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ABSTRACT

Coal ombustion products (CCPs) are-pmpducts created when coal is burned for energy
production In 2007 alone, the United States produced in excess of 125 million tons of CCPs.
Despitethe fact that approximately 40% of the CCPs were used benefici@y,ab the CCPs

were disposed of via land fillindReusing CCPs in large volume, civil engineering applications
couldgreatlyreduce and potentiallyutperform thenatural materialsurrently required for these
structures which in many cases is more economical. Recycling CCPs also reduces the carbon
footprint associated with mining naturally occurring materidbwever, CCPs are often
perceived as strictly a waste product due to theimited composition and potentially hazardous
leachateeven thoughot all CCPs should be considered environmentally unsdarfdct, their
chemical composition can vary widely depending onsihércepower plant location, the power

plant type, and the fuedource. Therefore it ismiecessarythat CCPs be characterized both
mechanically and chemically to qualify their utilization in civil engineering structurbs.
missing component in the current state of practice is a consistent methodology for categorizing
CCPs as either environmentaliynd structurallysound or harmful when used as a construction
material, and this methodology should be applicabased. This paper describes the
development of a detailed testifgmeworkin order to qualifythe use of C€s in largevolume

civil engineering applications, in particular embankments and mine land reclamation. The testing
frameworkis then implemented for three types of CCPs with an analysis of results.
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Chapter 1: INTRODUCTION

Coal ®mbustion products (CCPs) are-fmoducts created when coms burned for energy
production. These products include fly ash, bottom ash, boileprdgucts, flue gas
desulfurization (FGD) byroducts, and others (ACAA, 2009). In 2007 alone, the United States
produced in excess of 125 million tons of CCPs. Deshédact that approximately 40% of the
CCPs were used beneficially, for example using fly ash as a supplemental cementitious material
in Portland cement concretep% of the CCPs were disposed of via land fillifggure 1
outlines the beneficial use of CERs. production from 1968007 (ACAA, 2009). This figure

clearly illustrates that the amount of CCPs being produced far exceeds the CCPs being recycled.
Furthermore, the difference between the two continues to grow.

There aresignificantadvantages to reing CCPs for large volume civil engineering applications
such as mine land reclamation and embankment structQuesently, CCPsnot beneficially

used are either stockpiled disposed of in landfills and slurry ponds. This practice consumes
large quanties ofland space. Reuse of CCRs opposed to disposalould reservelandfills to

be used for residential waste which currently has no other viable disposal methods. Utilizing
CCPs in these engineering applications could greatly reduce the amoustiuctl rmaterials
currently required for these structures. The excavation, transportation, and installation of natural
materials have an associated cost which could potentially be significantly reduced if CCPs were
used from a coal power plant in the vitynof the construction projecKgmar and Patil, 2006

In some cases CCPsiveeven outperformednatural material§Bacon, 1976). Typical intrinsic

CCP properties also present various advantages. These advantages include the potential
cementitious naturef CCPs (strengtigainwith time), low unit weight, high factor of safety for
slope stability, high shear strength per unit weight ratio, anéhtheediate availability of large
volumes of materiglButalia and Wolfe, 2001(ACAA, 2009).

Despite their radvant advantages, CCPs are often perceived as strictly a waste product due to
their chemical composition and potentially hazardous leacHateever, ot all CCPs should be
considered environmentally unsound. In fattteir chemical composition can vary deily
depending on thesourcepower plant location, the power plant type, and the fuel source.
Therefore it inecessaryhat CCPs be characterized both mechanically and chemically to qualify
their utilization in civil engineering structures.

In order to ncrease the beneficial use of CCPs, the perception of these materials as a waste
product needs to be changddbreover, there is potential for these materials to be categorized as
Agreend since CCPs have been sudauces Jhefmisdngy ut i
component in the current state of practice is a consistent methodology for categorizing CCPs as
either environmentallyand structurallysound or harmful when used as a construction material,

and this methodology should be applicatlmased.
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Figure 1. CCP beneficial use vs. production (after ACAA, 2009)

Motivation

The motivation for this study can be summarized as follows:

> >

>\

Excess quantities of CCPs are produced annually which are not beneficially used
CCPSare variable depending on the type of power plant and the fuel sanolamust be
properly examined for implementation

Using CCPs for larggolume, engineering applications is potentially much more
economical compared to using naturally occurring material

The material properties of CCPs may led to superior performance compared to other
naturally occurring materials in certain applications

No such testingrameworkcurrently exists



Objectives
This study will focus on coal combustion products produgedthe Commonwealthof
Pennsylvania. The objectives of this studytare

1. Develop a minimal set of practical mechanical and chemical tests that will qualify CCP
formulation specific to largeolume civil engineeringapplications. Theses parameters
should povide appropriate specifications to allow the use of CCPs without negative
structural or environmental impact.

2. Apply the testframeworkto threedistinct types of CCPs for a given applicatesa case
study

Hypothesis

CCPs can bevaluaté in a logical methodical manner to determine whether or not the material
is usable as a civil engineering material in lavgkume applications via a specific testing
frameworkwhich includes characterization, chemical, and mechanical property measurements.

The speffic questions to be addressed in this study are:

1. What material properties (characterization, chemical, and mechanical) are requagad for
embankment/mine land reclamation applicakion

2. Do CCPs meet the minimum requirements for use in embanktmemes land
reclamatior? Based on the literature review, do CCP properties have to be modified prior
to use?

3. Does FGD materigl FBC Ash and Class Ffly ash meet the minimal material
requirements fothe given application?



Chapter 2: LITERATURE REVIEW

Coal Mining in Pennsylvania

Since thebeginningp f t he commer ci al coal mining indust:
the state has produced in excess of 16.3 billion tons of both Bitumimau#rhracite coal

(Dalberto efal., 2009. Anthracite coal, a mamorphic rock, contains a greater amount of carbon
compared to bituminous coal which is considered a sedimentary rock.

Metamorphicanthracite coal is created with heat and pressure, therefore it is commonly found
were the geologic structure has been &lland folded from mountain building events. As
shown inFigure 2, the complexity of the geologic structure where anthracite is located makes it
difficult to map compared to the relative simplicity of thieulminous fields (Hornberger etl.,

2009.
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Crosssection of the Allegheny Plateau (Bituminous)

Figure 2: Crosssections of anthracite vs. bituminous fields (Hornberger et al., 2004)



Pennsyl vanifieldssre laaatedhir tlee &/alleyand Ridge province of the Appalachian
Mountains (see Figre 3). The rock strata within this province are, from oldest to youngest, the
Pottsville and Llewellyn formations respectively.  This province is approximately aies
extending from the Saint Lawrence Lowland to Alabama. The valley ridge province is made up
of three sections which include the northern/Hud€blamplain section, the middle section
stretching from the Delaware River to the New River, and the sousieetion from Virginia to
Alabama(Hornberger eal., 2004.
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Pennsylvaniabds bituminous fields arRrovihcecat ed
(see Figire 3). Coal bearing rocks within the Allegheny Plateau consist of, from oldest to
youngest, the Pottsville, Allegheny, Conemaugh, Monongahela, and Dunkargsgro
respectively (Hornberger at., 2004).

Anthracite coal has significagtless sulfur content compared to bituminous coal, 0.7% and 2.0%
respectively. Therefore the burning of anthracite coal is more environmentally friendly.
Anthracite coal is also much more energy efficient. Burning anthracite coal yields an energy
output thatis 5% higher per pound. However, due to the geographic location of anthracite, it is
considerably more difficult to mine which has economical implications. Anthracite also has a
higher ignition and burning temperature which requires more expebsiVi@g equipment
(Dalberto efal., 2004).

Coal miningis anextensiveoperationin PennsylvaniaAs a consequenabandoned/unreatsed

mines, acid mine drainagéAMD), and abandoned coal refuse piles are significant problems.
There are mre than 5000 abandonedraclaned mine sites which cover a total area in excess of
189000 acres. There are also greater than 820 coal refuse piles which consume approximately
8500 acres and yield 212,465,000 cubic yards.
anthraciter ef use piles are known as fAcul mo. AMD in
significant stream pollution problem which is estimated to cost 14.6 billidlarddo remediate

(Dalberto etal.,2004).

Coal Fired Power Plants

Coal is used for variss applications. Chemicals in coal help to produce plastics, fertilizers, and
tar. Coke, a solidified carbon used as fuel in the melting of iron for steel production, is also
created from coal. Despite all of its alternate uses, 92% of coal is used tegrdectricity. The

first steamelectric power plant in the United States was constructed by the Edison Electric
Company in New York City in 1882. The plant service approximately 500 residents and
produced a total of 600 kilowatts of electricity. Sincerthcoal fired power plants have grown to
produce 56% of the gross electricity in the United States and 36% internationally. Modern plants
are capable of producing between 125 MW (megawatts) and 1000 MW. Oné&ddi\tan
power in the vicinity of 330 homesifa period of one hour. (Powerspan Corp., 2009)



The methodology behind coal power production is relatively simple. Coal is ignited and burned
creating energy. This energy is used to vaporize liquid water. Pressurized water vapor spins a
turbine whch operates an electrical generator producing electricity.

There are two major types of coal fired power plants in the United States, Fluidized Bed
Combustion power plants (FBC) and conventional coal fired power plants (Dalberto et. al.,
2004). Figure4 shows the location of the 21 conventional plants in Pennsylvania.
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Conventional (Pulverized) Coal Fired Power Plants

Corventional coal fired power plants burn mined coal. The coal first arrives at the plant and is
pulverized into a fine power (75% less than 75 microns in diameter). This coal powder is
injected into the combustion chamber using pressurized air. Since trexiped coal particles

are so fine, the fuel actually behaves like a liquid. The fuel is ignited and burned in the vicinity
of 1400°C. This energy is used to heat the liquid water in the boiler to produce steam. The steam
then exits the boiler and entefsetturbine at pressures between 1800 and 3500 pounds per
square inch (psi). The expanding steam through the turbine induces high speed rotation which in
turn operates an electroagnetic generator. In order to produce alternating current with a
constant fequency of 60 hertz in the United Statkss essential that the steam be kept at a
constant pressure. The steam which passes through the turbine is reused using a condensing
process. The steam exits the turbine and enters a condenser which convesesl thev pressure

steam back into liquid form. The condensing process requires a significant amount of water
which explains why many power plants are located adjacent to rivers or lakes. If the power plant
is not located within the vicinity of body of watéhen water is pumped on sitadacooling

towers are utilizegPowerspan Corp., 200Q9)

Figure 5. Schematic of coal fired power plant (Powerspan Corp., 2009)



Burning coal for electricity unfortunately produces pollutantsciwhare potentially harmful to

the environment as well as human health. The four most significant pollutants are sulfur dioxide
(SG), nitrogen oxides (NOx), mercury (Hg), and particulate matter. Sulfur Dioxide forms
sulfuric acidwhich is distributed intothe environment via acid rain. Nitrogen oxide can also
form acid rain when converted to nitric acid, but its more significant impact is the fact that it
aides in ground level ozone production. Particulate matter, referred to asaRdMPM s, are
particles less than or equal to 10 microns in diameter and less than or equal to 2.5 microns in
diameter respectively. Mercury is released into the air during coal combustion and is then
deposited on land or in water. Deposited mercury on land or in water dentipity
bioaccumulate in animals and be transferred to humans (Powerspan Corp., 2009).

In 1970, the Clean Air Act authorized the United States Environmental Protection Agency (EPA)
to establish National Ambient Air Quality Standards (NAAQS) to protablip health and the
environment (Powerspan Corp., 2009). Since then two amendments have been passed, one in
1977 and one in 1990. The Clean Air Act Amendments (CAAA) of 1@3iltedin strict
regulations that limit emissions from coal fired power plafitse Acid Rain Program in
particular required significant reductions in,&@d NOx. InMarch 2005, the U.S. EPA issued

the Clean Air Interstate Rule and the Clean Air Mercury Rule which were design to achieve a
large reduction in air pollution and a pemmeat cap on mercury emissiQnespectively.
However, in 2008 the U.S. Court of Appeals voided both of these rules (Powerspan Corp., 2009).
There are currently various processes which reduce or eliminate some of the previously
described emissions.

Flue Ga Desulfurization (FGD) or Wet Scrubbing is a technique used to control sulfur dioxide
emissions. FGD consists of injecting a slurry of calcium carbonate into the combustion chamber.
The calcium carbonate is converted to calcium oxide which reacts witlsullfier in the
combusting coahnd force oxidizedThis reaction forms inert calcium sulfate and water wigch i
synthetic gypsum (Dalberto at., 2004).

Nitrogen Oxide control consists of both grembustion and postombustion techniques. Pre
combustiontreatment is administered by lowering the overall combustion temperature which in
turn lowers NOx formation. The fact that the combustion temperature is lowered requires more
fuel in order toachievean equivalent amount of useful energy which resultséneiased CO
emission. Low NOx burners are also difficult to adapt to current plants which poses a certain
economical issue. Pasbmbustion NOx control is accomplished by reacting ammonia with
nitrogen oxides forming nitrogen and water vapor. This procassbe administered in two
different ways, the use of thermal energy (heat) or the use of a catalyst. The thermal heat method
(selective norcatalytic reduction, SNCR) is difficult to control because the reaction can only
take place within a narrow temag¢ure window If the temperature is too high then the ammonia
converts to NOx and is released into the air. If the temperature is too low both ammonia and
NOx are released into the air.
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Using the catalyst method (selective catalytic reduction, SCR),vi@lbreaction temperature

is lowered as well as broadened,

cul at e mat
attractefl

Part i
ESPO6s

making the reaction easier to control (Powerspan Corp., 2009).

ter release is primarily <cont
e gaseby proaucihgiac dposite elestrical bharge compared to

the particles. This opposite charge attracts the particulate matter to collector plates to be

removed. ESPO6s

a r -99.9%wepffirient(Rowenspdn €obrpy., 2@9).. 5 %

Fluidized Bed Combustion Power Plants
Fluidized Bed Combustion power plants were developed as a result of The Public Utility

Regul atory ACT,
companies to experiment with

(PURPA) , i n response to the

the use of #i@ditional fuels in order to produce power.

Therefore FBC power plants were developed in order to burn coal mine refuse which is

consdered notrtraditional fuel.

Figure6 shows the locations of the 16 FBC plants in

PennsylvanigDalberto etal., 2004)
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Figure 6: Distribution of FBC power Plants in Pennsylvania (Dalberto et al., 2004)
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Coal refuse is first crushed to a top size of 5mm, mixed with air, and then injected into the
combustion chamber. This fuel behaves as a liquid henbee name AFIl ui di zedo
Since FRC plants use refuse as the fuel source they are significantly less efficient compared to
conventional plants. In fact this refuse, which is essentially waste material, only has about 25%

of the heating value of aadlcoal. Howeverthe FBCburning temperature (86800°C)is lower

than conventional plantsvhich in turn reducehe emission of nitrogen oxides. FBC plants are
forecast to burn approximately 11.5 million tons of refuse annuBlbure 7 illustrates the

increased use of coal refuse for power produdtiaiberto etal., 2004)
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Figure 7. Cumulative coal refuse consumption in both anthracite and bituminous fields in
Pennsylvania (Dalberto et al., 2004)

CCP production is highly vable as a function of power plant location, type of power plant
(conventional vs. FBC), and the fuel source. The material properties can be very different form
one power plant to the next. Therefore it is essential to develop a standardftastegorkto

gualify these highly variable materials for use in lavggime, engineering applications.

Table 1 outlines various civil engineering applications which utilize CCPs.



Current CCP Applications

Table 1. Outline of CCP Application
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CE CCP
Application | Type Comments Important Material Properties Reference
Embankment/ | Fly Ash YPil ot project to study f el|Rangeofdrydensities: 129426 kg/m (80.889.0 Ibs/ff) Bacon, 1976
Structural Fill YFI'y ash gained strength w|Range of optimum moisture contents: 24-8%3%

YFly ash made anfilaccept abl | CBR (saturated): 2

CBR (unsaturated): 20
CBR swell: 20%

Embankment/l| Fly Ash YEmbankment for a 4 lane c|NA Bacon, 1976
Structural Fill YConstruction techniques f

naurally occurring soils

YGSD r es e mhgtaded siltpsoikyeetl compaction

was more responsive to vibration than kneading

YSignificant differences i

changes in combustion conditigrigel source, and

plant location

YFly ash proved to be a su

compared to naturally occurring soils
Structural Fill | Fly Ash YUsed as fill under a 1 mi | Range ofoptimum msture contents: 189%8% Joshi et al., 197¢

YMoi sture content varied a| Cohesionat0day85.85kPa%.2ps)

7 days:613.63 kPa(89 ps)
28 days:1172.11 170 ps)
Embakment/ | Fly Ash YFirst major embankment i n|Bottom ash:drydensity: 1587 kgit®9.1 Ibs/ff) Cragg, 1985
Bottom

Structural Fill | Ash as structural fill opt. moisture content: 20.6%

YBott om ash eadtocbnsfructy highwaly u s
embankment

YFly ash
YSettl|l ement of

proved to be a su
t he figiple ash

Fly ash: dry density: 1243 kgh(i77.6 Ibs/ff)
opt. moisture content: 30.5%
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Y10% by weight of ice was Baykal et al.,

Embankment/ | Fly Ash compaction Unconfined compressive strength w/ ice @ 90 days ~2500 § 2004
362.6psi

Structural Fill YThe ice does not affect c|Unconfinedcompressive strength w/oice @ 90 élays ~27())O

initiate pozzolanic reactions (246.56psi)

YThe unconfined c¢ ompfaddsddly v

ash was 70% greater than fly ash after a 90 day curing per|

Deschamps,
Embankment/ | FBCAsh | YEmbankment was constr uct e|FBCash:drydensity: 1529 kgi®5.45Ibsft®) 1998
Stoker
Structural Fill | Ash for use as structural fill opt. moisture content: 23.0%
FlyAsh |[YThe FBC ash exceeded t he | Stokerash:drydensity: 1396 kg/(87.15Ibs/ft)

a dructural fill opt. moisture conten22.0%

YFBC ash has a tendency to

formation post installation
Embankment/ | CCPs YCCPs are available in bul|[NA Butalia, 2001
Structual Fill YCCPs have greater sl ope

compared to naturally occurring soils

YCCPs have desirable, | ow

YCCPs have high shear stre

YCCPs can h amelic coraluciivity charadiesistio
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Embankment Fill

Construction of embankments wusing fly ash has
In 1964, The Chicago Fly Ash Company proposed the construction of an experimental fly ash
embankmat in order to study feasibility. The project was planned and supervised by the lllinois
Division of Highways. Subsequently in 1965 construction of a 61m (200ft.) long, 12m (40ft.)
wide, and 2m (6ft.) tall embankment began. The construction was conssimessful and the
following observations were magBacon, 1976)
A Hardened fly ash lumps must be broken up to obtain full depth compaction.
A Rotary tilling proved to be most effective in breaking up lumps.
A Scarification into the preceding lift was desiabb prevent lensing.
A A 15cm (6in.) loose lift could be best compacted with a rubber tire roller. The sheepsfoot
tore the surface without providing any additional compaction.
A Within a moisture range of 18%9%, a narrow range of compaction from 888% was
possible using-40 passes of a nenbratory 9000kg (10ton) roller.
A The embankment showed an unconfined compressive strength-dB2®kPa %5.56
62.5ps)
A Fly ash has a tendency to fiage hardeno, th
A Fly ash has a relagy high initial permeability with respect to other similarly graded
materials.
A Dusting of fly ash below a moisture content of 13% became a problem.

Fly ash would not support vegetation satisfactorily.

\ >\

A Fly ash made an acceptable structural fill.
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Table 2. Engineering Properties of Fly Ash (Bacon, 1976)

Engineering Properties of Fly Ash

Percent Sandsized Particles 19%

Percent Siltsized Particles 71%

Percent Claysized Particles 10%

Plasticity Index N.A.

Range d Standard Densities 12941426 kg/m (80.889 Ibs/ff)
Range of Optimum Moisture 24.8%27.3%
Content

CBR (Saturated) 2%

CBR (Unsaturated) 20%

CBR Swell 5%

These findings could be considered as some of the first test results and specificatioasiof
for use as a structural material.

In March of 1972, the construction of a four lane concrete highway in Chicago was proposed.

The project included a 188,000 cubic meter (245,781 cubic foot) embankment where 85% of the
total quantity could be flyash. Specifications called for electrically precipitated fly ash as the
embankment 6s core with soil placed on top and
moisture content of 15980%, not exceed 15 cm (6in.) lifts, be scarified to a depth8ofnl

(7in.), and compacted to at least 85% of the laboratory dry density. A minimum shear strength of
239.4 kPa (5000 Ib/fi) was required and measured with a pocket penetrometer.

The following construction and pesbnstruction observations were mdBacon, 1976)

A Electrically precipitated fly ash is an acceptable material to use as an alternate to
naturally occurring soils as an embankment material above the water table, and in some
cases would be a superior structural material.

A The methods of constrich may be essentially those used for natural soils, that is,
compaction in thin lifts, scarification of the preceding lift surface, and compaction to a
predetermined minimum relative compaction.

A While the grain size of fly ash most resembles a-geltle silty soil, compaction is
more responsive to vibration than kneading, loading, or tamping and in this respect acts
like a granular soil.

A Significant differences in standard laboratory densities of fly ash should be expected,
particularly when changes aar with source or combustion conditions.



16

A The use of large quantities of water is required for controlling dust and obtaining
compaction.

A The pocket penetrometer was a very helpful tool for use in conjunction with other
standard tests in maintaining jobntrol over compaction operations.

A Environmental hazards, real or purely speculative, must be solved or fly ash usage may
never reach its full potential. Dusting is a very real problem, causing excessive wear to
contractor so equi ponsfnom adjacedt lapdoos/reels.brheeactu@lb j e ¢ |
occurrence of ground water pollution by fly ash is more in the speculative category and
has not been confirmed by field experience.

Another early study involved the use of fly ash as structural filkrey a 1 milon gallon fuel

tank was to be constructed. The existing subsurface consisted of soft clay to a depth of 20 ft.
followed by a dense sand layer to 80 ft. The soft clay was considered inappropriate for
construction and needed to be replaced. Since therawage quantity of fly ash stockpiled
nearbyit seemed a logical choice.

The clay material was removed and the fly ash fill was placed and compacted in 8in. to 10in.
lifts. The moisture content of the fly ash source varied from -B8%. Despite this lge

variation in moisture content, problems with compaction were not encountered and 95% relative
compaction proved to be easily attainable. Minimum and maximum settlements were 0.5in. and

lin. respectively.  Tabl8 references lab and field test resutstained from the fly ash fill
material.

Table 3. Influence of Age on Values of Cohesion and Angle of Internal Friction for Compacted
Fly Ash (Joshi et. al., 1976)

Age in Days | Laboratory Tests Field Tests
cu(psi) | G y(degrees) cu (psi) 0 y (degrees)
0 5.2 29 NA NA
7 89 45 4 43
28 170 45 67 43
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Another study conducted by Cragg, 1985 examined the behavior of fly ash used as structural fill
for a highway embankment. The embankment was monitored for settlement, frasatmeEme

and frost heave. The embankment was part of the construction of an over pass on highway 402
which links Canada to the United States in Sarnia, Ontario. This was considered the first major
highway embankment in Ontario to use coal combustion ptedisca structural material. In fact
82,640Mg (91,095 tons) of bottom ash and 164,210Mg (181,004 tons) of fly ash were used for
construction. The embankment consisted of a base layer of bottom ash, a fly ash core, and a top
layer of bottom ash. The bottoash served as an drainage blanket for the fly ash as well as
prevent the fly ash from wicking ground water. An outer layer of naturally occurring soil was
placed on the sides of the embankment in order to prevent erosion and support vegetation
growth. Theash was compacted in lifts reaching relative compaction using moderate effort.
Laboratory dry densities were 1587 k§/(89.1 Ib/ft?) at 20.6% water content for the bottom

ash and 1243 kg/h{77.6 Ib/ft3) at 30.5% water content for the fly ash. (Crab@g5)

Instruments were installed throughout the site in order to monitor natural soil settlement below
the embankment, settlement of the actual fill, frost penetration, and frost heave at the top of the
embankment.

Observations of the use of fly ash fdr material on this project were positive. Settlement of the
fly ash embankment was negligible and frost heave minimal. Fly ash used a structural fill is
recommended by the results of this particular paper. (Cragg, 1985)

A paper writtén by Baykal etal., 2004 explains a techniqgue whic
amount of water required for fly ash compaction and the excess amount of water required to
initiate pozzolanic reactions of the material. The technique involves the addition of snow or ice
during the compaction of fly ash at optimum water content. Theoretically, the ice does not affect
compaction and later melts to initiate chemical reactions. Samples of fly ash were prepared at
optimum moisture content with the addition of 10% by weight of ice. Haevard Miniature
Compaction Device was used to create the samples which were 3.6cm in diameter and 7.6cm in
height. Some interesting results were obtained.
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Table 4. Comparison of the Properties of Compacted Fly Ash and Caeghd&ly Ash with
Snow (Baykal et al., 2004)

Fly ash (FA) Fly ash + snow (FI) Change
Dry unit weight (KN/m*) 13.41 11.78 14% decrease
Water content (%a) 19.54 28.80 48% increase
Void ratio (&) 0.90 1.17 30% increase

One can observe from Table 4 the altered properties of the fly ash with snow addition. A 14%
decrease in dry unit weight will decrease the overall settlement of an embankment. The 30%
increase in void ratio Wiallow less fly ash to fill an equivalent volume resulting in a more
economic practice.
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Figure 8: Variation of unconfined compressive strength values of fly ash (FA) and-added
fly ash (FI) with time (Bhykal et al., 2004)

By observing Figre 8 one can clearly see the increased unconfined compressive strength of the
snowadded fly ash due to continued chemical reactivity over the 90 day test period. In fact, the
strength of the snovadded fly ash was 70% greater than tlgeagh at 90 days. (Baykat al.,

2004)

During highway pavement desigrensile stresses become a very important parameter. In order
to test this behavior, splitting tensile tests were also conducted. Refégguie 8 to notice a
similar strength gain énd compared to the results of the unconfined compression test. The
tensile strength of the sneadded fly ash is approximately 85% greater than the fly ash and is
generally 10% of the unconfinedmpressive strength. (Baykaladt, 2004)
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Splitting Tensile Strenath
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Figure 9: Variation of splitting tensile strength values of fly ash (FA) and sadded fly ash
(FI) with time (Baykal et al., 2004)

Butalia et. al. examined the benefits of using CCPs for the construction and repair of highways in
Ohio. Theuse of CCPs in embankments/structural fills provided various advantages including:

A Availability of materials in bulk quantities

A Higher slope stability factors of safety compared to naturally occurring soils

A Suitable for construction on lebearing strendi soils due to their lower unit weight
compared to naturally occurring soils

A High shear strength/unit weight ratio resulting in ideal placement under foundations

A Availability of free draining materials such as bottom ash (Butalia, 2001)

Fluidized Bed Corbustion (FBC) ash can also be utilized as embankmenydilldifferent
considerations must be taken into account compared to only using fly ash. Ardarge
embankment was constructed at Purdue University consisting of 60% FBC ash, 35% stoker ash,
and5% fly ash. The embankment was approximately 20 m in length and 10 m in HAéight.
purpose of this project was to monitor the performance of FBC ash for use as a fill material.
Table 5 outlines the compaction characteristics of the material Usdxe 6 illustrates the
permeability characteristics of the material ude@dschamps, 1998)

Table 5. Optimum Water Content and Maximum Dry Density from Standard Proctor
Compaction Test (Deschamps, 1998)

Optimum water Maxirmum

content dry density
cce (%) {kg/m™)
(1) 2 (3)
FBC 23.0 1,529
Stoker 22.0 1,396
S0/50 225 1,437
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Table 6. Hydraulic Conductivity of Uncured Samples using Falling Head Test (Deschamps,

1998)
Dry density from Hydraulic
standard Proctor® conductivity
Tested material (% maximurm) {em/g)
(1) (2) (3)
Stoker ash 96 B.TE-5
Stoker ash o7 B.6E-5
Amnospheric FBC ash 93 1.2E-5
Amospheric FBC ash 91 6.4E-3
S0/50 mixture 100 24E-5
S0/50 mixture 96 &, 1E-3
50/50 mixture a3 1.5E-4
S0/50 mixture 20 33E4

During construction, the ash reached appropriate relative compaction at various moisture
contents, the most efficient being close to optimum. Due to the cementitous wtthe
material, the ash in the cured condition became extremely hard. Therefore it was almost
impossible to excavate a hole to administer the sand cone test or drive the stake of a nuclear
density gauge in order to verify compaction and moisture cboniés being stated, the ash
material far exceeds the strength requirements for use as a structubastihdmps, 1998).

The major issue with regard to using FBC ash as structural fill is its tendency to swell/expand
after installation. Figure 10 demstrates the materials swell strain as a function of time. Figure
11 illustrates the vertical movement of a manhole on top of the embankment at various dates

postconstructionNDeschamps, 1998)

Swell Strain (%)
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Figure 10: Swell stain vs. time a&00 and 1000kPa (Deschamps, 1998)
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Figure 11: Vertical movement of manhole (Deschamps, 1998)

FBC ash has a high concentration of calcium and sulfur compared to fly ash. These elements
lead to the formation of ettringite causiag increase in volume which subsequently produces
swelling pressures (Yoon, 2007). The potenfiiail swelling can be reduced by stockpiling the
material at an adequate moisture exposure for several months prior to installation (Deschamps,
1998).

The Electric Power Research Institute (EPRI) in collaboration with Duquesne Light Company
and GAI Consultants constructed a 1490 ft long structural embankment to support a section of
highway in Pittsburgh, PA. Approximately 255000 cubic yards of CCPs were ditiliz¢his

project predominately class F fly ash. The class F fly ash exhibited properties similar to naturally
occurring silty soils therefore conventional construction techniques could be implemented. The
fly ash was placed in 8 in lifts and compactedhvatvibratory roller. The material consistently
reached 100% of standard Proctor maximum dry density. The project demonstrated that roadway
embankments can be designed and constructed of fly ash using conventional engineering
practices. The fly ash embanknt has performed as well as or better than design estimates with
respect to settlement, deformation, and slope stability. The following observations were made
(Brendel, 1989)

A Conventional analytical procedures can be used to predict embankment perérmanc

A The design parameters for fly ash are equal to or better than many naturally occurring

soils

Preliminary leachate analysis stated that the fly ash igao and norhazardous

Fly ash is most efficiently compacted using vibratory compactors

The e of heavy compactors extends the moisture range over which fly ash can be

appropriately compacted

A Fly ash will pump moisture when the moisture content exceeds the optimum moisture
content.

v > >
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A The use of fly ash saved ti@ommonwealthof Pennsylvania andhé contractor
$100,000 each. Duquesne Light Company saved $750,000

Based on the current literature review and case studies the main advantages and disadvantages of
using CCPs for civil engineering applications swenmarizedelow.

Main Advantages

A

DB D PP

An excess amount of CCPs exist which could potentially be used for-Vaigene
engineering applications

CCPs are cementitious and gain strength with time

Low unit weights

High slope stability factor of safety

High shear strength/unit weight ratio

High permability

Conventional construction methods can be used for installation

Main Disadvantages

A

v v > >

CCPs are variabléchemical and mechanical properties a function of power plant
location, type of power plant (conventional vs. FBC), and the fuel source

High permeability

Some CCPs have expansive characteristics

Largevolumes of water are requiréa control dusting and achieve compaction

CCP leachate can have negative environmental impact
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Chapter 3: PRELIMINARY TESTING FRAMEWORK

Due to the facthat CCPs are variable as a function of power plant location, type of power plant
(conventional vs. FBC), and the fuel source it is imperative to develop a specific testing
frameworkin order to quality their use for larg®lume, engineering applicationSCPs need to

be characterized, examined from a chemical basis, and then tested mechanically to ensure their
viability for various plications such asmbankmenstructural fills and mine land reclamation

The Department of Environmental Protection et regulations for the beneficial use of coal
ash in 25 Pa. Code Chapter 290e Department of Environmental Protectiomr&u of Mining

and Reclamatioralso has document entitled Certification Guidelines for the Chemical and
Physical Properties of Coaish Beneficially Used at MinesBoth documents provide very
limited guidelineswith respect to mechanical characterization and performadicapter 290
states the following mechanical requirements to use coal ash as structural fill:

A The slope of a structal fill may not be greater than 2.5 horizontal to 1.0 vertical. The
Department may approve a greater slope based on a demonstration of structural stability.

A Coal ash must achieve a minimum compaction of 90% of the maximum dry density as
determined by theModified Proctor Test, or 95% of the maximum dry density as
determined by the Standard Proctor Test. Ash from each source must be tested
individually. The Proctor Test must be conducted by a certified laboratory.

A Coal ash shall be spread uniformly and caotpd in layersiot exceeding 2 feet in
thickness. The coal ash shall be spread and compacted within 24 hours of its delivery to
the site unless stored in accordance to Subchapter E (relating to coal ash storage).

These requirementare extremely vague fro a characterization and strength perspective.
Figure 12outlines the possible tests which could be uded embankments and mine land
reclamation The purpose of this research is to identify the most appropriate and accurate tests to
characterize and edict the performance of CCPs. Once the tesfmagnework has been
establishedthreetypes of CCPs will be chosen and tested for a particular application to ensure
the functionality of thdramework
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Material characterizations an imperative process for any material /andapplication.
Geotechnical engineering materials, typically naturally occurring soil, are specifically
characterized for various vas relevant to particular application€CPs should also be
characterized as suckne important property that should always be considered is grain or
particle size distribution(PSD). PSD influences other material properties like hydraulic
conductivity, ensity, and subsequently strengggnowi ng a mat eri al 6s PSELC
initial idea about how the material will perforl"eSD6s can be deter mined wu
and hydrometer analysis or particle size analyzer machibiese CCPs ar¢ypically fine-

grainedin nature hydrometer analysis would generally be used. However, certain CCPs exhibit
properties which could render hydrometer results inaccurate. For example, FGD material is
soluble in water therefore hydrometer analysis is no appropriater Ldiffraction particle

analysis technique@ry method)provide accurate particle size distributions and do not require
waterparticle interaction.

The specific surface is another important properspeeially as it relates to firgrained
materials. $ecific surface of a particle is the ratio of its surface area to its mass. When the
specific surface of a material exceeds ¥gmhe physical processes that govern soil behavior
significantly change. Soils with higher specific surface experience seditioentand fabric
formation controlled by environmental factors, shrinkage and stiffening in unsaturated
conditions, and mechanieahemical coupling $antamarina et al., 2002Specific surface can

also be an important property for CCPs. Typically, thehdigthe specific surface the more
reactive the material in the presence of fluid (water). For a highly reactive CCP, FBC ash for
example, specific surfadea very useful parameter.

Another important parameter of geotechnical materials are medémsty relationships. Every
material has the ability to reach a certain maximum density or packing configuration. In order to
reach this maximum density a particular amount of water is required for lubrication. This
relationship is determined using the Prodest.Materials compacted to their maximum density
reflect their highest strength characteristigghile the DEP code only specifies monitoring
compaction as a means of strength justificatioagitional strength parameters need to be
obtained for the dégn of structures like embankments.

Examining the dispersive behavior of a geotechnical material is also rel@Vyentlectrical
charges of particles can promote attraction or repulsion which influences material fabric. Fabric
influences density, strgth, and permeabilitMitchell and Soga, 2005)Another standard
property in characterizing naturally occurring soils is specific gravity and should be determined
in CCP characterization as well.

Naturally occurring soils posses intrinsic, inert progsrthat typically do not change owarort
periods of time (less than 50 year§pr example, the unconfined compressive strength of a
particular clay and gradation can be consideradstant over a particular time frame given the
material was compacted asimilar manner. CCPs differ that they gain strength over a short
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period of time (monthsjDeschamps, 1998 herefore strength parameters should be examined

as a function of time in order to predict current and future material beh&aoous procsses

govern this possible strength gain behavior. Changes in the mineralogical composition can
influence the strength characteristics. It would be beneficial to examine these processes in order
to understand the relevant mechanissisg xray diffractiontechniques

The hydraulic conductivity is another important parameter for geotechnical mat&@is.
hydraulic conductivity can also vary as a function of time and needs to be examined at various
curing intervals to quantify behavior. Sineeme CCPs camproduce hazardous leachate, the
effluent from hydraulic conductivity testing should be examined.

Material characterization and specification will vary withpest to the desired application.
Embanknents and mine land reclamation are inherently differantnature. Mine land
reclamation is similar to a backfill structure where fill is placed below grade in confined spaces.
Usually these applications do not have slope statlmbiyponers. However, if structures are to

be built on CCP fill materials otherconsiderations like bearing capacity and
consolidation/settlement need to be examindte following is Terzaglds equation for ultimate
bearing capacity for shallow foundations (Das, 2007):

, 1
qu =c'N, + qu +EyBNy

The ultimate bearing capacity,() is a function of cohesiorc(), equivalent surchargey), the
unit weight of the soily), the width of the foundationB(, and the term#&,, N, N, which are

determined by the soil friction angl®) The unit weight of the soil can easily be determined

and used to compute theguivalentsurcharge which is simply the unit weight of the soil
multiplied by the proposed depth of the foundation. Gare and soil angle need to be
determined using shear strength tests. Unconfined compression testing provide an undrained
cohesion value but no friction angle. Oiteshear testing provides values for both cohesion and
friction angle. The friction angle pvided by direct shear testifgpwever tends to over estimate

shear strength compared to triaxial testing. This can overestimate strengthsabsequently
bearing capacity as well. The most accurate way to obtain cohesion and friction angle values is
the triaxial test.The triaxial test does not force a specific failure plane as the direct shear test
does and provides a more realistic value. Also consoliddi@ded, consolidatedndrained, and
unconsolidatedindrained tests can be conducted whadturately mimic spediic in situ
conditions. If both the cohesion and friction angle aexjuiredfor design then triaxial tests
would most likely be most appropriate for CCPs with cementitious characteristics. Triaxial
samples could be prepared and then curdefinitely before testingThis would not be possible

if using the direct shear test. The engineer should decide which test is most appropriate for each
particular project.

Consolidation is another important parameter when examining fill materials. Consolidation is
mainly an issue in saturated clays since pore water can take significant time to dissipate.
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Consolidation can be an issue in CCP fill materials as . consolidation tests should be
performedin order to examine and quantify consolidation in CCPs.

Embankments are typically laterally unsupported fills placed on top of the natural ground
surface.Various types of embankments can be constructed each with different complexities and
cost. Some types of embankments include:

Dumped fill

Hydraulic fill

Seleced fill

Equipmentcompacted embankment

Rolled earth fill

Vibratory-compacted embankment

Blended earth fill

Modified soil fill (Bureau of Reclamation, 1998)

p 5 U S S N S

Although these different types may have differspecifications the material characteaton
process should be similarEmbankment design should include bearing capacity and
consolidationanalyses but includa slope stability study as well. Internal friction angles are
required for slope stability calculation and candt¢ainedusing direct shearrdriaxial testing
(Brendel, 1989)
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Chapter 4: M ATERIALS

Three specific materials were selected for the purpose of this study. The materials include Flue
Gas Desulfurization (FGD) material, Fluidized Bed Combustion (FBC) ash (45% bottom ash,
55% fly ash), and Class F fly ash. Tallésts the facility and location where the materials were
produced.

Table 7. CCP Source Locations

Material Facility Source Location
FGD Material | PPL Montour Power Plant Washingtonvile, PA
FBC Ash Reliant Energy Seward Power Plar; Johnstown, PA
Class F Fly Ash| PPL Montour Power Plant Washingtonville, PA

FGD Material. Burning coal for electricity produces pollutants which are potentially harmful to
the environment as well as bmman healthand regulations are in place to minimize the release
of these pollutants into the environmeiiihe Clean Air Act Amendments of 1990 and the
Environment al Protection Agencyo6s (EPAGS)
emissions of sulfr dioxide into the atmosphere. Cdiaéd power plantscomply with this
regulationimplementing a lime or limestone reagent in combination with a forced oxidation

system to act as a fAscr ahsbproceds is( kRdwD Rsr floedgas t s .

deaulfurization (FGD) anatonsists of injecting a slurry of calcium carbonate into the comlustio
chamberThe calcium carbonate is converted to calcium oxide which reacts with the sulfur in the
combusting coal. This reaction forms inert calcium sulfate aattmalso known as synthetic
gypsumor FGD material byproduct(Dalberto et. al., 2004)n 2007, over 33 million tons of

FGD materials were produgein the U.S. with only 31% beneficially used, mostly in the
manufacture of wall board for the housing andlding industry (ACAA, 2007). The FGD
material was obtained in a dry state. This particular FGD material is considered to be pure
synthetic gypsum and meets the standard requirements to be used in the production of wall
board.

Fluidized Bed Combustion.FBC ash is produced at FBC power plants which typically burn
coal mine refuseCoal mine refuseor waste coalis low BTU material discarded by the mining
industry. Coal mine refuse from bituminous and anthracite mining is referred to as gob and culm
regectively (Dalberto et. al.,2004)The Reliant Energy Seward Power Plant near Johnstown,
PA is one of the largest FBC Plants and therefore produces a substantial quantity of ash on a
daily basis. For this reason, FBC ashsexamined for use in alternaggplications. FBC ash

also has interesting strength characterist®C ashhas been observed to gatrength as a
function of time(Deschamps, 1998)n this study, a blend of 45% bottom ash and 55% fly ash
was usedBottom ash consists of heavier, ceer particles which collect on the bottom of the
combustion chamber and are removed via a conveyer system. Fly ash particles are much lighter
and finer. Fly ash travels up through the flue gas and is removed via electrostatic precipitators.

Cl
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Class F Fly Ad.. Class F fly ash is produced at conventional coal fired power plants and is
removed from the flue gassingelectrostatic precipitator€lass F fly ash, as defined by ASTM,

is fly ash normally produced from burning anthracite or bituminous coal whglpdzzolanic
properties. Class C fly ash, as defined by ASTM, is fly ash normally produced from lignite or
sub bituminous coal which has both pozzolanic properties and some cementitious properties.
Class F fly ash is very well studied and has variougdstals which allow it to be used in various
applications. Thereforelass F fly ash was chosen as a point of comparison with FGD material
and FBC ash.
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Chapter 5: TESTING METHODOLOGY

Material Characterization

Scanning Electron Microscopy SEMs (Hitachi S3000H)a t Penn Stateds Mate
Institute were utilized in order to obtain images of the materfaggire 13. The images were
examined to observe the particle structure, particle surtguegtaphy, and particle sizEEMs
scanthe specimen with a finely focused electron beam of kilovolt endtgstions of electrons

are either adsorbed or reflected. An image is formed by scanning a catlyotighe in
synchronism with the beam and by modulating the brightness of the tube eaith &xcited
signals. The image igerefore built point by point as the specimen is scanned by the electron
beam (Cahn, 2005F%ince the samples were nonconductive a pretreatment process called gold
sputter application was required. This process consisipplying an extremely thin coating of

gold onto the sample which renders the sample conductive. 20.0kV were used along with varying
degrees of magnification which was dependent on how the sample wanted to be viewed.

Particle Size Distribution. The paticle size distribution (PSD) was determined using
monochromatic laser light diffraction. Small particles scatter a monochromatic beam where the
scattering angle is a function of particle sias.the particle size decreases the scattering angle
increaseslogarithmically (Caln, 2005). The resulting measurement is essentially a volume
distribution where various particle diameters are given as a percentage of the total volume of the
sample A machine called a Malvern Mastersizeas used in this studyr'he Mastersizehas the
ability to measure particles ranging from 0.
distributions or gradations are important because they describe the range of particle sizes present.
Whether a material is uniformly, gap, or wellaged influences the mechanical properties of

density, permeability and strength.

BET Specific Surface.Specific surface is important as it influences how reactive a particular
material will be.If a particular material has appropriate mineralogicalstituents which could
interact with pore fluid then specific surface must be considerée. higher the specific surface

the morethe particle is exposed to the pore fluid causing the material to be more re@ltve.
specific surface was determined ngithe BrunauerEmmettTeller (BET) method. Gas
molecules in the vicinity of a solid can experience attractive forces resulting in an enhanced
concentration of molecules at the solid surfadgs mechanism of the BET methodadalledgas
adsorption.The quantity of gas adsorbed by the solid is a function of temperature and pressure
and also is dependent on the sdiigigrface. Below the critical temperatutke adsorbed layer
resembles a thin film potentiallgeveralmolecule diameters thick. The specifiarface can be
estimated by determining the quantity of adsorbed gas which would sufficiently form a close
packed layer one molecule diameter thick (Cahn, 2005). The BET equation describes the volume
adsorbed/ as a function of vapor pressuye

_ V, cx
S (1-2)[1+ (c — Dx]

|4
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Wherex=p/pois the relative vapor pressuiémis the monolayer capacity, ands related to the
strength of the adsorption forces (Cahn, 20@ihce the size and number of gas molecules
required to cover thparticle samplés known, the specific surface can be calculated (Fagerlund,
1973). In this case, nitrogen gas was used which has a surface area df 16.2 A

Zeta Potential. The Zetapotentialis a term for the eledtr potential of colloidal systems. Th

electric potenal is at the interface othe double laye(the location of the shear or slipping
plang andthe bulk fluidof the systenfLyklema 1995).The Zeta potential can be related to the
stability of colloidal systems as it indicates the degree of repulsiorebatadjacent particles.

High Zeta potential values indicate stable systems where the solution is dispersed. Low Zeta
potential valuesause attraction forces between particles to exceed dispersion causingetie sys

to flocculate or aggregat®&(ssel et a] 1999. Table 8 relates the Zeta potential in mV to the
stability of the system. Brookhaven 2taPotential Analyzewas used in this study

Table 8. Zeta Potential and System Stability (ASTM Standard D 42387

Zeta Potential (mV) Stability of Colloid
0to 5 Rapid coagulation/flocculatiol
10 to 30 Instable
30to 40 Moderately stable
40 to 60 Good stability
greater than 60 Excellent stability

Moisture/Density Relationships. The moisture/density relationships of the emals were
determined using ASTM Standard D698 #AStandar
Characteristics of Soil Using Standard Effor
blows per lift using a standard proctor mold and standard hamesdfigeire 14. Compacting at

varying moisture contents allowed the development of moisture/density curves were optimum
moisture content and maximum dry density could be determined.

Specific Gravity. Specific gravity was determined following ASTM Stand®@@® 54 A St andar
Test Methods for Specific Gravity of Soil Solids by Water Pycnonieter.



Figure 13: Hitachi S3000H SEM

Figure 14: Standard Proctor mold and hammer
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Chemical Analysis

Baseline chemical atysis and leachate chemical analysis was contracted to ACT Labs who are
based in Ontario Canad@efer to appendix F for complete chemical analyssious methods

were used in the analysis.

Instrumental Neutron Activation Analysis (INAA) . Activation aralysisis an analytical
techniqueused to analyze trace elements quantitatively by activating naturally occurring isotopes
of these elements. Neutron activation analysis is generally used for heavy metals and uses
neutrons to activatine atoms in the sarlg(Cahn, 2005)The primary source of neutrons for
irradiation is usually a nuclear reactor. Each element which is activated emits a "fingerprint" of
gamma radiation which can bmeasured and quantified. Mu#lement analyses of practically

any materiafrom the smallest sample which can be weighed accurately to very large samples
have been analyzed routinely by INAAWw.actlabs.com

Inductively coupled plasma mass spectroscopy (IGMS). ICP-MS is an analytical tectique

used fortraceelemental determinatiortd solids The technique was commercially introduced in
1983 and has gained general acceptance in many types of labord©HB&dS is a hybrid
technique combining a high power laser for sampling solids, teghperature inductively
coupled plasma for ionization, and a mass spectrometer for mass separation and dedsetion.
sampling allows a solid specimen to be sampled without dissolving the specimen. The laser
causes material vaporization. This vapor entbe mass spectrometer where it is atomized and
ionized. The ion signal which is measured is representative of the composition of the original
specimen (Cahn, 2005).

Combustion Infrared Detection (IR). IR was used when analyzing samples fofisutontant.
Accelerator material is added to a 0.2 g sample. The inductive elements of the sample and
accelerator couple with the high frequency field of the induction furfidwe.pure oxygen
environment and the heat generated by this coupling cause the sang@enttastDuring
combustion, carbebearing elements are reduced, releasing the carbon, which immediately
binds with the oxygen to form CO and &Qhe majority being C® Also, sufur-bearing
elements are reduced, releasingsuiwhich binds with oxygeto form SQ. Suffur is measured

as suflur dioxide in the first IR cellA small amount of carbon monoxide is converted to carbon
dioxide in the catalytic heater assembly; .98 converted to S¢) while sufur trioxide is
removed from the system in thetdit. Carbon is measured as carbon dioxide in the IR cell as
gases flow through the IR cells. Carbon dioxide absorbs IR energy at a precise wavelength
within the IR spectruniEnergy from the IR source is absorbed as the gas passes through the cell,
preventng it from reaching the IR detectdkll other IR energy is prevented from reaching the

IR detector by a narrow filteBecause of the filter, the absorption of IR energy can be attributed
only to carbon dioxide (C£). The concentration of C{s detectedas a reduction in the level of
energy at the detector. An Eltra @800 is used for the analysis (www.actlabs.com).


http://www.actlabs.com/
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Mechanical Tests

Unconfined Compression Testing. Unconfined compression (UC}ktrength tests were
performedto obtain minimum strength chataristics for the=GD material, FBC ash, and class
F fly ash UC tests were completed for each material at various curing duratigonantfy any
strength changes with time. &materials were cured for 1, 3, 7, 14, 28, 56,&@ 180 days.
Three samm@s of each material were prepared for each cym@mngpdto ensure repeatable results.
The tests were carried out in acdance to ASTM Standard R16600 with the following
exceptions:

A Samples were prepared at optimum water content using a Standardr Rvimid.

Samples were compacted in the proctor mold in 3 equal lifts using a Standard Proctor

hammer at 25 blows per lift.

A FGD and Class F fly ash samples were tested usingpbeo@® Load Trac Il frame, see
Figure15. A constant strain rate of 0.5 % pamute wasapplied until failure. Failure
was defined at the point where the specimen could no longer carry a loathafpeak
value was reached.

A FBC samples could not be tested in the Geocomp Load trac Il frame because the strength

of the material xceeded the capacityf dhe frame. Therefore the FB&amples were
tested on a concrete compression testing machiasufactured by Boartongyear
model cm625, seeFigure 16. Due to limitations ofthe Boart Longyear machine, a
constant strain rate could tnbe applied. Alternatively, a constant loading raté.6fkPa
to 20.7 kPa per second (1 psi to 3 psi per second) was applied until fallisevas the
lowest range of loading rate achievable with this dewkedlure was defined at the point
where thespecimen could no longer carry a load after the peak value was reached

0000000000 00000

Figure 15: Boart Longyear frame  Figure 16. Geocomp Load Trac Il frame
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Hydraulic Conductivity. Permedility was measuredising a specigl designedpressuried
permeability cell shown in Figurg7. The permeability cell consists of a hollow metal cylinder
which holds the sample. The sam@eompacted into dygon tubesegment (Figurd8). High
pressurewater lines are connected tbe cell to provide confining and driving presssre
independentlyThe test is run using distilled water which is pressurized with nitrogen gas. Water
is suppliedthroughan external reservoir with an inner pist{ffigure 19). The nitrogen gas
pushes on the piston whighnessurizeshe water in the reservoithuspreventing nitrogenwater
interaction.Confining pressure iapplied to the sample prior to the driving pressiliftee sample

is allowed tosaturate andeach asteadystateflow rate at the sample exiManipulation of
Darcyodos | aw all ows <cal cul based onnhe drivingtptessurehapd r a u |
the outflow assuming a constant head conditRafer to Appendix A for a detailed procedure of
the testThefollowing expression describes the hydraulic conductivity, k:

__ QL
A'(ha_hb)

The hydraulic conductivity k is a function of the volumetric flow rate Q, the length of the sample
L, the crosssectional area of the sample the equivalent pressure head at the inlet of the
sample i and the equivalent pressure head at the qatietospheric pressuref the sample h

Two samples per curing duration were prepaeoptimum moisture content and compacted in 3
equal lifts ughg a tamper. Samples were compacted to their maximum density to attempt
consistent void ratios between sampl8amples were tested at curing durations of 1, 3, 7, 14,
28, 56, 90, and 180 dayBable9 outlines the test parameters for each material. it lower
driving pressure was used fine FGD materialo prevent dissolution during measurement.

Using this pressurizelydraulic conductivitycell has the following advantages:

A Hydraulic conductivityof fine-grained materialcan be measureh a imely manner
compared to conventional falling head tests.

A The system is applicable tementitious materials.

A Confining pressureminimizes the development of preferential flow paths at the
material/cell wall interface.

A Samples can be prepared and cureBymon tubing for indefinite time intervals

Table 9. Hydraulic Conductivity Test Parameters

Material Driving Pressure | Confining Pressure | Outlet Pressure
FGD Material | 345 kPa (50 psi) | 689 kPa (100 psi) | 101 kPa (14.7 psi)
FBC Ash 1034 kPa (150 psi] 1379 kPa (200 psi)| 101 kPa (14.7 psi)
Class F Fly Ash 1034 kPa (150 psi] 1379 kPa (200 psi)| 101 kPa (14.7 psi)
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Figure 17: Pressurized permeability cell Figure 18: Sample preparation

Permeability Cell

Water Reservoir

Gas Supply

Figure 19: Hydraulic conductivity test configuration

Effluent Chemical Analysis. The effluent from the permeability tests was collected for each
specimenfor each curing duration fochemical analysis. The chemical composition of the
materials is important in examining changes in strength and permeability as well as identifying
potentially harmful constituents. Activation Laboratories in Ontario, Canada conducted the
analysis using indactively coupled plasma mass spectroscopy {M3).

























































































































































































































































































































































