnical Software

DataSystem 7 (DS 7) Gemthnical software is data analysis and reporting software
suite designed to workin concevti t h  ELEO& s A Brid tamsdutess. Theosgfiyvare
incorporates advanced features such as intelligent data analysis, automatic repodrgeaecht

data excharg compatibility.

4.2 Direct Shear Test Procedure
The direct shear test proced @& TM D-3080 wasdesigned tgroduce unifom and

repeatable test resultsThe procedure consisted of thoroughly mixing dry sand with lignin
powder at the desired gravimetric lignin cordenfThe preselectedmouns of waterwerethen

added to the dry mix, depending on the desiretfigtoation, and tiked thoroughly. The
predeterminedamount of prepared samewerethen placed in the shear box and compacted to
the desired heightising a Proctor test sample ejedi@fore being placed in the carriage

assembly for testing.This samje preparation procedure enabled attainment of desired inttial dry

denstties.

4.2.1 Direct Shear Test Program

The program of direct shear tests was selected based mstltis of theéProctor tests
and in an effort to assess the effect of void ratio aatdmcontent as wel &g the gravimetric
water to lignin ratio on the strength of lignsand mixtures. The samples for direct shear tests
were prepared at void ratios of 0.571, 0.654, and 0.746 representing 100%, 95%, and 90%
relative compactia) resgectively. A number of different water contents were selected including
optimum, dry and wet of optimum whereby most of them are located on the standard Proctor
compaction curvesexceptat g = 14% where the minimum void ratio was 0.59Be schematic
of the planned experimental program depicting all testing configurations is shown in FHg@e
and Table 43. The plannedpositioning of points A, BC, D, E is shown in Figure-20 and
describedn Table 42.

Phase diagrams for eaplanned configuration are shown in Figures-41 through 416.
Thesephase relationshipsvere carefully devised and represent the material as mixed; they
represent exactly what comprises the mixtutdowever, the effect of loagerm drying on the

mixtures is as of the time @iriting unknown. Therefore, the phase relationships may change
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with time but that phenomena wil not be addressed in this study. The samples discussed herein
were tested immediately upon mixing so the phase relationships presented here should be close
to the actual state of the samples tesfBloese phase diagrams are presented in Chapter 5

representing actual water contents.

4.2.2 Test Specimen Preparation

Sandlignin mix samples for the direct shear testing were prepared as follows:

1. An amount of ove-dried sandcalculatedbasedon thetarget dry densityalue, was
measured and placed in a bowl.

2. The amount of lignin powder to lused was calculated according to Tabid anhd mixed
thoroughly with the measured amount of sand.

3. Amount of water was callated according to Table -8and thoroughly mixed into dry
sandlignin supply.

4. Mass of sad to be used wadetermined in accordance with the target void ratio or dry
density assuming the final compacted height of 24 mm. The sand was placed into the
shea box in a total of three lits. Each It was compacted manually to a desired height
by using a wooden compaction tool. The top porous stone was then placed on top of the
sample in box.

5. The shear box containing the sample was placed on a hydraulievjadkh a 70 st r ok
6000 Ibf (26.7 kN) total pushing force.

6. Al sampks were compacted to uniform 24 rimitial height.

7. Sample was then placed in direct shear apparatus carriage for testing.
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Figure 4-9: Summary of Direct Shear SampleConfigurations

Table 4-2: Description of Direct Shear Sample Configurations

Test Pt. Description Void Ratio,e
5 :
A 100% density, 0.571
optimum moisture
5 :
E 95% densty, 0.654
optimum moisture
5 .
C 90% density, 0.746
optimum moisture
5 ,
D 95% density, 0.654
dry of optimum moisture
0 ;
B 95% density, 0.654

wet of optimum moisture
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Figure 4-10: Example of planned position of poins A, B, C, D, E (No scale).
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Table 4-3: Planned Direct Shear Test Fogram

.1 (%) Pt. w (%) My (g/cm 3) e
0 A 0.00 1.680 0.571
0 E 0.00 1.596 0.654
0 C 0.00 1.512 0.746
2 A 1.00 1.680 0.571
2 E 1.00 1.596 0.654
2 C 1.00 1.512 0.746
2 D 0.45 1.596 0.654
2 B 3.10 1.596 0.654
4 A 2.55 1.680 0.571
4 E 2.55 1.596 0.654
4 C 2.55 1.512 0.746
4 D 1.10 1.596 0.654
4 B 3.60 1.596 0.654
6 A 2.80 1.680 0.571
6 E 2.80 1.596 0.654
6 C 2.80 1.512 0.746
6 D 1.70 1.596 0.654
6 B 3.90 1.596 0.654
9 A 3.60 1.670 0.580
9 E 3.60 1.596 0.654
9 C 3.60 1.512 0.746
9 D 2.70 1.596 0.654
9 B 4.85 1.596 0.654
14 A 4.80 1.660 0.590
14 E 4.80 1.596 0.654
14 C 4.80 1.512 0.746
14 D 3.95 1.596 0.654
14 B 5.80 1.596 0.654
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Figure 4-11: Phase Diagramf o y=0%
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Figure 4-12: PhaseDiagram fo r | = 2%
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Figure 4-13. Phase Diagramf o r=4%
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Figure 4-14: Phase Diagramf o r=6%
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Figure 4-15. Phase Diagramf o y=9%

100%
90%
80%
70%
60%
50%

30%
20%
10%

0%

0% Air

M % Water

m % Lignin

0% Solids

A(0.343) B(0.414) E(0.343) (C(0.343) D(0.282)

Figure 4-16. Phase Diagramf o r= 149
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4.2.3 Direct Shear Apparatus Preparation

The drect shear apparatustigrned on along with the ADU and compugarior to testing
The DS7 software must be loaded aslwdfter the sample is prepared in the shear box, the
machine is set up, and the computer settings are ready, the sample is ready to be mounted in the
shear box carriage on the direct shear apparatus.

The box is lited by the twéd | ugs 0 dannadbvelpramer éntahe carriage, as

shown in Figure4-8. The two adjustment screws below thean neck yoke are tightened to
secure the shear box.

Figure 4-17: Photograph of Shear Box Placed into Cariage

After the shear box iplaced ito the carriag, the loading frame is fixeeh the testing
posttion, with the load application screw fitting into the indention on the load pad on the sample
just tight enough to hold it in positionThe vertical LVDT asserbly is then adjusted so as to
center the tip on the top of the load scrdfwthe jack screw is stil properly secured, the desired

amount of weight is placed on the load hanger.
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4.2 4 Direct Shear Apparatudest Procedure
The testing procade consists fofive stages that the software guides the user through
sequentially The frst stage is theest inttialization. Sample weight, height, and specimen

condition (dry, wet, etc.are input into the program.

4.2.5 Consolidation Stage

The consolidation stagean be usedo calculate the rate of displacemeauting the
squarerootof time methodas a result of finding the value g, (the time for 90%
consolidation, anddD/dt, the rateof vertical dsplacement The jack screw icarefully released
and the nomal force is applied to the sample. The consoldation stage was allowed to run until
the vertical deformation visibly ceasdlased on the reading from the computer screen display)
The DS7 software collectthe amount of vertical displacemeand plotsit versusthe square root
time on the computer screefihe rate of displacement is calculatédm this plot The rate of
displacement is then input into the digital input on the machine.

Whie the program provides raliable methodfor calculating rate oflisplacement,
typically in the range of 0.25 to 0.45 mm/mithis value was not usddr this study. Sincéhe
sandlignin mixture contained more than 5% fines therefore rdie should be calculated as
dense sad with fines, by ASTM B308Q ASTM statedhat the displacement rat, is equal to
di/t , which is shear displacement at failure dividedtiimg to failure. Conservative estimates of
time to failure needed to ensure fully drained conditiozae estimated to be 60 minutes with the
displacemein to faiure estimate equal to 5 mm, resulting in an estimated rate of 0.083 mnm/min.
Therefore the conservative estimatedpliicement rate that was useddbrdirect shear tests is
0.08 mnVmin.

4.2.6 Shear Stage

The shear stags the stage of the testich leads to soil failure A logging rate of 0.008
mm/min was used to ensutieat a suficient amount of data is collected@o begin the test, the
locking pins are removed and the Teflipped spacing screws are tightened and released to
separate théwvo halves of the shear box. The test is then intiated atioted to continueto

failure, which occurs when the retihe plot of shear stress versus horizontal displacement
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reaches an apparent maximumapproximately constant valuer a significant enount of

horizontal displacement

4.2.7 Final Measurements

The final stage of theprogram allows the user to interpret the maximum skassand
the orresponding shear displacemer test report that includes a consolidation plot, a shear
stress vesus horizontal displacement plot, and a vertical displacement versus horizontal
displacement plot can then be generated. Muliple tests at different confining préssares
gven sample configuratioan be grouped together to determmeangle of fricion and
cohesion of the sample. Whie the DS7 software provides an acceptable plot of tiiencahds
angle of friction, theparameters for this study were determined usm@ar regression analysis

in Microsoft Excel.
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Chapter5- Experimental Results

The diret shear tests were performet sandignin mixes havinggravimetric lignin
contens of 0, 2, 4, 6, 9 and 14%ach sandgnin mixture was tested at five ofgurations,
which weredescribed irmore detail inTables 42 and 43, and Figures 4.1 through4-16. For
each configuration five specimens were tested correspotalitige normal stressed 62.0, 92.9,
123.9, 185.9, and 247.6 kPa.

5.1Direct Shear Test Results

Shearforce horizontaland vertical displacementwere continuously recorded duringet
shear phase of direct shear tests by using the DataSystem 7 Geotechnical software. Faiure was
defined by the first attainment of the maximum shear stress. The corresponding horizontal and
vertical displacements wesdso recorded.

Results for gavimeric lignin contentsof 0, 2, 9, and 14%easults are presented Figures
5-1 through 536as shear stress versus horizontal displacement for each configuration at each
confining stress and as vertical displacement versus horizontal displacement for each
configuration point at each confining stresslhe corresponding plots forayimetric lignin
contentsof 4 and 6% are included in Appendi due to the repetitive nature of the plots.
should be noted that an increasethe samplethickness indicatesliation, which is negative

herein. A decreasa the sample thickness represents compaction, which is positive

52



5.1.1 Gravimetric Lignin Content (0%)
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Figure 5-1: Shear Stressvs. Horizontal Displacement g = 0% (A)
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Figure 5-2: Change in Thicknessvs. Horizontal Displacement g = 0% (A)
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Figure 5-3: Shear Stress vs. Horizontal Displacementy = 0% (E)
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Figure 5-4: Change in Thickness vs. Horizontal Displacemenis = 0% (E)
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Figure 5-6: Change in Thicknessvs. Horizontal Displacement g = 0% (C)
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5.1.2 Gravimetric Lignin Content(2%)
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Figure 5-7: Shear Stressvs. Horizontal Displacement g = 2% (A)
0.0 05 1.0 1.5 2.0 25 3.0
0.05
H“-
_ M,
0 A=
\‘\‘\h__
£ ‘t\\ " N e 62.0 kP2
& 005 AW =
g 0 AN ™ ——929kPa
@ N
£ N N ~——123.9kPa
= o
2 N ——185.9kPa
.E . ‘h\
) ———247 8kPa
g ~
=
< -0.15 =
Ny
-0.2 ) .
Horizontal Displacement, mm

Figure 5-8: Change in Thicknessvs. Horizontal Displacement g = 2% (A)
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Figure 5-9: Shear Stressvs. Horizontal Displacement g = 2% (E)
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Figure 5-10: Change in Thicknessvs. Horizontal Displacement g =2% (E)
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Figure 5-11. Shear Stressvs. Horizontal Displacementg = 2% (C)
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Figure 5-12: Change in Thicknessvs. Horizontal Displacement g =2% (C)
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Figure 5-13. Shear Stressvs. Horizontal Displacement g = 2% (D)
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Figure 5-14: Change in Thicknessvs. Horizontal Displacement g =2% (D)
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Figure 5-15: Shear Stressvs. Horizontal Displacement g = 2% (B)
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Figure 5-16: Change in Thicknessvs. Horizontal Displacement g = 2% (B)
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5.1.3 Gravimetric Lignin Content(9%)
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Figure 5-17: Shear Stressvs. Horizontal Displacement g = 9% (A)
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Figure 5-18: Change in Thicknessvs. Horizontal Displacement g =9% (A)
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Figure 5-19: Shear Stressvs. Horizontal Displacement g = 9% (E)
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Figure 5-20: Change in Thicknessvs. Horizontal Displacement g =9% (E)
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Figure 5-21: Shear Stres vs. Horizontal Displacements, g = 9% (C)
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Figure 5-22: Change in Thicknessvs. Horizontal Displacement g =9% (C)
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Figure 5-23: Shear Stressvs. Horizontal Displacement g = 9% (D)
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Figure 5-24: Change in Thicknessvs. Horizontal Displacement g =9% (D)
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Figure 5-25. Shear Stressvs. Horizontal Displacement g = 9% (B)
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Figure 5-26: Change in Thicknessvs. Horizontal Displacement g = 9% (B)
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5.1.4 Gravimetric Lignin Content(14%)
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Figure 5-27. Shear Stressvs. Horizontal Displacement g = 14% (A)
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Figure 5-28: Change in Thicknessvs. Horizontal Displacement g = 14% (A)

66




140

120 -
’
100 7 - i
f
s 8o 62.0 kPa
= 92.9 kPa
g 60
£ 7 = 123.9kPa
5]
@ I, 2478 kPa
20
0
0.0 1.0 2.0 3.0 40 5.0 6.0
Horizontal Displacement, mm
Figure 5-29: Shear Stressvs. Horizontal Displacement g = 14% (E)
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Figure 5-30: Change in Thicknessvs. Horizontal Displacement g = 14% (E)
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Figure 5-31: Shear Stressvs. Horizontal Displacement g = 14% (C)
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Figure 5-32: Change in Thicknessvs. Horizontal Displacement g = 14% (C)
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Figure 5-33: Shear Stressvs. Horizontal Displacement g = 14% (D)
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Figure 5-34: Change in Thicknes vs. Horizontal Displacement g = 14% (D)
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Figure 5-35. Shear Stressvs. Horizontal Displacement g = 14% (B)
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Figure 5-36. Change in Thicknessvs. Horizontal Displacement g = 14% (B)
Whie the maximum allowable horizontal displacement is 10 mm, the shear phase of any

test can be stopped when desir&hear stress occasionally experiences a very slight to slight
post peak drgpthis is not significant.
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The plotsshowing vertical displacement versuateral displacemenare different for each
test. Two behavioral trends are exhibited, compres@orcontraction)and diation. With some
exception, diation typically occurs at lower armal stresses anaitraction occurs at highe
normal stresseslinitial level ofrelative compaction dictatethetrends as wel. Higher intial
relative compaction(or higher dry density) produces more diatant behavior, viduier initial
relative compaction(or lower dy density) results in more contractamehavior.

Addition of lignin decreases diatancy whereby the highest diatancy occurs generally at
point A, which is folowed by B, E, D, and C. Among D, E, and B, the configurations which
have equal intial void t@s, the material at point B is often the most diatant and it produces the
highest shear stress at failure. Furthermore, a small amount of lignin significkectiyaseshe
dilatancy of dry sand The maximum dilatancy of saflignin mixes for configuations A and B
is reachedat g = 6%, for configuration E is reachedat 4%, for configuration C is reached at
G = 4%, and at configuration D is reachedzat 14%.

71



5.2Information about Direct Shear Specimens

5.2.1 Water Content Data

Moist samplesof the ligninsand mix were taken and placed into an oven atC@&
drying for at least 8 hours before and after each test. This was doweadare the actual water

content of the samplesThe results of the moisture are presented in Taldle 5

Table 5-1: Actual water contents fordirect shear tests
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In addition to the samples taken from the mix prior to direct shear tesigsamples
were takerfrom the top half of the specimeaiter shearing The samples mounted inside the
shear box were covered from all sides antldesation was relatively shorthus significantly
inhibiting the drying processThe phase diagrams shown in Figured 14through 416 are
updated in Figures-87 through 542 to reflect the actual water content.
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Figure 5-37: Updated phase diagramf o r= 0%
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Figure 5-38. Updated phase diagramf o r=2%
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Figure 5-39: Updated phase diagramf o r= 4%
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Figure 5-40: Updated phase diagramf o r= 6%
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Figure 5-41: Updated phase diagramf o r= 9%
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Figure 5-42: Updated phase diagramf o r= 14%
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5.2.2Updated Void Ratios

Similar to the water contents, timtial void ratios of the sampleshangeddue to testing
conditions. $ecifically, the consolidationor compression)stagedecreasedhe height of the
specimensand as a resulihey weresheared at thisitial void ratio, which was slightly smaller
than the one achieved after the compactidrable 52 depicts the changes in heglecorded
after consoldation and theorresponding (updated) void ratioghich were used for the analysis

presented in Chapter @he updated/oid ratios were calculated lging thefollowing equation:

DHav
6 =6 — “(1+e,)
0 (22)

Where g is the value of the void ratio bethe application of normal stresande; is
the updated value of the void ratio at the enthetompression. The height changelaygis

averaged over all normal stresses for a given sample configuration.
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Table 5-2: Change in height and voidratios for all configurations

.1 (%) Pt. €0 3Havg (Mm) el
0 A 0.571 0.493 0.539
0 E 0.654 0.643 0.610
0 C 0.746 0.706 0.695
2 A 0.571 0.519 0.537
2 E 0.654 0.497 0.620
2 C 0.746 0.698 0.695
2 D 0.654 0.542 0.617
2 B 0.654 0.494 0.620
4 A 0.571 0.493 0.539
4 E 0.654 0.426 0.625
4 C 0.746 0.770 0.690
4 D 0.654 0.538 0.617
4 B 0.654 0.490 0.620
6 A 0.571 0.426 0.543
6 E 0.654 0.466 0.622
6 C 0.746 0.801 0.688
6 D 0.654 0.450 0.623
6 B 0.654 0.392 0.627
9 A 0.571 0.389 0.546
9 E 0.654 0.465 0.622
9 C 0.746 0.828 0.686
9 D 0.654 0.350 0.630
9 B 0.654 0.504 0.619
14 A 0.590 0.567 0.552
14 E 0.654 0.561 0.615
14 C 0.746 0.918 0.679
14 D 0.654 0.473 0.621
14 B 0.654 0.627 0.611
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5.2.3 Specimen Photographs

Photographsof each specimemere takenat the end of direct shear testth a Canon
PowerShot SD1200 IS 10 megapixel digital camera.cafmure the imagesspecimens were
placed under &likon SMZ2T microxope with 10x/23 eye piecdgzed with a Javenin
SmartCanto the vertical phat tubethat was attached tocamputer monitor. From the image
on the computer monitor, the images were captured.

Many of the images are very similar in appearance due to the somewhat repetitve nature
of the sample confgrations. Therefore, only oneage has been selectéulprovide adirect
view of the specimercompositios. In addition, the images of sand alone &% and4%
moistures have been included for the sake of comparison. Theseesnage displayed in Figures
5-43through 549.

Figure 5-43. Magnified Image ofg = 0%, w = 0% (dry sand)
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Figure 5-46: Magnified Image ofg = 4%
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Figure 5-48. Magnified Image ofg = 9%

.

Figure 5-49: Magnified Image ofg = 14%
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The effect of the increasing amount of lignintwater is evident isetiotographs. In
Figure 543the dry sand particles aserrounded by voids filed with aiFigure 544shows
moist sand whereby sand particles are surrounded by water andlaar sand particles appear to
be better bonded together than in Figurd3slue tothe presence of water menisckigure 545
shows a structure similar to that of the wet sand th@icoloration is slightly darker and the
Afinisho on t heefgotiag thei pcebeace afgnia pagte ind-igure €546
through 548the increasing amount of lignin &vident. The balance of ligninyater and sand
appears to be optim in the photographof g = 4 and6% because the lignin appears to coat the
sand particles venly without evidence of much inelignin. From this point on the amount of
lignin+water appears to increase to the poinFigure 549where it is evident thahere is an
overabundanceof lignin and the particles may be over lubricatedd formed apart from each

other.
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Chapter 6 - Analysis and Discussion

Plots showing normal stresses versus shear stresses at Vaduee generated for all tests
to determine the angle @iction, O and the cohesiorg, which are also known as Mehr
Coul ombés st r dddtjonah plofs avereagereratedr fadlowing the determination of

candi with the primary intent of analyzing the effeatf lignin on cohesion

6.1 Determination of Mohr-Coulomb 6 s Strength Parameters
The plots of maximum shear stress versus normal sfagsgravimetric lignin content 9%
can be found in Figures-B6through 65. Plots for othergravimetric lignin corgnts are found in

Figures B-1 through B23in Appendix B. A summary of thtMoh-Coul ombés str engt h
parameterswhich were determined based on these piptshown in Table 4.

Table 6-1: Values ofCohesion and Angle of Friction for All Test Points

5 0% 2% 4% 6% 9% 14%
| c (kPa) [ () [c (kPa) [E () [c (kPa) | B () [c (kPa)[ B () [c (kPa)[ & () |c (kPa) [ B ()
A 0 36.4 13 28.1 16.5 29.2 18.2 27.6 16.1 27.3 14 23.8
E 0 35.4 11.3 28.6 11.5 27.6 14.7 26.1 13.2 27 10.8 25.7
C 0 32.2 10.9 27.2 9.5 25.1 9.8 26.8 9.8 28.2 7.4 26.3
D 0 35.4 8.7 26.7 7.6 26.9 8 27 9.1 27 8.1 27
B 0 35.4 8.2 32.3 15.6 28.7 16.8 31 16.8 29 12.5 27.6
Cavg (kPa) 0 10.42 12.14 13.5 13 10.56
B a\,g(°) 35.0 28.6 27.5 27.7 27.7 26.1
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Figure 6-1:. PeakShear Stressvs. Normal Stressfor g = 9% (A)
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Figure 6-2: PeakShear Stressvs. Normal Stressfor g = 9% (E)
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Figure 6-4: Peak ShearStressvs. Normal Stressfor g = 9% (D)
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Figure 6-5: PeakShearStressvs. Normal Stressfor g = 9% (B)

The coefficient of determination {Rfor al tests varied in range from 0.97 dreater
than 0.99, with mostbeing 099 or higher. The trend otohesionseems consistentt is the
highest at configuration®\ or B, then configuration E, configuratio@ andfinally configuration
D. This trend makes intuitive sense; the highest cohesion is brought about byelibgo
compaction and optimum wateontentor by 95%relative compactionwet of optimum It then
follows that point E is at the midpoint in the rangiethe cohesion values aseixhibits 95%
relative compaction and optimum water. Point Gi®90%relatve compactiorand has optimum
water content whie point D has 95%ative compaction and theedst amount of water of the
five tested configurationsPoints C and Pank fourth and fith in cohesiorrespectively.
Exceptions occur tthese trends at-B and 14C. The sample configuratio®-B is unique in
that it has by far the highest water gmin ratio, equal td61.%%, whie having a very small
amount of lignin. The sample configuratidrl-C is likely unique in that it exhibitghe presence
of a relatively high amount of lignin and a high amount of water, while being very loosely

compacted.Figure 66 summarizes the results for cohesion
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It is more difficult tofind a trend for the results of the angle of friction. The angle of
friction for all sample configuratiorranges fron23.8 to 36.4legreesand from 23.8 to 32.3
degrees for saniignin mixes. This clearly indicates a reduction of magnitudethe angle of
fricion from dry sand32.2to 36.4). The reason for the decreasing angle of internal friction
with the increasing lignin content is most likely due to an increasing amotingé dignin
particles which also decrease the diatanclfigure 67 summarizes the results fire angle of

friction.
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Figure 6-6: Summary of Cohesion for All Configurations
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Figure 6-7: Summary of Angle of Friction for All Configurations

6.2 Further Analysis

In addition to the cohesion and angle of frictidaither analysis is)xecessary tachieve a
more completeunderstanding of the relationships at wbdtween sand, lignin, and watefo
aid this understandingadditional equationshave beemerived from the basic definitions of
phase relationships given in ChapterTdese expressions providesis for theestimation of the
portion of the total crossectional area, which is occupied by water and lignin paste.
Alternatively, the paste can be partitioned into lignin+water and portions of the total cross
sectional area occupied by each of the constituents can be compusetiematic ofoad

bearing coss sectional ares shown in Figure .
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From the definition of the degree of water saturation (Equation 3) the following is

obtained:
vV, _Gw
SN = V_ =
v F (23)
from where it folows
V. @V, o e _Gw
T 7 ab iRt
GV (24)
Similarly for lignin areaatio the following is obtained:
A__G¢ (25)
A Gl+e)
And by adding Equations 42 and (%) the following is obtained:
AN +ﬁ_ AN+I (26)
A A A
AN+| — Gs é + C| 6
= — 27
A 1+ eé@l G 8 @7)
Fromwhere it follows that:
AN+| — Gs a +i§ (28)

Ac, 1+eE™ G &

Equation (Z) is important because showsthat water content, gravimetrignin content, and

void ratio affect the size of the cross sectional area occupied by lignin and water.
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As shown in Figure3-2, which depicts the phase giams there are three different
constituents carrying thstress: ligninandwater, and solsl contacts. Water and ligniogether

form apaste, which acts asbending agent. This concept is ilustrated Figure 68.

From the equilibriumof forces depicted in Figuré-8, it follows that the external or total

normal force is carried by these three constituents as follows:

F= Fc + F|+W :SCA: +s|+WA+W (29)
And by dividing this equation by the enticoss sectional area, A, the following is obtained:

A

S :scK+SI+WA_;\W=sI+SI+W

A
(30)

thus, in addition to the portion of the external or total stress carried bgahiacts osand
particles, which is also known as the effectiverests, there is a portion carried by the ligaind
water paste, which is denoted as,. Moreover,adding lignh and water increases the cross
sectional area engagdm carrying the normal stress.

By applying the Mhr-Coulomb criterion,which is satisied baed on the experimental

results obtained in this studihe following holds
t =stanf (31)

where( is the friction angle othe sanewaterlignin mix in terms of total stressNext, equation
(31) is combined with Equation3Q) resulting in

A .
A tanf = s'tanf +c (32)

t=s'tanf+s,,,

and the second term in Equation28an be interpreted as cohesion, which is given by

A+w —_ I:|+W
A tanf ——A tanf (33)

C:s|+w

Thus, the amount of cohesion dependshenportion of the total crossectional area, which is

occupied by ligninandwater, stress in the ligniandwater and thengle of fricton of the sand
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lignin mix (0). In addition, Equation @@ shows that this material possesses some tensile

strength, which is clearly derived from lignivater paste.

The following is obtained from Equatior83)

c

S|+W =
Avw tanf (34)
A

and Equation (8) providesmeans of determining normal strasshe lignin and water paste
from the experimental results

Next, the expression for the imiormal stress, whichs the maximum normal streisat
can be applied to the saiighin-water mix while stil providingacohesionbenefit over dry
sand is obtained For normal stresses larger than the limiting stressahdlignin-water mix is
superseded in ranking of peak sheagssiny the dry sand. This concept is ilustrated in Figure
6-9.

_ c ‘
- (tanf o= = tanf ) (35)

S Limit
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Figure 6-8: Schematic depicting load-bearing crosssectioral area
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Figure 6-9: Plot Depicting Limit Stress of SandLignin-Water Mixture

The plos that follow show several importadata trends which were found by extensive
analysis of experimental resultsThe first plot displayed in Fgre 610is a plotof normalized
limit stressversusgravimetric lignin content. Figure-$1is the same plas 610 butthe data
are fitted by dogarithmic regression analysis. Thus, the limiting normal stress provided by each
additional percent of ignin content decreases With increasingignin content. It remains the
largest in configuration B, follovee by C, E, A, and D. Configuration C is posttioned high
because of the lowest value tbé friction angle in dry sand at relative compaction of 90%.

Figures 612and 613 are showing normal stress in figain-water pasteversus the area
ratio for each st ofconfigurationsindividually and allconfigurationstogether The normal

stresscarried by ligninwater decreases with the increase in the portion of the total cross

sectional area occupied by ligrivater.
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Figures 614and6-15ilustrate that an increase in tregio of thearea of lignin+water
and the total cross sectional areamalized by the lignin contenenhances theormalized
cohesionof the mixture whereby normalization is carried out by dividing by gravimetric lignin
content.

Whie gravimetric lignn content of 2% is low, the accompanying water contents are
extremely low, thus making it very difficult if not impossible to achieve homogeneous samples.
A probable exception to this is configuration 2B, which contains more water resuling in the
highest water to lignin ratio among all samples, equall61.5%. Thus, in Figure-H4,
configuration 2B appears to fit the data for higher gravimetric lignin contents. At the other
extreme gravimetric lignin cotent 14%appears to contain too much ligmvimater, which is
lubricating thesandparticles to a diminished strength gaitt is also noted that sample
configurations corresponding to 1486t slightly further awayrom remaining configurations in
Figure 615, whereby those representing gravimetricirignontent of 2% have already been
removed due to likely nehomogeneities.

Figure 616 depicts all data points except those corresponding to configurations 2A, 2C,
2D and 2E. It is because configurations 2A, 2C, 2D and 2E plot furthest away from the
remaning data points that they are removed friunther analysis This is most likely the
consequence dfe inability to achieve a homogenous mixture in these configurations.

Figures 617 through 627 present the dafar gravimetric lignin contestindividually
and in different colminations of configurations The best correlation of points exists in Figure 6
22, which isthe combined analysis af= 4 and 6% and it is folowed by the combinationgof
4, 6, and 9% in Figure -85. Although the combination of 4% and 6% show the best correlation
(R? = 0.88), the combination of 4, 6, and 9% holds second place with’telug of 0.86,
simply becase the data for 9% show slightly worse fit tharséhdor 4% and 6%. Adding 14%
to any combination decrease$\Rlue with the lowest value R 0.61) for 9% and 14%.

Figures 628through 629 show response for configuratiods whie Figures 630through 631
show the response for configuratore. Finally, Figures -82through 633 show the response
for configurationsC. Tables ranking the values of coefficient of determination for each set of

configuration plots are presented in Table2 #irough 6-5.
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Table 6-2: Rankings of R? values for individual configurations

c/x: (kPa/%)

(%) R2 Rank
2 0.80 4
4 0.98 1
6 0.91 2
9 0.77 5
14 0.81 3
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Figure 6-22: Normalized Cohesion vs. Normalized Area Ratid4 and 6%)
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Figure 6-24: Normalized Cohesion vs. Normalized Area Ratioq and 14%)

101




45

Al
40
? %
35
3.0 b
) ik oS
225 A 4%
3]
% > 6%
2.0
§ * * 9%
L5 4, 6,and 9%
< —— Poly. (4, 6, and 9%)
1.0 *
y=05749x2+ 0.7664x- 1.2905 ||
R?=0.8587 ]
0.5
0.0
1.3 15 1.7 1.9 21 23 25 2.7
Awf-l/AXJ
Figure 6-25. Normalized Cohesion vs. Normalized Area Ratid4, 6, 9%)
35
3.0 /L
X
25 %
20 X 6%
g . v
) o * 9%
§ 15 * ® 14%
X 6,9, 14%
1.0 L "'Q ——Poly. (6,9, 14%)
@
L J
05 LT V= 4.0251x2-10.505x + 7.4589
R*=0.6842 1]
| | | | | | | | |
|\ ] 1
00 - C 11 11
1.3 1.5 1.7 1.9 2.1 23
A/ Axy

Figure 6-26. Normalized Cohesion vs. Nonalized Area Ratio (6, 9, 14%

102




45

4.0

c/x: (kPa/%)
= = r r w w
[=] 4,1 o ul o 431

e
wn

o
(=]

A
X
A
A /
X
A
7S L J
X
v = 0.4664x" + 1.6872x-2.819
* e s R®=0.8092 T
ga s
13 15 17 19 21 23 25

AWH/ A)C:

2.7

4%

6%

9%

14%

All pts.

—— Poly. (All pts. )

® ¢ X
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Table 6-3: Rankings of R® values for different combinations of configurations

Combination (%) R2 Rank
4,6 0.88 1
6,9 0.73 4
9,14 0.61 6
4,6,9 0.86 2
6,9, 14 0.68 5
4,6,9, 14 0.81 3
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Figures 628through 639 plot the same data poingeparated intdour groups as

follows:
1) Configurations A illustrate the effect of water to grarimic lignin ratio at
the relative compadion of 100%.
2) Configurations E ilustrate the effect of water to lignin ratio at the relative
compaction of 95%.
3) Configurations C illustrate the effect of water to lignin ratio tae relative
compaction of 90%.
4) Configurations DEB illustrate theeffect of water to gravimetric lignin ratio at
constant void ratio corresponding tke relative compaction of 95%.
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Figure 6-28: Normalized Cohesion vs. Normalized Area Ratio (All pts., A)
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Figure 6-29: Normalized Cohesion vs. Normalized Area Ratio (4, 6, 9, 14%, A)

Figure 6-30: Normalized Cohesion vs. Normalized Area Ratio (All pts., E)
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