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ABSTRACT 

Coal combustion products (CCPs) are by-products created when coal is burned for energy 

production. In 2007 alone, the United States produced in excess of 125 million tons of CCPs. 

Despite the fact that approximately 40% of the CCPs were used beneficially, 60% of the CCPs 

were disposed of via land filling. Reusing CCPs in large volume, civil engineering applications 

could greatly reduce and potentially outperform the natural materials currently required for these 

structures, which in many cases is more economical. Recycling CCPs also reduces the carbon 

footprint associated with mining naturally occurring material. However, CCPs are often 

perceived as strictly a waste product due to their chemical composition and potentially hazardous 

leachate even though not all CCPs should be considered environmentally unsound. In fact, their 

chemical composition can vary widely depending on the source power plant location, the power 

plant type, and the fuel source. Therefore it is necessary that CCPs be characterized both 

mechanically and chemically to qualify their utilization in civil engineering structures. The 

missing component in the current state of practice is a consistent methodology for categorizing 

CCPs as either environmentally and structurally sound or harmful when used as a construction 

material, and this methodology should be application-based. This paper describes the 

development of a detailed testing framework in order to qualify the use of CCPs in large-volume 

civil engineering applications, in particular embankments and mine land reclamation. The testing 

framework is then implemented for three types of CCPs with an analysis of results.  
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Chapter 1: INTRODUCTION  

Coal combustion products (CCPs) are by-products created when coal is burned for energy 

production. These products include fly ash, bottom ash, boiler by-products, flue gas 

desulfurization (FGD) by-products, and others (ACAA, 2009). In 2007 alone, the United States 

produced in excess of 125 million tons of CCPs. Despite the fact that approximately 40% of the 

CCPs were used beneficially, for example using fly ash as a supplemental cementitious material 

in Portland cement concrete, 60% of the CCPs were disposed of via land filling. Figure 1 

outlines the beneficial use of CCPs vs. production from 1966-2007 (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 are significant advantages to reusing CCPs for large volume civil engineering applications 

such as mine land reclamation and embankment structures. Currently, CCPs not beneficially 

used are either stockpiled or disposed of in landfills and slurry ponds. This practice consumes 

large quantities of land space. Reuse of CCPs, as opposed to disposal, would reserve landfills to 

be used for residential waste which currently has no other viable disposal methods.  Utilizing 

CCPs in these engineering applications could greatly reduce the amount of natural materials 

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 vicinity of the construction project (Kumar and Patil, 2006). 

In some cases CCPs have even out-performed natural materials (Bacon, 1976). Typical intrinsic 

CCP properties also present various advantages. These advantages include the potential 

cementitious nature of CCPs (strength gain with time), low unit weight, high factor of safety for 

slope stability, high shear strength per unit weight ratio, and the immediate availability of large 

volumes of material (Butalia and Wolfe, 2001) (ACAA, 2009). 

Despite their relevant advantages, CCPs are often perceived as strictly a waste product due to 

their chemical composition and potentially hazardous leachate. However, not all CCPs should be 

considered environmentally unsound. In fact, their chemical composition can vary widely 

depending on the source power plant location, the power plant type, and the fuel source. 

Therefore it is necessary that CCPs be characterized both mechanically and chemically to qualify 

their utilization in civil engineering structures.  

In order to increase the beneficial use of CCPs, the perception of these materials as a waste 

product needs to be changed. Moreover, there is potential for these materials to be categorized as 

ñgreenò since CCPs have been successfully utilized in civil engineering structures. The missing 

component in the current state of practice is a consistent methodology for categorizing CCPs as 

either environmentally and structurally sound or harmful when used as a construction material, 

and this methodology should be application-based.   
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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: 

Á Excess quantities of CCPs are produced annually which are not beneficially used 

Á CCPS are variable depending on the type of power plant and the fuel source and must be 

properly examined for implementation  

Á Using CCPs for large-volume, engineering applications is potentially much more 

economical compared to using naturally occurring materials 

Á The material properties of CCPs may led to superior performance compared to other 

naturally occurring materials in certain applications   

Á No such testing framework currently exists  
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Objectives 

This study will focus on coal combustion products produced in the Commonwealth of 

Pennsylvania. The objectives of this study are to: 

1. Develop a minimal set of practical mechanical and chemical tests that will qualify CCP 

formulation specific to large-volume civil engineering applications. Theses parameters 

should provide appropriate specifications to allow the use of CCPs without negative 

structural or environmental impact.  

2. Apply the test framework to three distinct types of CCPs for a given application as a case 

study. 

Hypothesis 

CCPs can be evaluated in a logical, methodical manner to determine whether or not the material 

is usable as a civil engineering material in large-volume applications via a specific testing 

framework which includes characterization, chemical, and mechanical property measurements.  

 

The specific questions to be addressed in this study are: 

1. What material properties (characterization, chemical, and mechanical) are required for an 

embankment/mine land reclamation application? 

2. Do CCPs meet the minimum requirements for use in embankments/mine land 

reclamation? Based on the literature review, do CCP properties have to be modified prior 

to use? 

3. Does FGD material, FBC Ash, and Class F fly ash meet the minimal material 

requirements for the given application?  
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Chapter 2: LITERATURE REVIEW  

Coal Mining in Pennsylvania 

Since the beginning of the commercial coal mining industry in Pennsylvania in the late 1700ôs, 

the state has produced in excess of 16.3 billion tons of both Bituminous and Anthracite coal 

(Dalberto et al., 2004). Anthracite coal, a metamorphic rock, contains a greater amount of carbon 

compared to bituminous coal which is considered a sedimentary rock.  

Metamorphic anthracite coal is created with heat and pressure, therefore it is commonly found 

were the geologic structure has been faulted and folded from mountain building events. As 

shown in Figure 2, the complexity of the geologic structure where anthracite is located makes it 

difficult to map compared to the relative simplicity of the bituminous fields (Hornberger et al., 

2004). 

 

 

 

Cross-section of the Valley and Ridge Province (Anthracite) 

 

Cross-section of the Allegheny Plateau (Bituminous) 

 

Figure 2: Cross-sections of anthracite vs. bituminous fields (Hornberger et al., 2004) 
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Pennsylvaniaôs anthracite fields are located in the Valley and Ridge province of the Appalachian 

Mountains (see Figure 3). The rock strata within this province are, from oldest to youngest, the 

Pottsville and Llewellyn formations respectively.    This province is approximately 1200 miles 

extending from the Saint Lawrence Lowland to Alabama. The valley ridge province is made up 

of three sections which include the northern/Hudson-Champlain section, the middle section 

stretching from the Delaware River to the New River, and the southern section from Virginia to 

Alabama (Hornberger et al., 2004). 

 

 

 

 

 

Figure 3: Physiographic provinces of Pennsylvania (Hornberger et al., 2004) 
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Pennsylvaniaôs bituminous fields are located within the Appalachian Physiographic Province 

(see Figure 3). Coal bearing rocks within the Allegheny Plateau consist of, from oldest to 

youngest, the Pottsville, Allegheny, Conemaugh, Monongahela, and Dunkard groups 

respectively (Hornberger et al., 2004). 

Anthracite coal has significantly less 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 that is 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 expensive boiling equipment 

(Dalberto et al., 2004).  

Coal mining is an extensive operation in Pennsylvania. As a consequence abandoned/unreclamed 

mines, acid mine drainage (AMD), and abandoned coal refuse piles are significant problems. 

There are more than 5000 abandoned/unreclamed 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. Bituminous refuse  piles are known as ñgobò and 

anthracite refuse piles are known as ñculmò. AMD in Pennsylvania is considered the stateôs most 

significant stream pollution problem which is estimated to cost 14.6 billion dollars to remediate 

(Dalberto et al.,2004).    

Coal Fired Power Plants 

Coal is used for various 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 to produce electricity. The 

first steam-electric 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. Since then, coal 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. One MW-hour can 

power in the vicinity of 330 homes for a period of one hour.  (Powerspan Corp., 2009)    
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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 which 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). Figure 4 shows the location of the 21 conventional plants in Pennsylvania.  

 

 

 

 

Figure 4: Distribution of conventional coal fired power plants in Pennsylvania (Dalberto et al., 

2004) 

 

 

 



8 
 

 
 

Conventional (Pulverized) Coal Fired Power Plants 

Conventional 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 the pulverized 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 enters the turbine 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 electro-magnetic generator. In order to produce alternating current with a 

constant frequency of 60 hertz in the United States, it is 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 converts the used low 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 water then water is pumped on site and cooling 

towers are utilized (Powerspan Corp., 2009).    

 

Figure 5: Schematic of coal fired power plant (Powerspan Corp., 2009) 
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Burning coal for electricity unfortunately produces pollutants which are potentially harmful to 

the environment as well as human health.  The four most significant pollutants are sulfur dioxide 

(S02), nitrogen oxides (NOx), mercury (Hg), and particulate matter. Sulfur Dioxide forms 

sulfuric acid which is distributed into the 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 as PM10 and PM2.5, 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 can potentially 

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 protect public 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 1990 resulted in strict 

regulations that limit emissions from coal fired power plants. The Acid Rain Program in 

particular required significant reductions in S02 and NOx. In March 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 permanent cap on mercury emissions, respectively. 

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 Gas 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 with the sulfur in the 

combusting coal and force oxidized. This reaction forms inert calcium sulfate and water which is 

synthetic gypsum (Dalberto et al., 2004). 

Nitrogen Oxide control consists of both pre-combustion and post-combustion techniques. Pre-

combustion treatment 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 to achieve an equivalent amount of useful energy which results in increased CO2 

emission. Low NOx burners are also difficult to adapt to current plants which poses a certain 

economical issue. Post-combustion NOx control is accomplished by reacting ammonia with 

nitrogen oxides forming nitrogen and water vapor. This process can be administered in two 

different ways, the use of thermal energy (heat) or the use of a catalyst. The thermal heat method 

(selective non-catalytic reduction, SNCR) is difficult to control because the reaction can only 

take place within a narrow temperature 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), the overall reaction temperature 

is lowered as well as broadened, making the reaction easier to control (Powerspan Corp., 2009).  

Particulate matter release is primarily controlled by using electrostatic precipitators (ESPôs). 

ESPôs attract fine particles in the flue gas by producing an opposite electrical charge compared to 

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

removed. ESPôs are approximately 99.5%-99.9% efficient (Powerspan Corp., 2009).    

Fluidized Bed Combustion Power Plants 

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

Regulatory ACT, (PURPA), in response to the fuel crisis of the 1970ôs. PURPA required utility 

companies to experiment with the use of non-traditional fuels in order to produce power. 

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

considered non-traditional fuel. Figure 6 shows the locations of the 16 FBC plants in 

Pennsylvania (Dalberto et al., 2004).  

 

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 hence the name ñFluidizedò combustion. 

Since FBC 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 actual coal. However, the FBC burning temperature (800-900°C) is lower 

than conventional plants which in turn reduce the emission of nitrogen oxides. FBC plants are 

forecast to burn approximately 11.5 million tons of refuse annually. Figure 7 illustrates the 

increased use of coal refuse for power production (Dalberto et al., 2004).  

 

Figure 7: Cumulative coal refuse consumption in both anthracite and bituminous fields in 

Pennsylvania (Dalberto et al., 2004) 

CCP production is highly variable 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 standard testing framework to 

qualify these highly variable materials for use in large-volume, engineering applications.  

Table 1 outlines various civil engineering applications which utilize CCPs. 
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Current CCP Applications 

                                                                                                                            Table 1. Outline of CCP Application 

  

CE 

Application 

CCP 

Type Comments  Important Material Properties  Reference 

Embankment/ Fly Ash ŸPilot project to study feasibility  Range of dry densities: 1294-1426 kg/m3 (80.8-89.0 lbs/ft3) Bacon, 1976 

Structural Fill   ŸFly ash gained strength with time Range of optimum moisture contents: 24.8%-27.3%   

    ŸFly ash made an acceptable structural fill  CBR (saturated): 2   

     CBR (unsaturated): 20   

      CBR swell: 20%   

Embankment/l Fly Ash ŸEmbankment for a 4 lane concrete highway in Chicago N/A Bacon, 1976 

Structural Fill   ŸConstruction techniques found to be that same as for     

    naturally occurring soils      

    ŸGSD resembled a well-graded silty soil, yet compaction      

    was more responsive to vibration than kneading     

    ŸSignificant differences in fly ash density occurred with      

    changes in combustion conditions, fuel source, and      

    plant location     

    ŸFly ash proved to be a superior structural fill material     

    compared to naturally occurring soils     

Structural Fill Fly Ash ŸUsed as fill under a 1 million gallon fuel tank Range of optimum moisture contents: 18%-38% Joshi et al., 1976 

    ŸMoisture content varied as a function of source  Cohesion at 0 days: 35.85 kPa (5.2 psi)   

                         7 days: 613.63 kPa  (89 psi)   

                        28 days: 1172.11 (170 psi)   

Embankment/ Fly Ash ŸFirst major embankment in Ontario to use CCPs  Bottom ash: dry density: 1587 kg/m3 (99.1 lbs/ft3) Cragg, 1985 

Structural Fill 

Bottom 

Ash as structural fill                     opt. moisture content: 20.6%   

    ŸBottom ash and fly ash used to construct a highway  Fly ash: dry density: 1243 kg/m3 (77.6 lbs/ft3)   

    embankment               opt. moisture content: 30.5%   

    ŸFly ash proved to be a superior structural fill material     

    ŸSettlement of the fly ash embankment was negligible       
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Embankment/ Fly Ash 

Ÿ10% by weight of ice was added to fly ash during 

compaction Unconfined compressive strength w/ ice @ 90 days ~2500 kPa 

Baykal et al., 

2004 

Structural Fill   ŸThe ice does not affect compaction and later melts to   

                                                                                     (362.6psi) 

Unconfined compressive strength w/o ice @ 90 days ~1700 kPa   

    initiate pozzolanic reactions                                                                                   (246.56psi)   

    ŸThe unconfined compressive strength of the ice-added fly     

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

Embankment/ FBC Ash ŸEmbankment was constructed in order to monitor FBC ash   FBC ash: dry density: 1529 kg/m3 (95.45 lbs/ft3) 

Deschamps, 

1998 

Structural Fill 

Stoker 

Ash  for use as structural fill                opt. moisture content: 23.0%   

  Fly Ash ŸThe FBC ash exceeded the strength requirements for use as  Stoker ash: dry density: 1396 kg/m3 (87.15 lbs/ft3)   

    a structural fill                     opt. moisture content: 22.0%   

    ŸFBC ash has a tendency to swell/expand due to ettringnite      

    formation post installation      

Embankment/ CCPs ŸCCPs are available in bulk quantities N/A Butalia, 2001 

Structural Fill   ŸCCPs  have greater slope stability factors of safety      

    compared to naturally occurring soils     

    ŸCCPs have desirable, low unit weights      

    ŸCCPs have high shear strength/unit weight ratios      

    ŸCCPs can have various hydraulic conductivity characteristics     
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Embankment Fill  

Construction of embankments using fly ash has been experimented with as early as the 1960ôs. 

In 1964, The Chicago Fly Ash Company proposed the construction of an experimental fly ash 

embankment in order to study feasibility. The project was planned and supervised by the Illinois 

Division of Highways. Subsequently in 1965 construction of a 61m (200ft.) long, 12m (40ft.) 

wide, and 2m (6ft.) tall embankment began. The construction was considered successful and the 

following observations were made (Bacon, 1976): 

Á Hardened fly ash lumps must be broken up to obtain full depth compaction. 

Á Rotary tilling proved to be most effective in breaking up lumps. 

Á Scarification into the preceding lift was desirable to prevent lensing. 

Á A 15cm (6in.) loose lift could be best compacted with a rubber tire roller. The sheepsfoot 

tore the surface without providing any additional compaction. 

Á Within a moisture range of 18%-29%, a narrow range of compaction from 85%-88% was 

possible using 8-10 passes of a non-vibratory 9000kg (10ton) roller. 

Á The embankment showed an unconfined compressive strength of 429-482.6 kPa  (55.56-

62.5 psi) 

Á Fly ash has a tendency to ñage hardenò, that is gain strength with time. 

Á Fly ash has a relatively high initial permeability with respect to other similarly graded 

materials.  

Á Dusting of fly ash below a moisture content of 13% became a problem.  

Á Fly ash would not support vegetation satisfactorily. 

Á Fly ash made an acceptable structural fill.   

 

 

 

 

 

 

 



15 
 

 
 

Table 2. Engineering Properties of Fly Ash (Bacon, 1976) 

Engineering Properties of Fly Ash  

  

Percent Sand-sized Particles 19% 

Percent Silt-sized Particles 71% 

  

Percent Clay-sized Particles 10% 

Plasticity Index N.A. 

Range of Standard Densities 1294-1426 kg/m
3  

(80.8-89 lbs/ft
3
) 

  

Range of Optimum Moisture 

Content 

24.8%-27.3% 

CBR (Saturated) 2% 

CBR (Unsaturated)  20% 

CBR Swell 5% 

 

These findings could be considered as some of the first test results and specifications of fly ash 

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 fly ash. Specifications called for electrically precipitated fly ash as the 

embankmentôs core with soil placed on top and on the slopes. The fly ash was to be placed at a 

moisture content of 15%-30%, not exceed 15 cm (6in.) lifts, be scarified to a depth of 18cm 

(7in.), and compacted to at least 85% of the laboratory dry density. A minimum shear strength of 

239.4 kPa (5000 lb/ft.
2
) was required and measured with a pocket penetrometer.  

The following construction and post-construction observations were made (Bacon, 1976): 

Á 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. 

Á The methods of construction 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.  

Á While the grain size of fly ash most resembles a well-graded silty soil, compaction is 

more responsive to vibration than kneading, loading, or tamping and in this respect acts 

like a granular soil.  

Á Significant differences in standard laboratory densities of fly ash should be expected, 

particularly when changes occur with source or combustion conditions. 
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Á The use of large quantities of water is required for controlling dust and obtaining 

compaction.  

Á The pocket penetrometer was a very helpful tool for use in conjunction with other 

standard tests in maintaining job control over compaction operations.  

Á 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 

contractorsô equipment and possible objections from adjacent land owners. The actual 

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 fill where a 1 million 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 there was a large quantity of fly ash stockpiled 

nearby it 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 18%-38%. Despite this large 

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 

1in. respectively.    Table 3 references lab and field test results obtained 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) ūu (degrees)  cu (psi) ūu (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, frost penetration, 

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 products as a 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 bottom ash 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. The ash was compacted in lifts reaching relative compaction using moderate effort. 

Laboratory dry densities were 1587 kg/m
3
 (99.1 lb/ft.

3
) at 20.6% water content for the bottom 

ash and 1243 kg/m
3
 (77.6 lb/ft.

3
) at 30.5% water content for the fly ash.  (Cragg, 1985) 

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 for fill 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 written by Baykal et al., 2004 explains a technique which ñbalancesò the sensitive 

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. The Harvard 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 Compacted Fly Ash with 

Snow (Baykal et al., 2004) 

 

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 will allow less fly ash to fill an equivalent volume resulting in a more 

economic practice.  

 

Figure 8: Variation of unconfined compressive strength values of fly ash (FA) and snow-added 

fly ash (FI) with time (Babykal et al., 2004) 

By observing Figure 8, one can clearly see the increased unconfined compressive strength of the 

snow-added fly ash due to continued chemical reactivity over the 90 day test period. In fact, the 

strength of the snow-added fly ash was 70% greater than the fly ash at 90 days. (Baykal et al., 

2004) 

During highway pavement design, tensile stresses become a very important parameter. In order 

to test this behavior, splitting tensile tests were also conducted. Refer to Figure 8 to notice a 

similar strength gain trend compared to the results of the unconfined compression test. The 

tensile strength of the snow-added fly ash is approximately 85% greater than the fly ash and is 

generally 10% of the unconfined compressive strength. (Baykal et al., 2004) 
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Figure 9: Variation of splitting tensile strength values of fly ash (FA) and snow-added 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. The use of CCPs in embankments/structural fills provided various advantages including: 

Á Availability of materials in bulk quantities 

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

Á Suitable for construction on low-bearing strength soils due to their lower unit weight 

compared to naturally occurring soils 

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

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

Fluidized Bed Combustion (FBC) ash can also be utilized as embankment fill yet different 

considerations must be taken into account compared to only using fly ash. A large-volume 

embankment was constructed at Purdue University consisting of 60% FBC ash, 35% stoker ash, 

and 5% fly ash. The embankment was approximately 20 m in length and 10 m in height. The 

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 used. Table 6 illustrates the 

permeability characteristics of the material used (Deschamps, 1998).  

Table 5. Optimum Water Content and Maximum Dry Density from Standard Proctor 

Compaction Test (Deschamps, 1998) 
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Table 6. Hydraulic Conductivity of Uncured Samples using Falling Head Test (Deschamps, 

1998) 

 

During construction, the ash reached appropriate relative compaction at various moisture 

contents, the most efficient being close to optimum. Due to the cementitous nature of the 

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 content. This being stated, the ash 

material far exceeds the strength requirements for use as a structural fill (Deschamps, 1998).  

The major issue with regard to using FBC ash as structural fill is its tendency to swell/expand 

after installation. Figure 10 demonstrates 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 

post-construction (Deschamps, 1998). 

 

Figure 10: Swell stain vs. time at 100 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 causing an increase in volume which subsequently produces 

swelling pressures (Yoon, 2007). The potential for 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 utilized in this 

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 compacted with a vibratory 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 embankment 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): 

Á Conventional analytical procedures can be used to predict embankment performance.  

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

soils.  

Á Preliminary leachate analysis stated that the fly ash is non-toxic and non-hazardous. 

Á Fly ash is most efficiently compacted using vibratory compactors. 

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

appropriately compacted.  

Á Fly ash will pump moisture when the moisture content exceeds the optimum moisture 

content. 
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Á The use of fly ash saved the Commonwealth of Pennsylvania and the 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 are summarized below. 

Main Advantages  

Á An excess amount of CCPs exist which could potentially be used for large-volume 

engineering applications 

Á CCPs are cementitious and gain strength with time  

Á Low unit weights  

Á High slope stability factor of safety  

Á High shear strength/unit weight ratio 

Á High permeability  

Á Conventional construction methods can be used for installation  

Main Disadvantages   

Á CCPs are variable (chemical and mechanical properties) as a function of power plant 

location, type of power plant (conventional vs. FBC), and the fuel source  

Á High permeability  

Á Some CCPs have expansive characteristics 

Á Large volumes of water are required to control dusting and achieve compaction 

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

Due to the fact that 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 

framework in order to quality their use for large-volume, engineering applications. CCPs need to 

be characterized, examined from a chemical basis, and then tested mechanically to ensure their 

viability for various applications such as embankment/structural fills and mine land reclamation.  

The Department of Environmental Protection outlines regulations for the beneficial use of coal 

ash in 25 Pa. Code Chapter 290. The Department of Environmental Protection Bureau of Mining 

and Reclamation also has document entitled Certification Guidelines for the Chemical and 

Physical Properties of Coal Ash Beneficially Used at Mines. Both documents provide very 

limited guidelines with respect to mechanical characterization and performance. Chapter 290 

states the following mechanical requirements to use coal ash as structural fill: 

Á The slope of a structural 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. 

Á Coal ash must achieve a minimum compaction of 90% of the maximum dry density as 

determined by the Modified 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. 

Á Coal ash shall be spread uniformly and compacted in layers not 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 requirements are extremely vague from a characterization and strength perspective.   

Figure 12 outlines the possible tests which could be used for embankments and mine land 

reclamation. The purpose of this research is to identify the most appropriate and accurate tests to 

characterize and predict the performance of CCPs. Once the testing framework has been 

established, three types of CCPs will be chosen and tested for a particular application to ensure 

the functionality of the framework.   
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Characterization 

Particle Size Distribution 

Specific Surface  

Atterberg Limits  

Void Ratio: Minimum and Maximum  

Moisture-density Relationships 

Laser Diffraction  

Hydrometer Analysis  

Sieve Analysis  

ASTM D698: Standard Proctor Analysis  

 

Gas Adsorption  

Methylene Blue Spot Test  

Liquid Limit ,Plastic Limit, Shrinkage Limit 

 

X-Ray Diffraction  

Baseline Chemical Analysis  

Specific Gravity  ASTM D854  
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Unconfined Compressive Strength  

Hydraulic Conductivity 

Constant Head Test 

Falling Head Test 

Consolidation  1-D Consolidation  

Pin Hole Tests 

 

Zeta Potential 

Cation Exchange 

Capacity  

Dispersive Behavior 

Mechanical Tests 

Shear Strength  

Triaxial   

Direct Shear   

Figure 12: Possible Tests for Using CCPs in Embankment Construction 
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Material characterization is an imperative process for any material and/or application. 

Geotechnical engineering materials, typically naturally occurring soil, are specifically 

characterized for various values relevant to particular applications. CCPs should also be 

characterized as such. One important property that should always be considered is grain or 

particle size distribution (PSD). PSD influences other material properties like hydraulic 

conductivity, density, and subsequently strength. Knowing a materialôs PSD can provide an 

initial idea about how the material will perform. PSDôs can be determined using standard sieve 

and hydrometer analysis or particle size analyzer machines. Since CCPs are typically fine-

grained in 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 appropriate. Laser diffraction particle 

analysis techniques (dry method) provide accurate particle size distributions and do not require 

water-particle interaction.  

The specific surface is another important property especially as it relates to fine-grained 

materials.  Specific surface of a particle is the ratio of its surface area to its mass. When the 

specific surface of a material exceeds 1 m
2
/g the physical processes that govern soil behavior 

significantly change. Soils with higher specific surface experience sedimentation and fabric 

formation controlled by environmental factors, shrinkage and stiffening in unsaturated 

conditions, and mechanical-chemical coupling (Santamarina et al., 2002). Specific surface can 

also be an important property for CCPs. Typically, the higher the specific surface the more 

reactive the material in the presence of fluid (water). For a highly reactive CCP, FBC ash for 

example, specific surface is a very useful parameter.  

Another important parameter of geotechnical materials are moisture-density 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 Proctor Test. Materials compacted to their maximum density 

reflect their highest strength characteristics. While the DEP code only specifies monitoring 

compaction as a means of strength justification, additional strength parameters need to be 

obtained for the design of structures like embankments.    

Examining the dispersive behavior of a geotechnical material is also relevant. The electrical 

charges of particles can promote attraction or repulsion which influences material fabric. Fabric 

influences density, strength, and permeability (Mitchell 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 properties that typically do not change over short 

periods of time (less than 50 years). For example, the unconfined compressive strength of a 

particular clay and gradation can be considered constant over a particular time frame given the 

material was compacted in a similar manner. CCPs differ in that they gain strength over a short 
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period of time (months) (Deschamps, 1998). Therefore strength parameters should be examined 

as a function of time in order to predict current and future material behavior. Various processes 

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 mechanisms using x-ray diffraction techniques.  

The hydraulic conductivity is another important parameter for geotechnical materials. CCP 

hydraulic conductivity can also vary as a function of time and needs to be examined at various 

curing intervals to quantify behavior. Since some CCPs can produce hazardous leachate, the 

effluent from hydraulic conductivity testing should be examined.  

Material characterization and specification will vary with respect to the desired application. 

Embankments and mine land reclamation are inherently different in nature. 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 stability components. However, if structures are to 

be built on CCP fill materials other considerations like bearing capacity and 

consolidation/settlement need to be examined. The following is Terzaghiôs equation for ultimate 

bearing capacity for shallow foundations (Das, 2007):  

  

The ultimate bearing capacity () is a function of cohesion (), equivalent surcharge (, the 

unit weight of the soil (), the width of the foundation (), and the terms   which are 

determined by the soil friction angle (). The unit weight of the soil can easily be determined 

and used to compute the equivalent surcharge which is simply the unit weight of the soil 

multiplied by the proposed depth of the foundation. Cohesion and soil angle need to be 

determined using shear strength tests. Unconfined compression testing provide an undrained 

cohesion value but no friction angle. Direct shear testing provides values for both cohesion and 

friction angle. The friction angle provided by direct shear testing however tends to over estimate 

shear strength compared to triaxial testing. This can overestimate strength and subsequently 

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 consolidated-drained, consolidated-undrained, and 

unconsolidated-undrained tests can be conducted which accurately mimic specific in situ 

conditions. If both the cohesion and friction angle are required for design then triaxial tests 

would most likely be most appropriate for CCPs with cementitious characteristics. Triaxial 

samples could be prepared and then cured indefinitely before testing. This 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 well. 1-D consolidation tests should be 

performed in 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: 

Á Dumped fill 

Á Hydraulic fill 

Á Selected fill 

Á Equipment-compacted embankment  

Á Rolled earth fill 

Á Vibratory-compacted embankment 

Á Blended earth fill 

Á Modified soil fill (Bureau of Reclamation, 1998) 

Although these different types may have different specifications, the material characterization 

process should be similar. Embankment design should include bearing capacity and 

consolidation analyses but include a slope stability study as well. Internal friction angles are 

required for slope stability calculation and can be obtained using direct shear or triaxial 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. Table 7 lists the facility and location where the materials were 

produced.   

Table 7. CCP Source Locations 

Material  Facility  Source Location  

FGD Material  PPL Montour Power Plant  Washingtonville, PA 

FBC Ash  Reliant Energy Seward Power Plant  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 to human health, and regulations are in place to minimize the release 

of these pollutants into the environment. The Clean Air Act Amendments of 1990 and the 

Environmental Protection Agencyôs (EPAôs) Clean Air Interstate Rule (CAIR) limit the 

emissions of sulfur dioxide into the atmosphere. Coal-fired power plants comply with this 

regulation implementing a lime or limestone reagent in combination with a forced oxidation 

system to act as a ñscrubberò (FGDProducts.org, 2008). This process is known as flue gas 

desulfurization (FGD) and consists of injecting a slurry of calcium carbonate into the combustion 

chamber. The calcium carbonate is converted to calcium oxide which reacts with the sulfur in the 

combusting coal. This reaction forms inert calcium sulfate and water also known as synthetic 

gypsum or FGD material by-product (Dalberto et. al., 2004). In 2007, over 33 million tons of 

FGD materials were produced in the U.S. with only 31% beneficially used, mostly in the 

manufacture of wall board for the housing and building 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 refuse. Coal mine refuse, or waste coal, is low BTU material discarded by the mining 

industry. Coal mine refuse from bituminous and anthracite mining is referred to as gob and culm 

respectively (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 ash was examined for use in alternate applications. FBC ash 

also has interesting strength characteristics. FBC ash has been observed to gain strength as a 

function of time (Deschamps, 1998). In this study, a blend of 45% bottom ash and 55% fly ash 

was used. Bottom ash consists of heavier, courser 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.  
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Class F Fly Ash. Class F fly ash is produced at conventional coal fired power plants and is 

removed from the flue gas using electrostatic precipitators. Class F fly ash, as defined by ASTM, 

is fly ash normally produced from burning anthracite or bituminous coal which has pozzolanic 

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 various standards which allow it to be used in various 

applications. Therefore class 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 S-3000H) at Penn Stateôs Materials Research 

Institute were utilized in order to obtain images of the materials, Figure 13. The images were 

examined to observe the particle structure, particle surface topography, and particle size. SEMs 

scan the specimen with a finely focused electron beam of kilovolt energy. Portions of electrons 

are either adsorbed or reflected. An image is formed by scanning a cathode-ray tube in 

synchronism with the beam and by modulating the brightness of the tube with beam excited 

signals. The image is therefore built point by point as the specimen is scanned by the electron 

beam (Cahn, 2005). Since the samples were nonconductive a pretreatment process called gold 

sputter application was required. This process consists of applying 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 particle 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 size. As the particle size decreases the scattering angle 

increases logarithmically (Cahn, 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 Mastersizer was used in this study.  The Mastersizer has the 

ability to measure particles ranging from 0.02 ɛm to 2000 ɛm in diameter. Particle size 

distributions or gradations are important because they describe the range of particle sizes present. 

Whether a material is uniformly, gap, or well graded 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 mineralogical constituents which could 

interact with pore fluid then specific surface must be considered.  The higher the specific surface 

the more the particle is exposed to the pore fluid causing the material to be more reactive. The 

specific surface was determined using the Brunauer-Emmett-Teller (BET) method. Gas 

molecules in the vicinity of a solid can experience attractive forces resulting in an enhanced 

concentration of molecules at the solid surface. This mechanism of the BET method is called gas 

adsorption. The quantity of gas adsorbed by the solid is a function of temperature and pressure 

and also is dependent on the solidsô surface. Below the critical temperature, the adsorbed layer 

resembles a thin film potentially several molecule diameters thick. The specific surface 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 V as a function of vapor pressure p: 
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Where x=p/po is the relative vapor pressure, Vm is the monolayer capacity, and c is related to the 

strength of the adsorption forces (Cahn, 2005). Since the size and number of gas molecules 

required to cover the particle sample is known, the specific surface can be calculated (Fagerlund, 

1973). In this case, nitrogen gas was used which has a surface area of 16.2 Å
2
.  

Zeta Potential. The Zeta potential is a term for the electric potential of colloidal systems. This 

electric potential is at the interface of the double layer (the location of the shear or slipping 

plane) and the bulk fluid of the system (Lyklema, 1995). The Zeta potential can be related to the 

stability of colloidal systems as it indicates the degree of repulsion between adjacent particles. 

High Zeta potential values indicate stable systems where the solution is dispersed. Low Zeta 

potential values cause attraction forces between particles to exceed dispersion causing the system 

to flocculate or aggregate (Russel et al., 1992). Table 8 relates the Zeta potential in mV to the 

stability of the system. A Brookhaven Zeta Potential Analyzer was used in this study.  

Table 8. Zeta Potential and System Stability (ASTM Standard D 4187-82) 

Zeta Potential (mV) Stability of Colloid  

0 to 5 Rapid coagulation/flocculation 

10 to 30 Instable 

30 to 40 Moderately stable 

40 to 60 Good stability  

greater than 60  Excellent stability  

 

Moisture/Density Relationships. The moisture/density relationships of the materials were 

determined using ASTM Standard D698 ñStandard Test Methods for Laboratory Compaction 

Characteristics of Soil Using Standard Effort.ò Samples were compacted in three lifts at 25 

blows per lift using a standard proctor mold and standard hammer, see Figure 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 Standard D854 ñStandard 

Test Methods for Specific Gravity of Soil Solids by Water Pycnometer.ò 
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Figure 13: Hitachi S-3000H SEM 

 

 

Figure 14: Standard Proctor mold and hammer 
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Chemical Analysis 

Baseline chemical analysis and leachate chemical analysis was contracted to ACT Labs who are 

based in Ontario Canada. Refer to appendix F for complete chemical analysis. Various methods 

were used in the analysis.  

Instrumental Neutron Activation Analysis (INAA) . Activation analysis is an analytical 

technique used 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 activate the atoms in the sample (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 be  measured and quantified. Multi-element analyses of practically 

any material from the smallest sample which can be weighed accurately to very large samples 

have been analyzed routinely by INAA (www.actlabs.com). 

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

used for trace elemental determinations of solids. The technique was commercially introduced in 

1983 and has gained general acceptance in many types of laboratories. ICP-MS is a hybrid 

technique combining a high power laser for sampling solids, high temperature inductively 

coupled plasma for ionization, and a mass spectrometer for mass separation and detection. Laser 

sampling allows a solid specimen to be sampled without dissolving the specimen. The laser 

causes material vaporization. This vapor enters the 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 for sulfur content. 

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 furnace. The pure oxygen 

environment and the heat generated by this coupling cause the sample to combust. During 

combustion, carbon-bearing elements are reduced, releasing the carbon, which immediately 

binds with the oxygen to form CO and CO2, the majority being CO2. Also, sulfur-bearing 

elements are reduced, releasing sulfur, which binds with oxygen to form SO2. Sulfur is measured 

as sulfur dioxide in the first IR cell. A small amount of carbon monoxide is converted to carbon 

dioxide in the catalytic heater assembly; SO2 is converted to SO3, while sulfur trioxide is 

removed from the system in the filter. 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 spectrum. Energy from the IR source is absorbed as the gas passes through the cell, 

preventing it from reaching the IR detector. All other IR energy is prevented from reaching the 

IR detector by a narrow filter. Because of the filter, the absorption of IR energy can be attributed 

only to carbon dioxide (CO2). The concentration of CO2 is detected as a reduction in the level of 

energy at the detector. An Eltra CS-2000 is used for the analysis (www.actlabs.com). 

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

 

Unconfined Compression Testing. Unconfined compression (UC) strength tests were 

performed to obtain minimum strength characteristics for the FGD material, FBC ash, and class 

F fly ash. UC tests were completed for each material at various curing durations to quantify any 

strength changes with time. The materials were cured for 1, 3, 7, 14, 28, 56, 90, and 180 days. 

Three samples of each material were prepared for each curing period to ensure repeatable results.  

The tests were carried out in accordance to ASTM Standard D 2166-00 with the following 

exceptions: 

Á Samples were prepared at optimum water content using a Standard Proctor Mold. 

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

hammer at 25 blows per lift.  

Á FGD and Class F fly ash samples were tested using a Geocomp Load Trac II  frame, see 

Figure 15.  A constant strain rate of 0.5 % per minute was applied until failure. Failure 

was defined at the point where the specimen could no longer carry a load after the peak 

value was reached.   

Á FBC samples could not be tested in the Geocomp Load trac II frame because the strength 

of the material exceeded the capacity of the frame. Therefore the FBC samples were 

tested on a concrete compression testing machine manufactured by Boart Longyear 

model cm-625, see Figure 16. Due to limitations of the Boart Longyear machine, a 

constant strain rate could not be applied. Alternatively, a constant loading rate of 6.9 kPa 

to 20.7 kPa per second (1 psi to 3 psi per second) was applied until failure. This was the 

lowest range of loading rate achievable with this device. Failure was defined at the point 

where the specimen could no longer carry a load after the peak value was reached.    

 

                  Figure 15: Boart Longyear frame          Figure 16: Geocomp Load Trac II frame 

 



36 
 

 
 

Hydraulic Conductivity.  Permeability was measured using a specially designed pressurized 

permeability cell shown in Figure 17. The permeability cell consists of a hollow metal cylinder 

which holds the sample. The sample is compacted into a Tygon tube segment (Figure 18). High 

pressure water lines are connected to the cell to provide confining and driving pressures 

independently. The test is run using distilled water which is pressurized with nitrogen gas. Water 

is supplied through an external reservoir with an inner piston (Figure 19). The nitrogen gas 

pushes on the piston which pressurizes the water in the reservoir, thus preventing nitrogen-water 

interaction. Confining pressure is applied to the sample prior to the driving pressure. The sample 

is allowed to saturate and reach a steady-state flow rate at the sample exit. Manipulation of 

Darcyôs law allows calculation of the hydraulic conductivity based on the driving pressure and 

the outflow assuming a constant head condition. Refer to Appendix A for a detailed procedure of 

the test. The following expression describes the hydraulic conductivity, k: 

                    

The hydraulic conductivity k is a function of the volumetric flow rate Q, the length of the sample 

L, the cross-sectional area of the sample A, the equivalent pressure head at the inlet of the 

sample ha, and the equivalent pressure head at the outlet (atmospheric pressure) of the sample hb.  

Two samples per curing duration were prepared at optimum moisture content and compacted in 3 

equal lifts using a tamper. Samples were compacted to their maximum density to attempt 

consistent void ratios between samples. Samples were tested at curing durations of 1, 3, 7, 14, 

28, 56, 90, and 180 days. Table 9 outlines the test parameters for each material. Note that a lower 

driving pressure was used for the FGD material to prevent dissolution during measurement.  

Using this pressurized hydraulic conductivity cell has the following advantages: 

Á Hydraulic conductivity of fine-grained materials can be measured in a timely manner 

compared to conventional falling head tests. 

Á The system is applicable to cementitious materials. 

Á Confining pressure minimizes the development of preferential flow paths at the 

material/cell wall interface. 

Á Samples can be prepared and cured in Tygon 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                

 

 

Figure 19: Hydraulic conductivity test configuration 

 Effluent Chemical Analysis. The effluent from the permeability tests was collected for each 

specimen for each curing duration for chemical 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 inductively coupled plasma mass spectroscopy (ICP-MS).   
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