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ABSTRACT  
 
In its proposed ruling, the U.S. Environmental Protection Agency (EPA) indicates that 
there are concerns with the use of some coal combustion residuals (CCRs) in certain 
non-encapsulated structural fill and mine reclamation applications.  The EPA notes that 
these concerns are exacerbated when acceptable engineering standards and controls are 
absent. Given that structural fills and mine reclamation activities account for a significant 
fraction of overall CCR utilization (43% in 2009), it is essential that coal combustion 
utilities and the CCR recycling industry employ best practices to preserve these strategic 
beneficial reuse opportunities when appropriate.  The objective of this paper is to highlight 
these best practices and discuss their implications in an evolving regulatory climate. Best 
management practices from the open literature and the authors’ experience are reviewed 
to identify suitable characteristics of site selection, subgrade preparation, moisture 
conditioning and fill placement.  An expanded definition of encapsulation that includes 
macro- and micro-level design approaches is proposed.  Macro-level encapsulation 
includes the full suite of liners, covers and alternative methods which provide external 
control of the in situ hydrological condition. Micro-level encapsulation refers to the internal 
modification of the CCR matrix through the use of small percentages of cement, lime, 
manufactured clay products as well as emerging additives.. Both definitions result in a 
CCR application that meets a relevant risk-based criterion for environmental protection. 
Current leachability tests which may be used as part of this evaluation are also reviewed. 
Finally, recommendations and guidance are provided to frame stakeholder discussion in a 
risk-based perspective that preserves the viability of CCRs for structural fills and mine 
reclamation. 
 
  
 
INTRODUCTION 
 
In the Proposed Rule on coal combustion residuals (CCRs) the US EPA describes the 
indiscriminate use of unencapsulated coal ash for structural fill and mine reclamation as 
waste management rather than beneficial use. .  The proposed rule also identifies the 
benefits of using CCRs in structural fills and mine reclamation in terms of reducing the 
use of natural resources and preserving landfill space.      
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In the Proposed Rule2 the US EPA made it clear that it was not proposing to “change the 
May 2000 Regulatory Determination for beneficially used CCRs”, and that it was also not 
“proposing to address the placement of CCRs in mines, or non-minefill uses of CCRs at 
coal mine sites.” The focus of many sections in the Proposed Rule on CCRs was on 
controlling risks associated with the improper placement of CCRs in structural fill 
applications.    In the Proposed Rule on CCRs the EPA is soliciting comment and 
recommendations on what is necessary to continue using CCRs in structural fills and 
mine reclamation.    Since structural fills and mine reclamation typically account for 16 to 
43 percent1  of the total utilization of CCRs every year in the United States, it is essential 
that the coal combustion utilities and the CCR recycling industry provide meaningful input 
to the State regulators and EPA to about what is necessary to preserve these important 
beneficial reuse opportunities.   
 
The primary purpose of this paper is to provide some guidelines and background to 
facilitate discussion on the importance of preserving structural fills and mine reclamation 
as acceptable beneficial reuse of CCRs.   If taken to the extreme of requiring complete 
“encapsulation” of CCRs used in fill applications, the Proposed Rule on Coal Ash can 
effectively eliminate the use of CCRs for structural fills and mining applications.  This is 
one of the “hidden costs” of the current regulatory uncertainty that is the result of 
industry’s reaction to the Proposed Rule.   If the beneficial use of CCRs in structural fill 
and mine reclamation is eliminated or substantially decreased, then the owners of many 
coal combustion electric power plants could be forced to dispose of most of their CCRs 
into their recently constructed lined landfills.  This approach does not promote the 
recycling of CCRs, can impact additional land resources and is not sustainable.   
Therefore it is important that CCR recyclers and the coal combustion utilities make an 
effort to continue to engage the EPA during the rule making and implementation process 
to properly define the beneficial reuse of CCRs in structural fills and mine reclamation.    
 
In an attempt to establish some middle ground in the debate over beneficial reuse of fly 
ash, this paper proposes a new definition of encapsulation that is applicable to both large 
structural fill projects and mine reclamation, as well as manufactured options like 
concrete, brick and block.    This paper will provide a list of a few practical guidelines (i.e. 
site conditions, hydraulic conductivity, and in-place material properties) that should be 
considered to encourage environmentally safe placement of CCRs in structural fills and 
mine applications.   These guidelines are based on the author’s past experience, a review 
of available literature and numerous locations where CCRs have been safely, effectively 
and beneficially recycled in structural fills and mine reclamation.    
 

The final area that this paper will highlight is recent developments with “encapsulation 
products” and more established “encapsulation methods” that can be used to preserve 
the strategic use of CCRs in structural fill and mine reclamation applications.   In addition 
this paper will introduce and initiate discussion on several practical laboratory leach 
testing methods that can be used for a “quick assessment or pre-screening” of 
prospective sites or beneficial reuse applications of CCRs.       
 

BACKGROUND INFORMATION AND DISCUSSION 
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According the US EPA as identified in the Proposed Rule on CCRs, the primary items 
that influence the effective use of CCRs for structural fills and/or mine reclamation are: 
 

 Site and subsurface conditions (i.e. hydraulic conductivity of the subsurface, 
rainfall in the area and depth to groundwater).    

 Preparation, placement and compaction of the CCR materials 
 Amount in one location and the thickness of the layers of CCR materials 
 The leaching characteristics of the CCR materials 

 
The Proposed Rule makes a blanket classification of the use of CCRs as being either 
encapsulated or unencapsulated, but does not appear to provide a working definition of 
encapsulation.  The following paragraphs from the Proposed Rule provide useful 
information about the EPA’s understanding of how CCRs are beneficially used and its 
current view on the definition for encapsulation. 
 

“To date, EPA has still seen no evidence of damages from the beneficial uses of 
CCRs that EPA identified in its original Regulatory Determination.   For example 
the wide acceptance of CCR in encapsulated uses, such as wallboard, concrete, 
and bricks because CCRs are bound into the products.   The Agency believes that 
such beneficial uses of CCRs offer significant environmental benefits.    
 
As we discuss in other sections of this preamble, there are situations where large 
quantities of CCRs have been used indiscriminately as unencapsulated general fill.  
The Agency does not consider this a beneficial use under today’s proposal, but 
rather considers it waste management.” 
 

Discussion on Encapsulation.  In this paper we propose that a wider, definition of 
encapsulation be used for the purpose of determining whether a structural fill and/or 
mine reclamation use of CCRs is beneficial use or not.      
 

According to Webster’s Dictionary Encapsulation is:  To enclose as if in a capsule, 
for example as a pilot is encapsulated in a cockpit.  
 

The fields of soil mechanics and geotechnical engineering have long recognized that soils 
and other materials can and may need to be encapsulated using geomembranes and/or 
low permeability barrier soil layers to prevent or minimize moisture infiltration and 
intrusion.   In construction applications geotechnical engineers are well aware that some 
materials like expansive clays and soils in roadway subgrades may need to be partially 
sealed or encapsulated to prevent the negative impacts caused by a fluctuating moisture 
contents.   Likewise, with the advent of RCRA (1976), CERCLA (1980) and NWPA (1982) 
legislation, it has been standard practice to ensure that municipal, hazardous and nuclear 
waste is managed in engineered facilities that incorporate liners and covers.    While 
similar liners and covers may not be needed for a given structural fill, it’s worth noting that 
these facilities perform well without any requirement that the waste matrix be physically or 
chemically bound into a product or monolithic substrate.   
 
For purposes of clarification, and to meet what may be the overall intent of the US EPA 
using the word encapsulation, the authors of this paper propose dividing the definitions of 
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the term encapsulation into macro-encapsulation and micro-encapsulation as it 
pertains to CCRs and the determination of its beneficial use.    Micro-encapsulation 
would, in general be present in materials, like concrete, bricks and wallboard where the 
CCRs are bound into a new product.   Micro-encapsulation could also include products or 
materials where the CCRs are chemically or physically altered on a particle to particle 
basis and the permeability is reduced. 
 
Macro-encapsulation of CCRs would include engineered containments or a steady state 
condition created by using geosynthetic materials, low permeability soil-based 
liners/covers and/or a technical evaluation of pre-existing site specific barrier-like 
conditions (e.g., capillary barriers).   The determination of whether a macro-encapsulation 
use of CCR provides suitable protection to groundwater and human health could be made 
on an application-oriented and site specific basis according to a pre-determined set of 
criteria.  The criteria that could be used by the US EPA and State regulators to determine 
if an application is beneficial use or not would be based on performance standards 
necessary to protect groundwater.    These performance standards would provide a 
consistent way to protect groundwater resources from the potential leaching of small 
amounts of contaminants that are present in the CCRs.  Existing guidelines and design 
methods could easily be adopted for this purpose.  
 
Extent of the Issue.  The sections that follow identify practical solutions for the safe and 
effective beneficial use CCRs.   The practical solutions that would be considered are 
either micro-encapsulation of materials and product, or the macro-encapsulation of CCRs 
in structural fills or mine reclamation.   We expect that there will be a small percentage of 
CCR uses that do not fall into either category.   This paper will not attempt to address 
every beneficial use of CCRs.    An expanded definition of CCR encapsulation allows a 
significant number of environmentally safe and beneficial uses of CCRs to continue 
without developing an entirely new regulatory framework.   The approach recognizes the 
reality of the large volume of CCRs that are currently recycled in structural fill and mine 
reclamation projects -- over 20 million tons per year or close to 40 percent of the total 
annual volume of CCRs1 .   This application of existing science and regulatory guidelines 
would preserve the strategic use of CCRs in structural fill and mine reclamation 
applications, while the problems associated with a small number of improperly designed 
CCR structural fills are addressed by the US EPA.  
 
CONCEPTS OF ENCAPSULATION FOR CCR PROJECTS 
 
The primary concern for CCRs in general and for flyash in particular, is the potential for 
leachate generation, migration and eventual groundwater contamination.   In its  
Proposed Rule the US EPA indicates that site conditions including hydraulic conductivity 
of the subsurface, and depth to groundwater are important considerations that must be 
addressed.   Indeed, these factors are common site specific conditions that are 
addressed by many State regulations that currently govern the placement of CCRs as 
structural fill and/or in mine reclamation projects.     
 
 
Encapsulation Methods for Large CCR Structural Fills 
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The encapsulation of CCRs in large structural fill or highway embankment is typically 
accomplished by controlling the moisture content during placement and compaction, and 
the drainage or infiltration of surface water after the project is complete.  Most of the 
methods described in this section would be considered macro-encapsulation according 
to the expanded definition provided herein.    In areas where a high seasonal groundwater 
table is present or could occur after construction it is common to place subsurface 
drainage layers or pipes that prevent exposure to CCR materials.   It is important to note 
that many of the recommended methods for CCRs are just “good construction practice” 
that should be used for any moisture sensitive material.  The following sections highlight 
some of the methods that are commonly used in highway or landfill construction for the 
control of moisture content and density in CCRs. 
 
Highway CCR Fill Encapsulation Methods.  Even though it does not specifically 
address the environmental aspects or the beneficial use CCRs, the Federal Highway 
Administration (FHWA) in its User Guidelines for Waste and Byproduct Materials in 
Pavement Construction provides guidelines for the use of fly ash for structural fill in 
roadway embankments3 Many of these guidelines are geotechnical engineering practices 
for highway embankment construction using flyash that also aid in the control of water 
infiltration in and through CCR materials.    A brief summary of the FHWA guidelines for 
fly ash use in roadways embankments or subbase is provided below: 
 

1. Material Properties    
Note:  The FHWA design guidelines for the geotechnical engineering of flyash 
embankment do specifically address environmental conditions, but there is 
recognition that fly ash is a moisture-sensitive material that requires special 
engineering design to account for its unique material properties.   Many of the 
FHWA methods are “good design/construction practice” that can be used for 
CCR structural fill projects. 
a. Moisture Content:  Flyash must be delivered to the jobsite with 3 to 4 

percent of the of optimum moisture content to provide for suitable 
compaction.   

b. Particle size:  Most flyash is between 60 and 90 percent passing the No. 
200 sieve.  The FHWA mentions that if fly ash is used as a fill material that 
frost susceptibility needs to be accounted for in the design. 

c. Shear Strength:   Most flyash has friction angles in the range of 26 to 42 
degrees.  These values will need to be accounted for in the design.   

d. Permeability:  the permeability of well-compacted flyash typically ranges 
from 10-4 to 10-6 cm/sec which is roughly equivalent to the permeability of 
and silty sand or silty clay soil.   If flyash particles are able to be densely 
packed during compaction, it can result in comparatively low permeability 
values and minimizing seepage of water through a fly ash embankment.    
 

2. Design Considerations 
a. Site Drainage:  The FHWA guidelines make recommendations to account 

for the distance from the groundwater table, and providing drainage from 
surface waterways, swales, and seepage from springs.   



6 
 

b. Slope Stability:   The guidelines for slope stability include a conservative 
factor of safety of 1.5 and a recommendation to use a cohesion factor of 
zero.    

c. Climatic Conditions:  FHWA recommends that frost susceptibility and the 
impact of heavy or prolonged precipitation be accounted for in the design.   

 
The table shown below was taken from FHWA3 and provides a summary of 21 projects 
where fly ash was used in embankment construction.  In this report, the FHWA states 
that, “none of the States in which these projects have been constructed have indicated 
any dissatisfaction or concerns with the embankments or backfills constructed using fly 
ash in their States.”    The same report indicates, “that two of the ash embankment 
projects were monitored for construction and post-construction performance over a 3-year 
period.”   Neither of the projects showed any adverse environmental impacts, at least over 
the 3-year monitoring period. 
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Table 1. List of Fly Ash Embankment or Structural Backfill Projects in the United 
States.  

(Source: Table 5-4 of FHWA Report on Byproduct Materials in Pavement 
Construction3) 

State No. of 
Projects 

Year 
Built 

Project 
Location 

Estimated Tonnage 
or Volume 

Arizona 1 1980 I-40, Joseph 
City 

47,600 m3 (61,000 
yd3) 

Delaware 2 1987 
1992 

I-495, 
Wilmington 

Route 1, Dover 

6,300 m3 (8,300 yd3) 

237,000 T (262,000 t) 
Illinois 1 1972 Waukegan 190,000 m3 (246,000 

yd3) 
Maryland 1 1993 Rt 213, Easton 91,000 T (100,000 t) 
Massachusetts 1 1978 Norton 3,800 m3 (5,000 yd3) 
Michigan 1 1978 Railroad 

Bridge, 
Monroe 

2,030 m3 (2,650 yd3) 

Minnesota 2 1971 
1978 

St. Paul 
Rt. 13, Eagan 

38,000 m3 (50,000 
yd3)270,000 m3 
(350,000 yd3) 

Missouri 1 1983 ASB Bridge, 
Kansas City 

107,000 m3 (140,000 
yd3) 

Ohio 3 1979 
1981 
1983 

Rt. 7, 
Powhatan 

Point 
I-480, Avon 

Rt. 35, Gallia 
Co. 

5,200 T (5,700 t) 
27,000 T (30,000 t) 
24,000 T (27,000 t) 

Oklahoma 1 1982 US 62, 
Muskogee 

450 T (500 t) 

Pennsylvania 2 1977 
1988 

Culver Rd., 
Pittsburgh 

I-279, 
Pittsburgh 

57,000 m3 (75,000 
yd3) 

321,000 T (353,000 t) 

Virginia 1 1978 Rt. 665, Carbo 270 T (300 t) 
West Virginia 2 1971 

1976 
Rt 250, 

Fairmont 
Rt. 60/12, 
Malden 

4,500 T (5,000 t) 
15,300 m3 (20,000 

yd3) 

Wisconsin At least 4 1977 
1978-

90 

Airport Spur, 
Milwaukee 

Various 
Projects 

109,000 T (120,000 t) 
270,000 T (300,000 t) 
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It is important to note that the guidelines provided by the FHWA for the use of flyash are 
predominately geotechnical in nature, and do not necessarily address environmental 
conditions.   Many of the methods listed in the FHWA guidelines above are also 
mentioned in the US EPA Proposed Rule on CCRs as way to reduce permeability and 
improve the leaching characteristics of CCRs.    It is the author’s experience that following 
good construction practice for the moisture conditioning, placement and compaction of 
moisture sensitive soils also tends to work well for most CCRs used in beneficial use 
applications.  
 
In areas where climatic conditions and/or a highly variable groundwater table can cause 
significant change in the moisture content of CCRs used in structural fills, it is good 
geotechnical engineering practice to install redundant or protective design features. 
These features may be necessary when the volume of material is significant (e.g., 
compare < 1 meter for road subbase versus 20 meter embankment)  These design 
features may include the following: 
 

1. A low permeability soil layer to control infiltration above and possibly below the 
CCR structural fill to control the rise and fall of the seasonal high water table. 
 

2. A gravel drainage layer or drain pipe in ravines or significant changes in 
topography where water could build up and influence the settlement or leach 
characteristics of the CCR structural fill. 
 

3. In locations where local low permeability clays/silts or granular borrow soils are not 
close to the project site, then synthetic geomembrane liners and geotextile 
drainage layers can be used to control the moisture content of the CCR materials.    
It is interesting to note that these materials are similar to the materials used for the 
design and construction of storage pads for wastewater residuals and industrial 
byproducts.    
 

MSW Landfills and Expansive Soil Encapsulation Methods.    Many of the 
construction methods used on municipal solid waste (MSW) landfills and construction 
projects with expansive soils are also applicable to the management and control of the 
moisture content and infiltration on large CCR structural fill and mine reclamation projects.   
This section provides a summary of how some of these methods may be applicable to 
large CCR structural fills.      
 
Most modern, solid waste landfills use a combination of bottom liners (soil of 
geosynthetic), a leachate collection system and low permeability final covers to control 
the moisture infiltration.   It should be noted that MSW landfills very different from CCR 
structural fill projects because the sites remain open to precipitation events for many 
years and are subject to wide variations in moisture content and leachate production.   
Most CCR structural fills are constructed over a 4 to 6 month period, and the drainage 
and runoff are controlled during construction.   A bottom soil liner and localized drainage 
material used in some CCR structural fills can be similar to the drainage methods used for 
MSW  landfills.   The bottom liner and drainage systems typically do not need to be as 
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extensive and robust because the exposure to precipitation events during construction is 
limited. Moreover, the leachate signature for MSW is generally far more problematic (in 
terms of concentration and composition) than for fly ash.   After a MSW landfill reaches 
elevation it is typically capped with a low permeability cover material.  CCR structural fills 
are also typically covered with a low permeability soil cover that minimizes infiltration. 

 
It is common on large highway and earthwork construction projects located in areas with 
expansive clay materials to have near surface horizontal or vertical moisture barriers to 
prevent significant changes in moisture content.   The theory is that if the moisture 
content of the near surface soils are kept within a certain range then the shrink/swell 
properties of the expansive clays are controlled.  The moisture control techniques can 
include installation of a surface water drainage or irrigation system coupled with the 
placement of near surface barrier soil liner or geomembrane liner to keep the moisture 
content consistent.   These methods are similar to drainage and low permeability soil 
covers that have been installed in many CCR structural fill projects.   

 
In addition to the using surface geomembrane liner or low permeability cover soils it is 
common to use soil additives and/or treatments like reactive lime to create a buffer layer 
that controls the expansive soils.   Based on the definitions provided in this paper, these 
treatment methods would be considered micro-encapsulation since it involves particle-to-
particle interaction.   Some variation of these methods have been used for the control of 
moisture content and leach characteristics of CCRs on several large structural fill and 
mine reclamation projects.     
 
 

 
ENCAPSULATION PRODUCTS AND METHODS 
 
The focus of this section is on the use of chemical additives which alter the physical and 
chemical characteristics of coal fly ash to reduce or eliminate leachate generation.   Most 
the products and methods included in this section would be considered micro-
encapsulation methods according to the expanded definition provided in earlier sections.   
The use of chemical additives with CCR materials, when done correctly, can be used to 
create a structural fill that meets the definition of encapsulation as suggested by the EPA. 
The EPA defines encapsulation primarily in terms of forming new products, as in the case 
of brick, wallboard or concrete. Each of these examples implies a solidified matrix, 
however the more important distinction is that they are significantly less susceptible to 
leaching processes because of a change in composition, application and/or environment. 
In an effort to provide the reader with a tractable summary of this approach, common and 
emerging coal fly ash additives are briefly reviewed in terms of the basic mechanism, 
typical results and example references. Common stabilization additives include lime, 
cement, flue gas desulfurization material, clay minerals and zeolites. More recent 
investigations have included sodium hydroxide to create a geopolymeric matrix and 
ceramic-based systems such as in the product Tegratuff®. These additives are 
summarized below: 
 
 
 
 



10 
 

 
Table 2. Example coal fly ash stabilization additives  
  
Stabilization 
Additive 

Typical Dosage 
Range  
(by weight%) 

Description/Example 
Product(s) 

Example 
References 

Lime  
 

3-20% (CaO or hydrated as 
Ca(OH)2 

4,5 

Cement 2-10% Ordinary Portland 
Cement 

6 

Flue Gas 
Desulfurization 
(FGD) Material 

30-50% Poz-O-Tec process 
 

7,8 
 

Sodium Hydroxide 10-20% Geopolymerization 9 
 

Multi-component 
silicates and 
zeolites 

1-10% Tegratuff® products 10 

Clay minerals 5-30% Montmorillonite/ 
bentonite,  

11,12 

Organo-silanes 1-2% Zycosoil, Drysoil 13,14 
 
These additives vary considerably in terms of their historical use/track record, typical 
dosage range and mechanism. The use of lime, cement and/or FGD material gypsum is 
well documented over several decades.  The chemistry of mixing fly ash with lime may be 
described as follows. Fly ash is mainly composed of silica, (SiO2) and alumina (Al2O3), 
lime (CaO) and iron oxide (Fe2O3). Adding more lime and water sets up several 
cementitious reactions15 
 
CaO + H2O  Ca(OH)2  

 
Ca(OH)2  Ca2+ + 2[OH-]  

 
Ca2+ + 2[OH-] + SiO2  + H2O  CaOSiO22H2O            (CSH) 

 
4Ca2+ + 8[OH-] + Al2O3 + 9H2O   3CaO Al2O3 Ca(OH)212H2O    (CAH) 

 

6Ca2+ + 12[OH-] + Fe2O3 + Al2O3 + 6H2O  6CaO Al2O3 Fe2O312H2O (CAFH) 
 
The formation of various calcium silicate hydrates (CSH) and calcium aluminate hydrates 
(CAH, CAFH) is mostly responsible for the increase in strength, although the exact 
mineralogy depends on moisture, temperature and curing conditions16. The source of lime 
for lime-fly ash stabilization may come in the form of quicklime or hydrated lime as shown 
above, or also dolomitic quicklime or dolomitic hydrated lime where a greater fraction of 
magnesium is present. Previous work17 suggests that successful lime-fly ash mixtures 
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can be created from any of these sources and that the overall performance is actually 
more sensitive to the composition of the fly ash rather than the lime. Leachability is 
reduced by binding trace contaminants into CSH, CAH and other reaction products. As 
with any design, the extent to which stabilization has been effective must be documented 
with physical testing. As reported5there is a threshold lime content that must be added 
before leachability will be sufficiently reduced, with efficacy varying according to the 
contaminant of concern. The authors observed that low dosages of lime (< 3% lime) may 
serve to increase the pore fluid pH and therefore precipitate contaminants such as 
cadmium or lead while actually increasing the mobility of oxyanionic species of arsenic, 
chromium and selenium.   
 
With the increasing use of scrubbers to remove SOx, there has been an increase in the 
production of FGD Gypsum and thus an interest in its use in reducing leachability18. 
Mixing FGD material with fly ash generally does two things. First, the fly ash tends to be 
drier than the FGD material and so it reduces the moisture content. Secondly, a variety of 
cementitious reactions may develop, according to the lime content of the fly ash. 
Cementitious reactions generally require lime and so mixing low-lime fly ash with FGD 
gypsum is not expected to result in significant reaction products. If moisture is added 
deliberately and/or through precipitation, then dissolution of gypsum is possible. In any 
case, little reduction in leachability is expected from mixing low lime fly ash with FGD 
gypsum. 
 
A more effective use of FGD material is in conjunction with lime. Depending on the 
proportions used, this is called the Poz-O-Tec process. The process involves mixing 
0.5-1.0 part or more of fly ash, 1 part of FGD material and up to 4% lime on a dry weight 
basis. In addition to the reactions associated with lime, the addition of gypsum can give 
rise to the expansive mineral ettringite: 

 
2Ca(OH)2 + 3CaSO42H2O + CaOAl2O3 + 24H2O  Ca6Al2(SO4)3(OH)1226H2O        
 
Similarly, there are a number of other minerals in the ettringite family, including charlesite, 
sturmanite, thaumasite and jouravskite19. The formation of new minerals such as ettringite 
immobilizes sulfates, chlorides, metals and essentially any other constituent that can 
combine to form oxides, hydroxides, silicates, carbonates and/or isomorphically substitute 
for one of the ions in these structures. The result is a matrix with reduced leachability and 
increased strength. However, the manifestation of increased strength is not, by itself, an 
indication of contaminant sequestration8. 
 
The use of multi-component silicates, zeolites and organo silanes are relatively recent. In 
the case of multi-component mixtures, the process essentially involves the sequential 
addition of carefully designed proportions of silicates and aluminates as appropriate to 
specific contaminants and matrices10. The result may not necessarily be a cemented 
matrix, but rather a mixture of new minerals that have encased the contaminants of 
concern. This approach couples traditional bench-scale batch testing with chemical 
modeling to optimize additive type and amount.  
 
In addition to their use in compacted clay covers and liners, clay minerals may also be 
blended with coal fly ash to reduce leachability. The primary effect of clay on fly ash is a 
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reduction in hydraulic conductivity. While the addition of clay does not bind fly ash 
particles together, increases in strength are possible. The addition of 20% by weight of 
bentonite to a Class F fly ash resulted in a hydraulic conductivity that dropped from 
1.1x10-5 cm/s to 7.6x10-8 cm/s while increasing effective cohesion and friction angle from 
36 kPa to 53 kPa and 33o to 42o, respectively12.  By definition clay minerals (e.g., 
kaolinite, illite, attapulgite, montmorillonite/bentonite) are characterized by large specific 
surface area and varying swell potential. These attributes reduce the effectively available 
pore space in a structural fill to negligible levels, thereby mitigating ash/water interaction. 
In addition, sorption and exchange reactions may serve to retard positively charged 
contaminants20.   
  
Other investigators have explored combining cementitious additives with clay minerals. 
For example, various mixtures of fly ash, cement and bentonite have been investigated11. 
Their results suggested that the addition of 2.5% of Portland cement resulted in less 
leachability for 13 different trace metals as compared to 10% bentonite for the same type 
and volume of fly ash. However, care must be exercised when mixing lime or cement with 
bentonite. For example, calcium ions from the lime or cement may exchange with sodium 
in the bentonite, thereby reducing the bentonite’s ability to depress the hydraulic 
conductivity and react with possible contaminants of concern. 
  
Another approach to encapsulating coal fly ash in structural fill applications is to modify 
individual particle surfaces with organic silanes (OS). OS has been used as a coupling 
agent in chemical processing applications for over 40 years, following previous 
breakthroughs in silicone chemistry during World War II. Very little work, however, has 
been conducted to advance use in geotechnical and geoenvironmental engineering 
applications. Preliminary reports have suggested that OS-treatment could be effective for 
the control of infiltration and leachate generation in coal fly ash13,14. These reports noted a 
reduction in leachate concentration and complete elimination of infiltration capacity for the 
conditions tested. The key mechanism involved is the transformation of silica-based 
materials from hydrophilic to hydrophobic, as shown below by the beading and ponding of 
water at a treated surface. 
 

 will 

 

 
Figure 1. Typical ponding of water that occurs on OS-treated fly ash and soil. 
 
 
 
 

Treated Sand Treated Local Residual Soil Treated Coal Fly Ash 
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Leaching Considerations 
 

A key consideration with any effort to quantify source leaching concentrations is 
the leaching method employed. A wide variety of leach protocols have been employed to 
characterize the leaching potential of CCRs when considered for use in embankments or 
structural fills. For example, there are more than 60 different leaching procedures, 
including the familiar Toxicity Characteristic Leaching Procedure (TCLP) and Synthetic 
Precipitation Leaching Procedure (SPLP) and Extraction Procedure Toxicity (EP Tox)21.  
These procedures yield insight into possible contaminants of concern yet were never 
envisioned to provide predictive results for structural fill applications. The EPA recognizes 
the concerns in applying such techniques2 : “Because metal leaching rates change with 
changing environmental conditions (especially pH), single point tests may not be the most 
accurate predictor of potential environmental release of mercury or other metals because 
they do not provide estimates of leaching under some disposal or reuse conditions that 
can plausibly occur.” Indeed, in typical leaching tests, the leaching solution 
composition/ionic strength, solid:liquid (L/S) ratio, residence time, temperature and level 
of effective stress are typically quite different than conditions found in structural fill 
applications. The notion of developing field-relevant leach tests has been suggested by 
many investigators22,23,24,25,26,27,28,29.. After considerable deliberation, the EPA ultimately 
selected a tiered assessment methodology referred to as the Leaching Environmental 
Assessment Framework (LEAF)29,30. LEAF outlines a hierarchical approach that explores 
leachability as a function of pH dependence and liquid to solid ratio. The four key 
methods associated with LEAF are presented below: 
 
 
Table 3. Summary of LEAF methods 
 
LEAF 
Method 

Title Output 

1313 
 

pH-dependence Contaminant leachability at a liquid to solid 
ratio of 10:1 for pH values 2-13. 

1314 Percolation column Contaminant leachability as a function of 
column percolation, flowrate set to achieve a 
rate of liquid to solid ratio of 0.75/day 

1315 Mass transfer rates Contaminant mass transfer coefficients for 
diffusion-controlled conditions 

1316 Batch liquid to solid ratio Contaminant leachability at a liquid to solid 
ratio of 10, 5, 2, 1 and 0.5 at the “natural” pH 
of the material. 

Notes: See http://devmconnors.com/leaf/downloads/test-methods/ for test methods and 
data templates.  
 
LEAF methods provide a rational way to generate data which bracket potential leachate 
concentrations from coal fly ash. However it remains unclear how well field-based data 
from actual structural fills will relate to these broad ranges. Such testing may be 
complemented by field-based leaching tests8. 
 
 

http://devmconnors.com/leaf/downloads/test-methods/
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SUMMARY AND CONCLUSIONS 
 
The beneficial use of CCRs in structural fills and mine reclamation has a long history with 
a good environmental track record.    There have been recent projects where constituents 
in CCRs place as structure fill impacted groundwater and the environment.  To address 
these issues adequately without impacting the recycling of CCRs in safe and beneficial 
ways, it is essential that the coal combustion utilities and the CCR recycling industry 
provide meaningful input to the State regulators and EPA to about is necessary to 
construct environmentally safe structural fills.   
 
Part of the difficulty of providing meaningful input comes from using different terms and 
having a different understanding of how CCRs are currently recycled and placed in 
structural fills.   This paper provides a summary of the literature and practical tools for 
engaging the audience (engineers, utility owners and the general public) on the important 
issue of preserving structural fills and mine reclamation as an acceptable beneficial use of 
CCRs.  .   
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