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ABSTRACT

Over 130 million tons of coal combustion products (CCPs) are produced each year in the U.S.
Less than half of these CCPs will be utilized in beneficial use projects, such as mine land
reclamation, an important practice in Pennsylvania. The remainddrendhdfilled. Yet, CCPs

are an ideal fill material due to their abundance and their desirable engineering characteristics.
The main disadvantage of utilizing CCPs is the variability in material properties seen between
differing CCP sources and the clgenin material behavior over time. This variability makes
predicting CCP behavior as an engineered fill difficult. One approach for minimizing the risk
associated with CCP variability is to catalog all available data on CCPs, including formation
processg, chemical properties, material characteristics, and mechanical behavior. Once this
catalog of data has been developed, common trends in material characteristics and mechanical
behavior between CCP sources may be identified. Therefore, the purposissstiidiz are to

collect and organize all existing data on Pennsylvania CCPs into an electronic database as well
as contribute to the database by obtaining properties of two additional CCPs. An attempt was
made to use this data gathered in the databas¢hancksults from additional CCP testing to
identify trends in material properties and behavior. The testing of the additional CCPs followed
a CCP testing framework developed in a previous study. This work focuses on the creation and
utilization of thisdatabase along with the findings of this additional CCP testing.

The sources of the collected CCP data included published literature and results from tyears of
PennsylvanidDepartment of Environmental Protection (DEP) regulatory testing. The cdllecte
data was organized into a database designed in Filemaker Pro 11 and then launched as a website.
For the additional CCP testing, two fly ash materials from two different power plants were
selected for this study: a class F fly ash and an FBC fly akbk. téting methodology for the
additional CCPs included general material characterization, such as compaction characteristics,
particle size distribution, and specific surface area. Other tests focused on the mechanical
behavior of these CCPs over timedamcluded unconfined compression (UC) strength and
hydraulic conductivity testing. The tests used to classify CCP mechanical behavior showed that
the UC strength and hydraulic conductivity of the material may change, depending on the type of
CCP tested.The results of quantitativeray diffraction and PHREEQCI modeling show that the
formation of ettringite dictates CCP behavior. That ssthee amount of ettringite formed in
FBC-PC increaseghe strength of the CCBIso increasesThe lack of strengt gain observed

for the class F fly ash was due to the lack of formation of hydration products. In addition,
ettringite formation over time reduced the void ratio of the FBC ash, and thus reduced the
hydraulic conductivity.

One important finding of thistedy is that the UC strength trend observed in FBCis very
similar to the UC strength trend for another FBC ash investigated in a previous study. Both FBC
ashes experienced the most significant increase in UC strength in the first 7 to 14 daygof curin



\Y
Another important finding of this study is the variability in the compaction characteristics of

CCPs collected from the DEP. This variability prevents the identification of trends in maximum
dry density and optimum moisture content based on CCP type.

One critical finding of this study is that the hydraulic conductivity data collected by the DEP are
not reliable for comparison purposes. The methods and procedures followed by different
laboratories contracted for this testimgere found to be inconsestt. The most significant
inconsistency is the time that laboratories allow test specimens to cure before testing. It is
possible that through eliminating these inconsistencies, the regulatory hydraulic conductivity
testing can be standardized and thsultetng data will be more meaningful.

CCPs are a variable material and understanding how the mechanical behavior of the material
changesbased on type and timis essential for use in large volume applications such as mine
land reclamation.
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Chapter I INTRODUCTION

Over the past 200 years, <coal hiadsistriélizagon antl h e
riseas a world power. Th&ost notable usef coalis as a fuel source in coal fired power plants.

The Commonwealth of Pennsylvania has the benefit of abundant coal resources, comprised of
both Bituminous and Anthracite coal fieldd.he mining of Pennsylvanian coal has a history
spanning over 200 years and today is a $3.2 billion per year industry (PA Economy League,
2010). Despite its economic benefits, the mining and use of coal hasdraaviyacks which

include abandoned minenlds and waste products.

Decades of mining has left the commonwealth with close to 200,000 acres of abandoned mine
land (AML) (Dalberto et al., 2004). AML poses many safety and environmental problems, such
as subsidence and acid mine drainage (Siriwadgnal., 2003). Mine subsidence has the
potential to cause millions of dollars in property damage in both the private and public sector.
Acid mine drainage (AMD) has currently caused 3100 miles of polluted streams, wreaking havoc
on Pennsylevcaon isatorsu cltuusrhe . The cost of fixing
$14.6 billion (Dalberto et al., 2004).

Another consequence of burning coal is the staggering amount of waste produced when coal is
used to generate electricity. The differentetypf waste produced are collectively known as
coal combustion products (CCPs). In 2009 alone, the United States power industry generated
134 million tons of CCPs from burning coal. Only roughly 41% of these CCPs were beneficially
used (ACAA, 2009). Theemaining 59%, or 79 million tons, of CCPs were landfilled. Figure

1.1 shows that the rate of CCP production exceeds the rate of beneficiah whition to the

large quantities of CCPs produced, the types and properties of CCPs vary drasticepig\irer

plant to power plant due to variations in combustion and pollution control practices.

A potential solution to the problem of the residuals of the coal mining and power industries is
largevolume beneficial use of CCPs as a fill material to reclamiL. The Pennsylvania
Department of Environmental Protection (DEP) has identified four uses by which to beneficially
apply CCPs in mine land reclamation. These include use as an alkaline addition, a low
permeability material, a soil additive, and as clinrglacement (Dalberto et al., 2004). The DEP
requires a specific CCP source to undergo a certification process before it can be used
beneficially in mine land reclamation. The DEP testing protocol requires bulk chemical analysis
of the solids along witla leachate analysis, which is considered the most important test in the
certification process. Other parameters requitede tested are thieydraulic conductivity,
degree of compaction and neutralization potewntizthe CCP

These parameters requirby the DEP work well to determine how a specific CCP will behave
in a mine land environment and ultimately if the material could pose as an environmental risk.
However, these parameters do not fully characterize the material or predict how it wilinperfor
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Figure 1.1: Production and Use of CCPs from 1966 to 2009 (after ACAA, 2009)

structurally In response to this issue, Plaks (2010) developed a testing framework that provides
a thorough analysis of both the material and mechanical characteristics of CCPs.

Currently, there is a need to systematically collect and organize the data colteatethi

testing framework, along with any other available information on the material and mechanical
characteristics of CCPs. A database that catalogues the source, chemical, environmental, and
mechantal properties of PennsylvanzCPs will fulfill this need. This database will potentially

assist state officials, power generators, and engineers to track the properties of CCPs through
time, further facilitating and improving the practice of CCP beneficial use in mine land
reclamation.



1.1: Motivation

A summary of the motivation for this research is as follows:

T

T

A great need exists to both identify a feasible use for the percentage of CCPs diverted to
landfills and to further facilitate the reclamation of Pennsylvania mine lands.

No centralized datala exists to catalogue past, present, and future results of CCP
testing and evaluation.

The compilation of a Pennsylvania CCP database will facilitate data sharing between
generators and the Department of Environmental Protection, promoting future studies
into the behavior of coal ash in beneficial use projects.

1.2: Objectives

The objectives of this study are to:

l

Develop a comprehensive database that catalogues the coal combustion products of
Pennsylvania, specifically focusing on pulverized coal fly askd #uidized bed
combustion ash.

Perform testing on two different sources of CCétass HKly ash and FBC ash) following

the framework developed in Plaks (2010) for inclusion in the database.

Identify preliminary trends of material characteristics, basedCCP types, through
comparing the results of the coal ash tested in this study to the ash tested in Plaks (2010),
as well as to any comparable information found pertaining to Pennsylvania ash compiled
for the database.

Based on an analysis of the Perimagia CCP data compiled in the database, make
recommendations for improving DHBquired CCP testing for beneficial use
certification.



Chapter 2 LITERATURE REVIEW

2.1: Geology of Pennsylvani&oal Fidds

Coal mining in Pennsylvania has been practiced for the past two centuries. Early in the
commonweal thdés mining history, efforts were
as the Anthracite Region. Coal mining then transitioned, in thHeyar 1 9006 s , t o
abundant Bituminous Region, located in the western half of the state (Hornberger et al., 2004).

The Anthracite Region is contained in the Valley and Ridge Province of the Appalachian
Mountains. In Pennsylvania, this province isgbly 80 miles wide and extends between the
cities of Williamsport and Harrisburg. The Bituminous Region is found in the Appalachian
Plateau Physiographic Province of Western Pennsylvania. Figure 2.1 shows the geographic
locations of these physiographimpinces (Hornberger et al., 2004).
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The Anthracite Region in Pennsylvania encompasses 95% of the remaining known anthracite
resources left in thelnited States. The four main coal fields that make up the Anthracite Region
are known as the Northern, Eastern Middle, Western Middle, and the Southern Anthracite Fields.
The anthracite coal is of Pennsylvanian age and is contained in the Pottsvilldeaedyn
Formations. The anthracite coal fields are characterized by extensively folded and faulted
geology. This is the result of the Allegheny Orogeny, which had the greatest impact on shaping
the Appalachian Mountains in the Valley and Ridge Provinddéne sharp orientation of the
geologic structure of thregion can be seen in Figure girnberger et al., 2004).

The bituminous coal fields are also of the Pennsylvanian age but are stratified from oldest to
youngest in the Pottsville, Allegheny, Com@ugh, Monongahela, and Dunkard Groups. The
main group that accommodates the majority of coal mining is the Allegheny. The coal seams
contained in this group are generally thicker than others and are thus more easily accessible. The
coal zones in the Adgheny group from oldest to youngest include the Clarion, Lower
Kittanning, Middle Kittanning, Upper Kittanning, Lower Freeport and Upper Freeport (see
Figure 2.3). The Appalachian Plateau is characterized by smooth, rounded terrain with shallow
valleys. This province, unlike the Valley and Ridge Province, is characterized by strata that
appear to lie flat as shown in Figure 2.4 (Hornberger et al., 2004).

Because of its abundance, bituminous coal is the only coal source burned by Pennsylvania coal
fired power plants. The disadvantages of bituminous coal are the serious environmental
concerns that stem from its mining and burning. Bituminous coal mining is much more prone to
the development of acid mine drainage, a problem that has affected overn3ije60of
Pennsylvanian streams. Also, bituminous coal is higher in sulfur content than anthracite coal.
Sulfur emissions can cause acid rain, thus bituminous coal requires extensive pollution control
processes when burned (Dalberto et al., 2004).
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Figure 2.2 Valley and Ridge Province Geologic Crossection (Hornberger et al., 2004)
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2.2: Coal Combustion Processes

In a coal fired power plant, steam rotatetudine, whichproduces electricity. The steam is
produced by burning coal to superheat water. Two types of power plants exist in Pennsylvania:
plants that burn coal and plantattburn coal products. These plants are known as pulverized
coal power plants and fluidized bed combustion (FBC) power plants. Pennsylvania pulverized
coal plants burn bituminous coal, while FBC power plants burn coal refuse to produce electricity.

2.2.1: Pulverized Coal Combustion

Pulverized coal plants have coal delivered either by truck or train depending on their geographic
location to the coal mines. The main type of coal burned in Pennsylvania is bituminous from
Western Pennsylvania or West Yfinia. Once the coal is delivered, it is either burned right
away or stored on site (power plants stockpile coal in case of shortages or labor disputes). Prior
to combustion, the coal is pulverized such thaB@% of the coal passes a #200 sieve (D&dber

et al., 2004; Miller, 2011; Malhotra and Mehta, 2008). After pulverization, the coal is
pneumatically transferred to the furnace where it is combusted at temperatures greater than
1400C. The energy released from the coal super heats the water likle which is then
transferred to the turbine. The turbine is rotated by the steam, converting the thermal energy of
the steam into mechanical energy. Mechanical energy is then converted into electricity. The
steam is then transported to a condensdrthen into a cooling tower, where it is recycled back

to the boiler. Figure 2.5 illustrates this process (Miller, 2011).
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Figure 2.5 Pulverized Coal Power Plant (Miller, 2011)



2.2.2: Clean Air Act and Coal Ash Production

Air pollution is a concern v coal power plants; however, the environmental legislation passed
regulating plant emissions have reduced this conoeen the last 40 years. This process of
establishing emission standards began in 1970 with the Clean Air Act and was enhanced with
amendments to the act in 1977. The Clean Air Act established regulations on sulfur dioxide,
nitrogen oxides, carbon monoxide, ozone, lead and particulate matter emissions. This act, along
with its initial amendments, lead to the development of sulfur diosadebbers in addition to
electrostatic precipitators and baghouses to collect particulate matter (Miller, 2011).

The sulfur dioxide scrubbing process is known as Flue Gas Desulfurization (FGD). There are
two types of FGD scrubbers, wet and dry. The pvetess is the more common one and consists

of scrubbing the flue gas with a limestone/lime scrubber. The result is a slurry and when
dewateredresults in gypsum which can be used to make wallboard for the housing industry
(Miller, 2011).

Particulate mier emissions are controlled using particulate matter collectors. The two types of
particulate matter collectors work very differently from one another. Electrostatic precipitators
operate by attracting charged particles with an oppositely chargertbdéectThese precipitators

are able to operate at high flue gas temperatures and can handle large volumes of flue gas at one
time. They are very efficient, collecting 99% to 99.9% of flue gas particulate matter (Miller,
2011). Baghouses (fabric filters)owever, operate using filters. Flue gas is passed through the
solid fabric media of the baghouse which collects 99.9% to 99.9+ % of the particulate matter in
the gas. The disadvantage of baghouses is that they require a lot of space and are flammable
(Miller, 2011).

Nitrogen oxide emissions became subject to even stricter standards of the amended Clean Air
Act in 1990. The coal power industry responded with the development of lowbiN@ers,
selective catalytic reduction (SCR) and selecthacatalytic reduction (SNCR) processes
(Miller, 2011). Low NQ burners reduce the amount of nitrogen oxides produced during the
combustion process. N@ reduced by creating axxygenstarvedenvironment when the fuel is
injected into the furnace. @bburned in this anaerobic environment will produce much less
NO«. However, the lack of oxygen during combustion lowers the temperature of the flame,
decreasing the overall efficiency of the furnace (Miller, 2011). Selective catalytic reduction
(SCR) isa post combustion process that can reducg édssions by 90%. This process uses
ammonia as a reducing gas. Vaporized ammonia reacts with theoNfained in the flue gas to
produce N and water (Miller, 2011). Unlike SCR, selective raatalytic rediction occurs
during the combustion process. Ammonia or urea is injected into the upper portions of the
furnace and reacts with NQarticles. As a result Nand water vapor are produced (Miller,
2011).
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The Clean Air Act and its amendments have resulteée production of large waste streams at
power plants. Fly ash and bottom ash are the two main types of waste produced by the electric
generation process. Fly ash is comprised of the impurities in the coal along with small amounts
of unburned carbonFly ash exits the combustion chamber of a power plant as part of the flue
gas. The fly ash is then removed from the flue gas either by electrostatic precipitators or a
baghouse and then sent to a storage silo (Miller, 2011). When fly ash leaves#uoe filis

cooled very quickly and fly asparticles solidify into glassy spheres. Fly ash is fine with an
average particle sizeof 1522 0 e m ( Mal hotra and Mehta, 2008).
as one of two types, class F or class C. Clabg&shes have pozzolanic properties, while class

C ashes exhibit cementicious properties because of a higher CaO content (Malhotra and Mehta,
2008).

Bottom ash consists of the heavier waste materials that collect on the bottom of the coal furnace.
Bottom ash is emptied into a hopper where it is doused with water to rapidly cool the ash. The
ash is then sent to ponds or a dewatering bin for storage (Miller, 2011). Bottom ash comprises
roughly 20% of the coal waste stream while fly ash makes up thenieg 80% (Dalberto et al.,

2004).

2.2.3: Fluidized Bed Combustion (FBC)

The Public Utility Regulatory Policies Act (PURPA), passed by the United States government in
1978, placed restrictions on the power source for electric utility companies. Thexaired

that utility companies buy a portion of their electric power from facilities that generate electricity
from nonconventional fuels. This act ushered in a new way of producing electricity through the
construction of Fluidized Bed Combustion (FBfower plants (Dalberto et al., 2004).

FBC power plants burn waste coal, a #iaditional fuel. These power plants were set up near
sites that have a long history of coal mining to take advantage of refuse coal piles. In the
bituminous coal fields, theswvaste piles are known as gob, while in the anthracite coal fields, the
waste piles are known as culm. These plants have been responsible for burning and eliminating
129 million tons of Pennsylvania coal mining waste (Brady, 20B®erto et al., 2004)Figure

2.6 shows the amount of coal refuse utilized by FBC power plants each year since 1988.
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Figure 2.6 Coal Refuse Burned by FBC Power Plants in Pennsylvani@ince 1988
(Brady, 2012)

The disadvantage of refuse coal is thdtasa high sulfur content. Because of the high sulfur
content in this coal material, a large amount of crushed limestone is added during the burning
process (Dalberto et al., 2004; Deschamps, 1998). The calcium in the limestone reduces the
amount of sulfur wides in the flue gas, which is one of the main causes of acid rain (Dalberto et
al., 2004). The combustion process consists of the coal particles entering a bed chamber where
they are suspended in air and mixed with crushed limestone. The partidiesraleated to a
combustion temperature around 800 degrees Celsius. Two types of waste products are formed
from this process, FBC fly ash and bed ash.

FBC ash differs from traditional pulverized coal ash because of the amount of limestone added
during canbustion. The limestone (or sorbent) added to the coal refuse duringigtmnb
reacts with he SQ gas that is released from the coal and forms alkaline sulfate solids (Behr
Andres and Hutzler, 1994). The addition of limestone to the coal produces a large amount of
waste product, much more than that generated in conventional pulverized coal combustion
(Dalberto et al., 2004; Belkndres and Hutzler, 1994). The ash that is produced is high in lime
content due to the amount of limestone added during combustion. This gives the ash a
cementicious quality that can be favorable for use as a structural fill

2.2.4: CCP Particle Formation

FBC and pulverized coal fly ash particles form differently which leads to different particle
properties. The three main combustion factors that influence ash formation the most are
combustion temperature, boiler residetiocee, and fuel particle size.
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In a pulverized coal burner, coal particles less than 75 microns in size are injected into a furnace
and mixed with air initiating the drying phase of the combustion process. After drying,
devolatilization occurs where fizes surround the fuel particles initially preventing oxygen from
reaching the fuel (Lind, 1999). This process lasts about a second. Once the devolatilization is
over, the fuel particles are ignited and char burning occurs. Char burning generatesteespera

in excess of 180, and in this phase about 5% of the ash content is volatilized into a gas (Lind,
1999; Desrosiers et al., 1979). The rest of the fuel, as it combusts, becomes fragmented. Then as
the flue gas travels into the upper reaches oflibéer and out into the post combustion
processes, it begins to cool. During this period, the fragmented ash coalesces into molten
particles. These molten particles collide with each other to form fly ash. The vaporized particles
condense and undergaide nucleation. Then these oxides precipitate onto the fly ash particles
(Lind, 1999; Wall, 1992). Figure 2.7 illustrates this process.

Heat transfer suxfaces (walls and tubes)

Combusting char
with internal reducing
environment I‘Jol.lﬁlz
mmm lllllll.ll"‘
particlewi vepors C THERMOPHORESIS
Bhwvat i ¥ (MY 43.Co) " || <t
matter {Sp.Gr.<2.0) _—s* EYAPORATION
“ o \ XIDATION
1en s uJe-Meta] vapors ™ NUCLEATION
HEATING suboxide particles
_ / (FeSOMECD) | ".® »
\ . eo!
3™ YrracMENTATION ‘
-~ :
) :
/}/ — ll.l.;
/ PhY ( A CAS-ASH
@ % ) REACTIONS
\\. J N/ SCAVENGING

©_OASH REACTIONS®

Extransous minerel r %o (Na-Si, Al-Si
mater (Sp.Gr >2.0) COALESCENCE 090 Gy AL, Fe-8i

) ©and Ce- i reactions)
% HEATING

Flyash(1-100pm) REENTRAINMENT
Molen DIFFUSION AND
particles IMPACTION

T

refractory

Figure 2.7: Fly Ash Particle Formation (Wall, 1992)



12

The fly ash particles that form from the vaporization &f fieel comprise the finest and roundest

of the ash particles. These fine ash particles are known as microspheres, cenospheres, or
aluminosilicate microspheres (Goodarzi, 2005). These particles are formed from the combustion
of the clay minerals found iooal such as kaolinite, montmorillionite, and illite. Other minerals

that can form these spheres depend on the coal source and include quartz, calcite, pyrite, and
dolomite. The resultant particles are generally amorphous; however, depending on itvesreact
occurring during the combustion process, crystalline phases may also exist (Drozhzhin et al.,
2008).

Fly ash formation in FBC boilers follow the same combustion sequence as a traditional
pulverized coal boiler but the combustion temperatures arer,|dlae residence time is longer,

and the fuel particles are larger. Because of the lower temperatures, volatilization of particles is
much less, decreasing the amount of the resultant molten phase (Lind, 1999). Thus the FBC fly
ash has a crystalline pleasAs a result, the fly ash particles are much more angular (Goodarzi,
2006).

The extended residence time in the fluidized bed boiler also increases the angularity of the FBC
ash particles. Due to a longer time in the boiler, there is greater oppofmigrticles to

collide which results in agglomeration. As these ash particles collide, they stick to each other
and form larger particles that are also very angular (Lind, 1999). Figure 2.8 shows SEM images
of FBC fly ash and pulverized coal fly asiNote how much more rounded and spherical the
pulverized coal fly ash is compared to the FBC ash.

Along with the differences in the particle formation and shape, FBC and pulverized coal fly
astes also differ greatly imineralogy. Table 2.1 shows the mpstvalent minerals and phases

that exist in each of the two types of fly ash. FBC ash contains large quantities of lime (CaO)
because of the limestone used as a sorbent in capturindu8@g combustion. This high lime
contentcontributesto its cemerntious properties (BekAndres and Huntzler, 1994). FBC ash

also contains minerals suchashydrite, whichin the presence of water has the potential to form
gypsum. The gypsum can then form ettringite from reactions with meta clays. Ettringite forms
into needldike crystals that, if restricted, will cause expansive forces in the ash (Yoon et al.,
2007; Deschamps, 1998). Because of the mineral phases present in FBC ashes, FBC ash
interaction with water is much different than typical pulverized cgah$h. This difference is

shown in the cementiticious characteristics of FBC ash, but the difference could also be related
to the meta clay content of the FBC ash (see Table 2.1). Since the combustion temperature is
lower in a FBC boiler, clay particlashdergo alteration without being completely combusted. It

is possible that these meta clay particles will affect the way the ash reacts with water. This effect
may be seen in the engineering properties of the material, such as the hydraulic conductivity
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Figure 2.8 SEMs of (A) FBC Fly Ashand (B) Pulverized Coal Ry Ash (Goodarzi, 2006)

Table 2.1 Major Phases and Oxides Common in Pulverized Coal and FBC Fly Ash
(After Sulovsky, 2002 Behr-Andres and Huntzler, 1994

CCP Major Phases Major Oxides Meta Clays
_ Anhydrlte, I_\/Iulllte, Quar_tz, Metaillite,
FBC Ash Crystalline Lime, Calcite, Portlandite, Metakaolinite etc
Hematite & elc.
Pulverized AMOrohous Quartz, Mullite, Hematite, i
Coal Fly Ash P Magnetite

2.3: Beneficial Use of CCPs

The price of landfilling CCPs is daunting to generatoits well over 100 million tons produced

each year. Over the past 30 years, extensive research has been done in the beneficial use of
CCPs in an attempt to create high volume applications for theserials. The goal is to keep

CCPs out of landfills to reduce costs as well as their environmental footprint. The most viable
high volume applications of coal ash are in roadway embankment design, green concrete
production, and mine land reclamation.

2.3.1: Roadway Embankment Design

One example of a beneficial use of CCPs is to construct roadway embankments. Over the past
few decades, many of these embankments have been constructed. The following is a summary
of a few of these embankment projects.
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2.3.1.1: Interstate 279

The Electric Power Research Institute and the Pennsylvania Department of Transportation
sponsored a demonstration project which allowed for roughly a quarter mile section of the
proposed Interstate 279 in Pittsburgh, PA to be lithh a CCP fill. The material selected for

the fild]l was a fly ash from Duguesne Lightos
County, Pennsylvania. Chemical and material characteristic testing was done on the ash before
and during construction dhe embankment. The chemical experiments consisted of leaching

tests to determine any potential environmental hazards related to the ash placement. None were
found. The material characteristic tests were done for design and construction purposes. Table
2.2 and Table 2.3 show the results of these tests (EPRI, 1989).

Construction began with the building of atlthick underdrain consisting of AASHTO # 57
aggregate. This was to allow for proper draining of stormoftirirom the embankment and

from the sirrounding area, since the project site itself is in the middle of a valley. To prevent
possible migration of the fine fly ash particles, geotextile was laid on either side of the
underdrain. Also, a-f, 8-in thick soil layer was placed above the undaird and geotextile as
another protective layer separating the ash from the valley floor. The fly ash was then dumped
on site and spread in uniformit®ch layers. The layers were then compacted [R0-ton
vibratory roller in four passes. Finally, theptand sides of the embankment were covered with a
5-ft thick soil layer to protect the ash from erosion and prevent storm water infiltration (EPRI,
1989).

The embankment was completedJunel988 and in total was 1490 feet long, 210 feet wide,
and 50 feet in depth. The construction of the embankment utilized 351,000 tons of fly ash,
which resulted in an estimated savings of 200,000 dollars in fill material (EPRI, 1989).

The embankment was mibored for settlement and potential environmental hazards during the
months following the completion of construction. The settlement of the valley floor due to the
embankment load was monitored by settlement plates. During design, it was predicthed that t
valley floor would settle 13 inches. The actual settlement was only 7.7 inches. The embankment
itself was predicted to settle 3 inches, but settled less than one inch. The discrepancy in what
was predicted and observed was attributed to the desiggiagsoverly conservative. There was

no known contamination of the local groundwater from the fly ash embankment and the
demonstration project was deemed a success (EPRI, 1989).
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Table 2.2: Results of the Fly Ash Leachate Tests for the279 Demonstraton Embankment
(after EPRI, 1989)

U.S. EPA Standards Fly Ash
Primary
Drinking Hazardous EP Toxicity ASTM
Parameter Water Waste Criteria Leachate Leachate Test
Standards (mg/l) Test (mg/l) (mgll)
(ma/)

pH - - 5.1 7.8
Ammonia - - <0.1 -
Calcium - - - -
Sodium - - - -
Aluminum - - - -
Antimony - - <0.2 0.1
Arsenic 0.05 5 <0.002 0.024
Barium 1 100 <0.1 <0.01
Cadmium 0.01 1 <0.005 <0.005
Chloride - - - 0.96
Chromium 0.05 5 <0.05 <0.05
Copper - - <0.02 <0.02
Iron - - - 0.27
Lead 0.05 5 - <0.001
Magnesium - - - 0.88
Mercury 0.002 0.2 <0.004 <0.0008
Molybdenum - - 0.13 <0.1
Nickel - - 0.11 0.04
Selenium 0.01 1 <0.002 0.047
Silver 0.05 5 <0.01 <0.01
Sulfate - - - 52.1
Zinc - - 0.1 <0.005

Table 2.3 Average Results othe Fly Ash Material Characterization Tests for the F279

Demonstration Embankment (after EPRI, 1989)

Optimum : .
Max Dry Moisture Part.lcle Size, Particle Size, % | Specific Angle pf !nternal
Density % Finer D85 . ! Friction
Content Finer D50 (mm) | Gravity
(pcf) (%) (mm) (degrees)
82.6 25.2 0.32 0.02 2.31 31.1
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2.3.1.2: Purdue University

A later example of the use of CCPs to construct a roadway embankment was at Purdue

University. A roadway <construct edsedias anl 995
experiment for using FBC ash as a structural fill material. The purpose of the roadway was to
connect Purdueds campus to its southern expar

roadway could extend over an existing gravel pit; see F@@réDeschamps, 1998).

The embankment was constructed to be 200m long, 10m high, a crest width of 20m, and side
slopes of 3to 1. The composition of the CCP material used was 60% FBC ash, 35% stoker ash,
and 5% class+Fly ash. In constructing this emilanent, clay was first placed on the ground to

act as an impermeable layer. The impermeable layer was necessary to protect a perched water
table located 20m below the ground surface. Next, the coal ash was spread and compacted in 0.2
to 0.3m lifts at optnum moisture content determined by standard proctor tests (see Table 2.4)
(Deschamps, 1998).

It is important to note that a portion of the coal ash was stockpiled for roughly 6 months prior to
use in construction; however, this stockpile was exhaustedathird of the embankment was
completed (Yoon, 2007). As a result, fresh CCPs were brought in to complete the rest of the
construction. After completion, the sides of the embankment were covered with compacted clay
to prevent ruroff water from inteacting with the CCPs and to promote vegetation growth
(Deschamps, 1998).
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Figure 2.9: Roadway Embankment Profile and Positioning (Deschamps, 1998)
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Table 2.4 Results of Standard Proctor Test of CCPs Used, ASTM D698 (Deschamps, 1998)

Optimum .
Water Maxmum
CCP Dry Density
Content (k /m3)
(%) g
FBC 23 1529
Stoker 22 1396
50/50 22.5 1437

Overall, the projectwas considered a success because a strong stable embankment was
constructed. However, one major problem that was encountered was a significant heave in the
fresh CCP materials that were brought in to complete the embankment. Figure 2.10 shows the
results of settlement plate monitoring at various elevations in the embankment. The two
settlement plates at lower elevations represent settlement at the base of the embankment and the
middle of the embankment. A net settlement is observed at these elevatienkealk in the
embankment is only seen in the upper elevations of the embankment where the fresh CCPs were
used (Deschamps, 1998).

The amount of swelling destroyed the overlying pavement and spurred an extensive forensic
investigation into the cause of teevelling. From this investigation, it was determined that the
presence of lime, alumina, and calcium sulfate caused the formation of ettringite, a hydration
product. Ettringite, when confined as in a compacted structural fill, can cause expansion.
Howeve, the formation of ettringite was not a problem in the weathered CCPs because the
hydration products were allowed to form before the material was compacted into the
embankment. It is recommended, when using FBC ash as a structural fill, to allow thal mate

to weather before use (Deschamps, 1998; Yoon, 2007).
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Figure 2.10 Embankment Settlement Plate Data (Deschamps, 1998)

2.3.1.3: Indiana State Road 641

A recent example of a CC#mbankmentvasconstructedn 2005in the state of Indiana alorsg

portion of State Road 641The purpose of this study in Indiana was to assess the performance of
an embankment constructed with a 60:40 mixture of fly ash and bottom ash. Because of state
highway construction regulations, few studies have been done ondhactehmistics of fly ash

and bottom ash mixtures in embankments. This is a hinderance in Indiana because 66% of all
CCPs disposed of in the state are a class F fly ash and bottom ash mixture (Yoon et al., 2009).

The demonstration embankment wamstructed from a 60 % class F fly ash and 40% bottom
ash mixture. The fly ash and bottom as@reweclaimed from the disposal ponds at Wabash
River Power Plant. After the ash was reclaimed, it was allowed to drain until it reached a
moisture content oke to optimum as determined from laboratory testing. The ash mixture under
went chemical and physical material characterization testing for classification and design
purposes prior to construction. These tests included chemical composition, spewgitl, gra
grain size distribution, and compaction characteristics. The results of the chemical compostion
determination are in Table 2.5, while the rest of the testing restults are contained in Table 2.6.
The Unified Soil Classification System (USCS) desigaahe ash mixture as a silty sévaked

on the grain size distribution. The grain size distribution is shown in Figure 2.11 (Yoon et al.,
2009.
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Table 2.5: Chemical Composition of CCPs Used for Indiana Embankment Construction
(Yoon et al., 2009)

Oxide Fly Ash (% by mass) Bottom Ash (% by mass)
Sio, 51.13 39.64
Al,O3 22.91 15.08
FeOs; 12.18 15.02
TiO, 1.01 0.7
CaO 1.54 2.04
MgO 0.73 0.79
K,0 2.55 1.79
Na,O 0.38 0.27
SO 0.07 0.21
P,Os 0.14 0.13
SrO 0.05 0.04
Mn3O, 0.04 0.03

Table 2.6: Material Characterization Results (Yoon et al., 2009)

Specific Gravity ?/(/yeiuﬂltt Optlmcl:J(r;]:\él r?;sture USCS
(ASTM D854) (N /?ng) %) Classification
2.54 15.0 19.0 ML (Sandy Silt)

100

80

60

% Finer

40

20 |-

10 1 0.1 0.01 0.001 0.0001

Particle Size (mm)

Figure 2.11 Particle Size Distribution of Fly Ash and Bottom Ash Mixture
(Yoon et al., 2009)
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The embankment was constructed with height, length and width dimensions equal to 7.6, 60 and
100 meters, respectively. Each lift (150 mm) wamspacted in three passes by a vibratory roller

to achieve a 95% compaction in relation to laboratory results. Settlement plates and vertical
inclinometers were installeduring construction, as can be seen in Figure 2.12, to monitor
movement after constction (Yoon et al., 2009).

Settlement and lateral deformation were monitored for one year after completion of the
embankment. It was observed that the bottom of the embankment settled a maximum of 80 mm
while the maximum differential settlement of teenbankment top was 5mm. The lateral
movement of the embankment was negligible. Overall the praj@stonsidered a successful
demonstration that a fly and bottom ash mixture can be used as a structural fill for a roadway
embankment (Yoon et al., 2009).

Top Clay Encasement  {ynder drains

Horizontal Inclinometer

Pavement and Sub-base
(Station at 6 + 260) %

Top Soil

4 Side Clay

Standpipe
Clay Loam Piezometer Settlement Plates 4 Encasement
(Top, middle, and :
bottom) 1 ™~ Vertical

Inclinometer

Figure 2.12 Embankment Crosssection (Yoon et al., 2009)
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2.3.2: Green Concrete

With the need to find high volume beneficial uses for coal ash, the concrete industry is a viable
option. CCPs are used in concrete production as an additifer @artial Portland cement
replacement. The most widely used CCP in concrete is class F fly ash. Fly ash blended with
concrete can potentially benefit the concrete in many ways, from enhancing material properties,
to its environmental and economic impathe main benefit of using coal ash in concrete is the
reduction in the quantity of cement needed in the mix. Cement requires a large amount of
energy and highquantitiesof CO, are emittedduring its manufacturing process (Malhotra and
Mehta, 2008). The embodied energy and overall environmental impact of concrete over its life
cycle is greatly reduceday decreasingement content.

The loss on ignition (LOI) percentage is an important property of fly ash when used in the partial
cement replacement abncrete. LOI describes the percentage by weight of unburned carbon
present in fly ash. Ultimately, this LOI percentage affects the air entrainment of concrete. If the
LOl is too high, it will make entraining air difficult (Mindess et al., 2003). ASifddulates the
maximum LOI of fly ash at 6% for use in concrete (ASTM C618, 2012).

Because of ASTM LOI requirements, Separation Technologies LLC has developed a process for
creating a fly ash product with a consistent LOI value. Separation Technolpgetes at
pulverized coalpower plants and processkg ash to create a product called ProAsh®. This
processed ash has a constant LOI range38f62which is much lower than the ASTM maximum

of 6%. This product is then sold to concrete plants (Separagchnologies, 2008).

The process developed by Separation Technologies is illustrated in Figure 2.13. The process
starts by accepting the coal ash from the power plant onto a conveyor with two parallel
electrodes. The carbon particles in the ash recpositively charged and the ash particles
themselves become negatively charged. The charged particles are attracted to the oppositely
charged electrodes and then a mesh belt moves the differently charged particles in separate
directions. The low LOI d&sis then sent to a storage silo for shipment to concrete plants
(Separation Technologies, 2008; Bittner and Gasiorowski, 2005).
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Figure 2.13 Separation Technologies Process for Removing Carbon From Fly Ash
(Separation Technologies, 2008)

Pulverized cal fly ash can benefit the properties of concrete in-ighhme cement replacement

in many ways. First, high volumes of fly ash used in concrete act as a water reducer because the
fineness of the ash prevents the flocculation of cement particles. Thdness of the ash
particles reduces particle friction in the concrete. This allows for better movement of water
molecules. Second, thermal cracking is also reduced because the replacement of large quantities
of Portland cement reduces the heat of hyoinasubstantially by 2@0°C. Third, the water
reducing characteristic of fly ash also helps to prevent drying shrinkage due to a drop in the
water to cement (w/c) ratio. Table 2.7 shows a comparison of two mixture designs, one of
regular Portland cemembncrete and the other of a high volume cement replacement close to
50%. The use of fly ash significantly reduced the wi/c ratio. It is important to note that an
admixture must be utilized to obtain the desired slump (Malhotra and Mehta, 2008).
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Table 2.7: Mix Proportions of a Conventional Concrete and High Volume Fy Ash
Concrete (Malhotra and Mehta, 2008)

25 Mpa 25 Mpa
) Conventional
Constituents Concrete HVFA Concrete
Kg/m?® m? Kg/m?® m?
Cement| 307 0.098 154 0.049
Fly Ash - - 154 | 0.065

Water| 178 0.178 120 0.12
Entrapped Air
(2%) - 0.02 - 0.02

Coarse Aggregat{ 1040 0.385 1210 0.448
Fine Aggregatd 825 0.305 775 0.287

Total | 2350 0.986 2413 0.989

wi/C 0.58 - 0.39 -
Paste: Volume - 0.296 - 0.254
Percent - 30 - 25.7

While there are many advantages in using fly ash for concrete production, thersigndreant
disadvantage which can hinder the practice of partial cement replacement. The disadvantage is
the characteristically slow early strength gain of fly ash egisc The supplemented concrete

will ultimately reach strengths higher than traditional concrete, but its strength gain is slower
which can pose a problem in certain construction applications (Malhotra and Mehta, 2008;
Nochaiya et al., 2010). One soluti@of slow strength gain is to use activators like,$(@,

CaGg, and calcium sulfatendydrate These additives help to improve the early age properties

of fly ash concrete. These activators are added because the pozzolanic reactivity of fly ash is
slow (Nochaiya et al., 2010; Oner et al., 2004).

Another possible solution to slow strength gain of fly ash enhanced concrete is to use other
alternative waste materials to improve early strength properties. Nochaiya et al. (2010)
experimented with combiningilica fume with fly ash in partial cement replacement concrete.
Cement samples were made with fly ash mix percentages of 5% to 30% and silica fume
percentages of 2.5%, 5%, and 10% by weight. Thda@38compressive strengths of the different
cement past mixes along with their relation to a 100% Portland cement paste mix can be seen in
Table 2.8. The compressive strengths of the cement with silica fume and fly ash are much higher
than the mixes of just fly ash and cement. The addition of silica fueslgmhelps in early
strength development as seen in the increased strengths of the siligdlyfuash cement
(Nochaiya et a).2010)
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Figure 2.14 shows the strength of the different cement mixes at 7, 14, 28, and 60 days relative to
100% Portland cenme. The mixes with silica fume (SF) are all much closer in early strength
with Portland cement than mixes with fly ash (FA) alone. The sample with 20% fly ash and 10%
silica flume replacement has the greatest rate of strength gain after 7 days andrhpseasive
strength much greater than plain Portland cement and the plain fly ash cement mix. This makes
it the optimum mix for the highest compressive strength.

The reason for this improvement in early strength development is because the silica tiise rea
quickly to form calcium silica hydrate (6-H), and the silica fume patrticles act as filler in the
paste. This results in teicrostructureof the cement paste becoming much denser. This affect
can be seen in the SEM image in Figure 2.15. Thisdighows an image of cement paste with
silica fume. The image of Figure 2.15 shows how on the rsicate, the concrete paste pores

are filled by the silica fume. This image shows that the silica fume makes the paste much denser.
Silica fume as a partimlement replacement matdrcould add to thsustainabilityof concrete,

along with allowing for fly ash concrete to develop strength comparable to plain Portland cement
concrete (Nochaiya et al., 2010).

Table 2.8: Compressive Strength and Relative S#ngth to Portland Cement Paste Mixes at
28 Days of Curing (Nochaiya et al., 2010)

Mix Compressive Strength (MPa)| Relative Strength to PC (%)

Portland Cement 43.2 100

5% Fly Ash 42.9 99.31
5% Fly Ash 2.5% Silica Fume 47.2 109.26
5% Fly Ash 5% Silicdume 48.2 111.57
10% Fly Ash 41.5 96.06
10% Fly Ash 2.5% Silica Fum 45.5 105.32
10% Fly Ash 5% Silica Fume 46.2 106.94
20% Fly Ash 37.5 86.81
20% Fly Ash 5% Silica Fume 42 97.22
20% Fly Ash 10% Silica Fume 43 99.54
30% Fly Ash 33.5 77.55
30% FlyAsh 5% Silica Fume 35.8 82.87
30% Fly Ash 10% Silica Fumeg 36.5 84.49
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Figure 2.14: Relative Strength of Partial Fly Ash Cement Replacement to Portland Cement
Concrete(Nochaiya et al., 2010)

Figure 2.15 Cement Paste with 10% Silica Fumex 10,000
(Nochaiya et al., 2010)

2.3.3: Mine Land Reclamation

200,000 acres of abandoned mine lands, along with rising costs of landfilling CCPs has been a
motivation for the beneficial use of coal ash for 20 years in the state of Pennsylvaniahedver
course of this time, a combined effort between coal ash gemer academia, and the
PennsylvaniaDepartment of Environmental ProtectigpEP) has outlined proper testing and
construction practices to ensure the safe beneficial use of coal ashretldmeation of mine

lands.

The most common use of coal ash in mine land reclamation is in reclaiming surface mines. The
goal is to return the mined land to its original contour. In order to achieve this, coal ash is used
as a structural fill material However, the coal ash must first be classified and its engineering
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properties determined. The benefit of using coal ash as an artificial soil is that coal ash is a more
uniform material compared to a natural solil fill; but, this only holds true if thee ssource of

coal ash is used throughout the entirety of the project. Coal ash varies from each generating
power plant due to differences in coal types, sources of coal, combustion and pollution control
processes (Owen et al., 2004).

It is through traditbnal soil engineering practices that coal ash is classified and characterized for
beneficial use. Coal ash is classified as a soil type following systems set up by the Unified Soil
Classification System (USCS) or the American Association of State Higaméhyransportation
Officials (AASHTO) to categorize the material according to its predicted engineering behavior.
Particle size distribution tests are used to determine the percent by weight of ash particles
passing a certain standard sieve size. Thrdhghanalysis, the specific coal ash is assigned a
soil type designatiofOwen et al., 2004).

Next, laboratory testing is conducted to determine engineering properties of the coal ash that will
optimize its strength and bearing capacity, which will previde information needed for good
construction practices. The Standard Proctor Density Test (ASTM D698) is used to determine
the laboratory maximum dry density and optimum moisture contents of coal ash. These
parameters are used to determine the fielshpaction requirements of the ash structural fill.
Ash used as a structural fill must be compacted to 95% of the laboratory maximum dry density,
as required by the DEP. By using the dry density and moisture content curve determined
through the Standard ¢&utor Density Test, a moisture content range can be determined that will
allow the material to be compacted in the field to 95% of the maxidmyrdensity (see Figure
2.16). The field density requirements are met when the coal ash is compacted in shusemoi
content range. It is important to achieve proper field compaction of any fill material to prevent
excessive settlement (Owen et al., 2004).
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Figure 2.16 Example Results of a Proctor Density Test

The third engineering parameter required for niamel reclamation is the hydraulconductivity

of the coal ash (Owen et al., 2004). This parameter quantifies the ease at which water is able to
move through a porous media, in this case coal ash. Hydraulic conductivity is an important
component to undstanding how the ash fill will interact with the hydrological flow of the
watershed containing the reclamation site.

The Pennsylvania DEP outlines its requirements to reclaim mine lands through the beneficial use
of coal ash inChapter 290 of Title 25 Eimonmental Protection, found in The Pennsylvania
Code (25 PA Code Chapter 290) (Commonwealth of PA, 2010). 25 PA Code Chapter 290
outlines the specific requirements of the beneficial use of coal ash. Listed below are those
requirements as they pertainrtone land reclamation, specifically those applications classified

as structural fill (a complete list and description of all the requirements can be found in 25 PA
Code Chapter 290):

1 The pH of the coal ash must be 7.0 or above.

1 The slope of the structurfll must not exceed 2.5 horizontal to 1.0 vertical.

1 During construction, coal ash must be spread and compacted in lifts not greater than 2
feet thick.

1 Coal ash must be compacted to a minimum density of 95% of the Standard Proctor
Density Test.
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M Once constuction is finished the fill must be covered with at least 12 inches of soil to act
as a barrier.

1 During construction, surface water must be diverted.

91 Coal ash will not be placed within 100 feet of streams.

1 Coal ash will not be placed within 300 feethogh quality or valuable waters.

1 Coal ash placement may not occur within 8 feet of the groundwater table.

1 Placement will not occur within 25 feet of bedrock outcrops unless treatment of the
outcrops has occurred to prevent the infiltration of rock frasture

1 A water quality monitoring plan must be created and used to ensure no water

contamination occurs down gradient from the reclamation site.

In some cases, the mine land that needs to be reclaimed is below the surface and traditional
methods of solid fillreclamation will not work. One eample is in Pottsville, Pennsylvania,
where cropfalls began appearing along the contours of a nearby mountain side where subsurface
mining once occurredCropfalls are a type of mine subsideribat follows the sharp foldof
anthracite coal fields (Hornberger et, 004 Loop, 2003; Koury et al 2004). The resultant
opening in the earth allows for water to enter the mindgsch eventually leads to acid mine
drainage Figure 2.17 shows the crop fall near Pottsville,(Roury et al., 2004).

To solve this problema demonstradn project was set ui determine how to filand stop this
subsidence The shaded box in Figure 2.17 shows the project area, whighproximately 2
acres in size At first, traditional backfill materialswere explored, bubnly failed because the
area could not support the load. The project needightweight material hat couldstop
vertical subsidence and act as a fill restoring the original corwbuthe mountain sie.
Therefore grout made from CCPs was investigat@bury et al., 2004)

Through experimentatiom grout made of 66% FBC ash and 33% clinker kiln dustfewasd to

be the best material for reclamationainly because it could obtain a seven day strength of 275

psi. The project was completed in 2002 aafter extensive monitoring, the site was deemed
stable andurther projects in the area went underway (Koury et al., 2004). Figure 2.18 shows
before and after photos of the demonstration dtievironmental conces were not addressed in

this case study but it has been found that FBC grout does not leach hazardous compounds above
the Pennsylvania Departmteof Environmental Protecticstandards (Zaya2010; Zhag1995).
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Figure 2.17. Crop Falls from Mine Subsidence Near Pottsville, PA (Koury et al., 2004)

Figure 2.18: (A) Before and (B) After Pictures of theDemonstration Site
(Koury et al., 2004)

2.4: Certification Process of CCPs for Beneficial Use

A specific coal ash must first be certifibgt the DEP Bureau of Mining and Reclamathmfore

it is used beneficially for mine land reclamation in Pennsylvania. The certification standards and
processes are covered under Chapter 290 of Title 25 Environmental Protection, found in The
Pennsylvania @de (25 PA Code Chapter 290) (Commonwealth of PA, 2010). The requirements
for certification set forth by the DEP range from descriptions of the generation process to the
chemical and engineering characteristics of the ash.

The request for certificatiomust first provide detailed information on the generation of the coal
ash. This includes specifics on the location and name of the generation facility and the type of
beneficial use for which the coal ash will be used. Next, descriptions of the spetifits
combustion process and the pollution control processes are required. Along with this, a
description of the type and source of coal and any alternative fuels are needed, since they have a






































































































































































































































































































































































































































































































