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INTRODUCTION 
 
The implementation of the coal combustion residues (CCR) Rule, signed by the United 
States Environmental Protection Agency (USEPA) in December 2014, will result in 
significant changes in the management practices of CCR including abandonment of wet 
disposal practices, closure of a number of CCR surface impoundments and an increase 
in soil and groundwater corrective actions. Because of the composition and challenging 
properties of ash deposits, size of the impoundment facilities, and tight regulatory 
timescales, special engineering practices and new technologies are expected to be 
required to achieve the regulatory closure and corrective action objectives. Suitable 
options include technologies based on binder treatment such as solidification and 
stabilization.   
 
The new regulations will also set the criteria for beneficial reuse of CCR, which include 
providing functional benefit, meeting regulatory specifications and standards, 
conserving natural resources and proving a sound environmental performance with 
respect to releases to ground water, surface water, soil and air. Due to their composition 
and reactivity, CCR can be beneficially and economically used in binder treatment 
technologies applications as primary binders, pozzolanic additives and amendments to 
improve the performance of and sustainability performance of the closure / remediation 
project.   
 
A variety of applications in binder treatment technologies exist for CCR materials 
including stabilization of soft organic soils for construction of roads and railways, closure 
of waste impoundments including coal tar, refinery sludge, mine tailings and ash ponds, 
treatment of sludge and waste, remediation of contaminated sites and treatment of 
dredged sediments in waterfront sites, among others.  
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BINDER STABILIZATION TECHNOLOGIES 
  
Binder stabilization technologies consist of mixing an alkaline binder, which is a reagent 
containing calcium oxide (quicklime - CaO), to improve the geotechnical properties of 
materials unsuitable for engineering uses and for environmental remediation of 
contaminated sites. The most common binders are Portland cement and lime.  
 
While commercial lime is predominantly composed of CaO, Portland cement contains 
approximately 60% of CaO.  The reactions of the CaO, in media composed of silica, 
alumina, metal oxides and in presence of water, result in the formation of pozzolanic 
products such as calcium aluminate silicate hydroxide (CASH), calcium silicate 
hydroxide (CSH) and calcium aluminate hydroxide (CAH)1,2,3,4,5,6,7. The pozzolanic 
products cement the treated medium and results in an improvement of its geotechnical 
properties including shear strength8,9,10,11, compressibility10,11,12, and permeability9,12,13. 
 
In addition, the reactions promoted by binder treatment result in the reduction of 
mobility, or leachability, of certain organic and inorganic constituents of concern. 
Mechanisms of leachability reduction include, among others, sorption and precipitation 
(chemical stabilization) and physical encapsulation within the micropores or the 
crystalline structure of pozzolanic products and newly formed species (solidification).   
 
In the United States, coal-fired power plants generate several million metric tons of 
(CCR) annually. These include coal ash (fly ash – FA - and bottom ash - BA) and flue 
gas desulfurization (FGD) solids.  A significant portion of these materials is beneficially 
reused each year. For example USEPA14 reported that in 2012, of the total 110 million 
tons of CCR produced in the USA, approximately 51 million tons were beneficially 
utilized. The traditional beneficial uses, which include “encapsulated uses”, in which 
CCRs is bound into a solid matrix that minimizes their mobilization into the surrounding 
environment, such as uses in concrete, concrete grout and FGD gypsum wallboard, 
“unencapsulated uses” in road embankments, structural fills, or agricultural applications 
and mine fill operations.  
 
Due to their composition and reactivity, CCR can be beneficially and economically used 
in binder stabilization applications as primary binders, pozzolanic additives and 
amendments to improve the performance of conventional binders. Class C fly ash, 
which has typically a content of CaO greater than 20%, has been used as an economic 
alternative to binders to increase strength15, 16, 17 and immobilize metal15, 17, 18 or organic 
pollutants19. The CaO content of Class F fly ash, typically lower than 12%, is too small 
to promote pozzolanic reactions. However, due to its composition predominantly made 
of silica, alumina and iron oxide, Class F fly ash is a useful pozzolanic additive and has 
been successfully used, in conjunction with Portland cement, to decrease leachability of 
heavy metals in hazardous waste sludge prior to disposal20. 
 
 
 
 



FGD is largely composed by calcium sulfate dihydrate or gypsum. In presence of CaO 
the soluble sulfate reacts with the alumina liberated by the clay or a pozzolanic material 
to form a series of calcium-aluminate-hydrate compounds including the trisulfate form, 
ettringite27.  A potential problem associated with ettringite formation is volume increase 
or swelling. A number of case histories on binder treatment of soils with high sulfate 
contents report structural degradation and strength loss due to ettringite expansion27. 
However, Dermatas and Meng17 reported that use of fly ash in a binder treated 
contaminated soil resulted in development of cohesive forces, which overcame the 
ettringite-induced swelling pressures, and avoided swelling altogether. FGD, as well as 
gypsum from other sources, has been used in binder stabilization as an additive to 
promote strengthening21, 22, 23, to reduce plasticity and swelling of expansive clays24, 25 
and improve immobilization of pollutants23, 26. 
 
BINDER STABILIZATION FOR CLOSURE OF SURFACE IMPOUNDMENTS 
 
Prior to the CCR Rule, management practices included disposal of significant volumes 
of ash in surface (wet) impoundments or landfills.  FA was typically sluiced and 
disposed of to an on-site impoundment or series of impoundments, where the ash 
settled to the bottom of the ponds. Closure of an impoundment typically involved some 
form of dewatering of the ash and installation of an engineered cover system to reduce 
water infiltration. The main function  and design criterion for a cover system was to 
protect groundwater quality by reducing the volume of leachate released and typically 
did not include load bearing or other geotechnical performance criteria.  
Recent failures of ash impoundments have drawn the focus of regulators on improving 
the standards for engineering design and maintenance of these facilities. As a result, 
the new CCR Rule incorporates an additional set of geotechnical performance 
standards with respect to accommodating loads of the final cover, settlements and 
subsidence and includes considerations on slope stability to prevent the sloughing of 
the closed unit over the long term.  
 
These requirements may have a significant financial impact to owners. However, by 
incorporating considerations for site reuse and revitalization in the closure plans, it is 
possible to transform, with minimal additional capital costs, liabilities into assets 
especially in areas of significant natural or commercial land value. In these cases, a 
holistic engineering approach is required, in which the objectives of closure are 
integrated with those of environmental remediation, geotechnical improvement and land 
restoration to pursue the desired end use.  
 
Integrated approaches for closure/remediation/redevelopment of large waste 
impoundments have been implemented in valuable areas located in industrial land, 
often located near harbors, cities and transportation corridors. Schifano et al.28 
discussed the application of this approach to the closure and redevelopment of a 64-
acre impoundment, shown in Figure 1, containing oil refinery sludge and dredged 
marine sediments.  
 
 



 
Figure 1 – Closure of impoundment using binder stabilization28 
 
The design and construction of the cover system for the impoundment was based on 
the following objectives: 
 

1. prevent human contact with waste 
2. support short-term (construction) loads 
3. support long-term loads from cover and from reuse scenario 
4. accommodate settlements 
5. minimize water infiltration 

 
A conventional capping approach was unfeasible due to the very soft consistency of the 
materials in the impoundment, which could not support the loads of conventional 
construction equipment and would be subject to large long-term differential settlements. 
Therefore, binder stabilization technology was selected to construct a “floating cover”, 
which would function as a work platform during construction and then as a permanent 
cover foundation layer.  A surficial layer of soft materials was treated in-situ using 
mechanical mixing equipment to blend binders, while the majority of the soft materials in 
the impoundment, underlying the stabilized layer, were left untreated. Portland cement 
was used as primary binder to stabilize the waste. Class C fly ash was added in areas 
with very high oil and grease concentrations both as binder, pozzolanic additive and to 
promote adsorption of hydrocarbons29. 
 
The above described “floating stabilized layer” concept, schematically shown in Figure 
2, is generally very effective for deep deposit of waste. The stabilized layer is designed 
on the basis of the concept of a dual layer foundation system, in which most of bearing 
capacity is provided by the stiffer upper layer and minimal stresses are transferred to 
the underlying untreated soft materials30.  
 
 



 
Figure 2 – Schematics of “floating stabilized layer” 
 
 
The thickness and design strength of the stabilized layer depend on the intended use of 
the site other than the strength of the underlying materials. Figure 3 presents a plot of 
bearing capacity and factor of safety (FoS) as a function of the thickness of the 
stabilized layer for short-term construction loads. In particular, the plot refers to a drum 
compactor applying a contact pressure of 1500psf to a stabilized layer with design 
undrained shear strength of 1500 psf.  
    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 – Bearing Capacity versus thickness of stabilized layer for a drum compactor 
 



The factors affecting the strength of a binder treated material include compositional 
properties of the material, the mixing moisture content, which is the sum of the natural 
moisture content and any added moisture during mixing, and the type and quantity of 
binders. Rates of addition of binders are in the range of 5% to 20% based on dry weight 
of the waste material. The lower range typically applies to inorganic materials and the 
upper bound range to materials with a large content of organic constituents.  
   
The applicability of the floating stabilized layer as a foundation and low permeability 
layer of an ash impoundment cover system seems to be warranted by the suitability of 
wet ash to binder stabilization and by the local availability of dry CCR materials that can 
be beneficially used as primary binders and additives. Compared with conventional 
capping technologies, this approach would result in minimization of waste and 
wastewater handling, raw materials use, emissions, transportation and travel and in an 
overall improvement of sustainability performance of the closure project31. 
 
Because of the possibility of beneficially reusing CCR materials as binder and 
pozzolanic additives, the project costs, which in other applications typically are 
governed by binder costs, in the case of ash pond closures would be controlled mainly 
by the construction schedule, which depends mainly on soil mixing production rates. 
These are widely variable depending on the selection of the mixing technology.  
 
For large treatment volumes and shallow mixing depths, mass mixing technology is very 
effective both technically and economically. This technology, shown in Figure 4a, 
consists typically of a mechanical mixing unit attached to a hydraulic excavator. The 
binder is fed under pressure to the mixing tip to minimize release of fine particulates 
during mixing. Mass mixers are capable of efficient mixing of soft materials to depths of 
approximately 15 ft. with production rates in the range of 400 to 800 CY / day.  
 
Another technology applicable to CCR pond closure is the rotovator mixing, shown in 
Figure 4b. This consist of a tractor pulled mixer which is capable of blending binders 
with the soils to a depth of 2 feet with a production rate of up to 4000 CY/day.   
 
 

 
Figure 4 – Binder mixing using a) mass mixing and b) rotovator technology 

a) b) 



BENEFICIAL USE OF CCR IN CORRECTIVE ACTIONS 
 
The new CCR regulations focus on groundwater protection from toxic pollutants 
contained in the CCR materials by imposing groundwater monitoring and, if necessary, 
corrective action requirements.  Much of the knowledge on remediation technologies 
developed in the past few decades centered on organic chemicals, while the suite of 
constituents of concern (COCs) unique to CCR consists largely of inorganic chemicals 
such as arsenic (As), cadmium (Cd), chromium (Cr), lead (Pb), mercury (Hg), and 
selenium (Se) among others. Remedial technologies suitable to remediate these 
constituents, within the aggressive closure timescales set in the CCR Rule are, 
therefore, limited to some hydraulic containment and source treatment technologies. 
 
Hydraulic containment techniques, which include low permeability cover systems and 
subsurface hydraulic barriers, are aimed to retard and divert groundwater flow from and 
minimize infiltration into the source zone and therefore protect groundwater quality by 
reducing the volume of leachate released. Subsurface hydraulic barriers may be used to 
alter the groundwater flow pattern within the CCR pond, retard the groundwater flow into 
and out of the pond and thus alter the volume of leachates and the leaching rates.  
 
Barriers are conventionally constructed using the slurry wall construction method32. This 
technology consists of excavating soils along a trench and blending them ex-situ with 
amendments, typically a few percent of bentonite, to achieve a low permeability. While 
the trench is open, a thick bentonite slurry balances the ground pressures and 
maintains the trench stable. The mixed soil-amendment blend is then placed into the 
trench and the bentonite slurry is displaced. 
 
While the slurry wall construction method is still probably the most popular approach to 
construct a shallow barrier, a number of novel technologies have been developed in the 
past years to overcome some of its limitations such as avoid backfill segregation during 
placement, minimizing handling of excavated materials in contaminated sites and install 
barriers in soils that cannot either be supported by a bentonite slurry or excavated with 
an hydraulic excavator. The Cutter Soil Mixer (CSM) is one of the most promising 
technologies for expedite, in-situ installation of deep barriers in a variety of soil types. 
Figure 5 shows one of the first applications of CSM in the US for the installation of a 
1520-foot long, 50-foot deep, 3-foot thick barrier at a former wood preserving site in 
Brunswick, GA33. Bentonite and binder were mixed with the soils to achieve an average 
permeability of 5 x 10-7 cm/sec and mitigate migration of contaminants from soils 
impacted with a variety of organic and inorganic constituents of concern.  
 



 
Figure 5 – Installation of a subsurface barrier using the CSM technology33 
 
CCR materials can be beneficially used as binders or additives in subsurface barriers 
application to reduce hydraulic conductivity34, 35, improve the geotechnical performance 
of barriers, in terms of strength and compressibility, and improve the durability to 
chemical and physical degradation mechanisms.  
 
Another remedial approach for corrective actions at CCR sites consists of in-situ source 
treatment. Among the suitable technologies available for source control at CCR sites, 
one based on binder stabilization is solidification/stabilization (S/S)36. This technology 
consists of blending binders into the impacted waste mass to promote chemical 
reactions such as precipitation/dissolution, adsorption/desorption and redox reactions, 
which are collectively referred to as “stabilization” mechanisms and result in the 
retardation of contaminant flux.  S/S is also effective in encapsulating constituents by 
chemical and physical entrapment within the matrix of newly formed pozzolanic reaction 
products. This second mechanisms is defined as “solidification”. 
  
S/S has been identified by USEPA as the Best Demonstrated Available Technology 
(BDAT) for treating a wide range of Resource Conservation and Recovery Act (RCRA) 
waste. Also, S/S has been one of the most common in situ technologies used at 
Superfund sites for source control. This technique has been successfully applied to 
different types of waste and contaminated media to immobilize a wide range of 
inorganic, organic, and radionuclide constituents.  
 
A number of successful applications are reported in the technical literature for 
application of S/S to toxic constituents typical of CCR materials, either individually or as 
suites 37, 38, 39. The mechanisms of immobilization differ for the different constituents. 
Immobilization as a result of precipitation of insoluble hydroxides at pH greater than 12, 
which is dominant in pozzolanic systems, is an important aspect of S/S technology for 
many constituents of concern such as  Cd, Cr, Cu, Pb, Ni, and Zn whose solubility  
decreases with increasing pH to a minimum value, at a pH range between 8.5 and 12, 
then increases again40, 41.  



 
Other important immobilization mechanisms at pH greater than 12 are redox controlled 
precipitation, adsorption, isomorphic substitution and encapsulation into and onto 
nanoporous CSH gels as well as incorporation into crystalline components of the 
cement matrix such as portlandite, ettringite, monosulfate and tetracalcium aluminate42.   
For example, the formation of calcium arsenate, Ca3(AsO4)2, and calcium arsenite, 
CaHAsO3, precipitates have been reported to be the main mechanism of immobilization 
of As in contaminated soils that have been treated with cement, lime, and pozzolanic 
material43, 44, 45, 46. Dermatas and Moon18 reported effective treatment of Cr(VI) 
contaminated soils using a blend of quicklime and fly ash in which immobilization of 
Cr(VI) was attributed to formation of the compound 
3CaOAl2O30.5CaCrO40.5CaSO4•nH2O.   
 
Fly ash has been beneficially used as a primary binder or pozzolanic additive in S/S 
application to immobilize metals in waste and contaminated media. For example, fly ash 
alone was successfully employed to immobilize Cr(III)18,47 and, in addition to cement, to 
immobilize As48, Pb, Cu, Zn20 and more complex suite of metals45, 49,50, 51, 52. A number 
of recent applications are reported in the technical literature on the beneficial use of fly 
ash and other binders for the immobilization of heavy metals in co-disposed fly ash and 
concentrated FGD brines53, 54, 55, 56. 
 
The evaluation of the performance of ISS is assessed using the results of bench scale 
laboratory leaching tests.  Among these, state and federal regulatory agencies often 
require the Toxicity Characteristic Leaching Procedure57 and Synthetic Precipitation 
Leaching Procedure58.  These tests are intended to provide a leachate that is 
representative of field leachates from granular media either in a municipal solid waste 
landfill (TCLP) or after contact with acid rain (SPLP).  Both TCLP and SPLP are single-
batch extraction procedures which are broadly used, in part, because they are easy to 
conduct and provide results that are simple to interpret. However, these procedures 
provide no understanding of the underlying release-controlling mechanisms or rate of 
leaching. In addition, batch leaching tests apply to granular media where leaching is 
governed by partitioning between the solid and liquid phases at equilibrium, whereas for 
S/S applications where a monolithic mass is obtained, mass transport by diffusion 
governs the leaching. In these cases, flux-based leaching tests such as ANS/ANSI 
16.159 and ASTM C130860 are considered more appropriate as these tests are carried 
out on monolithic samples of treated materials and capture the time-dependent release 
of contaminants61.  
 
Recently a new set of leaching laboratory procedures, referred to as EPA LEAF tests, 
have been recently issued by EPA to provide a comprehensive evaluation of leaching 
behavior as a function of important variables such as pH, liquid to solid ratio (L/S) that is 
the ratio of volume of extracting solution (liter) to the sample wet mass (grams) and 
dominant mechanisms of leaching (partitioning vs diffusion). It is expected that in the 
future the new LEAF tests, as a suite or individually, will become the preferred methods 
for assessing leaching behavior of S/S treated materials. 
 



A thorough evaluation of S/S performance should allow relating the results of laboratory 
leaching tests, which are considered representative of post-treatment groundwater 
concentrations existing near the S/S treated area, with site cleanup goals, which are 
defined at a point of compliance (POC). This is done by the use of fate and transport 
numerical modeling, which accounts for dilution – attenuation factors in the migration of 
constituents61.   
 
A simplified approach, often used in practice, consists of using laboratory leaching data 
prior and after treatment to estimate the leaching reduction. More precisely, the results 
of the pre-treatment batch leaching test carried out on the untreated materials are 
compared to the results of a post-treatment flux-based leaching test on a monolithic 
sample of treated materials. In order to account for different testing procedure between 
pre- and post- treatment leaching tests, including different ratios of volumes of 
extracting solution to mass of sample, L/S, between pre- and post-treatment tests, the 
leaching reduction should be computed on the basis of pre- and post-treatment leaching 
mass ratio (LMR) that is total mass of constituent in the leachate divided by the total 
mass of untreated (wet) soil used in the test62. Thus, the leaching reduction is defined 
as follows: 
 
Leaching Reduction = [LMR Pre-treatment – LMR Post-treatment ]* [1/LMR Pre-treatment] 
 
In order to calculate the LMR the concentration of constituent in the leachate (mg/liter) 
is multiplied by the L/S (liter/mg). 
 
CONCLUSIONS 
 
New regulations on management of coal combustion residuals (CCR) are expected to 
result in an increased number of closures of CCR impoundments and an increased 
number of corrective actions, including soil and groundwater remediation. Because of 
the challenging properties of ash deposits, the size of these facilities, and tight 
regulatory timescales, special engineering practices and new technologies are expected 
to be required to achieve the regulatory closure, environmental and structural stability 
objectives. Suitable options include binder treatment technologies.  
 
Because of their composition and reactivity, CCR can be beneficially and economically 
used as primary binders, pozzolanic additives and amendments to improve the 
performance of binder treatment technologies and sustainability performance of the 
closure / remediation project.  
 
Applications of CCR materials in binder treatment technologies include stabilization of 
soft organic soils for construction of roads and railways, closure of waste impoundments 
including coal tar, refinery sludge, mine tailings and ash ponds, treatment of sludge and 
waste, remediation of contaminated sites and treatment of dredged sediments in 
waterfront sites, among others.  
 



Given the variety of applications, a significant market need for CCR materials as binder 
and pozzolanic additives is expected in the years to come. Just for the application to 
closure of CCR impoundments, which is expected to amount to thousands of acres of 
ash ponds closure within the next few years, the potential market of CCR materials 
could be on the order of millions of tons per year.  
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