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ABSTRACT OF THESIS
BENEFICIAL USE OF OFF-SPECIFICATION FLY ASHES
TO INCREASE THE SHEAR STRENGTH AND STIFFNESS OF BEXMYSIVE SOIL-

RUBBER (ESR) MIXTURES

The potential use of off-specification fly ashesrntarease the shear strength and stiffness
of an expansive soil-rubber (ESR) mixture was itigased systematically in this study.
The off-specification fly ashes used included ahhsgllfur content fly ash and a high
carbon content fly ash. A standard Class C flywaah also used as a control fly ash to
develop a basis for comparison of the effects efdfi-specification fly ashes. The ESR
mixture consisted of high-plasticity clay blendehw20% 6.7-mm granulated rubber (by
weight). The fly ash content required to develogzmtanic reactions was determined
based on the concept of lime fixation point andtkepnstant for all ESR-fly ash
mixtures. At this selected fly ash content, ESR&gh mixtures were tested at a single
relative compaction level and curing times of 7 ddddays. Unconfined compression
testing was performed on compacted specimens tdatalthe fly ash content selected
and the effect of curing time on the developmenpa#zolanic reactions. The effect of
the fly ash type, curing time and mean effectivesst was evaluated by performing
isotropically consolidated undrained triaxial coegsion tests on saturated specimens at
mean effective stress levels of 50, 100 and 20Q k8a@ffness changes due to fly ash

addition were evaluated during undrained compressicarge-strain stiffness was



measured using conventional external displacememsducers. Very-small strain

stiffness was evaluated from shear wave velocitgsueements using a bender element
apparatus. Results suggest that the shear strandtistiffness improvements imparted
by the off-specification fly ashes is similar to lmetter than the improvements imparted

by conventional Class C fly ash.
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CHAPTER 1. INTRODUCTION

1.1. Problem Statement
Approximately 4.6 million tons of scrap tires weyenerated in the United States in 2007
(Rubber Manufacturers Association 2009). In thaine year, about 89% of the
generated scrap tires went to end use markets. eHawin states such as Colorado,
about 55 million scrap tires remain in storageesighated scrap tire facilities (Colorado
Department of Public Health and Environment 200%ere is an obvious advantage in
discovering and implementing alternative uses foaed the end use markets for scrap
tire rubber (STR) and reduce the exorbitant numiaérscrap tires remaining in the

landfills in Colorado.

Currently, approximately 12% of the STR generatethe United States is beneficially
used in end use markets in civil engineering ptsjéRubber Manufacturers Association
2009). Beneficial use of STR in civil engineerirgphcations is desirable, not only from
a sustainable point of view, but also since STRiiglatively light-weight material, which
makes it an ideal candidate for use in embankmiésthd retaining wall backfills. STR
has been investigated early on as an alternativeotwentional geomaterials in civil
engineering applications (Humphrey et al. 1993patek studies investigated the use of
sand-rubber mixtures (Ahmed & Lovell 1993; Lee [et1899; Youwai & Bergado 2003;

Lee et al. 2007; Kim & Santamarina 2008), whileesthtudies have investigated the use



of clay-rubber mixtures (Ozkul & Baykal 2001; Ceth al. 2006) in civil engineering
applications. With expansive soils being a majanseaof damages to structures each
year, additional mitigation techniques are advagag to reduce costly damages caused
by heaving of expansive soil. While several stadiave been published on the use of
soil-rubber mixtures, most of these previous swidave not focused on the more

specific case of expansive soil-rubber (ESR) megur

A recent study that focused on the swell potemtigln ESR mixture has shown that STR
addition reduced both the swell percent and thdl gwessure of an expansive soil from
Colorado (Seda et al. 2007). STR addition to egp&nsoil has shown to increase the
shear strength, defined by the slope of the clitgtate line (CSL) of specimens
compacted to similar soil states (Dunham-Friel 200However, that same study

indicated a significant reduction in stiffness tltace due to STR addition to the soil.

The beneficial use of STR mixed with expansivessdlof interest to civil engineering

applications since the swell percent and the smedksure can be potentially reduced
with no deleterious effect to the shear strengtthefmixture (Seda et al. 2007, Dunham-
Friel 2009). However, for applications whose desaga analysis rely upon the stiffness
characteristics of the materials used (e.g. roadwayd foundations); more stringent
stiffness requirements may be in order. Consequetitt focus of this study was to

investigate the feasibility of using off-specificat fly ashes to increase the stiffness of

ESR mixtures so that the final mixture can haveeptable shear strength, stiffness and



swell potential characteristics, and, at the samee,t be developed entirely using

alternative, sustainable materials.

1.2. Research Objectives
The first objective of this research was to detaeemi a conventional Class C fly ash
could be used to improve the stiffness and sheangth of an ESR mixture. Secondly,
determine if off-specification fly ashes could k&ed in lieu of conventional Class C fly
ash. Thirdly, to determine a fly ash conteRAC) necessary tgromote pozzolanic
development in the ESR-fly ash specimens and tesasthe impact of various types of

fly ashes on the soil's index properties (liquiiili and plastic limit).

The shear strength and stiffness of the ESR-fly msktures were evaluated by a
systematic experimental laboratory testing progr&asults obtained for the ESR-fly ash
mixtures tested were then compared with resultaiodtl for an ESR mixture (Dunham-

Friel 2009) to determine the effects imparted leydalddition of various types of fly ashes.

The shear strength and stiffness was evaluategerirsens where the effect of the fly
ash type and cure time was systematically evaluatsdg undrained axi-symmetric
triaxial compression testing at three levels of meffiective stress (50, 100 and 200 kPa).

The very small-strain stiffness was evaluated ubmrgder elements.



1.3. Research Scope
This study was carried out using a single sourcsodfand rubber, and three different
types of fly ash. The fly ash consisted of a cotiemal Class C and two off-specification

fly ashes.

The rubber contenRC), which was defined as the ratio of dry mass dbar to the dry
mass of rubber and soil (or dry mass of rubbet, & fly ash for mixtures stabilized
with fly ash), was kept constant and equal to 2@ dll specimens. For the ESR
mixtures stabilized with fly ash, tHeAC, which was defined as the ratio of dry mass of
fly ash to the dry mass of fly ash and soil, watkeeined and kept equal to 14%, as it

will be discussed in Section 6.1.

Specimens used in the stiffness and strength wests prepared by statically compacting
predetermined amounts of soil, rubber and/or fly @epending upon whether specimens
of ESR or ESR-fly ash mixtures were prepared, resgdy) according to the AASHTO
T 307 method. Specimens were compacted to a diaget level of relative compaction
(Cr) of 95% of the standard Proctor maximum dry dgnsibhd at standard Proctor
optimum water contentwg,) determined for each of the mixtures tested adngrtb
ASTM D 698. ESR specimens were subjected to fultisoratory testing immediately
after compaction. Specimens containing fly ash werapacted 2 h after fly ash addition
to simulate typical field compaction conditions aheén allowed to cure inside the split
compaction mold for 7 or 14 days at approximatety125 °C. Specimens prepared as

described above were then subjected to:



» Unconfined compression testing to assess whetleefflghash, at the selected
FAC, induced pozzolanic reactions in the mixtures.

* Undrained axi-symmetric (triaxial) compression @otropically consolidated
specimens to evaluate swell potential, consolidatty N, G, m,), critical-state
shear strengthg), and stiffness@) parameters. Triaxial testing was completed
at three levels of mean effective strgs3 (50, 100 and 200 kPa).

» Stiffness at large strains was evaluated usingmexitéransducers during triaxial
compression.

» Stiffness at very small strains was evaluated ubergder elements mounted in

the triaxial platens.

1.4. Manuscript Organization
The manuscript is organized into eight chapters$ thdline, present and analyze the
experimental laboratory testing program followedctumplete the research objectives.

More concisely, the chapters are organized asvislio

Chapter 1 provides an introduction to the probleassociated with scrap tire
accumulation in the United States. Since manyl @wigineering applications may
necessitate the need for a stiff material, it ipdthiesized that off-specification fly ash
could be used to increase the shear strength affidess of an ESR mixture. The
background necessary for this hypothesis is dieclss Chapter 2. Chapter 3
summarizes the conceptual framework used to analyderesent the data obtained from

the laboratory investigation. Chapter 4, 5 andeédevoted to presenting the methods,



results, and analysis of the laboratory investigatrespectively. Chapter 7 summarizes
the findings of this study and provides suggestifonguture work. Chapter 8 provides a

summary of references.



CHAPTER 2: LITERATURE REVIEW

2.1. Scrap Tire Rubber
In 2007, about 89% of the 4.6 million tons of sctaps generated in the United States
went to end-use markets (Rubber Manufacturers Aasoc 2009). Those markets
include tire derived fuel (52.8%), ground rubbe6.@P6), civil engineering projects
(11.9%), reclamation projects (2.8%), exportedsti(@.2%) and other miscellaneous
items (1%) (Rubber Manufacturers Association 20yen with about 89% of the STR
going to end-use markets, the Rubber Manufactuissociation estimates that
approximately 128 million scrap tires remained tiocgpiles in 2007. A distribution of
scrap tires in the United States in 2007 is shawRigure 2.1. About 55 million scrap
tires remain in storage at designated scrap tilittes in Colorado (Colorado

Department of Public Health and Environment 2009).

Stockpiles of scrap tires can occupy large voluroésspace in landfills and raise
environmental concerns and health risks. Scrapstwekpiles provide breading grounds
for mosquitoes and rodents, which can spread amdmnit threatening diseases such as
dengue fever, encephalitis and West Nile virus arelat risk for stockpile fires (U.S.
EPA 2006). The potential deleterious effects oRSIn the environment and on human

and environmental health have prompted researchafflitional end use markets.
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Figure 2.1 Distribution of scrap tires remainingstockpiles in the United States (RMA
2009)

2.2. Sand-Rubber Mixtures
Early studies (Humphrey et al. 1993, Ahmed & Lou£B3) investigated the use of STR
as an alternative to conventional geomaterialsivii engineering applications. Since
STR is a relatively light material, its use in tiengineering applications, such as in
embankment fills and retaining walls is desirabledowever, STR exhibits high
compressibility (Ahmed & Lovell 1993) which, in semapplications, may limit its use as
a geomaterial. Investigations performed on samtbet mixtures (Ahmed & Lovell
1993) indicate that mixtures exhibited increasechmeessibility with addition of rubber

tire chips, concluding that the compressibilitytbé mixtures is due to rearrangement,
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bending, flattening or elastic deformations of reblparticles. Other studies have
investigated the shear strength, compressibility mechanical response of sand-rubber

mixtures.

Lee et al. (2007) studied sand-rubber mixtures witbund rubber (rubber particles
smaller than the sand patrticles) to investigatesthall-strain stiffness and shear strength
of mixtures at variouRC. The mean particle size of the rubbegfD.09 mm) was
about 4 times smaller than the mean sand partidlg=0.35 mm) size. Testing
completed on the sand-rubber mixtures was completgdg standard triaxial and
consolidometer apparatuses. Triaxial testing cetedl using consolidated drained
protocol concluded that friction angles steadilgréased with the addition of rubber. A
maximum reduction of 37% was observed with a mexontaining 100% rubber from a
mixture containing 100% sand. Results indicat¢ stiffness decreased with increased
rubber fraction, approximately by 95% and 80% atyvemall- and large-strains,
respectively. Compressibility of mixtures was shoas a plot of vertical strain versus
vertical effective stress. The compressibilitytloé mixtures was observed by the slope
of the strain-stress plot. A mixture with 100% leb exhibited a normally consolidated
compression slope of approximately 0.16 (verti¢edis to vertical stress) compared to

the sand which exhibited 0.008.

Kim & Santamarina (2008) tested with sand-rubbextanes to evaluate the effect of
large rubber particles in sand mixtures. In tistudy, the rubber consisted of granulated

rubber (Bo= 3.5 mm) which was approximately 10 times lardeant the mean sand



particle size (Bo= 0.35 mm). Experimental testing was completed itonsolidometer
apparatus fitted with bender elements to measuesmrshvave velocities. Their
experimental program results suggest an optimurbeubontent can be determined to
provide maximum shear wave velocity (very smaliistrstiffness). The volumetric
fraction of rubber and size of rubber inclusiongtatied the mechanical response of sand-

rubber mixtures tested.

2.3. Clay-Rubber Mixtures

Previous studies investigated the use of sand-rubhigtures in civil engineering

applications. However, it is apparent that clalgber mixture could potentially be used
as well. In general, results from previous studieggest mixtures of clay with rubber
can increase the shear strength of the clay soiltay reduce stiffness of clay alone
(Ozkul & Baykal 2001; Cetin et al. 2006; DunhameF2009). Studies on expansive soil
rubber (ESR) mixtures also suggest that rubber mesease the compressibility and
reduce the swell potential and swell pressure efdkpansive clay (Seda et al. 2007;

Dunham-Friel 2009). Those studies are discusskeaviie further detail.

The mechanical response of clay-rubber mixtures wasstigated (Ozkul & Baykal,
2007) using small sized tire buffings, acting abar inclusions and kaolin clay (CL).
The tire buffings used in their study were betw@&h mm to 3.6 mm in diameter, and
approximately 2 to 25 mm in length. Laboratorytitegwas carried out using a triaxial
apparatus using consolidated undrained and corgetiddrained testing protocols. The

mixtures were tested atRC of approximately 9%, compacted with either thendtad or

10



modified Proctor effort at water contents 1 to 2B6\& the respective Proctor optimum
water contents. Results of the drained triaxislitg indicate a general increase in shear
strength of specimens containing rubber, more somfining stresses at 200 kPa or less.
Critical state friction angle was not indicated finained or undrained tests. During
drained triaxial testing, none of the samples ammkéo reach critical state, defined by
constant volume during shearing. As such, defioitieclusions on any improvement of
the critical state friction angle by the additioihrobber, is somewhat unclear. Stiffness
of the mixtures was not directly commented on leydhthors. However, observation of
the slope of the principal stress difference veragsl strain plots for drained and
undrained shearing conditions (Young's secant malwf elasticity) provide some
insight of the stiffness for each of the mixturéBests completed for confining stress of
50, 100, 200 and 300 kPa indicated specimens comgairubber exhibited a lower

stiffness than the soil alone.

The mechanical response of kaolin clay (CL) andtunes of clay with either coarse or
fine size rubber were investigated by Cetin et (aD06). The course size rubber
consisted of particles approximately 2 to 5 mm wiile fine rubber was approximately
0.07 to 0.5 mm. Shear strength testing was conpletang a direct shear apparatus using
consolidated undrained testing protocol. Normedsstes used during testing were 54,
109, 163 and 327 kPa. The initial soil state fivater content and dry densities, soil
fabric) of each specimen tested was not providedheyauthors. The authors of the
investigation concluded that the shear strengthetlay was improved with additions of

up to 20% coarse or up to 30% fine sized rubber.
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Seda et al. (2007) investigated expansive clay (&td) expansive clay mixed aRe of
20% (rubber was 2.0 to 6.7-mm sized). Swell andsobdation was evaluated on
specimens prepared near 100% of standard Proctgmmuian dry density and near
optimum water content, using one-dimensional swefisolidation apparatus.
Specimens were inundated with water under a vérsitass of 6.1 kPa. Results
indicate the addition of rubber reduced the swelleptial and swell pressure of the
expansive soil by approximately 49% and 75%, redpeyg. The additional of rubber
increased the compression index by 24% and themei@ssion index by 57%. Thus, the
study concludes the addition of rubber reducesl|samel swell pressure of expansive soil,

but inadvertently increases compressibility.

A recent study investigated the shear strength sdiffthiess of expansive clay soil and
rubber mixtures in undrained triaxial compressi@uriham-Friel 2009). The rubber
particles used in the study included 6.7-mm (maximsize) with a majority of the
particles between 2 to 6 mm. Specimens were pedpiar isotropic swell testing and
consolidated undrained triaxial tests, by statycatbmpacting specimens in accordance
with AASHTO T 307. For the isotropic swell testjrey mixture including 20% rubber
content RC) (defined as the mass of dry rubber to the masfryfubber and dry soil)
was compared with the expansive soil at a simil@t state. The soil state was
approximately 95% of the standard Proctor maximugndnsity and at approximately
standard Proctor optimum water content. Resuti@ted the expansive soil exhibited
an isotropic swell of 6.5% while the soil-rubberxtore exhibited a swell of 2.3%. The

swell of the soil-rubber mixture was approximat8go of the swell experienced by the
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soil alone. These results collaborate with eartienclusions on the reduced swell
potential of ESR mixtures (Seda et al. 2007). Wradrained triaxial compression testing,
mixtures of clay-rubber were preparedRE€sof 0, 10 and 20%. Undrained triaxial
testing was completed on specimens prepared atgiesielative compaction equal to
95% of standard Proctor maximum dry density at watatents of approximately 2%
above, 2% below and near standard Proctor optimwaterwcontent. Specimens for
triaxial testing were prepared according to AASHTCBO07 using a static compaction
procedure. Large-strain stiffness was measuredjesiternal transducers while the very
small-strain stiffness was measured using bendemezits mounted in the triaxial
apparatus. Measurements of the small-strain sgffrwere obtained at the end of each of
the consolidation phases at 30, 50, 100 and 200 kH#&e study concluded that the
critical state friction angle increased with inse@ RC. ESR mixtures with &C of 10
and 20% showed the critical state friction anglerease by approximately 3 and 11%,
respectively. Additions of rubber lowered the vemgall-strain and large-strain stiffness
from the soil alone. The large-strain stiffnesssvi@vered more with highéRCs and
mean effective stresses. For mixtures viRtb of 10%, the stiffness at 0.4% axial strain
was lowered to approximately 45, 55 and 60% ofdtiféness of the expansive soil at
mean effective stresses of 50, 100 and 200 kPaectsgely. At the same axial strain and
respective mean effective stresses, mixtures wiRCaf 20% reduced the stiffness to
approximately 65, 80 and 85% of the soil alone. véity small strains, the stiffness of
mixtures with aRC of 10 and 20% were approximately 45 to 60% ando625% of the

soil alone, respectively.
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2.4. Coal Combustion Products

Coal combustion products (CCPs) are materials mediun power plants as a result of

combustion of coal. CCP’s consist of numerous nateincluding fly ash, bottom ash,

boiler slag, flue gas desulfurization (FGD) mateaiad fluidized bed combustion (FBC)

ash (U.S.

Environmental Protection Agency, 2005%enerally, heavier and larger

particles that fall to the bottom of the boiler agéerred to bottom ash and the lighter ash

particles that are carried upward through the flag is considered fly ash. Boiler slag is

produced in wet boiler while FGD material is a tesd emission scrubbing in which

sulfur is removed from the flue gas emission.

Figure 2.2.
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Figure 2.2 Typical steam generating system (U.SirBnmental Protection Agency

2005)

Fly ash is known for beneficial uses, primarilyuléimg from its pozzolanic capacity.

End use markets for use of CCP’s are shown belokigare 2.3. More specifically, in

2008, approximately 136 million tons of CCP’s wereduced in the United States and
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approximately 61 million tons of the produced fghawas beneficially used in markets

(U.S. Environmental Protection Agency 2010).

Agaregato L2 & goow and loe Control 700,043
MhiscalfansousOehar 1,120,732 & | fugricusiurn 330 563

Sl ModilicationSeabilizaticn 1,257,558 i Minaral Filler i Asghalt 765,587
Flerwaila Fill 93,133

s#ting GritPoaling Granles 1037857 &

Figure 2.3 CCP Applications (U.S. EnvironmentaltBction Agency 2010)
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2.5. Fly Ash
Fly ash is a CCP that is collected from the flus-gacoal burning power plants. The
chemical constituents of the fly ash are largelyagoned by the type of coal used in the
combustion process. Two main types of coal condalisticlude anthracite or bituminous
coal and lignite or subituminous coal. The comioustof bituminous coal usually
produces a fly ash low in free lime while combustad subituminous coals produces fly
ashes that typically have higher amounts of freeeli The major chemical constituents
of the fly ash include silicon, aluminum and catoiu Minor chemical constituents

include iron, magnesium, sulfur, sodium, and patass

According to ASTM C 618, fly ash can be categoribaded on chemical constituents.
The three classes of fly ash include Class N, Ofass Class C. Class F fly ashes are
typically produced from bituminous coals were Cl@sfly ashes are typically produced
from subituminous coals. Class F ash usually hasealime content of 2 to 6% whereas
Class C fly ash commonly contains between 15 afd 86e lime (U.S. Environmental
Protection Agency 2005). The chemical requiremdot fly ash classification are

summarized below ifable 2.1

Table 2.1 Chemical Requirements of Fly Ash per ASTM18

Class
N F C
Sum of Silicon Dioxide (Si@ Aluminum . . .
Oxide (ALsOs), Iron Oxide (FgOs) 70.0 Min. 70.0 Min. 50.0 Min.
Sulfur Trioxide, SQ(%) 4.0 Max. 5.0 Max 5.0 Max.
Loss on Ignition, LOI (%) 10.0 Max. 6.0 Max. 6.0 Ma
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Many subituminous coal ashes, in the presence oérw@an exhibit “self-cementing”
behavior. The bituminous coal fly ash often regsiian additional free lime source to
develop pozzolanic reactions. In the presence afery the general pozzolanic
development of the self cementing fly ash is itlattd below where R is either Car

Mg®*. Similarly, the alumina oxides and silica oxigeay also exist in clay soil.

R(OH), +SiQ, +H,0 - (X)RA(y)SiQ(2)H,O
R(OH), + ALO, + H,0 - (X)RA(Y)Al,0,(2)H,O

R(OH), + ALO, + SiQ, + H,0 - (X)RO(y)Al,0,(2)Si0,(W)H,0

Fly ash materials that do not conform to the rezjugnts established by ASTM C 618
are referred to herein as off-specification fly.a3lypical off-specification characteristics
of fly ash include high S©content or high loss on ignition (LOI). Off-spgcation fly
ashes are more often disposed of since use in een@ not recommended (ASTM C
618), development of pozzolanic reactions necess$arysoil stabilization may be
insufficient, and there may be time delays or otlnedesirable chemical reactions (e.qg.

ettringite and thaumasite crystal development).

According to the American Coal Association (2008he Clean Air Act (CAA), the
Clean Air Interstate Rule (CAIR) and the Clean Wercury Rule (CAMR) have resulted
in more stringent control of emissions by generafacilities. One such emission is the
reduction of sulfur dioxide (S emission. Some coal-burning power plants re&Og

emissions by scrubbing the flue-gas utilizing FBCF&D systems. The FBC or FGD
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material obtained during the scrubbing process bt&n collected, separated or
reintroduced into the fly ash collected in the bagse. The FBC process removes the
SO, during the combustion process by using lime inualized bed. The FGD system
removes the S£from the flue-gas after combustion by introduciinge to form calcium
sulfate. If the FDG material is separated from flgeash, the FDG can be used is the
development of gypsum wallboard, Portland cememd, @so as a soil amendment for
agricultural purposes. If the FDG material is treaduced into the fly-ash, the additional
SO may develop an otherwise standard fly ash to bep#cification. With increases in
SO content in the fly ash, formation of highly expamesettringite and thaumasite

crystals are an increased possibility and may reggpecial evaluation.

According to the U.S. Environmental Protection Age(2008), increasing limits on NO
emission have led to widespread use of low M@al burners. The low N(burners are
often inefficient at combusting all the coal. Ak, the fly ash is often produced with
higher carbon content. Higher carbon in the fljn @an result in problems with air
entrainment and durability in Portland cement cetee{American Coal Ash Association,

2003).

2.6. Soil Stabilization
Stabilization is the permanent improvement of eeegimg performance. Various
methods exist to stabilize soil including chemistlbilization, mechanical stabilization,
biological and thermal. Desired engineering chiaréstic usually include increasing the

soil shear strength and/or stiffness, reducing $bé@ compressibility and/or swell
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potential. Mechanical stabilization methods caslude soil state modifications (such as
static or dynamic compaction), consolidation (ergloading, surcharging) and admixing
of other geomaterials. Chemical stabilization nigh accomplished by admixing of
compounds such as lime, Portland cement, bitumenCG®Ps. For the purpose of this

study, emphasis will be on stabilization of fin@iged soils using fly ash.

2.7. Stabilization of Fine Grain Soilswith Fly Ash

As discussed in Section 2.5, Class C fly ash hasndaal constituents that enable
pozzolanic reactions within a soil matrix and tlevelopment cementitious bonds. Self-
cementing, Class C fly ash, has been documenteadoy authorities as a method of soil
stabilization (American Coal Ash Association Edimaal Foundation 2008, Center for
Transportation Research and Education 2005, andBh8ronmental Protection Agency
2005). Class C fly ash can be used to stabilizeseograin soils (such as aggregate base)
or fine grain soils (such as silt and clay) becaafsis unique ability of self-cementing
characteristics. Improvements attained by theochiction of Class C fly ash to soail
include significant drying; reduction in plastienit, plasticity index and shrink-swell;
and increases in shear strength (American CoalA&siociation Educational Foundation
2008). Some affects of Class C fly ash on soikdgnoptimum water content, plasticity,
compaction delay, shrink-swell potential, stiffnesgl shear strength are outlined below.

Other specific studies on stabilization of clayisare further investigated.

Proctor Maximum Dry Weight: Class C fly ash addition tends to increase the

maximum standard and modified Proctor dry densitg eeduces the optimum water
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content of soil alone when compacted with no cortipac delay (Center for
Transportation Research and Education 2005).

Compaction Delay: The maximum Proctor dry density tends to decredsée
the optimum water content tends to increase witmpzaction delay (Misra 1998;
American Coal Ash Association Educational Foundat®008). The unconfined
compressive strength of fly ash stabilized soildteto be reduced with increases in
compaction delay (American Coal Ash Association &dional Foundation 2008; Center
for Transportation Research and Education, 200%)apily due to the development of
tricalcium aluminate prior to compaction which & less pozzolanic bonds to develop
when soil is compacted. Density is lowered sincgentompaction energy is required to
overcome the tricalcium aluminate formations (Aroan Coal Ash Association, 2003).

CureTime: Unconfined compression strength tends to incresitecuring time
(Misra 1998; Center for Transportation ResearchEshacation, 2005).

Shrink-Swell: Shrink-swell is reduced by development of physwahentitious
particle bonding which reduce/restrict movemenhimitthe soil matrix (American Coal
Ash Association, 2003).

Stiffness:  Stiffness of clay soils stabilized with fly ash disnto increase with

additions of Class C fly ash (Misra 1998).

In an investigation completed by Misra (1998), smhsisting of blends of kaolinite,
bentonite and natural lean clay soils were evatuatethe laboratory to determine the
effect of compaction delay, water content and d¢umne on the unconfined compressive

strength of prepared specimens. The blended @®itdinite and bentonite) all classified
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as high plasticity clay (CH) while the natural clsgils classified as either CH or lean
clay (CL). Specimens were evaluated at with varittyiash contents, water contents and
compaction delays. The author reports specimengacted without compaction delay
exhibited slightly lower optimum water content ahdyher maximum dry density.
Delaying compaction time increased the optimum watmtent of the mixtures and
lowered the maximum dry density. Unconfined corspree strength testing was
completed on specimens, containing different fly asd water contents, were compacted
and cured for 7 days. Results indicate highesbniitted compressive strengths were
obtained with the lowest compaction delay and ghéi fly ash contents. Strain
monitoring during compression was completed on ispats at single fly ash content at
various water contents and compaction delays. alitleor reports an increase stiffness of

specimens with fly ash addition.

A laboratory investigation was completed by Cok2@0() to determine the effectiveness
of stabilizing expansive clay with the additionlagh calcium fly ash, low calcium fly
ash, lime and cement. For this study, expansiag cbnsisting of a blend of 85%
kaolinite and 15% bentonite was used. The higbiwal fly ash in the study was blended
with the soil at 0, 3, 5, 8, 10, 15, 20, and 25%doy weight. The mixtures were
evaluated for plasticity and swell potential. Mis¢s were compacted (assumed with no
compaction delay) statically at a single water eahtand dry density. With additions of
fly ash, experimental testing shows a general régluof the liquid limit, an increase in
the plastic limit, a reduction in the plasticitydex, and a reduction in the swell potential.

Further reductions in the swell potential are obsérafter 7 days and again at 28 days of
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curing time at 22 °C. Changes between plastiaiy swell are limited between 20 and

25% fly ash.

A study completed by Edil et al. (2006), investeghthe California bearing ratio (CBR)
and resilient modulugM;) of soft fine-grained soils stabilized with flyltasThe soil used
in this study consisted of seven soils including CH and OH. The fly ashes used in
this study included two Class C fly ashes and twbspecification fly ashes.
Classification of off-specification was due to eitthigh SQ or high LOI. Evaluation of
the CBR andVl; were evaluated on specimens consisting of soiechixith different fly
ash and fly ash contents. Specimens subjectedBRB €&sting were prepared by
compacting soil and fly ash blends, after a 2 h gaction delay, with standard Proctor
effort. Specimens were compacted at the soil’'sdgtad Proctor optimum water content
and 7% wet of the soil’'s optimum water content. RCEesting was carried out after
curing the specimens at 25 °C for 7 days. The spats prepared favl, testing were
prepared similar to the CBR specimens, but at watetents between standard Proctor
optimum water content and 18% above optimum wabetent. M, testing was carried
out after curing the specimens at 25 °C for 14&al&ys prior to testing. Results indicate
that specimens with fly ash, compacted 7% wet a@imopm water content, exhibited a
CBR that was on average 400% to 800% of the CBR@fsoil, for fly ash contents of
10% and 18%, respectively. Mixtures with off-gfieation fly ashes showed similar or
more improvement to the CBR than mixtures with@ass C fly ash. Specimens of soll,
compacted at optimum water content, generally etddbhigher M, than specimens

containing 10% fly ash which were compacted 7% aboptimum water content. For
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similar water contents conditions, specimens wabolly ash content exhibited, of 80
to 250% of theM, of the soil. Similar to the CBR tests, the miewirwith off-

specification fly ashes exhibited similar or hightgrthan mixtures with Class C fly ash.

2.8. Summary
Section 2.1 through 2.7 present the detailed figgliof the reviewed literature that
pertains to scope of this study. The topics of litezature review include STR, sand-
rubber mixtures, clay-rubber mixtures, coal comiowmstproducts, fly ash, soil
stabilization, and stabilization of fine grain sowWith fly ash. A summary of the

reviewed literature is below which substantiataedyart, the hypothesis of this study.

The reviewed literature indicates a large quanbityscrap tires remain in stockpiles
throughout the United States; Colorado having amibreglargest scrap tire stockpiles
(RMA 2009). End-use markets have been developedst scrap tires and reduce
stockpiles; however, the existing end use marke¢s remt expending the exorbitant
numbers of scrap tire remaining. The need to a@gveldditional end-use market is
evident. Civil engineering applications have pttdrfor the use of high quantity of

scrap tires (i.e. roadway development and embanfmen

Previous studies recognized the potential for SiRivil engineering applications, in
part because it's a relatively light material, d®tjan investigating the use of STR as an
alternative to conventional geomaterials (Humpheegsl. 1993; Ahmed & Lovell 1993).

However, those findings suggest that STR exhibigh compressibility (Ahmed &
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Lovell 1993) which potentially limits its use invdi engineering applications. Studies

were expanded to invetigate STR mixed with sanday.

Studies investigating sand-rubber mixtures founditamhs of rubber to the sand tends to
increase the mixture’s compressibility (Ahmed & kedv1993, Lee et al. 2007) and

decrease the friction angle (rubber particles ssndlan the sand patrticles) (Lee et al.
2007). The large-strain and very-small strairfretiés was also reduced with the addtion

of rubber (Lee et al. 2007).

Further studies investigated clay-rubber mixtui@sctuded additions of rubber increased
the friction angle of the host clay (Ozkul & Bayk#07, Cetin et al. 2006, Dunham-Friel
2009) and reduced the stiffness at large strairskylO& Baykal 2007, Dunham-Friel
2009 ) and at very small strains (Dunham-Friel 200fhvestigations completed with
expansive soil showed the addition of rubber redbeeswell (Seda et al. 2007, Dunham-

Friel 2009) and the swell pressure (Seda et al7200

In expansive clay soil, the increase in shear gtteand reduction of swell and swell
pressure with the addition of STR is highly advgetaus in civil engineering
applications; however, the reduced stiffness mayt lthe use of clay-rubber mixtures.
By increasing the stiffness of clay-rubber mixtyre®re end-use applications may be
available. Conventional Class C fly ash has bemuihented by many authorities as one
method to stabilize soil (American Coal Ash Asstioia Educational Foundation 2008,

Center for Transportation Research and Educatiof52@Gnd U.S. Evironmental
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Protection Agency 2005). The addition of converdio@lass C fly ash to clay soil tends
to reduce the plasticity index and shrink-swell @mman Coal Ash Association
Educational Foundation 2008), increase the uncedfinompressive strength (Misra
1998; Center for Transportation Research and Enuga?005), increase the stiffness

(Misra 1998), increase the CBR &g (Edil et al. 2006).

However, according to the American Coal Associat{gf08), recent legislation has
resulted in more stringent control of emissionspmwer generating facilities. As a
result, scrubbers and plant altercations have texsuh additional chemicals being
comingling with otherwise conventional Class C dish, resulting in fly ash that is off-
specification. End use markets for off-specifioatifly ashes are very limited and
consequently often land filled or stockpiled. Simgmission controls are probably only to
become more stringent in the future, it's likely immoff-specification fly ash will take the

place of conventional Class C fly ash.

Few studies have investigated the use of off-sjpatidbn fly ash for soil stabilization.
However, a particular study concluded that clay stibilized with off-specification fly
ash increased the CBR aMl of the soil greater than that same clay stabilirith

conventional Class C fly ashes (Edil et al. 2006).

Based on the literature review of STR, sand-rulavet clay-rubber mixtures, it appears
that additional end use markets for STR could besldgped if soil-rubber mixtures were

stiffer and could develop higher shear strengtlis hypothesized that the stiffness and
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shear strength of an ESR mixture could be increbgambnventional Class C fly ash and

also by off-specification fly ashes.
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CHAPTER 3: CONCEPTUAL FRAMEWORK

3.1. Critical State Framework
The framework for critical state soil mechanicsésed ora failure envelog (critical

state line or CSL¥uch as thone shown ip’, g, e (orv) space Figure3.1).

\
\
\
\ "G
CSL in C h

\ Projection of CSL
e-p'-q space ~

N, onp'-g space
\\
\

\\
Bl

Projection of CSL
on e-p' space

Figure3.1 Critical-state line ire-p’-g space (Salgado 20(

The critical state framework is based on the ideg, as soil strains, the particles w
eventually reach a point that shear resistanceoigerged by the intrinsic frictioni
resistance developed between soil particles. Critical state is defined when the soih

equilibrium with the applied stres:. Under drained shearing conditions, criticalesis
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mobilized when no further changes in volume ocaamétant volume). Critical state
occurs in undrained shearing conditions when tleegx pore water pressures mobilized
during shearing of the soil are constant. The npErameters defining the CSL are

shown below in Equation 1 and Equation 2 (Schog&eWroth 1968)

q=Mp' (Equatil)
Fr=v+Alnp (Equation 2

where v is the specific volume (=X}). For axi-symmetric conditionsg = (g, — g, i9

3_is the mean effective stress. The CSL

L +0 +
the deviatoric stress, an@':%

defines the states under which the soil is in dmuuim with the applied stresses.
However, under low mean effective stress, thecail exist at points above the CSL due
to dilatency in the case of uncemented soils. @itecal state friction angle¢) is
related to the critical state paramdtweiby Equation 3 (Atkinson 1993). The state of the

soil prior to shear will affect the stress patidaled by the soil during shearing.

sing = (Equation 3

6+M
For loose soil states, contraction will occur iided conditions, whereas positive pore
water pressure generation will develop in undraiceaditions. This behavior would be

typical of normally consolidated clay or loose sand

For dense soil states, the particles will tendilimtel especially under relatively low mean

effective stresses. Soil dilatency is primarilyedto volume changes whereby soil
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particles roll over one another and shift withie $oil matrix. This behavior would be

typical of overconsolidated clay or dense sand.

Under drained conditions, dilation is associatedhwan increase in volume of the
specimen with applied strains (Figure 3.2(a)) whichy or may not be preceded by
initial contraction. During undrained conditiomggative excess pore water pressure will
develop as the soil attempts to dilate. For cthgsnegative excess pore pressures can be
observed as a function of the overconsolidatioi &CR) (Henkel 1956) which would

be a similar behavior for dense sand. The idedltzshavior of clay during undrained

conditions is shown in Figure 3.2(b).

Soil exhibiting dilatency displays a “peak” in istress path for temporary states lying
above the CSL. The shear strength mobilized atpairyt above the CSL is defined by

the peak friction angleg).
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Figure 3.2 (a) NC and OC clay in drained conditj@b¥ NC and OC clay in undrained
conditions (Salgado 2008)

3.2. Axi-symmetric Compression
Many applications in geotechnical engineering depam the accurate prediction of soil
shear strength and mechanical response. Suclcatpphs include bearing capacity of
foundations, prediction of lateral earth pressdoesretaining walls, shear strength for
slope stability analysis, stability of embankmesets, Accurate and precise prediction of
soil behavior, in combination with high-quality nelshg, can provide geotechnical

designs that are safe and cost effective.

Prediction of soil shear strength for geotechnagign is often based on characterizing
the soil through experimental laboratory testirithe critical-state shear strength of soill
is affected by different intrinsic characteristighich include soil mineralogy, grain size

distribution and particle angularity (Salgado 200&8tate variables of the soil affecting
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its shear strength include void ratio (or relatidensity), water content, soil fabric,

cementation and effective confining stress (disedgsrther in Section 3.3).

The triaxial test is widely used to evaluate theaststrength of soil experimentally. In a
standard triaxial test, the cell pressure or rasiigdss ;) applied to the specimen is a
principal stress. In a typical axi-symmetric tekg other applied stress is the axial stress
(0a) which is determined as the sum of the deviatoriesstand the radial stress. The
applied normal stresses can be measured with peessansducers and axial force
transducers. In axi-symmetric compressigzgror and g=0=03. In this study, triaxial

testing will imply axi-symmetric conditions.

When assessing the soil shear strength, it is easemmeasure the stresses in terms of
effective stress. The effective stress is theadtress carried by the soil skeleton and
represents what the soil actually “feels.” Theeefiive stress concept states that when a
stress is applied to a unit volume of soil, thel soipports the total stress by two

components which include the pore pressuyafd the effective stress’|.

o=0-u (Equation 4)

In consolidated drained (CD) triaxial testing, #féective stress can be fully mobilized
by completely allowing the soil to drain during aheg (i.e. by allowing pore water
pressures to dissipate completely). Alternativelgnsolidated undrained (CU) triaxial

tests are carried out by measuring the excess \water pressures generated during
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shearing. In this study, CU tests were used, asnduch, will be discussed further in the

following section.

3.3. Consolidated Undrained Triaxial Compression
In the critical state framework, the shear strerajtboil is dependent on the void rate) (
or specific volume\) among other variable such s, (@, etc.). Itis often desirable to
determine the shear strength of soil at variougipesolumes to determine the stress
path to CSL. The consolidated isotropically unadedi triaxial test is typically conducted

in phases: isotropic consolidation and shearing.

In the isotropic consolidation phasg,is increased to a desired level (e.g. 50, 10000r 2
kPa) under undrained conditions. This increasen@an effective stress will cause an
instantaneous increase in pore water pressurégisgecimen. Then the drainage lines
are opened and the pore water pressures are alltovetissipate as the specimen
contracts and water drains out of the specimen. dianage of pore water during

consolidation leads to a decrease in the specinspesific volume.

During undrained shearing, the specimen is sheaiéd all drainage lines closed.
Therefore, a change in the deviatoric streg-fAo,) will immediately cause a change in

pore water pressurely).

The radial stress does not change during the sigephase4c;=0). As a result, changes

in mean stresp) are related to axial stress changég] through Equation 5.
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Ap=—72 (Equation 5)

Accordingly, changes in mean effective stredg’) are related to axial stress changes
(40) and changes in pore water pressui@® through Equation 6.

_Aaa_
3

Ap' Au (Equation 6)

Plotting q versusp’ is the most rigorous way to express the stresk fmt triaxial
compression. For undrained response the totassprath has a 3:1 slope. The effective
stress paths will vary depending on the soil statd Au generated during shearing.
Effective stress paths for undrained loading caoliserved in Figure 3.3 for ESR rubber

mixtures (Dunham-Friel 2009) similar to the onesdum the present study.
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Figure 3.3 CU triaxial stress path of ESR mixtyi@2snham-Friel 2009)
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3.4. Large-Strain Stiffness
Soll stiffness is non linear and decays with st{@itkinson 2000). As a result, it is useful
to represent solil stiffness as a function of str&ail stiffness can be measured in the
laboratory during routine triaxial testing and nisycommonly expressed as the Young’s
modulus of elasticity E) through a convenient selection of reference aXesgent

stiffness E;) can be deduced from the initial stages of thealagtrain (&) versus

deviatoric stresgj curve as the slope of a line tangent to any pminthes, vs. g curve.

In its secant formHE,), stiffness might be alternatively expressed as glope of the
secant line from the origin through the same pomtheg, vs.q curve. Alternatively, it
might be convenient to express soil stiffness frordrained triaxial compression tests in
terms of the shear modulu&)( of the material, which can also be deduced fromn t

initial stages of the, vs.q curve as:

G= —d:{ = E :% (Equation 7)

where &g and d¢, are the deviatoric stress and axial strain incréspeaspectively, and
is the Poisson’s ratio of the material (equals thbjncompressible materials). From the
Mohr circle of strains, the maximum shear straiorément(d)) in the material can be
deduced through:

oy=¢g,(@1+v)=15 (Equation 8)
Equations 7 and 8 assume an elastic treatmenthfriricremental response of the
materials may be adopted even though their ovetedlss-strain response may be far

from linearly elastic (Muir-Wood 2004).
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Accurate soil stiffness evaluation relies upon @m@cmeasurements of the applied
stresses and soil deformations. External displanemnansducers provide accurate data
for axial strains larger than 0.1% (Atkinson 200Dmitations of external transducer
measurements may be due to piston friction (if>@ereal load cell is used), deformation
of equipment components, and seating errors, amtmg sources (Baldi et al. 1988).
Axial strain measurements between 0.001 and 0.1¥#dumoecessitate the use of local
displacement transducers (Jardine et al. 1984)abyn methods based on shear wave
velocity (V) measurements can also be used to evaluate stiffnehe very small axial
strain range (Atkinson 2000) by resolving axiabsts to values smaller than 0.001%
(Dyvik & Madshus 1985). An idealized representatairsoil shear stiffness with shear

strain is shown in Figure 3.4.

Typical strain ranges

]"- -F—-{ Retaining walls

| - |*—=| Foundations
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Figure 3.4 Shear strain degradation curve (Atkiro®0)
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3.5. Very Small-Strain Stiffness
Solil stiffness at axial strains between 0.0001 @1% is referred to as very small-
strain stiffness (Atkinson 2000). At very small astis, the accuracy of stiffness
measurements can be significantly improved by usiabgased methods, as discussed
above. Soil stiffness in the very small-strain muglso referred to &max 0r Go) can be
deduced from simple one-dimensional wave propagatialysis as:
Gr, = OV (Equation 9)

wherep s the total density of the material.
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CHAPTER 4. EXPERIMENTAL PROGRAM

4.1. Materials
4.1.1. Soil
The soil used in this study was obtained from tl®ofado State University (CSU)
expansive soil test site (Dunham-Friel 2009). $he is located at the CSU Engineering
Research Center, approximately 1.1 km west of @udrlTrail and 0.3 km south of
Laporte Avenue in Fort Collins, Larimer County, @ado (Figure 4.1). The soll
obtained from the expansive soil test site is idiedt by the Department of the Interior
U.S. Geological Survey, Geologic Map of the HoredtoReservoir Quadrangle, as
belonging to the Pierre Shale formation (Figure).4.A more detailed diagram of the

sampling area used to collect the samples is slwWwigure 4.2.
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Figure 4.1 Expansive Soil Test Site at the EngingdResearch Center of Colorado State
University (Fort Collins, Colorado)
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Figure 4.2 Detailed site diagram of expansive &3l site showing sampling location
(Dunham-Friel 2009, Modified after Abshire 2002)

Atterberg limits (ASTM D 4318), sieve analysis (A8TC 117 and C 136) and specific
gravity (ASTM D 422) tests (Dunham-Friel, 2009) qaeted on the expansive soil are

summarized in Table 4.1. Based on the resulthefridex properties, the soil classifies
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as high plasticity clay (CH) in accordance with theified Soil Classification System
(USCS). The particle size distribution of the exgige soil is shown in Figure 4.3.

Table 4.1 Soil index properties
Liquid Limit, w Plasticity Index]p Specific GravityGg % Finer % Finer = USCS
No. 4 No. 200
54% 33% 2.72 100 93.1 CH
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20 —>¢&— Rubber
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Particle size (mm)

Figure 4.3 Particle size distribution of expansed, rubber (Dunham-Friel 2009), R-fly
ash, L-fly ash, and DL-fly ash.

4.1.2. Rubber
The STR material used in this study was manufadtbyeCaliber Recycled Products Inc.
Commerce City, Colorado, and consists of granulatdgber with nominal maximum

particle size of 6.7-mm and specific gravity equeall.16 (Dunham-Friel 2009). Particle

size distribution of the STR used in this studghswn in Figure 4.3.
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4.1.3. Fly Ashes
The fly ashes used in this study were obtained fitoree different sources. The standard
Class C fly ash was produced at the Laramie Ritaid® in Wheatland, Wyoming. The
off-specification fly ashes were produced at thevRde Energy Station, which is
located north of Fort Collins, Colorado, and at kertin Drake Power Plant in Colorado
Springs, Colorado. The approximate locations efdbal combustion power plants along

with other coal combustion power plants in Coloradd shown in Figure 4.4.

Sy —
Rawhide'Energy Stat
i . ¢ W ", ‘
Craig Station, Craigh.CO ’ ’ Ashponds Hayden C:;latlon. Hayden, CO™
‘ nee Station, Brush; {efe)
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“Google*
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»r 3825606 95-N" 1106°01:38'602 W elov 9646 ft 5 na 111111111 100% Eye alt. 516.06 mi|

Figure 4.4 Coal combustion power plants in Color@mteated using information
provided by sourcewatch.org)

The chemical composition, loss on ignition and degravity of each fly ash tested is
shown in Table 4.2. The Laramie River Station iash Class C fly ash. The Drake 5 fly

ash is an off-specification due to its high LOIl.eTRawhide fly ash is an off-specification
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ash based on its high sulfur trioxide EQontent and relatively low amount of
pozzolanic materials (<50%). For this study, th€626.7-mm ESR mixture (Dunham-
Friel 2009) was blended with the Laramie River iStafly ash, with the Rawhide Energy
Station fly ash, or with a mixture of 40% Drakerid&60% Laramie River Station ashes.
Hereafter, the Laramie River Station fly ash, trevRide Energy Station fly ash and the
Drake 5-Laramie River fly ash blend will be refelréo as L, R and DL-fly ashes,

respectively. Particle size distributions of thedshes tested are shown in Figure 4.3.

Table 4.2 Chemical composition and ASTM classifaabf the fly ashes tested.

40% Drake 5/
Chemical Constituent ASTM C 618 _Laramie Rawhide Drake 5 60% Laramie
Requirements| River Ash (L) Ash (R) Ash River Blend
(DL)
Silicon Dioxide (Si(,), % 33.7 26.€ 35.1 34.2
Aluminum Oxide (A,O,), % 18.€ 12.¢€ 17.t 18.1
Iron Oxide (F,O,), % 5.7 5.4 34 4.8
Sum of SIC, AlLO,, Fe,0,, % 50.0 Min. 58.C 44.¢ 56.C 57.2
Calcium Oxide (Ca0), ! 27.9 29.7 12.3 21.7
Magnesium Oxide (MgO), ' 6.1 5.5 3.2 4.9
Sulfur Trioxide (SC), % 5.0 Max 1.8 12.4 1.4 1.7
Sodium Oxide (N,O), % 2.0 1.6 1.2 1.7
Potassium Oxide (,0), % 0.4 0.4 0.6 0.5
Loss on Ignition, % 6.0 Max. 0.2 2.5 22.8 9.3
Specific Gravity 2.60 241 1.76 2.18
ASTM Classification Class C Class C Off-Spec Off-Spec Off-Spec

4.2. Scanning Electron Microscope
A scanning electron microscope (SEM) was used tcemte the micro-fabric
(approximately 10 to 5Qm) and mini-fabric (approximately 100 to 5Qfn) of the L, R
and D-fly ashes (the blended DL was not observettienSEM). The SEM used was a
JSM-6500F Field Emission Scanning Electron MicrggcdFESEM), managed by the
Department of Chemistry in the Central Instrumerégility at CSU in Fort Collins,

Colorado. The SEM provides a relatively large Hegtfield (magnification to less than
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10 A) but requires oven-dry specimens, an evacuztathber, and specimen coating (for

maximum viewing detail).

For this study, the fly ash samples were oven daedpproximately 110 °C for 24 h.
Then, the fly ashes were placed on the SEM speairaad the surface of the fly ashes
was coated (“painted”) with gold. Following coajrthe specimens were placed on the
specimen holder and loaded into the SEM chambertle@madhamber was evacuated to
less than 2xI0kPa. Photographs were captured for each of jhasthes at x250, x500

and x2000 magnifications.

4.2.1. LaramieRiver Fly Ash
The SEM photographs of the L-fly ash are shownwelo Figure 4.5. Photograph (a),
(b) and (c) were obtained at magnification levdls2b0, x500 and x2000, respectively.
Observation of the L-fly ash particles indicates ffarticles are amorphous, spherically
shaped, with a glassy appearance. The particlpgaapo range from a maximum

particle size of approximately 320m.

Y
0K

Figure 4.5 SEM photographs of L-fly ash: (a) x26,x500, (c) x2000
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4.2.2. RawhideFly Ash
SEM photographs of the R-fly ash are shown beloWwigure 4.6. Photographs (d), (e)
and (f) were obtained at the same magnificatiorelewas the L-fly ash, respectively.
Observation of the R-fly ash particles indicate plaeticle size and shape is similar to that
the L-fly ash; however, the R-fly ash particles egpmore rough with a less glassy

appearance. The particles appear to be bondecandttner material.

4.2.3. DrakeFly Ash
Photographs (g), (h) and (i) of the D-fly ash aneven below in Figure 4.7. The D-fly
ash has a significantly different appearance thenlt or R-fly ashes. The D-fly ash
particles appear rough and more frictional. Theigas also appear relatively porous.

Particles sizes vary with a maximum particle sizepproximately 10Qum.

Figure 4.7 SEM photographs of D-fly ash: (a) x20,x500, (c) x2000
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4.3. Mixture Design
The amount of fly ash required to develop pozzalamactions with the soil was
estimated by the lime fixation point method (HiltBavidson 1960). The lime fixation
point method was used in this study to system#yiestimate thé&AC to be added to the
ESR mixture. R, L and DL-fly ashes contain appneadely 25 to 35% of (MgO + CaO),
as shown in Table 4.2. The amount of lime forafien depends on the chemical
interactions that occur between the soil and theeli When C& and/or MG are
introduced to solil, the soil initially undergoep@ferential sequence of cation exchange
in the form of heavier multivalent cations disptagzimonovalent cations (Mg> C&* >
Na" > K") (Transportation Research Board 1987). The crogvaif multivalent cations
on the surface of the clay particles changes thigcfes’ electrical charge so that the clay
particles become attracted to one another. Thetriglgl attraction causes the clay
particles to flocculate and aggregate and alsocesdgoil plasticity (Hilt & Davidson,

1960).

Hilt & Davidson (1960) measured the unconfined coespive strength of specimens
containing various amounts of lime. The specinmepared in their study were 2 inches
in diameter and 2 inches tall. The specimens wereled with standard Proctor effort at
a water contents that maximized the unconfined cesgive strength after 7 days of
curing at approximately 70 °F. Specimens contgiinl, 2, 3, 4, 5, 6, 8 and 12% lime
by dry weight of soil were subjected to unconfimednpression (without saturating) after

7 or 28 days of curing. Their results show that timconfined compressive strength of
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clay remains relatively constant when additioniofel causes increases in the soil-lime
plastic limit. When the plastic limit remains cterst with further lime addition, the

unconfined compressive strength of the soil-lim&tores tended to increase. Therefore,
Hilt & Davidson (1960) suggested that the plastioitl would be indicative of the

guantity of lime required to “fix” the soil (satisfthe initial cation exchange and allow
further development of pozzolanic reactions). His study, it was hypothesized that the
ESR-fly ash mixtures would develop similar plastiathange characteristics as a result

of additions of lime to the ESR mixtures.

Laboratory testing was conducted to determine thstipity characteristics of the soil-fly
ash blends by determining the liquid limw, ] the plastic limit p) and the plasticity
index (p) in accordance with ASTM D 4318. Laboratory dbil-ash blends were

prepared as follows.

After dry preparation of the soil (ASTM 4318), dmized water was added to the
samples to obtain a water content that was viseslynated to be slightly below the.
The soil samples were then sealed in glass comsaarel allowed to soak for at least 16
h. After soaking, a predetermined mass of fly asls added to the samples. Prior to
further laboratory testing, the soil-fly ash mix@arwere allowed to age, at approximately
21 °C, for up to 24 h for mixtures containing L-figh or up to 7 days for mixtures with
R-fly ash. In each of the Atterberg limit testsfpemed at this stage, the liquid limit was

performed first, followed by the plastic limit tesTheFAC is defined as:
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M
FAC(%)=—"2*"  x100% (Equation 10)

soil flyash

whereMsoi andMyy ashare the dry mass of soil and fly ash, respectively

4.4. Compaction
Water content versus dry unit weight relationshifgse established for the 20% 6.7-mm
ESR (Dunham-Friel 2009) and its mixtures with fghas of a constaffAC equal to
14%. This selecteBAC will be discussed in the chapter when the limation point
results are presented. TRE may be redefined as follows for the ESR-fly asktores:

RC(%) = M ioper x100% (Equation 11)
M +M_, +M

soil flyash

rubber

whereMypper iS the dry mass of the rubber.

Representative samples of the expansive soil abderuwere obtained and processed
through a No. 4 sieve according to ASTM D 698 ar&TA D 1557. A predetermined
mass of dry soil finer than the No. 4 sieve was lioed with granulated rubber and de-
ionized water and allowed to soak for a periodtdkast 16 h. After this initial period,
fly ash was added and blended to the mixture. mixéure was then sealed and aged for
2 h at about 21 °C. After aging, standard Prot&8TM D 698) and modified Proctor

(ASTM D 1557) tests were performed.

4.5. Unconfined Compression
Unconfined compression (ASTM Specification D 2168jting of ESR and ESR-fly ash

mixtures was performed as part of the experimegnmtagram. It should be pointed out
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here that the only purpose of these unconfined cessppn tests was to confirm that the
FAC selected was sufficient to promote pozzolanic tieas within the ESR mixtures
stabilized with fly ash. The development of pozmatareactions in the ESR-fly ash
mixtures was assessed by comparison of the peak stxéss measured in unconfined
compression for all of the ESR and ESR-fly ash uores tested. Unconfined
compression testing results were neither used mended to assess the shear strength
parameters (i.eq or ) of the materials tested. This is because the nfiveed
compression specimens were not saturated priohéarsg and both the initial soil
suction in the specimens and the pore pressurésgdumconfined compression were not
measured. Without an accurate measurement of iti@ istress state of the specimens
(induced by soil suction), it would be conceptuallyong to expect unconfined
compression test results can correlate to the bashear strength parameters of the
materials tested. Any discussion on the actualrséteangth parameters of the materials
tested in this study is carried out at a laterisaedbased on the results of triaxial tests
performed on fully-saturated specimens subjecteavétd known states of stress and
density. Unconfined compression testing was coraglein ESR, ESR-R, ESR-L and
ESR-DL mixtures (same mixtures used in the standadi modified compaction tests).

All mixtures consisted of expansive soil witfR& of 20% and &AC of 14%.

Mixtures of ESR and ESR-fly ash were prepared aiined previously for the
compaction tests. Like the compaction testing,tunes containing fly ash were aged for
2 h prior to compaction. Specimens were compafttednconfined compression testing

in accordance with AASHTO T 307. Specimen comjpactvas carried out by statically
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compacting a series of five lifts, each scarifiedipto addition of the next lift, in a rigid
split mold. The split mold was lubricated with &thhigh vacuum grease or petroleum
grease applied to the interior of the mold to miaemside friction during specimen
extrusion. The energy required to extrude specéweas lowest when the high vacuum
grease was used. Specimens were compacted t@et &wil state corresponding to
approximately 95% of the standard Proctor maximugn density and optimum water

content determined for each of the mixtures tested.

ESR specimens were subjected to further laborat@sting immediately after

compaction. Specimens containing fly ash werewadtb to cure inside the split
compaction mold for 7 or 14 days at approximatel¥125 °C. During curing, the mold

was kept inside three impermeable flexible polykgthg plastic bags to minimize water
content changes. Water content changs) (during curing were lower tha#0.07%

using this method.

After curing, specimens containing fly ash were oged from the split compaction mold
by initially applying an axial load on one end bétspecimen to overcome any bonding
that may have developed between the specimen ahdihd. Once the specimen was
relatively free within the mold, the split mold éaal restraints were removed. Then the
specimen was removed from the split mold by slidimg opposing halves of the split
mold in opposite directions (removing the specinrerthis fashion minimized sample

disturbance and lateral strains). Finally, unaoedi compression testing was carried out
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using a constant rate of strain of 1%/min. A digsion of the equipment used during

compression testing is shown in Table 4.3.

Table 4.3 Details of equipment used to carry owonfined compression testing.

Equipment Manufacturer Range Accurag Resolutjon
Compression Geotest Instrument Corp., B B B
Machine Evanston IL
Data Trautwein Soil Testing Equip. Cq., B i i
Acquisition Houston, TX
Displacement Novotechnik
’ 0-152 mm 0.27 .0025 mm
Transducer Southborough, MA
Force Artech Industries Inc.,
Transducer Riverside, CA 0-8900N 0.14 05N

4.6. Undrained Triaxial Testing
Triaxial compression testing was performed on EBREBSR-fly ash specimens prepared
at a single target relative compactiddg) of 95% of standard Proctor maximum dry
density and at optimum water content. ESR-fly sfgbcimens were stabilized with R, L
and DL-fly ashes (same as those used in unconfinatpression testing) prepared and
cured for 7 or 14 days. Triaxial testing was perfed to evaluate the effect of fly ash
type, curing time and mean effective strgs$ ¢n the triaxial response of saturated ESR-
fly ash specimens so that it could be comparetigadésponses of the expansive soil and
ESR mixtures (Dunham-Friel 2009). The mechaniegponse of the ESR-fly ash
specimens was investigated through isotropic swislhtropic consolidation and
undrained triaxial compression. Undrained triaxiampression was completed at mean
effective stress levels of 50, 100 and 200 kPa. rodgh the measurements of

displacement during shearing using external tracesdy the large-strain stiffness was

determined. Very small-strain stiffness was eatdd using bender elements.
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4.6.1. Triaxial EQuipment

Triaxial compression was accomplished using anrmated (GEOJAC) triaxial load
frame and (GEOTAC) data acquisition and softwarenufectured by Trautwein Soil
Testing Equipment Co. (Houston, Texas). An S-tyyaellcell, mounted on the GEOJAC
piston, was used for measurement of force. Pressgasurements were obtained with
two individual pressure transducers (one instatiadthe cell pressure line and another
one on the back/pore pressure line). Vertical ld@ments of the triaxial specimen
during shearing were obtained using an external. LPfie triaxial chamber used in this
study consisted of a top and base, separated bgnaparent reinforced plexi-glass
chamber. The 70-mm diameter triaxial specimenatog base used were also made of
plexi-glass fitted with two drain lines each. E&iljpaper and rigid filter stones were used
at the top and base of each specimen. Detaifedmation of the equipment used to

carry out triaxial testing is summarized in Tablé.4
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Table 4.4 Details of equipment used to carry aakial testing.

Equipmen Manufacture Range/Din [Accuracy (%0 Resolutiot
Panel Board Trautwein Soil Testing Equip. Cq., B B .
Houston, TX
Pipettes | Trautwein Soil Testing Equip. Cq., B B 0.25 L.
\olumes Houston, TX
Data Trautwein Soil Testing Equip. Cq., 3 3 B
Acquisition Houston, TX
Cell Pressure ELE International, Ltd.
’ ’ 0 - 1000 kP 0.23 0.07 kP
Transducer* USA i 4
Pore Pressure ELE International, Ltd.,
Transducer* USA 0-1000 kPa 0.12 0.04 kPal
Displacement Novotechnik
’ 0-254 mm 0.09 0.0025 mn
Transducer Southborough, MA
Force Artech Industries Inc.
’ 0-8900 N 0.84 045N
Transducer* Riverside, CA
.y Trautwein Soil Testing Equip. Cq.,D=127 mm
Triaxal Cel Houston, TX H=273 mm
Qualitative Ahlstrom
- . D=70 mm -- --
Filter Paper Mt. Holly Springs, PA
. D=70 mm
Filter Stones - {=6.35 mm - .
Rubber Humboldt Manufacturing Co. | D=70 mm . .
Membranes Schiller Park, IL t=0.30 mm

* Indicates accuracy and precision from DunhamiR2089

4.6.2.

Triaxial Specimen Preparation
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Specimens for triaxial testing were prepared/curgdg the same protocol/curing time as
outlined for the specimens prepared for unconfio@apression (Section 4.5). Once the
triaxial specimen was extracted from the split mdatslinitial mass, height and diameter
were measured to determine state properties ofspleeimen “as compacted.”
specimen was placed on the triaxial platens intiéerubber membrane in accordance
with ASTM D 4767. The triaxial cell was then fillavith de-aired, de-ionized water and
an initial cell pressureg;, of 30 kPa was applied. Changes in the pistoatioc and cell

and back pressure volumes were recorded beforaftardeach stage throughout the test

to determine changes in the state properties ofspleeimen. During triaxial testing, a



stringent timeline was adhered to for each stagtesiing to minimize the differences
between specimens that could potentially be deeelogue to pozzolanic reaction
development with time. The time schedule for estelge of triaxial testing are outlined
below in Table 4.5. Further testing protocols @iszussed individually in the following
sections.

Table 4.5 Duration of triaxial compression testing.

Stage of Testing Duration
Curing in Mold 7dorl4d
Flushing 2d
Back Pressure Saturating 2d
Consolidating 1d
Shearing 1d
Total Approximate Duration 13dor20d

4.6.3. Isotropic Swell
After an initial o, of 30 kPa was applied, the specimen was flushel de-aired, de-
ionized water from bottom to top. Volumetric cheagand height changes during
flushing were monitored with final measurementsorded prior to back pressure
saturation and after the specimen was consolidat88 kPa. Volumetric changes during
the flushing and back pressure saturation periodie wsed to determine the amount

isotropic swell experienced by the specimens.

4.6.4. Back Pressure Saturation
Back pressure saturation of specimens was completeeld on the protocol outlined by
ASTM D 4767. Back pressure saturation of specim&as completed, such that no
radial or back pressure stress increment exceedddPa, the minimum mean effective

stress level used in the study. The level of s#itm was indirectly evaluated by
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measuring the Skempton’s pore pressure paraniet@kempton 1954) as shown in
Equation 12. All specimens were deemed saturateshvaB >0.99 was achieved:

_ Au

B=
Ao,

(Equatid?)

where Au is the change in pore pressure and, is the change in radial stress.

4.6.5. Isotropic Consolidation
Prior to undrained triaxial compression, specimemse isotropically consolidated to
mean effective stress levels of 30, 50, 100 andkKE0 Specimens subjectedpte-100
and 200 kPa were consolidated in steps (e.g. 5QkPA0 kPa to 200 kPa). During each
consolidation step, the data acquisition system wdized to monitor changes of the
excess pore water pressufell with time. During each consolidation step, tleegent of

excess pore water pressure dissipated was platsdstime as defined by Equation 13:

U, (%) =100x (L- %) (Equation 13)

(o]

where u, is the excess pore water pressure at any tiraed u_ is the excess pore

pressure at= 0.

The time to dissipate 50%s¢t and 100% f(bo) of the excess pore water pressure was
used to determine the strain rate to be used dumgained shearing (Head 1986). A
strain rate of 1.25% per hour, which was consereiti determined for a specimen

stabilized with L-fly ash (Class C) cured for 14/slawas used for all specimens.
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The &, obtained at each consolidation step was also tsesstimate the hydraulic
conductivity, k, as a function of mean effective stress. Hydcaglbnductivity was

estimated using the procedure outlined by Head5)1@8ich is summarized as follows.

The boundary conditions included a single-draingetsnen with vertical drainage only.
The coefficient of consolidatiom,;, and coefficient of volume compressibility,;, both

determined for isotropic conditions by Equationsabhd 15, respectively:

C,i =— (Equation 14)
t50
= A_e, x 1000 (Equation 15)
Ap' 1l+g

whereT, is the coefficient of pore water pressure disggmaH is the mean height of the
specimen before and after consolidat@njs the void ratio at the beginning of the
consolidation stage, ande and 4p” are the changes in void ratio and mean effective
stress during consolidation, respectively. Therapxmate relationship between isotropic
consolidation and one-dimensional consolidatigs) @re given by Equations 16, 17 and

18:

c,=c,f (Equatib®)

fo, = (Equation 17)
1-B@l-A)(1-K,)

m, = %mvi (Equation 18)
where c, is theK, the coefficient of consolidation, is theK, coefficient of volume

change, andA andB are Skempton’s pore pressure parameters (Skeni®o4). The
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pore pressure parametmwas obtained at the maximum strain carried ounduesting.
The pore pressure parameBewas determined after back pressure saturationior far

consolidation and was always equal to or greasar th99 for all specimens.

Ko was not determined experimentally but rather estéeh using the following
relationships outlined belowK, could be estimated by Equation 19 (Jaky 1944) for

normally consolidated soils and then by Equatioic2@verconsolidated soils:

Ko(normalIy(:onsolid.aled) =1- Sin¢ (Equation 19)
Ko(overconso’tiated) = Ko(normallyconsolidanr:d) \ OCR (Equation 20)

whereOCRIs the overconsolidation ratio. Given a frictiamgée of the ESR equal to 31°
(Dunham-Friel 2009) Equations 19 and 20 indid&feshould be above 0.5. Therefore,
Ko, equal to 0.7 was used as suggested for remoldsd idead (1986). The hydraulic
conductivity,k, was estimated using Equation 21.

k=c,m, (Equatian)
The consolidation response can also be charadiebigeehanges in the specific volume
(v) as a function of mean effective stress changsvever, in order to determingit is
necessary to determine the specific gravity of espe#timen. Since the specific gravity
could be affected by the development of pozzolae@ctions occurring during the
triaxial testing, the specific gravity was detersdn(ASTM D 854) on specimens
prepared as outlined in Section 4.5, with the etioapthat the specimens were oven
dried to constant mass at approximately 60 "C pdapecific gravity testing. Results of

the specific gravity testing are shown below in [€ah6.
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Table 4.6 Specific gravity of ESR-fly ash mixtumesed for 7 and 14 days.

Material Specific Gravity,G
Curing Time (day) Average
0 14
ESR-R 2.154 2.127 2.140
ESR-L 2.135 2.113 2.124
ESR-DL 2.118 2.110 2.114

Results of the specific gravity testing indicateslight reduction for specimens tested at
14 days. This reduction, which may be due to tnetbpment of pozzolanic reactions,
may lower the water absorption capacity of the spens, and, as a result, lower their
specific gravity. The specific gravity was used $pecific volume calculations. The
specific gravity determined at 14 days was usedspacimens cured for 14 days. The

average specific gravity was used for specimenascciar 7 days.

Before and after each isotropic consolidation st#ge triaxial apparatus piston, cell and
drainage volume burettes were measured. Measutsmbktained were used to estimate
the soil state at each level of consolidation apdate the specific volume of the

specimens at any stage of the test.

4.6.6. Undrained Compression
During compression, all pore water lines were doge effectively impose undrained
conditions to the specimens. During compressiane pvater pressure measurements
were obtained using the GEOTAC data acquisitiotesys The specimens were sheared
to the maximum piston displacement possible to lobillmed with the system, which
corresponds to approximately 27 to 28% axial s#raifhe specimens were removed

from the triaxial apparatus for water content andrdass determination.
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4.6.1. Large-Strain Stiffness Testing
The soil stiffness at large strains was measuredhgiuhe triaxial tests while the
specimens were subjected to undrained compresdiorithe present study, stiffness is
represented as the shear modugisthrough Equation 7, where the Young’'s modulus of
elasticity was taken as the as the secant moddlelsticity,Es. Since the solil stiffness
is non-linear and decays with strain (Atkinson 20@Be stiffness was determined as a

function of strain, which was represented as skams through Equation 8.

Axial strains &) during undrained compression were measured uaimgexternal
displacement transducer. The deviatoric str@ssvés measured using an external force
transducer mounted on the triaxial piston. Measerds ofs, andq were collected using

the GEOTAC data acquisition system.

4.6.1. Small-Strain Stiffness Testing

Shear wave velocityMs) was measured experimentally in this study usiegder
elements (Shirley & Hampton 1977). The bender etémevere manufactured by GDS
Instruments Limited (Hook, Hampshire, United Kingdlowas used to evaluate thigof
triaxial specimens under mean effective stressldesgual to 30, 50, 100 and 200 kPa.
As previously indicatedysdepends on the time required for the shear wayedpagate
through the specimen. The travel time of the siveave may be determined as the
difference between the time when the input waveapplied and the arrival time

associated with the first major reversal of theereed signal (Viggiani & Atkinson 1995,

58



Jovicic et al. 1996). The distance of propagatibrihe shear wave was taken as the
distance between the tips of the bender elementgi@hni & Atkinson 1995). Both
square and sinusoidal input shear waves were ugbdl4+V input signal amplitude and
periods of 0.3 to 0.5 mV. Acquisition of the reamvwave was obtained using a
sampling frequency of 2,000 kamp/s and a samplirtigrval of 1 ms which were

empirically selected to provide a received signighwptimal resolution.

The Vs of the ESR and ESR-fly ash specimens were obtalnedg triaxial testing after
the specimens were saturated and isotropicallydisladed to a target mean effective
stress level. Afte’Vs was measured, the very small-strain stiffness determined

according to Equation 9.
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CHAPTERS5: RESULTS
5.1. Mixture Design

The variation of the liquid and plastic limits ofxtures of the expansive soil with the R-
fly ash aged for 1 h as a function of tR&C in the mixture is presented in Figure 5.1. A
second horizontal axis is also shown in Figuretb.1lustrate the same response as a
function of the actual (CaO+MgO) content in the mie. The actual (CaO+MgO)
content of the mixture was determined by amounfGzO) and (MgO) determined for
the fly ash as shown in Table 4.2, by Equation 22.

CaO+ MgO)(% .
contenin mixture — FAC(%)X ( glo)éo/ )Comemm e (Equation 22)
0

(CaO+ MgO) (%)

Figure 5.2 shows the variation of liquid limit aplhstic limit as a function of aging time

for specimens of expansive soil and 10.7% R-fly ash

Finally Figure 5.3 shows the variation of the lidjiind plastic limits of mixtures of the
expansive soil with the L-fly ash aged for 1 h &4dh as a function of theAC in the
mixture. A second horizontal axis is also shownFigure 5.3 to illustrate the same

variation as a function of the actual (CaO+MgO)teonin the mixture.

Testing the liquid limit and plastic limits was gad out to determine the minimuRAC
required to develop pozzolanic bonds within the E®Ktures. The mix design

methodology is outlined in detail in Section 4.3.
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Figure 5.1 Variation of the liquid and plastic libf expansive soil and R-fly ash
mixtures aged for 1 h as a function of #&C and (CaO+MgO) content of the mixture.
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Figure 5.2 Variation of the liquid and plastic lisibof expansive soil and 10.7% R-fly ash
aged for various times.
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Figure 5.3 Variation of the liquid and plastic lisbf expansive soil and L-fly ash
mixtures aged for 1 h and 24 h as a function oRA€E and (CaO+MgO) content.
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5.2. Compaction

Standard and modified compaction tests (ASTM D @@8 ASTM D 1557) were
performed on ESR-R, ESR-L and ESR-DL mixtures temhine the maximum dry unit
weight and optimum water content for each mixtufée results of the compaction tests
carried out using the standard effort were useduhbsequent laboratory testing to
determine the relative compactio®g] of the specimens tested. The standard and
modified Proctor results are summarized in Table 5Standard Proctor test results are
shown in Figure 5.4. Modified Proctor test resalte shown in Figure 5.5. Figure 5.4

and Figure 5.5 also show expansive soil alone d&ed 20% 6.7-mm ESR mixture

determined by Dunham-Friel (2009).

Table 5.1 Compaction parameters for expansive B8R and ESR-fly ash mixtures.

Standard Proctor (ASTM D 698) Modified Proctor (ASTIM1557)
Material Maximum Dry Unit Optimum Water Maximum Dry Unit Optimum Water
atera Weight, y, Contentw, Weight, y, Contentw,
(KN/m3) (%) (kN/m3) (%)
Expansive Soil 15.7 23.0 17.9 14.9
ESR 13.8 21.6 14.7 18.5
ESR-R 13.7 20.9 14.8 16.8
ESR-L 13.5 215 14.7 16.9
ESR-DL 13.4 22.0 145 16.5
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Figure 5.4 Water content versus dry unit weighatrehships determined using the
Standard compaction effort (ASTM D 698) for the emtls tested.
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Figure 5.5 Water content versus dry unit weighatrehships determined using the
Modified compaction effort (ASTM D 1557) for the tedals tested.
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5.3. Unconfined Compression
5.3.1. Effect of Fly Ash
Specimens of ESR, ESR-R, ESR-L and ESR-DL were ecteg (according to the
protocol outlined in Section 4.5). Specimens comg fly ash were cured in
compaction molds for a period of 7 or 14 days. eAfturing and extruding from the
compaction mold, the specimen height, diameter \watl mass was measured. The
specimen dry mass was determined immediately #iterunconfined compression test
was completed. The measured specimen height, thanvget mass and dry mass were
used to determine the state of the specimens f@rionconfined compression. The state
parameters of all specimens, as well as their @eddl stress, peak axial strain, and
coefficient of variances are summarized in Tab® FResults of specimens cured for 7

and 14 days are shown in Figure 5.6 and Figureréspgectively.
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Table 5.2 Summary of unconfined compression testEER specimens and ESR-fly ash
specimens cured for 7 and 14 days.

) . Deviation from
_|Dry Unit} Water | Relative . .| Average | Average Coefficientof | Coefficient of
Material @rlng Weight, | Content, Compaction Staqdard ProctgrPeak Axal Pea_k Al PeakA?daI PeakA?daI Variation (Peak Variation (Peal
Time Optimum Water Stress gy, | Strain,&,, ; ) ) )
Va w Cr P Pl Stress Strain Axial Stress) | Axial Strain)
Contentw-wop
day) | ) | (%) (%) (%) (kPa) (%) (kPa) (%0) (%) (%)

ESR 13.0 214 94.1 -0.1 73 82

ESR 13.0 21.2 94.6 -0.3 76 7.8

ESR 131 215 94.7 0.0 72 8.2

ESR 131 22.0 94.8 0.5 64 8.1 0.2 8l = 21

ESR 131 22.0 95.2 05 63 7.9

ESR 13.2 22.3 95.7 0.8 74 8.2

ESR-R 7 13.0 205 94.5 -04 134 104

ESR-R 7 13.0 21.2 94.9 0.3 130 9.3 134.0 9.6 32 7.8
ESR-F 7 131 21.% 95.2 0.4 13¢ 9.C

ESR-R 14 13.1 20.7 95.9 -0.2 167 7.5

ESR-R 14 13.2 20.8 96.1 -0.1 183 6.7 175.2 71 4.6 55
ESR-R 14 13.2 20.9 96.3 0.0 175 7.2

ESR-L 7 129 215 95.6 0.0 128 9.3

ESR-L 7 12.9 217 95.8 0.2 132 8.4 134.3 89 6.1 47
ESR-L 7 13.0 21.6 95.9 0.1 143 9.0

ESR-L 14 12.9 21.1 95.8 -0.4 158 8.5

ESR-L 14 13.0 21.2 95.9 -0.3 172 8.2 166.4 8.2 4.3 4.3
ESR-L 14 12.9 21.4 96.1 -0.1 169 7.8
ESR-DL| 7 12.8 21.5 95.4 -0.5 146 9.5
ESR-DL| 7 12.8 21.6 95.5 -0.4 166 7.9 157.4 85 6.6 101
ESR-DL| 7 12.9 21.8 96.1 -0.2 160 8.1
ESRDL 14 129 214 9.3 -0.6 171 8.0
ESRDL 14 129 214 95.9 -0.6 177 8.0 166.6 81 7.7 15
ESRDY 14 12.9 21.0 96.0 -1.0 152 8.2
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Figure 5.6 Unconfined compression of ESR and H8Rsh specimens cured for 7 days.
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Figure 5.7 Unconfined compression of ESR and B8Rsh specimens cured for 14
days.
5.3.2. Effect of Curing Time
To determine the effect of curing time on developtngozzolanic reactions, ESR-R,
ESR-L and ESR-DL specimens were subjected to uim@shfcompression testing at 7
and 14 days. Results of the ESR-R, ESR-L and EER¥B shown below in Figure 5.8,
Figure 5.9, and Figure 5.10, respectively. Thdati@n of the peak unconfined axial
stress versus curing time is shown in Figure 5.Ah. average linear trend line for each

mixture was used to illustrate the effect of curimge. State properties are summarized

in Table 5.2.
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Figure 5.8 Unconfined compression of ESR-R speggwered for 7 and 14 days.
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Figure 5.9 Unconfined compression of ESR-L spensr®ired for 7 and 14 days.
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Figure 5.10 Unconfined compression of ESR-DL speasncured for 7 and 14 days.
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Figure 5.1Variation of peak unconfined axial stress of ESR BSR-fly ash specimens
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5.4. Triaxial Specimens
Specimens of ESR-R, ESR-L and ESR-DL were prepamedccordance with the
procedures outlined in Section 4.6.2 and curedafperiod of 7 or 14 days. Following
the curing period, the specimens were removed fittbe compaction mold and
immediately their wet mass was measured. Befagentembrane was placed over the
specimens, at least six measurements of the spedisight and diameter were obtained
at random locations to develop an average heigtitddameter. The specimen’s wet
mass, average height and diameter were used tordeécthe specimen’s initial wet unit
weight. The initial dry unit weight was determiniealsed on the water content, obtained
from the measurement of the dry mass of the speciafeer completion of the test.

Table 5.3 summarizes the initial state parametetisectriaxial specimens.
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Table 5.3 Initial soil state and isotropic swelfgraeters of triaxial specimens.

. Deviation from
. Mean . Relative
Material | SUM9 | Effective| DY U™ water | compaction, | tandard Proctor g
Time Stressp’ Weight!y, [ Content}w c Optimum Water
R
Contentw-w,
(day) (kPa) (KN/rf) (%) (%) (%) (%)

ESR-R 7 50 13.1 21.3 95.8 0.4 -0.8
ESR-R 7 100 13.1 20.8 95.7 -0.1 -2.6
ESR-R 7 200 13.2 21.1 96.7 0.2 -1.7
ESR-R 14 50 13.2 20.8 96.5 -0.1 -1.7
ESR-R 14 100 13.1 21.3 95.7 0.4 -0.7
ESR-R 14 200 13.2 21.2 96.2 0.3 -0.5
ESR-L 7 50 12.9 21.9 95.5 0.4 0.0
ESR-L 7 50 13.0 21.7 96.2 0.2 -0.3
ESR-L 7 100 12.9 21.6 95.4 0.1 -2.7
ESR-L 7 200 12.9 21.5 95.1 0.0 -3.8
ESR-L 14 50 12.9 21.4 95.6 -0.1 -0.2
ESR-L 14 100 12.9 21.7 95.8 0.2 -0.7
ESR-L 14 200 12.9 21.5 95.7 0.0 -0.6
ESR-L 14 200 13.0 21.5 96.0 0.0 -3.0
ESR-DL 7 50 12.9 21.7 96.3 -0.3 0.0
ESR-DL 7 100 12.8 21.6 95.6 -0.4 -0.5
ESR-DL 7 200 12.8 21.4 95.1 -0.6 -1.1
ESR-DL 14 50 12.9 21.4 96.3 -0.6 -0.1
ESR-DL 14 100 12.9 21.3 96.0 -0.7 -0.3
ESR-DL 14 200 12.9 21.7 96.3 -0.3 -0.4

Determined immediately after curing and removaspécimens from compaction mold.

5.5. I'sotropic Swell

Each specimen subjected to triaxial testing wasitowad for isotropic swell during the

initial flushing period. The swell measured at &émel of the isotropic swell testing stage

is summarized in Table 5.3.

5.6. I sotropic Consolidation

5.6.1. Effect of Fly Ash

Following back pressure saturatioB>0.99), the triaxial specimens were isotropically

consolidated to levels of mean effective stressaktu 50, 100 or 200 kPa. Volume

change measurements during each of the consolidstiges were used to determine the
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specific volume of the specimens at various codatibn stages. The variation of
specific volume as a function of the mean effectieess along with other isotropic
consolidation parameters are summarized in Tablef&. expansive soil and ESR
specimens (Dunham-Friel 2009) and in Table 5.F®R-fly ash specimens cured for 7
and 14 days. The variation of specific volume daration of mean effective stress is
shown in Figure 5.12 and Figure 5.13. In Figurg25and Figure 5.13, an average
trendline was used for each material to determiree donsolidation parameters listed

below in Table 5.5.

The isotropic coefficient of consolidation and da#ént of compression were
determined during each isotropic consolidation estdfgm measurements of the pore
water pressure dissipation with time. Coefficientconsolidation and compression are
summarized in Table 5.6 for isotropic conditionglan Table 5.7 forK, conditions
which were derived as outlined as indicated iniSact.6.5.

Table 5.4 Specific volume and isotropic consolidiafparameters of expansive soil and
ESR specimens (Dunham-Friel 2009).

. Mean
Material (;L::]Iﬂlneg Effective Relative Compactiod C . Specific Volumé? v N A
Stressp'’
(day) (kPa) (%)
30 kPaj, 50 kPa 100 kPa 200 Pa 30 kPa 50 kPa 100 kPa 24]0 kP

Exp Soil 50 97.9 98.2 1.73
Exp Soil 100 102.2 103.3 1.65 2.230| 0.127
Exp Soil 200 99.7 109.5 1.55

ESR 50 102.8} 104.7 1.45

ESR 100 97.9 109.0 1.40 1.878| 0.107

ESR 200 103.9 116.5 1.31

Determined at the end of each consolidation stagdhawn in the table.
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Table 5.5 Specific volume and consolidation paransedf ESR-fly ash specimens cured
for 7 and 14 days.

) Mean
Material (':I'ui::\neg Effective Relative CompactiodC . Specific Volume} v vV, K
Stressp'’
(day) (kPa) (%)
30 kPa, 50 kPa 100 kka 200 WPa 30 KPa 50 kPa 100 kPa 24]0 kP
ESR-R 7 50 101.00 101.% 1.52 1.51
ESR-R 7 100 102.2 102.9 104.7 1.50 1.49 1.46 1.654| 0.043
ESR-R 7 200 102.7, 103.3 105.2 1071 1.48 1.47 1.45 1}42
ESR-R 14 50 100.77 101.§ 1.51 1.50
ESR-R 14 100 99.3 100. 101.6 1.55 1.54 1.51 1.658| 0.038
ESR-R 14 200 100.2 100. 1024 10443 1.52 1.51 1.49 1146
ESR-L 7 50 103.4, 104.3 1.49 1.48
ESR-L 7 50 101.6; 102.6 1.52 1.50 1.668! 0.049
ESR-L 7 100 102.8] 103.5 105.6 1.50 1.49 1.46
ESR-L 7 200 104.5; 105.5 107.3 110 1.48 1.46 1.43 140
ESR-L 14 50 100.8] 101.§ 1.52 151
ESR-L 14 100 102.4, 103.3 105.5 1.50 1.48 1.45 1.630! 0.035
ESR-L 14 200 101.00 102.¢ 103.8 105)7 1.52 1.50 1.48 1445
ESR-L 14 200 103.3y 103.9 106.1 1083 1.52 1.49 1.48 145
ESR-DL 7 50 101.0, 101.8 1.53 1.52
ESR-DL 7 100 100.6] 101.4 103.3 1.53 1.52 1.49 1.684| 0.046
ESR-DL 7 200 102.2} 103.7 105.4 1078 1.51 1.50 1.46 143
ESR-DL 14 50 100.8] 101.7 1.53 151
ESR-DL 14 100 100.4, 101.1 103.0 1.54 1.52 1.50 1.656| 0.037
ESR-DL 14 200 101.5, 102.3 104.0 106J0 1.52 1.51 1.48 1445

1Determined at the end of each consolidation stagdawn in the table.
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Figure 5.12 Isotropic consolidation response ircggevolume versus mean effective
stress|f’-v space) of expansive soil, ESR and ESR-fly ashisyers cured for 7 days.
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Figure 5.13 Isotropic consolidation response ircggevolume versus mean effective
stress§-v space) of expansive soil, ESR and ESR-fly ashismers cured for 14 days.
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Table 5.6 Isotropic consolidation parameters of HI$Rsh specimens cured for 7 and

14 days.
. Curing Meap - . - .
Material Time Effective Coefficient of ConsolidatioA.c,, Coefficient of Compressiohm
Stressp'
(day) (kPa) malyr m2/MN
30-50 kPa | 50-100 kPa 100-200 kPa 30-50 kPa 50-100;kP@-200 kP3
ESR-R 7 50 22447 0.35
ESR-R 7 100 33941 11142 0.33 0.36
ESR-R 7 200 20199 7112 2598 0.31 0.35 0.18
ESR-R 14 50 25027 0.37
ESR-R 14 100 28910 14246 0.37 0.31
ESR-R 14 200 18522 8734 4575 0.32 0.32 0.18
ESR-L 7 50 14410 0.43
ESR-L 7 50 21750 0.47
ESR-L 7 100 26362 7760 0.33 0.40
ESR-L 7 200 21640 5779 1766 0.48 0.44 0.22
ESR-L 14 50 25126 0.46
ESR-L 14 100 26686 5046 0.45 0.42
ESR-L 14 200 15558 6204 2581 0.47 0.36 0.18
ESR-L 14 200 15222 3882 1073 0.33 0.40 0.21
ESR-DL 7 50 16120 0.37
ESR-DL 7 100 15750 5762 0.42 0.35
ESR-DL 7 200 25490 9981 4039 0.47 0.42 0.22
ESR-DL 14 50 22309 0.42
ESR-DL 14 100 25614 8736 0.37 0.37
ESR-DL 14 200 16302 6157 3481 0.37 0.34 0.18

1Determined during consolidation between mean eiffecitress shown in table.
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Table 5.7 Estimation df,consolidation parameters and hydraulic conductiwitiSR-
fly ash specimens cured for 7 and 14 days.

._ICuring Mea.n Coefficient of Consolidatior,| Coefficient of Compressioh,|  Hydraulic Conductivity?
Materiall _ Effective]
Time } [ m k
Stressp v v
(day)| (kPa) m2/yr m?/MN m/s

30-50 | 50-100}100-200; 30-50 | 50-100}100-200, 30-50 | 50-100}100-200

kPa kPa kPa kPa kPa kPa kPa kPa kPa
ESR-R 7 50 33118 0.23 1.6E-06
ESR-R 7 100 46625 15304 0.22 0.24 2.1E-06| 7.6E-07
ESR-R 7 200 26057 9175 3351 0.21 0.24 0.12 1.1B-06 4.5E-07E-88
ESR-R 14 50 37192 0.25 1.9E-06
ESR-R 14 100 40331 19873 0.24 0.21 2.0E-06| 8.6E-07
ESR-R| 14 200 24135  1138( 5961 0.22 0.2 0.12 1.1H-06 5.0E-0%E-Q7
ESR-L 7 50 22083 0.29 1.3E-06
ESR-L 7 50 32978 0.31 2.1E-06
ESR-L 7 100 38732f 11401 0.22 0.27 1.8E-06] 6.3E-07
ESR-L 7 200 29587 7901 2414 0.32 0.2 0.1p 2.0E06 4.8E-O07E-D3
ESR-L| 14 50 37796 0.31 2.4E-06
ESR-L| 14 100 39464 7462 0.30 0.28 2.4E-06| 4.3E-07
ESR-L 14 200 21473 8563 3562 0.31 0.24 0.18 1.48-06 4.2KE-09E-88
ESR-L| 14 200 20951 3882 1073 0.22 0.2y 0.14 9.6E-07 3.0KE-02E-08
ESR-DY 7 50 24383 0.25 1.2E-06
ESR-DL 7 100 23020 8421 0.28 0.24 1.3E-06| 4.1E-07
ESR-DY 7 200 35038 13720 5553 0.31 0.2 0.15 2.3E-06 7.9E-Q7E-D7
ESR-DU 14 50 33900 0.28 1.9E-06
ESR-DL| 14 100 37774 12884 0.24 0.25 1.9E-06| 6.6E-07
ESR-DU 14 200 22868 8637 4883 0.25 0.2 0.12 1.2E-06 4.0E-02E-D7

1Determined during consolidation between mean eiffecttress shown in table.

5.6.2. Effect of Curing Time
Similar to plots shown in Section 5.6.1, Figuredsshows the consolidation response of
ESR-R, ESR-L and ESR-DL specimens subjected tooisiat consolidation. Figure 5.14

is provided to illustrate the differences betweenng specimens for 7 days and 14 days.
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14 days.
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5.7. Triaxial Compression
5.7.1. Effect of Fly Ash

Specimens of ESR stabilized with fly ash were sutbp to isotropic-consolidated
undrained triaxial compression (CIU) testing to relcterize the shear strength and
stiffness characteristics of specimens cured f@nd 14 days. Results of the triaxial
compression tests, based on the critical stateefnark presented in Section 3.1 are
summarized in Table 5.8. The variation of the d&ric stress, excess pore water
pressure and the Skempton’s pore pressure parafetéh axial strain are shown in
Figures 5.15 through 5.17 for specimens cured falays for mean effective stresses
equal to 50, 100 and 200 kPa, respectively. LikewFigures 5.18 through 5.20 show
the results for specimens cured for 14 days. $Stpaghs are shown in Figures 5.21
through 5.23 for specimens cured for 7 days andrigures 5.24 through 5.26 for
specimens cured for 14 days. Figure 5.27 and Fig#@ show the CSL, ip’-q space
andp’-v space, of expansive soil, ESR (Dunham-Friel 2@0@) ESR-fly ash specimens

cured for 7 and 14 days, respectively.
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Table 5.8 Summary of CIU testing of ESR-fly ashcapens cured for 7 and 14 days.

_ Mean Relative | Critical State| Critical State| Critical State
Material (;_L:::]neg Effective | Compactior, Friction Friction Friction
Stressp' Cq Angle? g, | ConstantM | Angle? ¢,
(day) (kPa, (%) ©) ©)

Exp Soil 50 98.2 32.2
Exp Soill 100 103.3 32.3 1.18 29.5
Exp Soil 200 109.5 28.5

ESR 50 104.7 36.3

ESR 100 109.0 35.3 1.24 31.0

ESR 200 116.5 29.6
ESR-R 7 50 101.7 34.0
ESR-R 7 100 104.7 32.1 1.28 31.9
ESR-R 7 200 107.1 31.1
ESR-R 14 50 101.5 33.8
ESR-R 14 100 101.6 32.2 1.27 31.6
ESR-R 14 200 104.3 30.5
ESR-L 7 50 104.3 34.7
ESR-L 7 50 102.6 34.2 131 32.4
ESR-L 7 100 105.6 32.5
ESR-L 7 200 110.3 30.9
ESR-L 14 50 101.8 35.1
ESR-L 14 100 105.5 32.4 1.28 31.9
ESR-L 14 200 105.7 30.8
ESR-L 14 200 108.3 31.6
ESR-DL 7 50 101.8 34.1
ESR-DL 7 100 103.3 32.8 1.30 32.3
ESR-DL| 7 200 107.8 31.4
ESR-DL 14 50 101.7 34.3
ESR-DL 14 100 103.0 32.2 1.28 31.9
ESR-DL| 14 200 106.0 31.0

Determined prior to shearing.

2Determined for single mean effective stress.
3Determined for multiple mean effective stres
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Figure 5.15 CIU response at a mean effective saeS8 kPa of ESR (Dunham-Friel
2009) and ESR-fly ash specimens cured for 7 daysidviatoric stress, (b) excess pore
water pressure, and (C) pore water pressure pagafeersus axial strain.
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Figure 5.16 CIU response at a mean effective soke$80 kPa of ESR (Dunham-Friel
2009) and ESR-fly ash specimens cured for 7 daysldviatoric stress, (b) excess pore
water pressure, and (C) pore water pressure pagafeersus axial strain.
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Figure 5.17 CIU response at a mean effective stke280 kPa of ESR (Dunham-Friel
2009) and ESR-fly ash specimens cured for 7 daysldviatoric stress, (b) excess pore
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Figure 5.18 CIU response at a mean effective stkS8 kPa of ESR (Dunham-Friel
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Figure 5.19 CIU response at a mean effective soke$80 kPa of ESR (Dunham-Friel
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Figure 5.21 Stress path’{q space) of ESR-R specimens cured for 7 days.
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Figure 5.22 Stress path’{q space) of ESR-L specimens cured for 7 days.
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Figure 5.23 Stress path’{g space) of ESR-DL specimens cured for 7 days.
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Figure 5.24 Stress path’{q space) of ESR-R specimens cured for 14 days.
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Figure 5.25 Stress path’{q space) of ESR-L specimens cured for 14 days.
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5.7.2. Effect of Curing Time
To evaluate the effect of curing time on the uniditriaxial response of the specimens,
the variation of the deviatoric stress, excess p@tr pressure and the Skempton’s pore
pressure parametek with axial strain are shown in Figures 5.29 througB1 for
specimens cured for 7 and 14 days for mean eftestiresses equal to 50, 100 and 200
kPa. Stress paths are shown in Figures 5.32 thré8y} for specimens cured for 7 and
14 days. Similar as in Section 5.7.1, Figures %886ugh 5.37 shows the CSL, priq

space ang -v space, of ESR-fly ash specimens cured for 7 andbhy4d, respectively.
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Figure 5.29 CIU response at mean effective stresse8, 100 and 200 kPa of ESR-R
specimens cured for 7 and 14 days: (a) deviattness, (b) excess pore water pressure,
and (c) pore water pressure paramgtgersus axial strain.
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Figure 5.31 CIU response at mean effective stressg8, 100 and 200 kPa of ESR-DL
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5.8. Stiffness
5.8.1. Effect of Fly Ash
The stiffness of ESR-R, ESR-L and ESR-DL specimensgd for 7 and 14 days were
evaluated both at large and very small straing.gé-atrain stiffness was evaluated using
external transducers during undrained triaxial casgion. The stiffness at very small
strains was evaluated at each isotropic consotidagtage by measuring the shear wave
velocity of the specimens using bender elementhe fEsults of the very small-strain
stiffness are summarized below in Table 5.9. FEgw.38 through 5.40 show stiffness
results in the very small-strain and large-strainges for specimens cured for 7 days.
Likewise, Figures 5.41 through 5.43 show stiffnéss specimens cured for 14 days.
Figure 5.44 summarizes the very small-strain stgfas a function of mean effective

stress.
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Table 5.9 Summary of very small strain stiffnes&8R (Dunham-Friel 2009) and ESR-

fly ash specimens cured for 7 and 14 days.

Material Curing Time Tar'get Mean Shear Wave Shear ModulusG
Effective Stressp' Velocity, V °
(day) (kPa) m/s MPa
ESR 30 84.4 135
ESR 50 98.0 18.3
ESR 100 124.2 30.2
ESF 20C 153.4 47.2
ESR-F 7 30 132.4 32.C
ESR-R 7 50 155.0 44.0
ESR-R 7 100 190.1 66.2
ESR-R 7 200 218.2 87.1
ESR-R 14 30 161.3 46.5
ESR-R 14 50 167.7 50.4
ESR-R 14 100 206.0 76.1
ESR-F 14 20C 234.t 98.€
ESR-L 7 30 126.3 29.4
ESR-L 7 50 157.9 46.1
ESR-L 7 100 198.5 72.9
ESR-L 7 200 236.0 102.9
ESR-L 14 30 164.3 48.0
ESR-L 14 50 172.6 53.1
ESR-L 14 100 206.4 76.0
ESR-L 14 20C 252.¢ 113.¢
ESR-DL 7 30 130.4 30.7
ESR-DL 7 50 153.9 42.9
ESR-DL 7 100 193.4 67.7
ESR-DL 7 200 237.1 101.7
ESR-DL 14 30 143.6 36.9
ESR-DL 14 50 172.4 53.3
ESR-DL 14 100 205.4 75.7
ESR-DL 14 200 243.9 106.7
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Figure 5.38 Stiffness degradation response of esiparsoil, ESR (Dunham-Friel 2009),
and ESR-fly ash specimens cured for 7 days at a miéective stress qf'=50 kPa.
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Figure 5.39 Stiffness degradation response of estparsoil, ESR (Dunham-Friel 2009),
and ESR-fly ash specimens cured for 7 days at a eiective stress qf'=100 kPa.
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Figure 5.42 Stiffness degradation response of esiparsoil, ESR (Dunham-Friel 2009),
and ESR-fly ash specimens cured for 14 days atammeffective stress @'=100 kPa.
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Figure 5.43 Stiffnesdegradation response of expansive soil, ESR (Durfaeh2009),
and ESR-fly ash specimens cured for 14 days atammeffective stress =200 kPa.
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Figure 5.44 Variation of maximum shear modulus wiisan effective stress for
expansive soil, ESR (Dunham-Friel 2009) and ESRally specimens: (a) cured for 7
days and (b) cured for 14 days.

5.8.2. Effect of Curing Time
The variation of very small- and large-strain si#$s as a function of axial strain is

shown in Figures 5.45 through 5.47 for ESR-R, ESR#ld ESR-DL specimens,
respectively. Results are presented for each BS&Sh to illustrate differences between
7 and 14 days of curing. Figures 5.48 through $B8w the variation of very small-

strain stiffness of ESR-R, ESR-L, and ESR-DL speciswith mean effective stress.
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Figure 5.45 Stiffness degradation response of EQReRimens cured for 7 and 14 days.
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Figure 5.46 Stiffness degradation response of ESRecimens cured for 7 and 14 days.
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Figure 5.47 Stiffness degradation response of EERg&cimens cured for 7 and 14
days.
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Figure 5.48 Variation of maximum shear modulus wisan effective stress for ESR-R
specimens cured for 7 and 14 days.
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Figure 5.49 Variation of maximum shear modulus wiisan effective stress for ESR-L
specimens cured for 7 and 14 days.
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CHAPTER 6: ANALYSISOF RESULTS

6.1. Mixture Design
Figure 5.1 shows the variation of the liquid andsgit limits of expansive soil and R-fly
ash mixtures aged for 1 h as a function of tR&C content of the mixture.
The results indicate a continuous increase inithed and plastic limits of the mixtures
with increasingFAC. Lime fixation of the expansive soil-R fly ashxmire, cured for

1 h, was not clearly defined following this appreac

Since the lime fixation point of the expansive $difly ash mixture cured for 1 h was not
observed, this laboratory investigation was altéoedetermine the effect of curing time
on the liquid and plastic limits of the mixtureA mixture of the expansive soil with R-
fly ash at a constanEAC of 10.7% was subjected to various aging times reefo
proceeding with the Atterberg limit testing (Figse). These new results showed an
initial increase in both the liquid and plastic lismbetween 0 h and 24 h. Relatively
minor changes in the liquid and the plastic limvtsre further observed between 24 h and
168 h (7 days) of aging. The limited changes oleskin the liquid and plastic limits
after 24 h of aging suggest 24 h is necessaryh®mtost prominent changes in liquid

limit and plastic limit to develop.
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Liquid and plastic limit tests were also perfornmdthe expansive soil-L fly ash mixture
for 1 h and 24 h of aging time (Figure 5.3). Resshown in Figure 5.3 suggest the 24-h
aging period provides a clearer, more systemafmageh to identify the lime fixation

point of the mixtures, in accordance with data friéigure 5.2.

The 24-h aging time results show the liquid limittlee mixtures initially increase to a
FAC of about 14 to 16%. Above this threshéldC, the liquid limit of the mixtures
stays fairly constant up to the maximAC tested (30%). A similar trend in the plastic
limit of the mixtures can be observed for the tesimpleted at 1-h aging. The plastic
limit tends to increase up toRAC of approximately 14% and then remains relatively

constant until the maximufAC tested is reached.

According to Hilt and Davidson (1960), the pladtnit is indicative of the amount of
lime required to satisfy the soil’s affinity fomlie. Thus, &AC of 14% was deemed to
satisfy the lime fixation of the expansive solil li-ish mixture. ThiF=AC (equal to
14%) was used for the R, L and DL-fly ash blendstlfi@ remaining laboratory testing.
This selected~AC is believed to be the minimufAC required to develop pozzolanic
reactions in the expansive soil L-fly ash mixturel dhus was kept constant for all other
expansive soil-fly ash mixtures. For the seled® of 14%, the amount of (MgO +

CaO) inthe R, L, and DL-fly ashes is approxima&l, 4.8, and 3.7%, respectively.
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6.2. Compaction Parameters
The addition of fly ash to the ESR mixtures, whemmpacted with standard effort,
lowered the standard Proctor maximum dry unit weayimaximum of 0.4 kN/m The
difference between the standard Proctor optimumemebntents of the ESR and the

ESR-R, ESR-L and ESR-DL mixtures was -0.7, -0.4, 80.4%, respectively.

Fly ash addition to the ESR mixture, under modifigdctor effort, appears to have little
effect on the maximum dry unit weight, with a maxim absolute difference 0.2 kNim
or less. The addition of fly ash to the ESR migtuhas a more substantial effect on the
modified Proctor optimum water content. The additof R-fly ash, L-fly ash, and DL-
fly ash to the ESR mixture changed the ESR modiflesttor optimum water content by

-1.7, -1.8, and -2.0%, respectively.

6.3. Unconfined Compression Testing
Unconfined compression (ASTM Specification D 2168jting of ESR and ESR-fly ash
mixtures was performed as part of the experimgmagram. As pointed out previously
in Section 4.5, the only purpose of these uncodfioempression tests was to confirm
that theFAC selected was sufficient to promote pozzolanic tieas within the ESR
mixtures stabilized with fly ash. The potential dlpment of pozzolanic reactions in the
ESR-fly ash mixtures was assessed by comparisdheopeak axial stress measured in
unconfined compression for all of the ESR and E§R$h mixtures tested. Unconfined
compression testing results were neither used mended to assess the shear strength

parameters (i.eq or s) of the materials tested. This is because the nfiveed
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compression specimens were not saturated priohéargig and both the initial soil

suction in the specimens and the pore pressurésgdumconfined compression were not
measured. Without an accurate measurement of iti@ istress state of the specimens
(induced by soil suction), it would be conceptuallyong to expect unconfined

compression test results can correlate to the bshear strength parameters of the
materials tested. Any discussion on the actualrséteangth parameters of the materials
tested in this study is carried out at a laterisadbased on the results of triaxial tests
performed on fully-saturated specimens subjecteavétd known states of stress and

density.

6.3.1. Effect of Fly Ash
Unconfined compression testing results completest & and 14 days are summarized in

Table 5.2 and are shown in Figure 5.6 and Figufe 5.

Results of the specimens cured for 7 days inditegaunconfined compressive strength
(equal to the maximum axial stress applied to ferisnen) of the ESR was improved
with the addition of all three fly ashes. On agerahe maximum stress exhibited by the
ESR-R and the ESR-L was 134 kPa (191% of the maxiraxial stress exhibited by the
ESR). The maximum axial stress of the ESR-DL wag kPa (224% of ESR). The
states of the specimens were all within -0.4 t@%0of their respective standard Proctor
optimum water contents and within 94.1 to 96.1%hefr corresponding standard Proctor
maximum unit weight (these are shown in Table 5.0he coefficient of variation

determined for the peak axial stress ranged fram73%.
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The ESR-R, ESR-L and ESR-DL specimens subjectadchtonfined compression after
14 days of curing, exhibited maximum axial stresse475 (250% of the ESR), 166
(237% of the ESR) and 167 kPa (239% of the ESRpeastively. The states of the
specimens were within -1.0 to +0.8% of their resipecstandard Proctor optimum water
contents and 94.1 to 96.3% of their correspondtagdard Proctor maximum dry unit
weight. The coefficient of variation determined the peak axial stress ranged from 5 to

8%.

The unconfined compression test results suggesptzaolanic reactions developed both
in 7 days and in 14 days in all of the ESR mixtstdilized with fly ash, regardless of
the type of fly ash used. The largest improvemaiffier 7 days and 14 days of curing
were observed in specimens stabilized with DL artlyRshes, respectively. At 7 and
14 days of curing, the unconfined compressive gtrenf specimens stabilized with off-
specification fly ash was equal to or exceeded uheonfined compressive strength

attained by the specimens stabilized with the stah@lass C fly ash (L-fly ash).

6.3.2. Effect of Curing Time
To evaluate the effect of curing time on the depmlent of pozzolanic reactions, ESR
specimens stabilized with R, L, and DL-fly ashesrevesubjected to unconfined
compression after 7 and 14 days of curing. Theltesare summarized in Table 5.2 and

shown in Figures 5.8 through 5.10 for ESR-R, ESREER-DL specimens, respectively.
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The variation of the maximum axial stress exhibg&bilized specimens as a function of

curing time is shown in Figure 5.11.

Results suggest improvements are attained witladld@ional curing of 7 days (i.e. from
7 days to 14 days) time for all stabilized specisaeihe maximum axial stress exhibited
after 14 days of curing was approximately 131%,%?24nd 106% of the unconfined
compressive strength exhibited after 7 days cuifimnghe ESR-R, ESR-L and ESR-DL
specimens, respectively. The largest improvememie observed for the specimens
stabilized with L-fly ash and R-fly ash. This i&kdly due to the higher amounts of
(CaO+MgO) in the R and L-fly ashes (the (CaO+Mgontent of the R and L fly ashes

is approximately 132 and 128% of the amount inDhefly ash, respectively).

6.4. Triaxial Specimen Preparation
Table 5.3 indicates the initial soil state of e&icaxial specimen. The initiaCr values
were within 95.1 to 96.7% and water contents weith wW).7 to +0.4% of standard
Proctor optimum water contents. The coefficienvafiation determined for thér was

<0.5%.

6.5. I sotropic Swell
Isotropic swell testing was initially conducted each specimen subjected to triaxial
testing as discussed in Section 4.6.3. Resultghef isotropic swell testing are
summarized in Table 5.3. None of the specimengestddl to isotropic swell testing

exhibited swell.
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For comparison, an expansive soil specimen exkil#t8% swell (Seda et al. 2007) and
an ESR specimen exhibited 6.5% swell (Dunham-R2@19). The initial state of the
expansive soil was near 100% of the standard Rrocéximum dry unit weight and at
optimum water content. The initial state of theRESpecimen was near 95% of standard
Proctor maximum dry density and on the dry sideopfimum water content. The
expansive soil specimen was inundated with wateleua vertical stress of 6 kPa. The

ESR specimen was inundated with water under aroggictstress of 10 kPa.

Due to the differences in the initial soil statéshe expansive soil, ESR, and ESR-fly ash
specimens, the effect the addition of fly ash te HSR has on swell is difficult to
guantify. However, some likely conclusions abdw swell exhibited by the specimens

can be made.

Some basic factors used to characterize soils declsoil mineralogy, soil water
chemistry, soil suction, fabric, and soil stateoil $nineralogy is typically referred to in
terms of three basic minerals: clay kaolinite (vEny expansion), illite and vermiculite
(low to moderately expansive). The crystal streetof the layered minerals is typically
negatively charged on the surfaces and positivielyged on the edges forming a diffuse
double layer (DDL). Overlapping of the DDL'’s ofettmineral generate repulsive forces
between the clay particles (Nelson & Miller, 1992)he resulting repulsive forces of the
DDL’s layers are macroscopically the “swell pregSwof the soil. These repulsive forces

are balanced by the current stress state of thevhaih can be characterized in terms of
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pore water pressurgu,)and pore air pressufe,) in unsaturated soils. Effective
stresses in the soil are identified by eitlter—u, or jo-u,). Whenu,is greater than
u,,, soil suction exists within the soil matrix (Nets& Miller 1992):

H“=(u,-u,) (Equation 23)
where 1 is the matric suction. The soil's tendency to $viela result of its natural
attempt to equalize its unbalanced internal steesseh thap approaches zero once the
soil becomes saturated. Thus, by adding watealiyito the soil, the soil can satisfy its
affinity for water by adsorbing polar water moleesikcations thus reduce the soil suction.
During specimen preparation, this was likely acclishpd by compacting specimens
near standard Proctor optimum water content amadvaly a minimum period of 16 h for

the material to soak prior to compaction.

The second possible reason to the negligible sveeild be attributed to the addition of
fly ash to the expansive soil. As indicated inti®ec2.7, the swell of expansive soil can
potentially be reduced by the addition of fly asfhis potential swell reduction is due to
two factors. The first relates to the developmait particle bonding which
reduces/restricts relative movement of the soitigas within the soil matrix (American
Coal Ash Association 2003). The second factomis t cation exchange with €and

Mg®* replacing water molecules needed to satisfy thé Bxthe soil.
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6.6. | sotropic Consolidation
6.6.1. Effect of Fly Ash
The change in specific volume as a function of iean effective stress (natural log
scale) is summarized in Table 5.4 for expansiveasal ESR (Dunham-Friel 2009) and
in Table 5.5 for ESR-R, ESR-L and ESR-DL specimaugd for 7 and 14 days. Those
results are shown in and Figure 5.12 for specinoemed for 7 days and in Figure 5.13

for specimens cured for 14 days.

The slope of the trend line, indfv space, and theintercept ap’=1 are summarized in
Table 5.5. In isotropic compression, the slopeiatetcept of the trendline are expressed
A andv, for normally consolidatedQCR=1) soils x and % and for overconsolidated
(OCR>1) soils, respectively (Schoefield & Wroth 1968ince the specimens contained
6.7-mm granulated rubber, it is necessary to oeenpact the specimens in the mold
during the compaction process for any expansionabteurs when the load applied to the
last layer is removed. As a result, the actuasstthistory of the specimens is unknown
since only total stresses are controlled during gacthion. However, based on the
values shown in Figures 5.15 through 5.20, mosthef ESR-fly ash specimens are
overconsolidated. Hence, the slope is identifiedkaand the intercept a&. The
trendline slope in Ip’-v space is associated with the material stiffnesisi@mdicative of
the potential compressibility of the mixture upormrextain increment in mean effective
stress. Specimens cured for 7 and 14 days exhibitlar isotropic compression

responses.
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The ESR-fly ash specimens exhibited a compressome ©f approximately 27 to 33% of
the expansive soil and approximately 33 to 46%hef ESR. These results suggest that
the addition of fly ash to the ESR increases tlifness in isotropic compression of ESR

mixtures and thus reducing their compressibility.

As indicated in Section 4.6.5, the consolidatioeffioient (c,;) and the coefficient of
volume compressibilitynf,;) were determined during isotropic consolidatioalfle 5.6).
Similar parameters were fat, boundary conditions and the hydraulic conductiky
were estimated following the procedures outlinedSection 4.6.5. These results are

summarized in Table 5.6.

In isotropic conditions, results from Table 5.6 icade that ESR-L and ESR-DL
specimens generally exhibited a lower averagend a higher averags, than the ESR-

R specimens. The averag®f the ESR-R, ESR-L and ESR-DL specimens was aimil
at a mean effective stress of 50 kPa, 100 kPa 88kRa. The decreased in all ESR-

fly ash specimens with increases in mean effectiress.

6.6.2. Effect of Curing Time
The variation in specific volume/) with the natural log of mean effective streg$ (s
summarized in Table 5.5 and shown in Figure 5.THe slopes of the trendlines clearly
reduce from 7 days of curing to 14 days of curifitnis suggests that the compressibility

of the mixtures is reduced with curing time for tharing times used in this study as
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stiffness increased due to cementation. Largestauements in stiffness were observed

in specimens stabilized with R and L-fly ashes.

6.7. Triaxial Compression
The results of the isotropically consolidated umtkd triaxial compression (CIU) tests
are discussed in this section. Discussion of thé t€st results focus on the analysis of
effective stress path( q) stress-strain response, and the variation of sxg®re

pressurefu) with axial strain &) during undrained compression.

6.7.1. Effect of Fly Ash
The variation of deviatoric stresg)( excess pore pressur&uj, and Skempton’s pore
pressure parametérwith & for ESR-fly mixtures, at mean effective stresslevwof 50,
100 and 200 kPa, are shown in Figures 5.15 thr&ugii, respectively, for specimens

cured for 7 days and in Figures 5.18 through 502@pecimens cured for 14 days.

The stress-strain responsg, ) of ESR-L and ESR-DL is relatively similar at &vels

of mean effective stress. The ESR-R specimend#etiilower deviatoric stress than the
ESR-L and ESR-DL specimens. At relatively smallabstrains (<3.0%), the excess
pore pressures exhibited by ESR-L and ESR-DL spawsnwere systematically higher
than the ESR-R specimens in all cases. This twaxleven more pronounced at higher
levels of mean effective stress. In all speciméms excess pore water pressure reaches a
peak and then reduces with further strains. Incales, the ESR-L and ESR-DL

specimens exhibit the most negative excess porssymes generation at large strains.
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None of the ESR-fly ash specimens reached a “tcu@tal state, defined by no changes
in excess pore pressure with additional axial straat the end of the tests (with

approximately equal to 27%).

The initial positive excess pore pressure generatadue to the initial tendency of the
specimens to contract which is also observed in ES#timens (Dunham-Friel 2009).
Once the maximum positive excess pore pressurelilized, the specimens underwent
a slight phase transformation after which the exqese pressures are reduced and may
even become negative due to tendency of the spesime dilate upon further
deformation. The largest reductions in excess pogssures were observed for the ESR-
L and ESR-DL specimens, followed by the ESR-R. alhcases, the excess pore
pressures at large strains were much more negttare those observed for the ESR.
Since the ESR and ESR-fly ash specimens all cadathe samdkC, the additional
tendency towards dilation during undrained loadmgy be explained due to the

development of pozzolanic bonds within the ESRaiin matrix.

The slope of the stress-strain respompeefsuss,) of ESR-fly ash specimens, subjected
to CIU testing at mean effective stress of 50 kiRanges abruptly for axial strains equal
to approximately 2 to 3%. This change in stiffnsseelated to the yield of the material
and depends op’. At axial strain levels <2% the cemented struetigrrelatively intact
and the stiffness is large. At about 2% axial istrahe pozzolanic bonds start to
deteriorate and the shear resistance becomes siigBadependent on particle friction

and rearrangement. This sudden stiffness changésasobserved at a mean effective
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stress of 100 kPa, although not as pronounced dkeirb0-kPa case. Yield is not
observed at a mean effective stress of 200 kP& bBEftavior is typical of the yield stress
behavior reported for cemented soils. Large igitroonsolidation stresses tend to break
particle cementation during isotropic compressionns clear yield stress is observed
during subsequent undrained triaxial compressi@rqleil & Vaughan 1990, Rinaldi &

Capdevila 2006).

The pore water pressure parametsy i§ directly related to the development of excess
pore pressure during undrained loading. Thusptre pressure paramet&follows the
same trend as the excess pore pressure developmebusly discussed. The pore
pressure parametérat failure £y, determined at the largest axial strain, variethieen
0.1 to -0.2 for all ESR-fly ash specimens. Accoglio Skempton (1954) values

between 0.0 to -0.5, would be typical of slighthyteavily over-consolidated clay.

In accordance with the critical state frameworlgcrisical state line (CSL) was fitted to
the p’, g failure states of each mixture wittY, q at failure defined as the point of
maximum axial strain for each test. Average rastdt the CSL stress ratid/j and
corresponding critical state friction angl@)(for each mixture are summarized in Table
5.8. Results indicate thag is nearly the same for ESR-L and ESR-DL, which are
slightly higher than the ESR-R specimens. FiguP& and Figure 5.28 illustrate the CSL
for each of the ESR-fly ash mixtures. These pédé® show the CSL for the expansive
soil and the ESR tested by Dunham-Friel (2009).e TUSL line of the ESR-fly ash

mixtures is steeper than the CSL'’s of the ESR apamsive soil for specimens cured for
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7 and 14 days. The ESR-fly ash specimens exHibitg of approximately 107 to 110%
of the @ of the expansive soil, and approximately 102 to%0& the ESR’s@. The
shear strength, defined by the Mgy of the ESR mixture was improved by the addition
of fly ash. This improvement was observed regasllef the type of (Class C or off-

specification) fly ash used.

6.7.2. Effect of Curing Time

Figure 5.29 through Figure 5.31 show the variatbmleviatoric stressqj, excess pore
water pressureA() and Skempton’s pore pressure parameigraé a function of axial
strain () for the ESR-R, ESR-L, and ESR-DL specimens, retdgdy. The stress paths
for each of the ESR-R, ESR-L and ESR-DL specimamed for 7 and 14 days are
shown in Figures 5.32 through 5.34, respectivelykewise, the CSLs are shown in

Figures 5.35 through 5.37.

The typical effect of curing time is as follows: excrease in curing time increasgsand
induces generation of less positive (or more negatlu at large strains for specimens

tested at similar initial states.

As discussed in Section 6.7.1, the ESR-fly specsamexhibited phase transformation.
After phase transformation, with the exceptionhd ESR-L specimen at=50 kPa, all

of the ESR-fly ash specimens exhibited lower expess pressures generation at 14 days
of curing than at 7 days of curing. This suggéstsspecimens show a greater tendency

towards dilatency with increasing in curing timiely resulting from the development
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of additional pozzolanic bonds among particleshm rnixtures. This same trend can also

be observed in terms of the Skempton’s pore presefficientA.

Observation of the CSLs " versusg space indicates that in all ESR-fly ash specimens,
a slightly higher CSL slope (or higheg) was observed for specimens cured for 7 days
than specimens cured for 14 days. This reductiog is of the order of about 0.4° for
curing times varying from 7 to 14 days (Table 5.8).general, and as noted previously,
none of the ESR-fly ash specimens truly reacheahatant level of excess pore pressure

at large axial strains.

6.8. Stiffness
Large-strain stiffness of ESR-fly specimens cured # and 14 days were measured
during triaxial compression using external dispfaeat and force transducers. Stiffness
at very small strains was evaluated by measureofeahe shear wave velocityy) of the
specimens after they were saturated (B value grehtsn 0.99 was obtained for all
specimens) and isotropically consolidated to mdéactve stress levels of 30, 50, 100
and 200 kPa. AfteMs was measured, the very small-strain stiffness determined

according to Equation 9, as described in Sectiéri4.

6.8.1. Effect of Fly Ash

The stiffness degradation response of ESR-fly g&tisens is shown in Figures 5.38

through 5.40 and Figures 5.41 through 5.43 for ispexas cured for 7 and 14 days,
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respectively. A plot of the very small-strain Bté#ss as a function of mean effective

stress and curing time is shown in Figure 5.44.

At all levels of mean effective stress and cutiimges, the stiffness at both very small
strains and large strains of ESR-fly ash stabilggecimens was greater than the stiffness

exhibited by the ESR specimens without fly ash.

The improvement of stiffness at very small stramparted by the addition of fly ash to
ESR specimens (Table 5.9) was greatest at low reffaative stress and lowest at the
largest mean effective stress. On average, at mactive stress levels of 30, 50, 100
and 200 kPa the very small-strain stiffness of EigRsh specimens was approximately

284, 269, 244 and 222% greater than the stiffnE8seESR, respectively.

Large-strain stiffness of ESR-fly ash specimens graster than the ESR’s in all cases
and all levels of mean effective stress. At ststi@ins of approximately 4%, the slope of
the stiffness degradation curve presents a break@mod appears to “flatten” with
increasing shear strains up to about 8%. Thiskipeeat and “flattening” are due to the
breakage (yield) of the pozzolanic bonds within B&R-fly ash matrix after which both
the shear strength and stiffness are graduallyaited by the frictional characteristics of
the mixtures. As seen before in theversuse, plots, this phenomenon is much more

prominent at a mean effective stress of 50 kPa.
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At very small strains, the stiffness of the ESRdlh specimens is similar to or greater
than the stiffness of the expansive soil. At laggeins, the ESR-fly ash specimens

exhibited similar or slightly higher stiffness théoe expansive soil.

6.8.2. Effect of Curing Time
The degradation of stiffness of ESR-R, ESR-L an®R¥E% specimens cured for 7 and
14 days is shown in Figures 5.45 through 5.47. Vidr@tion of stiffness at very small

strains with mean effective stress is shown in FEg.48 through 5.50.

At mean effective stress levels of 30, 50, 100 20@ kPa the very small-strain stiffness
of ESR-fly ash specimens cured for an 14 days waaverage approximately 143, 118,
110, and 109% greater than the stiffness of the-th5&sh specimens cured for 7 days,
respectively. At large strains, no discernablendrdifference was observed between

specimens cured for 7 or 14 days.

The stiffness improvement observed at very smedirst is due to the pozzolanic bonds
in the ESR-fly ash matrix. At large shear straimgst of the pozzolanic bonds are
broken during shearing, and thus the stiffnes®i®med by the frictional characteristics
of the matrix. Thus, at large strains, additiosi#ffness improvement was not expected

to develop as a result of additional curing.
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CHAPTER 7: CONCLUSIONS

The first objective of this research was to detaeemi a conventional Class C fly ash
could be used to improve the stiffness and sheangth of an ESR mixture. Secondly,
determine if off-specification fly ashes could ksed in lieu of conventional Class C fly
ash. Thirdly, to determine BAC necessary tpromote pozzolanic development in the
ESR-fly ash specimens and to assess the impaeirioiug types of fly ashes on the soil’s
index properties (liquid limit and plastic limitJ.he main findings related to the results

presented in this paper are summarized below.

7.1. Mixture Design

The minimum FAC required to promote pozzolanic reactions with #ml was
determined by evaluation of the plastic limit oktlexpansive soil and fly ash. The
minimum time necessary for aging the R-fly ash wite expansive soil prior to plastic
limit evaluations was determined to be 24 h. Evabmeof the plastic limit, based on the
concept of the “lime fixation point” (Hilt & Davids, 1960), suggested a minimu#AC

of 14% should be used in the ESR-L mixture. Uncuedi compression test results
suggest th&AC selected for the ESR-L mixture promoted the dguelent of pozzolanic
reactions within 7 days with further improvementldt days for all other ESR-fly ash

mixtures.
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7.2. I sotropic Compression
The isotropic compression response of the ESRdly specimens was evaluated based
on the slope of the isotropic compression linegnpi-v space which was significantly
less than the slope observed for the ESR mixtéye7 days of curing, the slope of the
isotropic compression lines of ESR-fly ash specsnems approximately 42% of the
slope of the ESR. After 14 days of curing, the pogssion slope was approximately

37% of the ESR.

7.3. Shear Strength
Addition of fly ash to the ESR improved the critistiate strength of the ESR mixtures.
For specimens stabilized with fly ash, the critistdte friction angleg) was improved
from 31.0 degrees (for the ESR) to between 31.82td degrees for the ESR-fly cured

for 7 and 14 days.

7.4. Stiffness
ESR-fly ash specimens cured for 7 and 14 days égdilnigher stiffness than the ESR
mixture. At very small strains, stabilization ofiet ESR mixtures with fly ash
significantly increased the stiffness of the ESR.mAt very small strains, the stiffness
was approximately, 222 to 284% greater than the '&S3fffness. The greatest
improvement in stiffness was observed at lower neffective stresses, and after 14 days

of curing.
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7.5. Off-Specification Fly Ash
Improvements imparted by the addition of the o#apcation fly ashes to the ESR
mixture were similar to or greater than the improeats imparted by the standard Class
C fly ash. Those improvements include peak stokging unconfined compression,
stiffness through isotropic compression and ciiitstate friction angle. The very small-
strain stiffness was improved most with the staddalass C fly ash, followed by the

high-carbon, and high-sulfur off-specification #ghes.

7.6. Suggestions for Future Work
Based on the results of this study, suggestiongifare work may involve:

1) Evaluation of potential ettringite formation in rixes of expansive soil and ESR
stabilized with high sulfur content off-specificai fly ashes.

2) Evaluation of the effectiveness of off-specificatily ash in stabilizing non-
expansive soils and/or aggregate base.

3) Evaluation of the environmental impact of soilsbdtaed with off-specification
fly ashes.

4) Performance evaluation of expansive soil or ESRilstad with conventional
and/or off-specification fly ashes in civil engimieg applications.

5) Evaluation of regional availability and life-cycleost analysis using off-

specification fly ashes and ESR-fly ash mixturesivil engineering applications.
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