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Preface

Stabilization/Solidification (S/S) is a remedial technology that has attracted

widespread use around the world. S/S employs readily available cement-based
binders that can be formulated into a targe
into a hardened engineering material. The application of S/S results in the physical

and chemical stabilization of contaminated material over the long term, enabling

disposal or re-use on- or off-site.

In this second volume on S/S, the authors present the state of the art of the
application of S/S in the field. As such, t
by regulators, professionals and informed individuals. Considering the multinational
contributions to this work, the reader may note that sometimes words may use the

Uni t ed Kingdom Engl i sh stgbiiza t i D g O fat heerx amp
conventional American English spelling Asta
meaning should be clear.

This OManual 6 has been prepar ed iracttionere se con
and vendors of S/S who apply this remedial technology on a day-to-day basis. As

such, this o6Manual 6 wi ll provide an author.i
involved in managing the risks associated with contaminated soil and waste.

The authors are indebted to the hard work and professionalism of the contributors to
this work, and it is their invaluable contributions that have made this Manual of
Practice possible.

The companion volume to this work entitled: Stabilization and Solidification of
Contaminated Soil and Waste: Science draws extensively from the scientific
literature and personal experience of the authors, and is intended to deliver a readily
accessible account of the science underpinning S/S. Both volumes should be seen
as complimentary, providing invaluable insight into why S/S is a versatile risk
management strategy, fit for the 21 Century.

Edward Bates and Colin Hills

Cincinnati, Ohio University of Greenwich, UK

September 2015
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Summary

This manual of practice brings together the collective experience of leading
practitioners in the design and execution of remedial actions employing S/S.

This manual presents the state of the art in the application of S/S for the remediation
of contaminated land and treatment of waste.

The information presented is, to the contributing editors™ knowledge, not available in
any single document anywhere at the current time.

The simple structure of this manual is designed to inform the reader on the
background of S/S, and then to the site assessment of risk, the design and selection
of binders and the choice of equipment, to field-execution and product quality
control/assurance, and finally to capping and post-remedial management of sites
that have been treated using S/S.

It is intended that this manual will provide an accessible reference source for the
planning and execution of S/S under most circumstances, and includes an inventory
of over 200 completed S/S operations in the USA and elsewhere, and more than 40
detailed case studies where S/S has been successfully used to treat both organic
and inorganic contaminated materials.

Each section of this manual has encapsulated the world experience of recognised
experts in his/her particular expertise. However, it should be noted that the subject
material presented here represents the considered views of the authors and should
not be taken to necessarily represent
government or private organisation, or of the other contributors to this work.

The mention of trade names or commercial products are for illustrative purposes
only, and does not constitute an endorsement or recommendation for use in any
application, and no public or private funding was provided for preparing this
document.
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1.0 Introduction and overview

1.1 Purpose

This book presents a synthesis of the practical experience in the remediation of
hazardous waste sites by stabilization and solidification technology (S/S)
professionals. The sites that typically require treatment are contaminated by industrial
residues and present a risk to human health and the environment.

The practical experience contained herein is intended to act as a reference source
on: the suitability of wastes for treatment, the design, application and quality aspects
of S/S, and other key issues that (together) capture how S/S is applied in the field
and validated as a risk-management strategy.

The issues facing the practitioner on how to implement S/S are discussed, and the

Oknow howo presented shoul d therremediatom ofval uab
contaminated land and treatment of waste by S/S. No decision regarding treatment

should be based solely on this document. Rather this document should be used in

conjunction with other references and the knowledge of skilled professionals to reach

reasoned decisions to fit the needs of any specific site.

Each contributing author is a recognised authority on the application of S/S and is
responsible for the material presented in their respective sections. Contributing
authors have experience gained from the application of SS in the USA, Canada, the
United Kingdom and Continental Europe 7 experience that the editors believe is not
shared in any other published work.
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1.2 Target audiences

This AManual of Pr a c tas a pradticah raferende doeregulataess i g n e d
site owners, engineering firms, and others involved in selecting, designing, bidding,

and providing oversight for the remediation of hazardous waste sites using S/S. This

book provides guidance on applicable contaminants, site characteristics, project

planning, equipment capabilities, production rates, performance specifications and

the quality assurance of S/S treated materials.

This manual should provide stakeholder reassurance on the appropriateness of S/S
as a viable and cost effective technology for managing the risks associated with
contaminated soil and waste. Included are references to numerous case studies and
an extensive reference list of completed projects that successfully employed S/S.
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1.3 Definition of terms

The term Solidification/Stabilization has been defined somewhat differently in various
publications and promulgated regulations. This manual of practice follows the
definitions for solidification and stabilization as presented in the Interstate Technology

and Regul atory Council document 6Devel opmen
Solidification/ Stabilizationdé (I TRC 2011):
AAl t hough solidification and stabilizati on

implemented simultaneously through a single treatment process. The EPA defines
each as follows (EPA 2000):

6Sol i di finvalvestthe grodsses that encapsulate contaminated material to
form a solid material and restricts contaminant migration by decreasing the surface
area exposed to leaching and/or by coating the contaminated material with low-
permeability materials. Solidification is accomplished by mechanical processes,
which mix the contaminated material with one or more reagents. Solidification
entraps the contaminated material within a granular or monolithic matrix.

0St abi | inlees theopnoéesses where chemical reactions occur between the
reagents and contaminated material to reduce the leachability of contaminated
material into a stable insoluble form. Stabilization chemically binds free liquids and
immobilises contaminated materials or reduces their solubility through a chemical
reaction. The physical nature of the contaminated material may or may not be
changed significantly by this process.

The following definitions for in-situ and ex-situ are used in this manual of practice. In-
situ and ex-situ - are defined based solely on the manner in which the treatment
mixing is accomplished. Various regulatory agencies and authors have defined these
terms differently and their definitions may have significance regarding specific
requirements that must be met. For this Manual of Practice the following definitions
are used.

0 ksni tis defined to mean that the contaminated soils/sludges are mixed with
treatment reagents without removing the contaminated soils from the ground. After
treatment the material may be left in its original location, placed in a different location
on-site, or be sent off-site.

0 Ex i tisudéfined to mean that the contaminated soil/sludge was excavated from its
original location in the ground and then mixed with treatment reagents. After
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treatment the material may be returned to its original location, placed in a different
location on-site, or be sent off-site.

As an example, reagents could be applied either as solids or as a grout directly to
contaminated soils and then be mixed with an excavator. This would be in-situ
treatment. If however the contaminated soils were removed from the ground and
placed in a nearby mix pit, then reagents were added and mixed with an excavator,
this would be ex-situ treatment.

These definitions are based on the mixing equipment and the approaches and are
used in this document. Regulatory definitions may, however, differ from these
definitions, and from agency to agency.

Other terms such as site remedial goals, material performance goals, specifications,
etc., are defined below and discussed in Section 7 and essentially follow the
definitions used by ITRC (ITRC, 2011).

1 Remedial Goals i overall objectives of the remedy to address the identified
risk pathways

1 Material Performance Goals i expected behaviours of the treated S/S
material to support meeting the remedial goals

1 Material Performance Specifications i the collection of parameters, tests
and criteria to be utilised in developing a mix design and in evaluating the
ability of the mix design to meet the material performance goals

1 Construction Performance Specifications T the collection of parameters,
tests and criteria to be utilised to verify that the treated material created
during implementation is consistent with the materials developed and
characterised during the treatability testing and that key performance
characteristics (e.g., strength, permeability, and possibly leaching reduction)
are consistently met as the treatment progresses
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1.4 Appropriate uses of S/S technology

With the development of an effective binder formulation and careful implementation,
S/S can be used to treat a wide range of organic and inorganic contaminants in soils
and sludges. Excavated sediments are also treatable. Section 3 discusses potential
applications and considerations in detail, while the appendices provide numerous
examples.

Generally, S/S can be used to treat metallic compounds, longer chain petroleum
hydrocarbons and many of the larger chlorinated organics. Figure 1.1 is typical of a
siteup&etwhere a binder system empl oyi
excavated-material, in an ex-situ treatment step. The three reagent silos (cement, fly
ash, activated carbon) and a pug-mill were used to treat soils contaminated with
creosote, pentachlorophenol (PCP), dioxins, and metals, at the American Creosote
Site in Tennessee. One of the considerable strengths of S/S is its versatility of
application, using commonly available reagents in a formulation designed to manage
the risks from contamination at a specific site. The successful treatment of soils at the
American Creosote site is a good example of this (Bates et al, 2002).

Although dioxins can be treated quite easily with S/S, PCP can be difficult hence the
use of activated carbon in the treatment formula employed at American Creosote. It
should be noted that S/S often is not very effective for treating volatile organics or
volatile inorganics, nor is very effective for treating liquid fuels or organic solvents
such as benzene, toluene and xylene. Fortunately other technologies such as
bioremediation and vapour extraction can be very effective for such contaminants.

However, if contaminants for which S/S is not well suited are present in a soil or
sludge at very low concentrations, then often the material can be treated using a
modified binder, incorporating activated carbon or organophilic clays into the
formulation. Figure 1.2 depicts the installation of a grout slurry blanket over a bermed
cell to minimise emissions during subsequent in-situ S/S treatment employing such a
special binder.
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Figure 1.2: Installing a grout slurry blanket to reduce emissions during in-situ
S/S treatment
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It should be noted that S/S is generally easier to implement in sandy, silty or gravely
soils, than in soils with high clay content as it is easier to achieve a uniformity of
mixing in the former, while the latter may tend to leave residual clay balls of unmixed
and untreated material. Sections 3.1 and 3.2 of this document provide a more
detailed discussion regarding appropriate contaminant types and soils for treatment
by S/S.

The use of S/S for managing the risk associated with contamination arising from
industrial processes has a long history, extending back more than half a century. The
successful application of S/S is however dependent upon a detailed knowledge of the
behaviour of contaminants in the environment, the soil-matrix to be treated, the
appropriate choice of binder systems and its application to produce a rock-like
monolithic or granular product in which contaminants are encapsulated.

The following sections of this document present the collective real-world experience
of leading practitioners on how S/S is applied and validated as a versatile risk
management strategy.
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1.5 Long term performance

S/S stabilized soils and wastes are vulnerable to the same physical and chemical
degradation processes that affect any other cement-bound material. Any impact on
the binder system can affect its capacity to immobilise contaminants in the longer-
term.

Stabilized/solidified material will differ from conventionally bound materials in
significant ways. S/S systems incorporating cement as the primary binder are (to a
certain extent) analogous to concrete, which is widely used as a construction
material. Concrete is a carefully designed product with specific physical and
mechanical properties. An S/S system however is inherently a more heterogeneous
product, and therefore cannot be as precisely engineered as its final characteristics
are not normally accurately predicted.

Figure 1.3 is a conceptual model of an S/S system, which illustrates the complexity
of the processes and the impactors on performance with time. The key variables
underlying the efficacy of S/S can be described as the nature of the soil/waste
matrix, the contaminants, the interaction with the binder system and the transport
properties of the waste form and surroundi ng
engineered containment, or the inherent geology of the site of deposition/placement.

Acting upon the waste form after placement are the specific environmental loads,
operating in the environment of service. These may include a hydraulic gradient,
gaseous or saline infiltration, micro- and macro-biological activity, freeze-thaw etc.
Together, all of these variables will dictate the performance of the waste form with
time 1 time that should ideally be measured in millennia.

Despite the very different design specifications, and nearly 60 years of the use of
S/S in the USA, it is encouraging to note that there are no reported major failures of
S/S waste-forms in that country. Similarly, this observation has been supported by
the findings of the PASSIiFy project (PASSiFy, 2010), which examined samples of
S/S materials taken directly from remedial operations in the USA, UK and France
(see Table 1.1).
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Figure 1.3: Conceptual model of a site with environmental loading

The PASSIFy study highlighted that a number of risk-indicators were present in the
samples examined, but these did not indicate the onset of deleterious reactions. As
waste forms appeared to behave much like cement-bound materials, the interactions
between the soil-fraction, the waste and the binder system could be explained.

The life expectancy (the time in service where contaminants are not significantly
released) of different S/S systems is predicted to extend from decades to thousands
of years. Performance is dependent upon the binders being employed, the
contaminants being treated and the environmental loads impacting upon the waste
form. Figure 1.4 presents data taken from several studies to predict the long-term
behaviour of S/S systems.
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Table 1.1: S/S applications examined in 2010

Contaminants | Age | S/S Method
R
. olnl> = b :
Site % <| 0| o|T| = 5 §<n G <3 g= Observations
522 0m 2 N EINE
@ 1|7 X Z|2|3|5(512
<
(yrs) =
American All chemical and physical
Creosote, x|« - targets met, apart from
0|00 3 0(0(0|0 - .
Tennessee, permeability. Evidence of
USA natural weathering
All original tar met.
Pepper Steel, | ) o] origina targets met
. 0 14 0|0|0 Evidence of natural
Florida, USA :
weathering
South 8th All original targets mgt,
. . . . apart from compressive
Street, o] 0|0 4 |0 0|0 .
strength. Evidence of
Arkansas, USA .
natural weathering
Georgia Power All original targets met,
Company, 5l 1 12 sl 1 apart from compressive
' strength. Evidence of
Georgia, USA natural weathering
Selma, 3 5 _ | All original targets met.
o] 5 o] o] :
California, USA No weathering data
All original targets met.
Halton, UK 0 5 |0 0 0 Evidence of natural
weathering
All original targets met.
Caerphilly, UK 0 0| 1 |0 0| Evidence of natural
weathering
Quarry Dump, sl 10 15l 15 All original targets met,
USA apart from permeability
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Figure 1.4: Longevity of S/S materials proposed by selected authors
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1.6 History of use of cementitious binders

The history of modern cement begins with the endeavours of the British Engineer
John Smeaton. Charged with rebuilding the Eddystone Lighthouse in Cornwall,
England, during the mid-eighteenth century, his quest to find a durable water-
resistant material led to the discovery that the best mortars were made by calcining
limestone containing clay impurities (Miller, 2009; Hall, 1976). The resulting strong
bi nder according to Smeaton dAwould equal t h
solidity and durabilityo (MacLaren and White

However, the story of cementitious binders actually spans 9 millennia, as described
below. The secrets of making a perfect binder were lost for well over a thousand
years after the fall of the Roman Empire. In the interim period leading up to the
Industrial Revolution, simple lime mortars were used. These materials had little or no
hydraulic properties (the ability to set underwater), and only fully set upon prolonged
contact with carbon dioxide from the atmosphere, and consequently, from the
surface inwards (Hall, 1976).

The Romans were accomplished at producing high quality hydraulic cements by
blending quicklime, sand, volcanic ash and aggregate, and even used ox blood as a
plasticising agent! Unlike modern concretes, the secret of these mixtures was the
use of the pozzolanic volcanic ash, named after the Pozzuoli, near Naples in Italy
where it is found.

Pozzolanic cements derive their strength from the rich silica and aluminate phases in
the ash, which react with lime to form hydrated calcium silicates and aluminates.
These compounds are similar to the cementing minerals in modern Portland cement
(MacLaren and White, 2003; Hall, 1976).

Il n his &6Ten Books on Ar chi tVéraoviusiadwséd optheb | i s h e (
use of different types of aggregate and binder ratios for specific applications. By the

middle of the first century AD, Roman civil engineers had mastered the art of

underwater concreting and constructed the harbour at the city of Caesarea. The

importance of the raw materials quality, the detrimental effect of sand contaminated

with earth and the problems associated with the excessive use of marine sand were

then clearly understood (Delatte, 2001). The attention to detail, and use of specified

ingredient is key to the endurance of many Roman structures, including the

Pantheon, the Pont du Gard, and the Basilica of Constantinople (Wayman, 2011,

MacLaren and White, 2003).
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It is likely, however, that the Romans inherited cement technology from their Greek
neighbours (Wayman, 2011). One of the best examples is a 3000 year-old cast
water tank in the ancient city of Kamiros, on the Greek island of Rhodes. Analysis of
this tank has shown that the Greeks had an excellent knowledge of concretes,
practiced careful blending of different grades and types of aggregates, and mixed
binders composed of volcanic earth and lime. The concrete on Rhodes still exhibits
excellent compressive strength, elastic properties and low porosity despite exposure
to weathering over millennia (US Department of Energy, 2000).

Whilst the Romans and Greeks were perfecting pozzolanic-based formulations, the
Chinese explored alternative additives. The pyramids of Shaanxi, built during the Qin
Dynasty around 200BC, contained conventional mixtures of lime and volcanic ash or
clay, whereas more unusual materials were used in other applications (Miller, 2009).
Lime was mixed with sticky rice to create a remarkable composite construction
medium employed in all manner of important buildings, including tombs, urban
constructions, and water conservancy facilities (Yang et al., 2010).

From the third millennium BC, the Egyptians developed their own skills in the use of
cementitious binders. The earliest construction utilised simple clay mortars to bind
stone blocks. As their technology advanced, gypsum or lime-based mortars were
adopted for the construction of the later pyramids. Like the Romans and the Greeks,
the Egyptians were able to effectively work with the raw materials available to them,
and formulated numerous different mortars from burnt lime and gypsum, in
combination with marly limestone, kaolinitic clay, natron salt, sand, and
diatomaceous earth.

An alternative theory proposed in the mid-1980s suggests the casing stones of the
pyramids of Giza were in fact cast in-situ, using a granular limestone aggregate and
an alkali alumino-silicate-based binder (MacKenzie et al., 2011; Jana, 2007). On the
Indian subcontinent, an equally wide variety of cement types were in use from the
third millennia BC. Gypsum and lime cements, and bitumen mortars were utilised for
wells, drains and building exteriors in early Bronze Age settlements such as the
Mohenjo-Daro (Mound of the Dead) (Mays, 2010).

Between the third and first millennia BC, the kingdoms of Mesopotamia were also
creating binders from local raw materials. Clay, bitumen or lime-based cements were
used to bond adobe bricks or stone blocks in structures from courtyard houses to the
immense ziggurats (Barbisan & Guardini, 2007; Rogers, 1900). Bitumen was also
employed for waterproofing. Blended materials (e.g. bitumen with clay, or lime with
bitumen) were routinely used for specific applications (Moorey, 1994; Johnson,
1987).
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One of the earliest examples of the use of cementitious materials is at the early
Bronze Age village of Yiftahel in Northern lIsrael. Yiftahel is one of the oldest
permanent villages ever found, and contains a number of concrete floors. Carbon-14
dating of seeds embedded in the floor suggests that it was laid approximately 8850
years ago, in two layers, consisting of a roughly compacted lower layer, and a
careful troweled surface. Analysis of samples from the floor showed that it is
composed of nearly pure calcium carbonate and a small amount of silica which was
probably sand, and exhibits compressive strengths equivalent to modern structural
concrete (Kanare et al., 2009; US Department of Energy, 2000).

When it comes to the use of cementitious binders, it seems there is little we could
teach our ancient ancestors!
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1.7 Information sources on S/S systems

There is a considerable amount of information in the literature about S/S, including in
excess of 2000 journal papers and other documents. However, to obtain a balanced
and authoritative view on the merits and difficulties of using S/S to treat soil and
waste, the authors have identified a number of key information sources, which
together provide a wealth of information on S/S technology. These include regulatory
and industry guidance, the scientific literature and from networks and discussion
groups, and are given in Tables 1.2 to 1.6 below.

1.7.1 General information

A number of general information resources on S/S in Table 1.2 are available to
provide insight into all aspects of S/S.

1.7.2 Technical information

The documents identified in Table 1.3 provide more technical information on specific
aspects of stabilization/solidification technology.

1.7.3 Government departments and agency information resources

A number of agencies are responsible for the regulation and enforcement of
environmental policies relating to contaminated land, pollution, and treatment.
Information pertaining to these is given in Table 1.4.

1.7.4 Research, committees and associations

Listed in Table 1.5 are organisations that represent major industries related to S/S
and/or conduct research into key topics connected to S/S.

1.7.5 Forums, networks, and discussion groups

The list given in Table 1.6 includes platforms, which allow contractors, planners,
developers and researchers to share information and knowledge.
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Table 1.2: General information sources on S/S

Publisher/Authors

Date

Title/Publisher

Environment Agency

2004

Guidance on the use of
Stabilization/Solidification for the Treatment of
Contaminated Soil. Science Report
SC980003/SR2.

Al-Tabbaa, A. and
Perera, A.S.R

2006

UK Stabilization/Solidification Treatment and
Remediation 7 Parts 1-7. Advances in S/S for
Waste and Contaminated Land i Proc. Int.
Conf. on Stabilization/Solidification Treatment
and Remediation. pp 367-485.

BCA

2001

Cement-based stabilization and solidification for
the remediation of contaminated land. British
Cement Association Publication 46.050.

BCA

2004

The essential guide to stabilization/solidification
for the remediation of brownfield land using
cement and lime.

BCA

Concrete Centre

2005

Remediating brownfield land using cement and
lime. British Cement Association.

Environment Agency

2004

Review of Scientific Literature on the use of
Stabilization/solidification for the Treatment of
contaminated soil, solid waste and sludges.
Science Report SC980003/SR2.
http://publications.environment-
agency.gov.uk/pdf/[SCHO0904BIFP-e-
e.pdf?lang=e/pdf

USEPA

1999

Solidification/stabilization Resource Guide.
Report EPA/542-B-99-002. April 1999.
http://www.epa.gov/tio/download/remed/solidsta

b.pdf

Construction
Information Service

http://www.ihs.com/products/design/uk-
solutions/construction-information-service.aspx

Contaminated Site
Clean-Up Information

http://clu-in.org/remediation

Portal for Soil and
Water Management in
Europe

http://www.eudris.info

Soil Environmental
Services

http://www.soilenvironmentservices.co.uk
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http://publications.environment-agency.gov.uk/pdf/SCHO0904BIFP-e-e.pdf?lang=e/pdf
http://publications.environment-agency.gov.uk/pdf/SCHO0904BIFP-e-e.pdf?lang=e/pdf
http://publications.environment-agency.gov.uk/pdf/SCHO0904BIFP-e-e.pdf?lang=e/pdf
http://www.epa.gov/tio/download/remed/solidstab.pdf
http://www.epa.gov/tio/download/remed/solidstab.pdf
http://www.ihs.com/products/design/uk-solutions/construction-information-service.aspx
http://www.ihs.com/products/design/uk-solutions/construction-information-service.aspx
http://clu-in.org/remediation
http://www.eugris.info/
http://www.soilenvironmentservices.co.uk/

Table 1.3 Technical information sources on S/S

Organisation/Authors Date | Title/Publisher

Barnett, F., S. Lynn, 2009 | Technology Performance Review: Selecting

and D. Reisman and Using Solidification/Stabilization Treatment
for Site Remediation. EPA 600-R-09-148.

Army Environmental 1998 | Solidification Technologies for Restoration of

Policy Institute (AEPI Sites Contaminated with Hazardous Wastes.

Conner, J.R 1997 | Guide to Improving the Effectiveness of
Cement-Based Stabilization/Solidification.
Portland Cement Association. PCA: EB211.

Conner, J.R 1990 | Chemical Fixation and Solidification of
Hazardous Wastes. New York, New York: Van
Nostrand Reinhold.

Conner, J.R, and 1998 | The History of Stabilization/Solidification

Hoeffner, S.L. Technology, Critical Reviews in Environmental
Science and Technology, 28 (4), pp 325-396.

USEPA 1997 | Innovative Site Remediation Design and
Application, Volume 4:
Stabilization/Solidification. EPA 542-B-97-007.

USEPA 2013 | Superfund Remedy (Technology) Selection
Reports, First thru Fourteenth Editions.
http://clu-in.org/asr

EPRI 2012 | State-of-the-Practice Liners and Caps for Coal
Combustion Product Management Facilities,
Electric Power Research Institute, EPRI, Palo
Alto, CA, October 2012, Report 1023741.

Interstate Technology & | 2011 | Development of Performance Specifications for

Regulatory Council Solidification/Stabilization.

(ITRC) http://www.itrcweb.org/GuidanceDocuments/so
lidification stabilization/ss-1.pdf

Ramboll Norge AS 2009 | Cement Stabilization and Solidification (STSO):
Review of Techniques and Methods, Ramboll
Norge AS, Oslo, Norway. Rap001-1d01,
57.20009.

Paria, S. and P.K. Yuet | 2006 | Solidification/stabilization of organic and

inorganic contaminants using Portland cement:
A literature review. Environmental Reviews
14(4):217-255.
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http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P1006AZJ.txt
http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P1006AZJ.txt
http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P1006AZJ.txt
http://www.cluin.org/download/remed/Army%20solidification-technologies-contam.pdf
http://www.cluin.org/download/remed/Army%20solidification-technologies-contam.pdf
http://cluin.org/download/contaminantfocus/dnapl/Treatment_Technologies/Innovative_site_stabilization_solidification.pdf
http://cluin.org/download/contaminantfocus/dnapl/Treatment_Technologies/Innovative_site_stabilization_solidification.pdf
http://cluin.org/download/contaminantfocus/dnapl/Treatment_Technologies/Innovative_site_stabilization_solidification.pdf
http://clu-in.org/asr/
http://www.itrcweb.org/Documents/solidification_stabilization/ss-1.pdf
http://www.itrcweb.org/Documents/solidification_stabilization/ss-1.pdf
http://www.itrcweb.org/GuidanceDocuments/solidification_stabilization/ss-1.pdf
http://www.itrcweb.org/GuidanceDocuments/solidification_stabilization/ss-1.pdf
http://cluin.org/download/techfocus/stabilization/ramboll-mixing-head-stabilizationRap-001-Id-01-SoA-01.pdf
http://cluin.org/download/techfocus/stabilization/ramboll-mixing-head-stabilizationRap-001-Id-01-SoA-01.pdf
http://dspace.nitrkl.ac.in/dspace/bitstream/2080/346/1/paria-envrev-2006.pdf
http://dspace.nitrkl.ac.in/dspace/bitstream/2080/346/1/paria-envrev-2006.pdf
http://dspace.nitrkl.ac.in/dspace/bitstream/2080/346/1/paria-envrev-2006.pdf

PASSIFy Project

2010

Performance Assessment of
Solidified/Stabilized Waste-forms, An
Examination of the Long-term Stability of
Cement-treated Soil and Waste (Final Report),
CL:AIRE, RP16.

http://www.claire.co.uk/index.php?option=com
cobalt&view=record&cat id=23:stabilization-
solidification&id=298:performance-
assessment-of-stabilizedsolidified-waste-
forms-passify&ltemid=61

Spence, R.D. (Editor)

1993

Chemistry and Microstructure of Solidified
Waste Forms. Lewis Publisher.

Taylor, H.F.W.

1997

Cement Chemistry. Thomas Telford
Publishing, London.

Table 1.4 Information on S/S from government departments and agencies

Organisation/Body

Address

Environment Agency

http://www.environment-agency.gov.uk/

Department for
Environment, Food and

Rural Affairs

https://www.gov.uk/government/organisations/department-

for-environment-food-rural-affairs

United Nations
Environment
Programme

http://www.unep.org/

European Environment
Agency

http://www.eea.europa.eu/

Agency for Toxic
Substances and

Disease Registry

http://www.atsdr.cdc.gov

Army Environmental
Policy Institute

http://www.aepi.army.mil/

UK Government

https://www.gov.uk/contaminated-land

United States
Department of Justice:
Environment and
Natural Resources
Division

http://www.justice.gov/enrd/
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http://www.claire.co.uk/index.php?option=com_cobalt&view=record&cat_id=23:stabilisation-solidification&id=298:performance-assessment-of-stabilisedsolidified-waste-forms-passify&Itemid=61
http://www.claire.co.uk/index.php?option=com_cobalt&view=record&cat_id=23:stabilisation-solidification&id=298:performance-assessment-of-stabilisedsolidified-waste-forms-passify&Itemid=61
http://www.claire.co.uk/index.php?option=com_cobalt&view=record&cat_id=23:stabilisation-solidification&id=298:performance-assessment-of-stabilisedsolidified-waste-forms-passify&Itemid=61
http://www.claire.co.uk/index.php?option=com_cobalt&view=record&cat_id=23:stabilisation-solidification&id=298:performance-assessment-of-stabilisedsolidified-waste-forms-passify&Itemid=61
http://www.claire.co.uk/index.php?option=com_cobalt&view=record&cat_id=23:stabilisation-solidification&id=298:performance-assessment-of-stabilisedsolidified-waste-forms-passify&Itemid=61
http://www.environment-agency.gov.uk/
https://www.gov.uk/government/organisations/department-for-environment-food-rural-affairs
https://www.gov.uk/government/organisations/department-for-environment-food-rural-affairs
http://www.unep.org/
http://www.eea.europa.eu/
http://www.atsdr.cdc.gov/
http://www.aepi.army.mil/
https://www.gov.uk/contaminated-land
http://www.justice.gov/enrd/

USEPA

https://clu
in.org/techfocus/default.focus/sec/Sdiicktion/cat/Overview/

European Union

http://ec.europa.eu/environment/index en.htm

Environment

Table 1.5 Information on S/S from research, committees and associations

Organisation/Body

Address

Portland Cement Association

http://www.cement.orqg/

Environmental Protection UK

http://www.environmental-protection.org.uk/

Contaminated Land:
Applications in Real
Environments (CL:AIRE)

http://www.claire.co.uk/

The Concrete Centre

http://www.concretecentre.com/

Construction Industry Research
and Information Association

http://www.ciria.orq/

Interstate Technology &
Regulatory Council

http://www.itrcweb.org/

The Chartered Institution of
Water and

Environmental Management

http://www.ciwem.org/

Chartered Institute of
Environmental Health

http://www.cieh.org/

British Cementitious Paving
Association

http://www.britpave.org.uk/

Cement Association of Canada

http://www.cement.ca/en

Table 1.6: Information on S/S from forums, networks, and discussion groups

Organisation/Body

Address

Network for Industrially
Contaminated

http://www.nicole.org/
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https://clu-in.org/techfocus/default.focus/sec/Solidification/cat/Overview/
https://clu-in.org/techfocus/default.focus/sec/Solidification/cat/Overview/
http://ec.europa.eu/environment/index_en.htm
http://www.cement.org/
http://www.environmental-protection.org.uk/
http://www.claire.co.uk/
http://www.concretecentre.com/
http://www.ciria.org/
http://www.itrcweb.org/
http://www.ciwem.org/
http://www.cieh.org/
http://www.britpave.org.uk/
http://www.cement.ca/en
http://www.nicole.org/

Land in Europe

Stabilization/solidification
treatment and

remediation network

http://www-starnet.eng.cam.ac.uk/

Brownfield Briefing: News,
Views, Analysis

http://www.brownfieldbriefing.com/

Common Forum on
Contaminated Land

http://www.commonforum.eu/

Association for Environmental
Health & Sciences (AEHS)

http://www.aehsfoundation.orq/

Environmental Knowledge
Transfer Network

https://connect.innovateuk.org/web/sustainabili
tyktn
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http://www-starnet.eng.cam.ac.uk/
http://www.brownfieldbriefing.com/
http://www.commonforum.eu/
http://www.aehsfoundation.org/
https://connect.innovateuk.org/web/sustainabilityktn
https://connect.innovateuk.org/web/sustainabilityktn

2.0 History of S/S as arisk management tool

2.1 Use of S/Sin the USA (Superfund and RCRA)"

The United States has been a leader in the application of treatment technologies for

remediation of hazardous waste sites including the application of
Solidification/Stabilization (S/S). Sites are remediated under a number of regulatory

programs including the wellkk nown A US Environment al Agency
program. Others include the A USEPA RCRA Corrective Action
clean-up programs, and private party voluntary clean-up actions (without USEPA or

State oversight).

A comprehensive compilation of all site clean-up actions, or a comprehensive list of
all sites remediated by S/S is not readily available. Perhaps the most authoritative
data base available on the selection of S/S for site remediation is that compiled by
the USEPA Superfund program which tabulated 280 S/S source treatment
technology selections spanning the 30 fiscal years (FY) 1982-2011 (USEPA 2013,
Appendix B).

2.1.1 The regulatory impetus for the remediation of sites in the USA

A strong driving factor for development of treatment technology and hazardous site

remediation in the United States has been Federal legislation mandating
responsibility for management of hazardous wastes and remediation for sites
contaminated by past operations. In 1976 the US Congress passed The Resource
Conservation and Recovery Act (RCRA) owhi ch
hazardous wast e fto-pprma v € @ e dbradliencl udes t
transportation, treatment, storage, and di sr
In 1984 HSWA - the Federal Hazardous and Solid Waste Amendments focused on

waste minimization and phasing out land disposal of hazardous waste (USEPA

2011).

Of considerable importance under RCRA regulations, is that a generator of
hazardous wastes is not absolved of liability for proper management and disposal of
these wastes by contracting these services to another party. RCRA however was
designed to apply to current and future generators of hazardous wastes.

'The information presented in this section i
is not intended to present the policy of the USEPA, nor has it been reviewed and
approved by the USEPA.
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In 1980, the US Congress enacted the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA, or Superfund) to address the dangers of
abandoned or uncontrolled hazardous waste sites. CERCLA provides the USEPA
and other federal agencies the authority to respond to a release or a substantial
threat of a release of a hazardous substance into the environment, or a release or
substantial threat of a release of "any pollutant or contaminant, which may present an

i mmedi ate and substanti al danger to public

1). This legislation has been of great importance since it provides for taking action to
remediate abandoned sites and/or compelling responsible parties to take such action
even though the creation of the problem may predate regulations that prohibited such
disposal. This retroactive provision within CERCLA has been responsible for
stimulating the clean-up of many sites.

AThe Superfund Amendments and Reauthorisat.i
preference for permanent remedies (that is, treatment) over containment or removal
and disposal, in remediati on ofge $L)pHisf und

preference for treatment over containment or disposal has been a powerful driver for
the development and application of treatment technologies, including S/S. Oversight
of contaminated site clean-up is generally done under one, or more, of the following
authorities:

Federal USEPA

Superfund - CERCLA

RCRA

State

Delegated Federal Authority

State Hazardous Waste Programs
State Voluntary Programs

Private Sector

Unregulated Sites

Licensed (Delegated) Professionals

=4 =4 -4 -4 -4 48 -9 _9 -9 93

The combination of RCRA (especially RCRA corrective action), for active sites and
sites previously active under RCRA permits and which still have financially viable
responsible parties, and the Superfund program for orphan sites and sites
contaminated prior to the RCRA, has been a powerful stimulant for the development
of treatment technology. A compiled database indicating the frequency of S/S use at
RCRA sites is not available, though RCRA does recognise S/S as a BDAT (Best
Demonstrated Available Technology) for treatment of many waste streams containing
metals.
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Although not specific to S/S, some appreciation of the magnitude of the RCRA
corrective action clean up activity can be obtained from a recent USEPA publication
(USEPA 2006 - 2008). This publication indicated that in 2008, there were 1968
RCRA high priority sites, with 96.2% controlling human exposure, 83.4% involved
controlling the migration of contaminated groundwater, 43% involved choice of final
remedy, and 34.6% reported the final remedy was under construction or had been
completed.

As of January 7, 2014, the USEPA Superfund Program reported 1320 current sites,
53 proposed new sites, and 374 sites that had been deleted
(http://www.epa.gov/superfund/sites/npl/index.htm). = The  Superfund  program
continues to provide frequent status reports that contain information on the frequency
of remedy selection, including S/S, for Superfund sites, which can be accessed at
http://clu-in.org/asr/.

2.1.2 Use of S/Sin the EPA Superfund Program

The USEPA Superfund program has issued a number of excellent Superfund remedy
reports, and other documents, describing treatment technologies for the remediation
of the NPL sites under this program. Many of these documents can be accessed
through the website http://clu-in.org/remediation/.

Remediation of hazardous waste sites in the USEPA Superfund program is based
upon a risk management approach and compliance with applicable, or relevant, and
appropriate requirements (ARARS); meaning the site clean-up and remediation is
managed in such a manner, that residual risk is reduced to an acceptable level and
meets ARARs. Thus, since S/S generally does not remove or destroy the COCs
(contaminants of concern), S/S accomplishes its risk reduction objective by blocking
the pathway between the COC and the receptor (human or the environment). S/S
does this by either reducing the solubility of the COC (stabilization) or by containing
the COC in a low permeability matrix (solidification), or by using both processes
(solidification/stabilization).

The Superfund Remedy Report, Thirteenth Edition, remarks
0 s ol i d stdbilizatiart continués to be the most frequently selected ex-situ source
treat ment technolge§)yldthif daReAep@t)IDis listad as the
second most frequently selected in-situ source treatment technology from 2005-2008,
exceeded only by in-situ soil vapour extraction.

The most recent Superfund Remedy Report, Fourteenth Edition, reported that for FY
2005-2008, and FY 2009-2011, ex-situ S/S was selected for 19% and 13% of the

source treatments respectively, and ndFs
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http://www.epa.gov/superfund/sites/npl/index.htm
http://clu-in.org/asr/
http://clu-in.org/remediation/

situ remedi al technol ogy for sourceso
indicates that in-situ S/S was selected for 9% of the source treatments for each of the
periods FY 2005-2008 and FY 2009-2011. Also of interest is that during FY 2009-
2011, S/S was selected in 11% of the 56 decision documents expressing remedy
components for sediments (USEPA 2013, page 11, Table 2).

Appendix B of this report, (EPA 2013), provides a table showing treatment
technologies selected for each fiscal year from 1982 thru 2011. Based upon this data,
Figure 2.1 was prepared and displays the most frequently selected source treatment
technologies over this 30 year period. Figure 2.1 shows S/S as the second most
frequently selected technology at 22% of remedy documents selecting source
treatment, slightly behind soil vapour extraction at 24%. Figure 2.2 uses this same
data base to graph the frequency of selection for S/S verses all other source
technologies over this 30 year period. Figure 2.2 shows that S/S (combined ex-situ
and in-situ) has consistently been selected in about 20% of all remedy documents
selecting source treatment under Superfund.

In the absence of more recent data, Figure 2.3 gives the generalised contamination
found at sites for which S/S was selected under the Superfund Program. The
literature is lacking a study, evaluating over time, trends in the frequency of selection
of S/S for treatment of sites with organics. However, in the author's experience, there
seems to be increasing acceptance that S/S can effectively treat many non-volatile
organics, alone or mixed with toxic metals.

In-situ S/S seems to be increasing modestly as a remedial technology, slightly
displacing ex-situ S/S. Figure 2.4 compares the relative frequency of selection of in-
situ S/S with selection of ex-situ S/S. Although selection of S/S overall, combined in-
situ and ex-situ has remained fairly constant since about FY 2000, in-situ S/S
appears to be increasing as a proportion of all S/S treatment selections. Perhaps this
is due in part to the ability of in-situ S/S to treat wastes to substantial depth, including
below the water table, without the need to de-water.
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In-Situ Plus Ex-Situ

= Soil Vapour Extraction

= Solidification/Stabilisation
= Physical Separation

= |[ncineration

= Thermal Desorption

= All Other

E = Bioremediation
% of 1266 Treatment Technology selections (Excluding Groundwater)

Figure 2.1: Cumulative source control technology selection from 1982-2011
(After EPA-542-R-13-016, Appendix B)

350

1266 Source Remedy Decisions (Excluding groundwater)

300

250

200

= All other
150 = S/S
100

50

0
1982-86 1987-91 1992-96 1997-2001 2002-06 2007-11

Figure 2.2: Selection of S/S vs all other technologies 1982-2011 (After: USEPA
542-R-13-016, Appendix B)
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2.1.3 Conclusions

Decades of experience in the application of S/S technology to a wide variety of
contaminant and soil types makes the USEPA Superfund Program experience a
valuable resource for anyone involved with S/S, or any treatment technology. For the
last 30 years, S/S has consistently been a technology of choice for the USEPA
Superfund program, being selected consistently in about 20% of all remedy
documents with source area treatments. This trend continues today with a number of
sites in active remediation employing S/S in 2014. The USEPA RCRA Program has
also designated S/S as a BDAT technology for many waste types containing metals.

In view of the large number of successful applications over extended time within the
USA, it is surprising that S/S has not been more widely used in other countries. This
is even more remarkable considering that in the USA, for S/S treated sites, as with
any site that leaves contaminants on the site, the Superfund program requires a
review every 5 years, to assure that the remedy is performing as required.

= Organics only 6%

= All Other 7%

= Metals Only 56%

= Metals & Organics 31%

Figure 2.3: Waste types selected for S/S (EPA-542-R-00-010)
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Figure 2.4: S/S selection of in-situ vs ex-situ 1982-2011 (After USEPA 542-R-13-
016, Appendix B)
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2.2 Use of S/Sinthe UK and Europe

Although the use of S/S can be traced back more than 50 years in North America,
uptake of this technology (for treating contaminated soil) has been much slower in
Europe. This primarily arose because of the historical low cost and plentiful supply of
landfill space, and for much of this time, a pervasive immature legislative
environment.

The use of S/'S in the UK can be traced
mixed wastes prior to co-disposal with domestic waste, in unlined quarry workings.
Two centralised S/S treatment sites operated in the UK, one in the English Midlands,
and the other East of London.

2.2.1 Treatment of waste and soil by S/S

By the | ate 1950 0 sinF&ancs to weatdowisatids nogtaining wadte
(Conner, 1990) and by 1978 was routinely used to treat hazardous waste
(Environment Agency, 2004a), having been originally developed for cementing

back

radioactive residues. The focus on wastes remained and bytheear |l y 20006 s,

was being used for waste treatment in France, Austria, The Netherlands and in
Portugal.

In France, in 2004, there were 12 central processing facilities employing S/S to treat
400,000 tonnes of waste per year (Pojasek, 1978).

In the Engl i sh Mi dl ands, a waste treatment

primarily processing metal plating residues by a process called Sealosafe (Conner,
1990). Over 1 Million tonnes of materials were treated, before the operation was
closed amid concerns over product quality (ENDS, 1988). The operating company
was eventually successfully prosecuted in 1990 under Trades Descriptions
legislation, although it should be said that doubts on the efficacy of the S/S product
were reported as early as 1983 (ENDS, 1983). It is a widely held view that the
reported failures at this commercial plant held back the uptake and acceptance of
S/S in the UK for a number of years. Nevertheless, the second site, East of London,

pl ant

successfully employed t hrel9®%mndalbd6,eandup or oc e s s

400,000 tonnes of hazardous wastes were treated each year and placed in a sanitary
landfill (Conner, 1990).

The first widely reported example of contaminated soil treated by S/S in the UK took
place at the former ICI explosives plant at Ardeer in Scotland in 1995. Here,
10,000m? of soil were treated by in-situ mixing using a lime, cement and slag-based

binder system (Wheeler, 1995).
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2.2.2 Legislative background

Il n the UK, the Public Health Aant oof dEPH& i tt &
was prejudicial to health or a nuisance. Attempts to regulate industrial waste (with

reference to waste produced from alkali manufacture) were made in 1863 (Kiefer,

2012). However, since 1973, the direction of environmental protection across the

European Community area has been articulated in the European environmental

action programmes, which were first implemented in that year.

European environmental law, through single-i ssue O0Directives?©a, an
O0Fr amewor ks 6, atienhira maivglual | ceugtiies lincluding the UK. This

facilitates an integrated approach to environmental law making across the

Community, but allows local variations in the way the laws are enacted.

Although the origins of European Environmental Lawdateback to t he 19700 :¢
and water directives, the 1987 European Treaty (The Single Environment Act, 1987)

was the first to include O6a policy in the s
principle was subsequently established (The Sixth Environment Action programme of

the European Community 2002-2012) introducing liability and an incentive to

incorporate environmental considerations into the design of products or processes.

In the UK, the Control of Pollution Act (1974) dealt with a number of environmental
issues including waste disposal, atmospheric pollution and public health. The COPA,
as it is known, was augmented by the separa
and amended in 1989 (Control of Pollution (Amendment) Act (1989)). The COPA was
also re-enacted by the 1990 Environment Protection Act, allowing for improved
control over emissions to land from industrial and other processes, and the
introduction of o6risko6 into the assessment o

In 1999, the Pollution Prevention and Control Act introduced the requirements of
European Council Directive 96/61/EC on Integrated Pollution, Prevention and Control
(IPPC) to ensure the best technical option is available to prevent emissions to air,
water and ground. The strong emphasis on risk reduction and minimisation was a
fundamental step-change over earlier legislation.

The European Council Directive 99/31/EC (The Landfill Directive) is also of great
relevance to S/S as it categorised waste on harmfulness and the division of landfills
into three classes:
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1 Landfills for hazardous waste
1 Landfills for non-hazardous waste
9 Landfills for inert waste

Standard waste acceptance procedures were introduced, and the pre-treatment of
waste (prior to acceptance) was accompanied by a rigorous system of permitting.

With respect to S/S, its use is facilitated by:

1 The option to pre-treat waste/soil by S/S prior to landfilling

1 The accepted use of appropriate risk management option to prevent waste
going to landfill

1 A substantial increase in the costs of landfill disposal particularly in the UK
with the introduction of the Landfill Tax, promoting waste (and soil) recycling
and re-use

2.2.3 Public and private initiatives

With an emphasis on risk management and the diversion of waste from landfill there

was an increased interest in the use of

guidance (England and Wales) was being developed in a partnership between
industry and government. This project, called CASSST (Codes and Standards for
Stabilization/Solidification Technology), was initiated at the University of Greenwich,
and resulted in the publication of national guidance on S/S by the Environment
Agency (2004b).

In the first of its kind, this EA guidance was supported by an exhaustive review of the
science behind S/S (Environment Agency, 2004a), to allow UK stakeholders to be
conversant with the potential strengths and weaknesses of the technology, and to
facilitate the formulation of the best design solutions employing S/S.

S/

Ot her UK initiatives in the wearly 20006s

academic-led network (STARNET, 2004), industry-led guidance BCA (2004) and an
EU-supported project on S/S waste form performance (PASSIFY 2010). The latter
project, called PASSIFY (Performance Assessment of Stabilized/Solidified Waste
Forms) also involved the EA, the EPA, academics and stakeholders in the USA, UK
and France, including ADEME. Under this initiative a number of S/S remedial
operations were examined in detail in each country, including several Superfund
sites.
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In the years following the publication of Environment Agency Guidance, the uptake of
S/S in the UK has increased and example remedial operations are cited in the
literature (STARNET, 2004; Environment Agency, 2004b). The use of S/S is now
firmly established as a credible risk management option for both soil and waste, as
exemplified by its use at the Olympic Park in London (Penseart, 2008).

Currently, in Europe no comparable national (or Community) guidance on S/S exists
and applications of the technology to contaminated soil remain second to those of
waste treatment. In many EU member countries, landfill still remains a relatively
cheap option, and until the cost and availability of disposal become prohibitive, landfill
will remain as an attractive available alternative to risk management options such as
SI/S.

It is known that in France, guidance on S/S is being considered and reports indicate
that within 3 years ADEME may publish in this respect (Chateau 2012, pers. com).
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2.3 Use of S/Sin Canada

The use of S/S in Canada has been primarily focussed on the treatment of
contaminated soil and management of mining spoil.

Examples of Canadian S/S projects since 1990 included remote military bases,
former industrial facilities, urban waterfront redevelopments, and mining sites.
Example remedial actions are documented by, for example, the Cement Association
of Canada (www.cement.ca), and sites treated by S/S include:

1 The Dockside Green redevelopment project in Victoria BC, for lead in soil to

meet provincial hazardous waste leachate standards

Western Steel Mill, Vancouver BC, for cadmium, lead, and zinc waste

1 A rifle range in Burnaby, BC for lead, zinc, copper and antimony to meet the

provincial hazardous waste targets

Glacier National Park, BC, for lead in soil

1 False Creek, Vancouver (Winter Olympic project) for zinc and pH in soil for a
residential property redevelopment

1 Canmore, Alberta, for mine waste recycling as on-site structural fill for a
mixed-use residential development

1 Swan Hills, Alberta, for spray dryer salts and bag house fly ash for disposal

1 St. Catherines, Ontario, for lead and PAH in soil to meet the Ontario Land
Disposal Regulations at a 5 ha (50,000m?) property development

1 Sydney, NS, for petroleum hydrocarbons in sediments at a former steel mill, to
meet strength and permeability criteria

=

=

2.3.1 Performance (risk)-based versus prescriptive regulations

A fAprescriptiveo approach may cal l for a co
be reduced to a specific value, so that the resulting risk or hazard by some assumed
exposure conditions are acceptable. Prescriptive based environmental project goals
were al most wuniversally used in Canadian jur

A fAper f or nomahdneotves anqrep site specific information, and may call for
changes in compound concentration, migrating characteristics, exposure route
conditions, receptor characteristics, any other variable, or combination thereof such
that the target acceptable resulting risk or hazard is not exceeded.

While an option for defining site specific performance goals existed in some
Canadian jurisdictions in the early 1990606s,
performance goals were being consistently specified and used for remedial


http://www.cement.ca/

operations. Within 5 years of the 1996
Management of Contaminated Sites, the other Atlantic Canadian provinces (New
Brunswick, Prince Edward Island, and Newfoundland and Labrador) revised their
own regulations.

In 2007, new guidelines were issued in Alberta to encourage the use of
performance-based environmental goals, followed by the same in British Columbia.
Subsequently, the Federal Government of Canada released revised guidance for
sites under federal jurisdiction. Nunavut, the Yukon Territory and the Northwest
Territories now incorporate federal guidance for the use of S/S within their own
jurisdiction.

Since 2005, S/S has been used in mining project developments in Canada to reduce
the production of waste material and to protect ground and surface water resources.
The result from the S/S of mine tailings is their accepted use as a sustainable
construction material for use as structural backfill.

2.3.2 Relative use of S/S in Canadian provinces

Canadian jurisdictions with the greatest experience in using performance (risk)-
based objectives tend to also be those where the most significant S/S projects have
occurred (including Nova Scotia). This was noted in an earlier review (Ells, 2010) of
the relative regulatory receptiveness among Canadian jurisdictions to S/S activities
as:

1 Relatively receptive (e.g. Nova Scotia, New Brunswick, Newfoundland and
Labrador, Alberta, and British Columbia)

1 Initially Receptive (e.g. Prince Edward Island, Ontario, Quebec, Government of
Canada, and Manitoba)

1 Not Yet Receptive (e.g. Northwest Territories, Nunavut, Yukon Territory, and
Saskatchewan)

2.3.3 Sydney Tar Ponds and coke ovens project i Nova Scotia

When it was completed in 2013, the Sydney Tar Ponds project was the largest S/S
remedial operation in the world, and the most publically and politically prominent
contaminated site remediation project in Canada. At Sydney, over a million tonnes of
sediments and soil contaminated with oily residues and metals from the production
of steel and coke were treated using S/S.
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The performance specification used at Sydney included hydraulic conductivity
(permeability), SPLP (leachability) and unconfined compressive strength. Treatment
protects the surface waters, the important fishery in Sydney Sound and provides for
land for recreational and light industrial activities. Because of the prominence of this
remedial action, a huge amount of technical information is publicly available. A case
study on this project is included in Appendix B.

2.4 Risk management by S/S

The principles of risk-based remediation are now embedded in contaminated land

| egi sl ation across the US and Europe. A
land management is now widely adopted, implementing remedial action where it is
demonstrated that unacceptable risks are being caused (or could be potentially
caused) by contamination on a site for a designated end use or for potentially
affected human or environmental receptors. This section will explain the basic
principles of risk management, within which S/S is applied.

=14
(2]
cC

2.4.1 Definition of risk

Risk can be defined as a combination of the probability, or frequency, or occurrence
of a defined hazard and the magnitude of the consequences of the occurrence. In
the context of land contamination, this relates to the potential for contaminants to
harm human health, impact water resources and ecological receptors, and damage
buildings and infrastructure.

Assessment of ri sk 1 gathwayy recceedb t omr Ot hceo nfitsequr, c @

1 Source - the pollutant hazards associated with the site

1 Receptor - possible receptors at risk from the identified hazards (e.g.
human, water resource, flora and fauna, buildings and infrastructure)

1 Pathway - a route or means by which a source can impact a receptor

For risks to be present at a site, all three elements (source-pathway-receptor) of a
plausible pollutant linkage must be present.

2.4.2 Risk management frameworks

Whilst factors such as acceptable levels of exposure and exposure models vary with

i ndi vi dual nationsd6 policies and | egi-sl atio
management framework structure based on site characterisation, environmental risk

assessment, and evaluation of remedial measures, remediation implementation and

validation (e.g. see Rudland et al., 2001).
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A tiered approach to risk assessment is adopted, with assessments increasing in
detail where risks are potentially unacceptable:

Preliminary risk assessment: a desk based, qualitative assessment of potential
risks. Information on the site history, ground conditions and environmental setting is
collated and used to develop the conceptual model for the site.

Generic quantitative risk assessment: a comparison of contaminant
concentrations with generic assessment criteria. Intrusive ground investigations are
undertaken to obtain representative soil, water and soil-gas data to develop the
conceptual site model. Generic assessment criteria are conservative, applying to
limited defined land end uses and pollutant pathways.

Detailed quantitative risk assessment: the derivation of detailed assessment
criteria using site-specific data. Comparison of soil, water and gas data site-specific
assessment criteria or target levels to determine if unacceptable risks are present.

Phasing the risk-assessment process permits action to be taken rapidly to resolve
obvious problems, whilst more detailed assessment in other scenarios may
demonstrate no unacceptable risks are posed. A phased risk-based approach allows
financial resources to be allocated most effectively.

Remediation using a risk-based methodology is an alternative approach to the total
clean-up of a contaminated site. A risk-based approach can be used to establish that
land use is neither technically or financially feasible, nor sustainable, or to establish
that land use is possible and that the costs of treatment are acceptable.

However, by adopting a risk-based approach the ground conditions, environmental
setting, and current and proposed site usage can be considered. Furthermore, soil

type, geology, hydrogeology, the water environment, local ecosystems all impact on

the risk posed by contamination. Similarly, the form, intensity and frequency of a
receptordés exposure to contaminated soil,
on the end use of the site. As an example, as residential end use is more sensitive

than an industrial end use, a greater degree of remediation would be required.

Where the level of risk justifies corrective action, risk-management can take the form
of managing the receptor, breaking the pathway or reducing or removing the source
material.
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S/S does not remove or destroy contaminants, but immobilises them by a
cementitious reaction involving the soil matrix, contaminants and binder reagents to
promote sorption, precipitation or incorporation into crystal lattices, and/or by
physically encapsulating the contaminants.

2.4.3 Summary

Treatment by S/S therefore breaks the pollutant linkages by both breaking the
pathway and reducing the source material. However, the release of contaminants will
still occur from treated material, and the objective of the design process is to produce
a durable waste form from which release is controlled, to levels that do not pose an
unacceptable risk to receptors.

It should be noted that dermal and volatile exposure pathways are not necessarily
broken by S/S. Further thought as to the use of the technique in conjunction with
others is needed, or possibly the careful reuse of treated materials as part of an
engineered solution. These concepts are discussed in more detail in the following
section.

25 S/'S and the O6Ri sk Framewor ko

To understand how S/S fits into the risk framework, it is important to consider how
S/S breaks pollutant linkages to different receptors. By assessing different potential
receptors and pathways in turn, it is possible to identify issues specific to S/S that
must be considered as part of the environmental risk assessment process and
stabilization design.

2.5.1 Water environment

The chemistry involved in S/S is complex, but the mechanisms considered to reduce
the mobility of contaminants include:

Sorption to soil and binder / additive materials

Precipitation as a result of pH modification, reducing solubility
Incorporation within the crystal lattice

Encapsulation within the CSH gel formation

= =4 -4 4

Infiltration and leaching pathways are reduced as a result of decreased permeability
and reduced mobility of the contaminants. Mass flux of contaminants to groundwater
and surface water receptors is therefore also reduced.
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A robust hydrogeological model is an essential part of understanding the potential
risks and the applicability of S/S. It is important not only to consider potential
pollutant linkages, but also to be able to anticipate the groundwater flow regime and
chemistry. No mass reduction in contaminants occurs; rather the risks are managed
via a controlled very slow release of contaminants. Factors that are needed to
develop a conceptual site model are discussed in more detail in Section 7.2.
However, in the context of the risk-management framework, factors that can affect
the potential durability and long-term leaching performance of treated materials
require early consideration, to ensure they are adequately addressed throughout the
design and approval process.

Considering the risks to water environment receptors (surface waters and
groundwater) must first involve understanding the likely leaching behaviour from the
S/S treated material. Key to this is the development of an appropriate testing regime
representative of the likely end-use scenario. Potential exposure to aggressive (e.qg.
acidic and sulphate rich soils and groundwaters) or saline ground conditions or
environments where a high degree of carbonation could be envisaged should be
identified at the conceptual model development stage. The identification of
aggressive conditions may require additional performance testing where necessary,
and modified standard testing procedures to represent the site-specific conditions
highlighted.

Following this, a comparison of likely release levels with remediation targets is then
needed.

Although remediation targets are usually established by risk assessment, and are
site-specific, they can be based on drinking water standards or health advisory levels
for contaminants of concern. As such, the appropriate compliance points are
selected at which environmental standards must be met to protect the receptors.
These may be the aquifer or surface waters or some point nearer to the source.
Target concentrations will reflect background concentrations, current and future use
of the water resource and environmental standards.

A tiered approach to assessment is then usually undertaken, with an initial
assessment determining whether the target concentration is exceeded at the
compliance point, then subsequent tiers of assessment consider dilution, dispersion,
retardation and degradation by biotic or abiotic processes at increasing levels of
complexity. The level of assessment undertaken is usually dependent on the level of
risk posed, or the relative sensitivity of the receptor.
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When comparing leaching test results with remediation targets, care needs to be
applied to ensure that the comparison is relevant. Groundwater models can require
comparison with pore water concentrations, and consideration needs to be given to
exactly what data is being compared to what target, and if a direct comparison is
appropriate. As discussed in later sections, a wide array of leaching test methods is
available, all reflecting different leaching behaviour of the treated materials. An
understanding of what the leaching data is telling you is needed and the risk
assessment and testing regime should ideally be developed in conjunction.

Potential surface water run-off pathways also need consideration. On a short-term
basis, the potential risks to surface water receptors during construction (from
material storage or partially treated materials) will require addressing during
development of the environmental mitigation measure strategy. However, on a
longer timeframe, the environment of service of the waste form, and what
environmental loads may impact upon it (if any) will need to be assessed so there
are no unforeseen adverse impacts resulting from the remedial action.

2.5.2 Human health

The key potential exposure pathways to human health receptors can be summarised
as:

1 Ingestion of soil, dust, home grown produce and waters
1 Dermal contact with soil, dust and waters
1 Inhalation of soil, dust and vapours from soil and waters

Whilst S/S can feasibly reduce generation of dust via production of a monolith, other
pathways are not addressed by S/S treatment alone. Treatment may not reduce
exposure to volatile contaminants, although the resulting reduction in permeability
may restrict vapour movement to some extent. Treated material will also have a high
pH, which would cause problems via the dermal pathway. Considerable attention
therefore needs to be given to other potential pollutant linkages, and whether a
treatment-train approach needs to be adopted.

The principal of a treatment-train is simple i the use of multiple treatment methods
used either sequentially or simultaneously to enable the treatment objectives to be
met. Common techniques may include bioremediation, chemical oxidation, sall
vapour extraction and even incineration, depending on the range of contaminants
present. Where other techniques are to be used in conjunction with S/S, the
treatability trials must be designed to reflect this, to ensure testing is appropriate.
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Another option is to use a low permeability-capping layer (Section 9). The placing of
treated material at depth on a site can sometimes be sufficient by itself, supported by
a detailed human health risk assessment to demonstrate that the risk from volatile
contaminants is acceptable.

A final consideration with respect to human health receptors is whether the treatment
process itself can increase the volatilisation of contaminants. The heat of hydration
from binder components, particularly with a lime binder, may result in vapour
emissions. This should be considered in the environmental risk assessment, so that
appropriate mitigation or control measures can be put in place if needed.

2.5.3 Other receptors

The potential for adverse impacts on other receptors such as vegetation, ecological
receptors and buried services must also be considered as part of a risk-based
remediation solution. The reduced permeability, high pH and high contaminant
concentrations in treated material could have an adverse impact on plant growth and
wildlife, and reuse of stabilized materials within soft landscaping areas should not be
recommended. Mitigation measures such as a capillary break layer may be needed
to prevent alkaline groundwater causing problems.

With respect to buried services, considerations are more practical, such as whether
the placement of the hardened treated material restricts access to services, and if it
could be necessary to dig through it as part of later maintenance activities.
Mitigation typically comprises a thorough validation of the extent and location of
treated material, and inclusion within operation and maintenance plans to ensure
these risks are communicated to future maintenance workers so that appropriate
precautions can be taken. Someti mes a
treated material and utilities are placed within this clean corridor.

2.5.4 Durability and integrity

In understanding the environment of service of a waste form, it may be necessary to
incorporate additional protection measures. These may include a capping layer to,
for example, restrict infiltration, or measures to mitigate the effects of freeze-thaw.
The thorough investigation of likely environmental and other impacts after treatment
is a key part of the development of the conceptual model and ensures an appropriate
testing regime is adopted to test the S/S formulation adopted to provide confidence
in future behaviour.

In ensuring the durability and integrity of the waste form, S/S can be part of a risk-
based remediation framework. A good environmental risk assessment will consider
68
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the risk factors for degradation of S/S materials as the conceptual site model is
developed, and in this respect a comprehensive review of relevant factors is
provided by the Environment Agency (EA 2004b) and (Hills et al., 2013).

2.6 Future trends

As was discussed in Section 2.1, S/S has been a workhorse technology for
remediation of hazardous waste sites in the United States since at least 1982. S/S
has been selected in ex-situ and in-situ applications in nearly one quarter of
Superfund remedy documents that selected source treatment. Figures 2.1 and 2.2
(Section 2.1) indicated that the selection of S/S has remained nearly constant over
30 years from 1982-2011.

The specific reasons for the popularity of
combination of the following factors, as S/S:

1 Is applicable to most inorganic and a wide selection of organic contaminants
(see Section 3.1)

1 Is competitive on cost for many applications

1 Can be deployed using readily available equipment (and materials) with a
minimum set-up time

1 Can be completed faster than most other technologies

1 Has an extensive tract record of success on a wide range of site and
contaminant types

2.6.1 USA

Given the long history of selection and successful use, the authors expect that S/S
will continue to be a popular risk-management strategy available well into the future.
To this end in the USA, the 2011 publication of guidance on S/S by the Interstate
Technology Regulatory Council (ITRC 2011) provides authoritative reference
material to the regulatory community, and this will enable greater acceptance and
use of this technology.

However, the authors believe there will be changes going forward, with S/S being
employed more frequently at sites containing non-volatile organic contaminants,
either alone or in combination with inorganic contaminants. This expanded
application of S/S is supported by the increased ability/availability of experienced S/S
experts in developing treatment formulations that successfully immobilise organic
contaminants, especially non-volatile organics. The successful treatment
formulations have included, for example, organophilic clays, activated carbon, and
ground blast furnace slag, and will enable more sites (containing a wider variety of
organic contaminants) to be successfully treated.
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Historically S/S has been employed far more often in ex-situ than the in-situ
applications. More recently, however, in-situ applications are increasing in frequency,
as illustrated in Figure 2.5, which is based upon a recent USEPA Superfund remedy
selection report (EPA, 2013). This trend may reflect the increased depth of treatment
possible with higher power in-situ augers and the use of longer Kelly bars. It could
also be due to greater availability of in-situ treatment equipment other than augers
(described in Section 5).

35
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Figure 2.5: Relative increase in selection of in-situ vs ex-situ S/S (USEPA 542-
R-13-016, Appendix B)

2.6.2 UK and Europe

In the UK and Europe one of the key drivers for using S/S is the availability and cost
of landfill space,andt he restrictions placed upon
and soil through the EU Landfill Directive (Directive 99/31/ED) and associated
legislation, in different EU member countries. As options for managing soil and waste
become more expensive and restricted in nature, S/S can be expected to become
more widely appreciated and credible as a low-cost management option.
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I n the Authorso6é experience, the reluctance

becoming less and, by way of example, gas-works sites (MGP) are now routinely
treated by S/S in England and Wales.

Development work also continues on the use of novel binding systems employing,
for example, geo-polymers (Fernandez Pereira et al. 2009; Guo and Shi, 2012)),
and the use of CO, activated systems (Lange et al. 1996,1997; Gunning, 2011) to
produce carbonate-cemented S/S products.

2.6.3 Conclusions

For over two decades S/S has consistently been a favoured technology for use by
the USEPA Superfund program. S/S has been selected consistently for over 20% of
all sites treated, and this trend continues today, not only within the Superfund but
also with sites remediated under different jurisdictions.

The authorsoé believe that there wi lolganibe

contaminants as the effectiveness of applying S/S to organic contaminants has
improved and acceptance by the remediation industry and regulatory authorities for
treating organics with S/S has increased. There is also an increasing trend for
applying in-situ S/S, as available equipment continues to improve and its capability
of working at greater depths, including below the water table and without having to
de-water.
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3.0 Applicability of S/S

One of the strengths of S/S is that it can be applied to metals, other inorganic
compounds, and most organic compounds. This section briefly discusses the many
inorganic and organic contaminants for which S/S has been successfully applied.
However, for a detailed review of the chemistry of individual inorganic and organic
compounds, and how these interact (with the binder) in an S/S system the reader is
directed to the informative book written by Conner (1990).

Further discussion of the mechanisms involved with specific compounds can be
found in the reference material identified in Section 1.7, and in the accompanying
science volume of this work.

3.1 Metals

Early in the development of S/S, the treatment technology was primarily applied to
metals, as the chemistry utilised to remove metals from solution was already
established and practiced for water treatment. Since metals cannot be destroyed,
S/S treatment focused on producing a less mobile and less toxic form of the metals
in waste materials.

Though any metal can be chemically immobilised by S/S, the primary metals of
environmental concern are antimony (Sb), arsenic (As), barium (Ba), beryllium (Be),
cadmium (Cd), cobalt (Co), copper (Cu), chromium (Cr), lead (Pb), mercury (Hg),
nickel (Ni), selenium (Se), silver (Ag), Thallium (TI) and zinc (Zn). These metals are
those | isted in the EPAO6s Universal T
3.1 and 3.2 shows typical metals-contaminated waste requiring S/S treatment.

3.1.1 Chemistry

The chemistry involved in S/S is complex, and still remains poorly understood for
some contaminants. For both metals and (some) organic contaminants, sorption
processes, precipitation and incorporation into solid cementitious phases may occur
during S/S. In order to present key aspects of the nature of metal contaminants, the
properties of important metals are discussed below.

Antimony, Sb, is a Group V element, has valence states of +3, +5, and -3, which
complicates its chemistry. Antimony has definite cationic chemistry, but only in its
trivalent state. It forms both oxides and sulfides readily in its trivalent state.
Reduction of antimony to the trivalent state often simplifies its chemical fixation.
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Arsenic, As, is a Group V element with principal valence states of +3, +5, and -3.
The valence state can be changed readily and reversibly. It combines with other
metals to form arsenides, and forms both oxides and sulfides. Arsenic chemistry is
complicated by its variety of valence states and ability to be present in both cationic
and anionic species in solution. Often the redox potential must be adjusted to cycle
the arsenic into only one valence state prior to chemical immobilisation.

Figure 3.1 Lead-contaminated soil and battery casings from a former battery-
recycling site, subsequently chemically stabilized

Beryllium, Be, is a Group Il element with a predominantly covalent chemistry,
though it forms a cation with a valence state of +2. Beryllium forms a low solubility
hydroxide at near normal pH values. Beryllium hydroxide is amphoteric, creating a
fiber yl | a®)4&)aniqn Balkakhe solution.

Cadmium, Cd, is a Group IIB element, with one valence state of +2. Cadmium forms
low solubility compounds with carbonate and hydroxide, and can be chemically
fixated by alkaline precipitation. Cadmium also forms a low solubility phosphate
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compound. Because cadmium forms stable complexes with ammonium, cyanide,
and halides, it will not precipitate in the presence of these complexing agents.

Cobalt, Co, is a Group VIII transition metal with primary valence states of +2 and +3.
Cobalt forms low solubility phosphate, sulfide, and arsenosulfer compounds. Cobalt
forms stable hydroxides, which are amphoteric at high pH.

Copper, Cu, is a Group IB metal, with a primary valence state of +2. Copper forms
low solubility carbonate, hydroxide, phosphate, sulfur, and arsenosulfur compounds.

Figure 3.2: Chromium paint pigment-contaminated soil being chemically
stabilized in-situ

Chromium, Cr, is a Group IVB metal. It has three valence states (+2, +3, +6), but
+3 and +6 are the most prevalent. While Cr*® is poisonous, Cr*® is highly toxic and
carcinogenic. In the +3 valence state, chromium is cationic and forms low solubility
carbonate, hydroxide, phosphate, and sulfide compounds. In the +6 valence state,
chromium is predominantly present as an anion (CrO4? or Cr,O7?), and can form
insoluble compounds with barium or lead. Typically, Cr6+ compounds are reduced to
their trivalent state and then immobilised, reducing both the toxicity and solubility.

74



Lead, Pb, is a Group IVA element, with a primary valence state of +2. Lead forms
low solubility carbonate, chromate, halide, phosphate, sulfate, and sulfur
compounds. Lead forms stable hydroxides, which are amphoteric at high pH.

Mercury, Hg, is a Group IIB metal, existing mainly in three valence states: 0, +1, and
+2. While Hg?, elemental mercury, is insoluble, it often has a layer of HgO on its
surface giving it an appearance of solubility. Therefore, the surface of Hg® is often
reacted with either sulfides to form insoluble mercuric sulfides or metals (e.g. copper)
to form amalgams. Cationic mercury species form low solubility halide, hydroxide,
phosphate, and sulfides.

Nickel, Ni, is a Group VIl transition metal, with a primary valence state of +2, though
valence states of -1, 0, +1, +3, and +4 are also known. Cationic nickel species form
low solubility carbonate, hydroxide, phosphate, and sulfide compounds.

Selenium, Se, is a Group VIB element, with principal valence states of -2, 0, +4, and
+6. The valence state can be changed readily and reversibly. It combines with other
metals to form selenides, and forms both oxides and sulfides. Like arsenic, selenium
chemistry is complicated by its variety of valence states and ability to be present in
both cationic and anionic species in solution. Adjustment of the redox potential can
be used to adjust selenium into only one valence state prior to chemical
immobilisation.

Silver, Ag, is a Group IB metal with a primary valence state of +1. Silver forms low
solubility halide, hydroxide, and sulfur compounds.

Thallium, TI, is a Group Il metal, with valence states of +1 and +3, though it is
typically found in the +1 valence state. As a cation, thallium forms low solubility
compounds with halides (except F), hydroxide, and sulfide.

Zinc, Zn, is a Group IIB metal, with a primary valence state of +2. Zinc forms low
solubility compounds with carbonate, hydroxide, phosphate, and sulfide.
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3.2 Other inorganic compounds

As with metals, many inorganic compounds cannot be destroyed, or are recalcitrant
in nature. Treatment of metals and other inorganic compounds by S/S is focussed
on producing a less mobile, less toxic form of the compounds involved, or through
physical entrapment in the cementing phase or pore structure of the waste form.

Anions that are often treated by S/S include: fluoride (F°), cyanide (CN’), nitrate
(NO3), phosphate (PO473), and sulfide (S?); however, chloride can be readily
incorporated in a hardening cement-based system, but that exceeding the binding
capacity of the cement involved will be readily lost by dissolution/diffusion on
exposure to a hydraulic gradient.

3.2.1 Chemistry

Fluoride, F, is easily immobilised as calcium fluoride.

Cyanide (soluble) CN'. Soluble cyanides, including loosely-complexed cyanides
such as nickel or cadmium cyanides, readily form insoluble compounds with iron.

Nitrate, NO3". All nitrate compounds are readily soluble. Therefore, S/S treatment of
nitrate in waste materials is often futile.

Phosphate, PO47°. Soluble phosphates form insoluble compounds with many
cations, including calcium, iron, and lead.

Sulfide, S Soluble sulfides form insoluble compounds with most metal cations,
particularly iron. This property makes sulfides a valuable reagent for the S/S
treatment of metals, particularly as a sulphide-based system is a reducing system
and can be used to manage hexavalent Cr, by reducing it to the trivalent species.

3.3 Organics

Traditionally, wastes contaminated with non-volatile and semi-volatile organics such
as dioxins, explosives, lube oil range (>C28) and asphaltic petroleum hydrocarbons,
pesticides, polyaromatic hydrocarbons (PAHSs) polychlorinated biphenyls (PCBs),
were treated via on-site thermal treatment technologies. Problems with the public
and regulatory acceptance of thermal treatment technologies have limited the
application of these technologies on such wastes.
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S/S has become an acceptable low cost treatment alternative to reduce the mobility,
and thereby manage the risk by minimising exposure pathways, of these recalcitrant
organics. S/S is typically not applied to volatile organics.

Figure 3.3 shows wastewater sludge being excavated at a former automobile plant.
The sludge contained an organo-nickel complex from plating operations at the plant.
The sludge was chemically stabilized for disposal in an on-site RCRA landfill.

Figure 3.4 shows a S/S treatment system set up at an acid sludge tar pond.

3.3.1 Chemistry and physics of organic stabilization

The S/S of organic-contaminated waste may involve the alteration/transformation of
the organic compounds themselves, or their participation in physical processes, such
as adsorption and encapsulation. The S/S of organic compounds has recently been
reviewed (Hills et al., 2010).

The outcome of S/S is to retard the movement of the hazardous constituents within
prescribed safe limits, defined by leachate quality. However, the mechanisms of
organic stabilization involved are very difficult to distinguish apart, and this tends to
reflect the fact that S/S of organic compounds rarely involves the formation of solid
organic salts.

The immobilisation assumed to be due to adsorption might involve some sort of
chemical bonding or change in the speciation of a compound, or the formation of
degradation products. The pervasive chemical environment within S/S treated
hazardous waste is highly alkaline with a high number of soluble components, and
may promote both short and longer-term changes in the nature of certain organic
contaminant species.

In practice, however, inorganic stabilization systems operating at ambient
temperatures and pressures in non-exotic aqueous environments can induce
stabilization through hydrolysis, oxidation, reduction and compound formation.

Hydrolysis refers to the reaction of a compound with water. This usually results in
the exchange of a hydroxyl group (-OH) for another functional group at the reaction
centre.
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Figure 3.4: Treatment facility to chemically S/S acid sludge tar
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Hydrolysis may be catalysed by acids or bases (e.g. H*, OH’, or H:O") and many
involve intermediate species (Dragun, 1988). Metal ions such as copper and calcium
may act as catalysts for certain organic structures, and adsorption on surfaces such
as clay and activated carbon may also facilitate reactions involving organic
molecules.

Many organic compounds are resistant to hydrolysis, including some esters, many
amides, all nitriles, some carbamates, and alkyl halides. Those less resistant to
hydrolysis include alkyl and benzyl halides, poly-methanes, substituted epoxides,
aliphatic acid esters, chlorinated acetamides, and some phosphoric acid compounds.

Oxidation and hydrolysis are the most common pathways for the reaction of
organics in stabilization systems. Oxidation of organics occurs via two pathways
(Dragun and Heller, 1985). In one, an electrophilic agent attacks an organic
molecule and removes an electron pair; in the other, only one electron is removed,
forming a free radical. The former is heterolytic, the latter homophilic.

Free radial formation reactions have lower energy barriers than the oxidation of a
polar compound or cleavage of a covalent bond. It is worthy of note that organic
oxidation reactions in the chemical industries are typically catalysed by crystalline
aluminosilicates at elevated temperatures and pressures. It has been recognised
that this also occurs at ambient temperatures with clay and soils, not only in
oxidation, but in reduction, hydrolysis, and neutralisation reactions (Dragun, 1988).
Iron, aluminium and trace metals within layered silicate minerals have been identified
as specific catalysts (Garrido-Ramirez et al., 2010), though not all clays exhibit this

property.

Based on work by Dragun and Heller (1985), two generalities can be made
concerning the oxidation of organics by soils and clay minerals:

1 Many substituted aromatics undergo free-radical oxidation, e.g. benzene,
benzidine, ethyl benzene, naphthalene, phenol

1 Chlorinated aromatics and polynuclear organics are unlikely to be oxidised

Water content may be one of the more important constituents of soils, and possibly
also in wastes. Partially saturated systems are more likely to undergo oxidation
reactions than saturated ones. The above comments apply to "natural” oxidation by
reagents normally used in stabilization systems, or characteristics of the waste itself.
The deliberate addition of strong oxidisers such as potassium permanganate or
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hydrogen peroxide is a different matter. These reagents have been used in
stabilization for the oxidation of phenols and other organics, as well as inorganics
and treatment of metal complexes.

An important consideration in all organic reaction schemes involving hazardous
constituents is the product of the reaction, which may be equally or more hazardous
than the original reactant. This is especially true when oxidation processes are
employed, as their use in stabilization systems, as in addition they may also create
hazardous species from other organics in the waste which were previously non-
hazardous or less hazardous.

The use of strong oxidants on wastes, which contain chromium, might result in the
formation of Cr®*, necessitating a subsequent reduction step to Cr *.

Reduction of organic compounds may be defined as either:

1 Anincrease in hydrogen content or a decrease in oxygen content, or
1 A netgainin electrons

Reduction can occur in clay systems with the clay acting as a reducing agent.
Reductive alteration of organic compounds in waste has been poorly studied and is
not well understood.

Compound formation between organic compounds and metals or other cationic
species can form less soluble and/or less toxic compounds. For example, the
solubility of oxalic acid is 95,000 mg/L, compared with 6 mg/L for the calcium salt.
Organic acids of environmental concern might be effectively immobilised in the
calcium-rich environment of commercial stabilization systems. In addition to the
formation of salts, a number of other direct reactions are possible between organic
contaminants and organic or inorganic reagents under ambient conditions.

Boyd and Mortland (1987) developed the concept of a two-step reaction scheme
where the organic molecule is first adsorbed on a clay surface, then reacted via
surface catalysis. They claimed to have achieved polymerisation and de-chlorination
reactions in this manner, including detoxification of dioxin analogues. Ortego (1989)
discussed the formation of stable organo-metallic complexes, such as those formed
between Cu®" and benzene, in the interlayer of laminar-structured clays. Zinc, Cd,
and Hg co-ordination compounds with polyamines have been also reported, as has
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the decomposition of acid-sensitive organics by acid adsorbed water at the clay
surfaces (Kostecki, 1992).

As a subset of compound formation, several investigators have postulated the
formation of linkages between organic compounds and insoluble substrates such as
stabilization binders like cement (e.g. Montgomery et al., 1983). It seems likely that
the instances of strong "sorption" at these surfaces may really be the result of
exchange reactions, similar to those known to occur during the production of organo-
clays from clay minerals by treatment with organic cations of the form [(CH3)NR]".

3.3.2 Physical aspects of organic stabilization

Work on "physical" immobilisation of organics has been primarily focused around
several materials and mechanisms. Cote (1987) has shown that a variety of organics
can be sorbed fairly effectively by cement-based stabilization processes,
incorporating activated carbon and bentonite additives, whereas fly ash and soluble
silicates are less effective. Other conclusions from this work were:

1 Volatile organics were not well immobilised
1 Water soluble contaminants were not well immobilised
1 Organics with low water solubility were well immobilised

Kyle et al. (1987) compared a number of lime, kiln-dust and fly ash-based mixtures
with organic reagent (vinyl ester, acrylic, epoxy, polymer cement) on several
industrial wastes spiked with various priority pollutant organics. They found that the
organic reagents produced poorer results, as measured by total organic carbon
(TOC) in the leachate, than did the inorganic reagents. The addition of activated
carbon to lime/fly ash systems lowered the TOC. Work by Lear and Conner (1992)
found a similar reduction in the leachability of organics when activated carbon and
other adsorbents were added to Portland cement systems. The efficacy of oxidisers
was also noted in that study.

Christenson and Wakamiya (1987) found that Kepone leaching was increased in
highly alkaline systems such as cement/soluble silicate, but decreased by
encapsulation in either an organic polymer or a proprietary molten-sulfur blended
binder. Co-precipitation in ferric hydroxide precipitation systems was found to
remove chlorendic acid, humic acid, PCBHs and other compounds from landfill
leachate (Pojasek, 1980).
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3.4 Geotechnical considerations

The suitability of soil for S/S is somewhat different than for typical geotechnical
projects. There is little choice but to utilise the soil type that is contaminated at a
given site. Given this inevitability, the type of soil presented for S/S and its spatial
variability will have an influence on the choice of equipment used and the selection
of the binder system/additives used for treatment.

It is therefore essential that site conditions are well understood to enable treatment
to be applied in a thorough, timely and cost-effective manner. A proper
geotechnical/hydrogeological site investigation will limit risks to project owners and
consultants. Following is an introduction to soil classification, site characterisation,
and site variability as it applies to suitable applications of S/S technologies.

3.4.1 Soil classification

The classification of soil can be a relatively easy procedure for experienced
geotechnical lab and field personnel. However, a site investigation for an S/S project
that uses incorrect or inconsistent soil classifications creates confusion for third party
consultants, owner consultants, regulators and contractors and could potentially lead
to litigation. There are many different forms of proper soil classification depending on
the country where the work is being performed.

None of these classification systems is necessarily more correct than the others.
However, what is important from a soil classification standpoint is that the site
investigation report is systematic and clear and uses a recognised classification
system. Depending on the location of the work, this decision will be governed by the
state of practice in the geographical region. Figures 3.5, 3.6, and 3.7 show the
classification system provided in BS 5930 (code of practice for site investigations). A
Unified Soil Classification System (USCS) can also be found in ASTM D 2487.

Most soil classification systems provide an indication of particle size distribution,
colour, organic content and the physical behaviour of the soil in the classification.
These soil classifications found in borehole and test pit logs are often performed on a
visual basis and laboratory basis using tests such as particle size and Atterberg
Limits.

Although following the proper soil classification protocol will assist in ensuring clarity
in S/S planning and design, site investigations incorporating soil classifications
should also include indications of compactness/consistency, colour (e.g. Munsell
system; Goddard, 1979), and the presence of materials such as debris, organic-
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based plant matter (i.e. peat), free-phase organic contaminants, etc. Also, man-
made fill material should be distinguished from naturally occurring soil deposits.

Where debris is present, efforts should be made to provide as much description as
possible as related to the nature of the debris (brick, concrete, steel rebar etc.) as
well as the size of this debris, if known.

Particle size information will be required to address requirements of pre-processing
of the soil prior to S/S activities. Depending on the size of the debris, the amount of
cobbles or boulders present, or the density/consistency of the material on a potential
S/S site, the type of construction method used to provide S/S treatment may vary.
For example, it may be necessary to screen out oversize material prior to processing
through a pug-mill, excavate debris prior to treating soil with an in-situ auger, etc.

In some cases conventional ex-situ and in-situ S/S approaches may not be practical,
given the presence of a large amount of boulders. In this case a less conventional
approach, such as in-situ jet grouting, may be selected. As a worst-case scenario,
portions of the site may be non-treatable with soil stabilization if excessive debris or
large quantities of cobbles and boulders are present.
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Figure 3.5: General identification and description of soils (modified from British Standard, BS 5930)
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PRINCIPAL
SOIL TYPE VISUAL IDENTIFICATION MINOR CONSTITUENTS STRATUM NAME EXAMPLE DESCRIPTIONS
BOULDERS [|Only seen complete in pits or exposures
COBBLES |Often difficult to recover whole from boreholes
Easily visible to naked eye; particle hell K y Loose brown very sandy sub-angular fine
GRAVEL  |shape can be described; grading can be SR THEERRED S pocl e:i 5 to coarse flint GRAVEL with small
described peat, gypsum crystals, f int pockets (up to 30mm) of clay (TERRACE
— gravel, fragments of brick, GRAVELS)
Visible to naked eye; Ol rootlets, plastic bags, etc
SAND cohesion when dry; grading can
be described i .
using terms such as: Medium dense light brown gravelly
) clayey fine SAND. Gravel is fine (GLACIAL
i1t visible wi . i with rare DEPOSITS)
Only coarse silt visible with hand lens; exhibits RECENT DEPOSITS
little plasticity and marked dilatancy; slightly granular wWith vecasianal ALLUVIUM, WEATHEF;ED,
SILT or silty to the touch; disintegrates with water;
lum sydr uicklv: o - . BRACKLESHAM CLAY, LIAS]stiff very closely sheared orange mottled
Cohzsionyb‘lt Cany'b < bowdered easil bethen . }N'th abli;‘da“t/ CLAY, EMBANKMENT FILL, | brown slightly gravelly CLAY. Gravel is
P y g reqEemyRUMEroUs TOPSOIL, fine and medium of rounded quartzite.
MADE GROUND, (REWORKED WEATHERED LONDON
/Intermediate in behaviour between clay and silt OR GLACIAL DEPOSITS? |CLAY)
\Sl]ghﬂy dilatent % defined on a site or ’
material specific basis or
Dry lumps can be broken but not powdered between subjective Firm thinly laminated grey CLAY with
the fingers; they also closely spaced thick laminae of sand.
disintegrate under water but more slowly than silt; (ALLUVIUM)
CLAY smooth to the touch;
exhibits plasticity but no dilatancy; ]
sticks to the fingers and dries slowly; FllésctlEch?rrg\g:()C;T}r/:)y amorphous PEAT.
shrinks appreciably on drying usually showing cracks

Figure 3.6: Identification and description of soils (modified from British Standard, BS 5930)
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Soll Density/Compactness/ Strength Composite Soil Types PRINCIPAL
Gro Discontinuities Bedding Colour (mixtures of basic Particle Shape | Particle Size SoiL
up Term Field Test soil types) TYPE
o Scale of spacing of
2 Loose c p A Ag Scale of bedding thickness BOULDERS
S e By inspection of voids and particle discontinuities Approx %
OB , Term = 200
> packing i Mean thickness secondary
g Dense Term  [Mean spacing mm Term mm Angular COBBLES
hickl Sub | e
: Very thic ub-angular
Borehole with SPT N-Value Very widely Over 2000 Y Y Over 2000 e g
bedded Slightly . Coarse
< -
' Thickly Orange | (sandy) Sub-rounded L 20
Very loose 0-4 Widely 2000 to 600 2000 to 600
= bedded I Rounded .
8 Yellow ounce Medium GRAVEL
2 JLoose 410 Medum | 6000200 | MMM | gogto200
9 bedded Brown Flat —6
@ (sandy) 5t020
) ) Thinly Fine
» T |Medium dense 10-30 Closely 200 to 60 200t060 | Green Tabular
3 & bedded
» o 2
o e Very thinl
E & |Dense 30-50 Very closely 60 to 20 b ydd d Y 601020 Blue Very Elongated
S Sy S (sandy) >20 - Coarse
© Extremely Thickly White Minor constituent
s Under 20 i 20to6 06
3 closely laminated type .
8 |Verydense >50 Ehaari
© s
5 Thialy — Medium SAND
3 Breaks into blocks| !aminated Grey SAND
Visual examination: pick | Fissured along unpolished AND about50 | calcareous, shelly, =02
Slightly cemented  removes soil in lumps that discontinuities Black | GRAVEL glauconitic, )
can be abraded Alternating mi'caceous etc. ) Fing
— layers of - using termssuch | _ o
dded | different types Term Approxh |as
Easily moulded or crushed in Breaks into blocks|  bedde o secondary Coarse
Un-compact " Prequalified by
the fingers Sheared | along polished e —0.02 Sl
discontinuities ) I slightly calcareous |Medium
Can be moulded or crushed & eq:a L— 0.006
Compact by strong pressure in the p;:or |9ns. Slightly as calcareous Fine
fingers ; erwise (sandy) / CLAY/
g thickness of and == 0.002 ST
51 verysoftoo Finger easily pushed in up to Inter- _|sPacing between % definefi on asite
g 25mm (amingted subordinate or n.watenal §pec.|f|c
2 layers defined basis or subjective
- Fi i
z 8 Soft 20-40 inger pushed in up to
n = 10mm
Q
c X .
o) R —— ] Spacing terms also used for Light
= Firm 40-75 M ma esl Impression distance between partings, (sandy) 351065
S easlly isolated beds or laminae Dark
: dessleation eracl; Footets 6 ! b
] Can be indented slightly by | €SSication cracks, rootlets etc
3 Stiff 75-150 anbeindentec sTghtly by Mottled
= thumb
Can be indented b
Very stiff 150-300 ANREnoemety
thumbnail Very -
Hard (or very weak (sandy)
Can be scratched by
mudstone) Cu > thumbnail
300kPa Hmans!
Transported mixtures | Colour
Fibres alread d Plant i isable and [Sli i i
Firm fores alreacy compresse Fibrous an remams recognisableand [Slightly organiciclayiorsitt. Grey:as Contains finely divided or discrete particles of
together retains some strength Slightly organic sand mineral ) g
- - organic matter, often with distinctive smell,
W Organic clay or silt Dark grey idi il DescrbaAE for X
3 Grganicsand Dark grey may oxi |s.e rap| y. efcn e as for inorganic
2 Very organic clay or silt Black soiisusing:terminology:ahove
= Very compressible and open| Pseudo- Plant remains recognisable, 1 2 v
) Spongy X Very organic sand Black
5] structure fibrous strength lost
Accumulated in situ Predominantly plant remains, usually dark brown or black in colour,
- - - distinctive smell, low bulk density. Can contain disseminated or discrete
. Can be moulded in hand and|  Amor- Recognisable plant remains X .
Plastic 3 Peat mineral soils
smears fingers phous absent

Figure 3.7: Identification and description of soils (modified from British Standard, BS 5930)
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3.4.2 Site Characterization of Soil and Groundwater

If possible, previous knowledge of the history of the site development (e.g. past land
use, original topography prior to site development) should be used during the desk
study phase to inform and develop a conceptua | Amodel 0 of t
groundwater conditions (see Section 7.2). Often this understanding of site
conditions needs to extend to neighbouring properties, especially if the site
boundaries are close.

The nature of soil, rock and groundwater conditions must be delineated vertically and
laterally with test pits and/or boreholes, in the contaminated area and outside of its
borders. For large projects, test pits and boreholes are usually both performed to
take advantage of both types of investigations and reveal the most information about
the site. The type of investigation (i.e. borehole versus test pit) will be governed by
many different factors but below is a list of some of the considerations in selecting
the type of investigation for potential S/S sites.
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Table 3.1: Considerations for choosing test pits versus boreholes

Test Pits

Boreholes

sabejuenpy

1 The presence of debris can be seen

Bulk samples for testing of binder
formulation are available

{Excavation-related issues can be
quickly identified

fConstruction is relatively quick and
inexpensive to perform over a wide
range of geographical/geological
environments)

fEnables sampling at greater depth
compared to test pits

TAllows in-situ testing (SPT, CPT) to
obtain quantitative data

TAllows installation of monitoring wells
and results from pump tests, k-tests

fNot as intrusive or disruptive as test
pits

Appropriate  for a
groundwater conditions

variety  of

sabejuenpesiqg

{Limited by excavator reach (15-30 ft;
5-30 m), may be shallower for dense
layers at depth

Can cause significant site
disturbance, especially for deep test
pits

flLarge excavations may require
remedial actions prior to development

7 Difficult to obtain useful information
for non-cohesive soils below the
water table

fin-situ  testing (e.g. Standard
Penetration Testing (SPT), Cone
Penetration Testing (CPT)) is not
performed due to sample disturbance
(i.e. limitations are placed on the
amount of quantitative information
available)

Does not provide
seismic design

fMonitoring wells cannot be properly
installed where a test pit is

information for

constructed

fSophisticated interpretation of ground
conditions needed to inform site
conceptual model

fMore expensive, especially for remote
sites

Small sample sizes may not allow
binder-formulation trials

fidentification of extent of buried debris
and oversize material not possible

As for ground engineering projects, prior to remediation, a site investigation (SI) is
required to examine the lateral and vertical properties of soil, rock and groundwater
across a site. The Sl is also used to obtain samples to enable the nature and extent
of contamination to be characterised, however there is normally a trade-off between
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the amount of material collected during the SI and the cost. If ground conditions
prove difficult, or the extent and nature of contamination is unforeseen, then more
detailed and focussed investigative work is carried out at a later stage.

Thus, these studies are performed early in the project-development process and are
used to inform the decision-making process leading to the choice of remedial design.
The Sl supplies fundamental information on groundwater flow regimes, the nature of
contamination (distribution, type, level) and the host soil/rock characteristics.
Information obtained from the Sl is also used in the design of any dewatering
scheme, the choice of complementary treatment technologies, including as part of a
treatment train, as well as preliminary selection of S/S equipment that will be most
suitable for use at a particular remedial site.

However, generally if S/S is selected as the method to manage contamination at a
site, additional investigations may have to be performed to increase the amount (and
reliability) of data available on:

=

The variability of contaminants present

Soil and rock conditions

1 The geochemical properties of the soil and groundwater, as pertains to S/S
treatment (i.e. pH, sulphate, etc.)

=

Additional factors such as the presence of free-phase organics may need to be
established to avoid problems with respect to their interaction with available
binder/additives. The appointed remediation contractor may often undertake these
additional investigations.

For smaller projects, the costs associated with more detailed phases of investigation
may be prohibitive. However, with larger projects, the acquisition of key data that can
facilitate a higher degree of certainty in the remedial design reduces the residual
risks to both owners and contractors. With larger projects, a phased programme of
ground investigation is often undertaken to better understand soil, rock and
groundwater conditions, allowing the sequential development of a site conceptual
model, enabling refining both the model and remedial options to be employed at the
contaminated site.

3.4.3 Approaches to site variability

Ground conditions at any site will be variable; the spatial variation of contaminants is
no exception. The approach taken will assist in reducing the risk-potential to
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acceptable levels. As previously mentioned (Sections 2.4 & 2.5) it is impossible to
eliminate risk entirely.

In increasing the intensity of data acquisition from the site investigation (i.e.
increasing the number of test pits, boreholes etc.) it will be possible to reduce the
risks associated with ground variability to an acceptable level. However, given that
ground investigative techniques are expensive, as the intensity of the site
investigation increases so too will the total cost of the investigation. It is a judgment-
based decision (by the regulator, consultant or site owner) as to what constitutes an
adequate amount of intensity, and the level of risk that is acceptable.

For large projects however, the increased cost of the Sl can save money in the
construction phase of the project. For smaller projects, the added cost of an
enhanced Sl may outweigh the cost-benefits associated with better defining site
variability. This paradox means that contractors enter a bidding process with more
uncertainty that can ultimately lead to cautious (i.e. expensive) bids for the project.

For S/S projects, the level of variability that is present on a site can influence the
type of equipment selected for the remedial project and often results in a binder
formulation that is conservative. By way of example, if ground and other site
conditions show that 25% of a site can be treated with 8% cement addition, and the
remainder with 10% cement addition, it is likely that a contractor will apply 10% to
the whole site.

|l ndustri al sites that present pgrreoduonnd 6n ah & V &
potentially large variability in soil properties over small distances and hence
conservative binder formulations are chosen. This conservatism may inevitably add
additional costs to the project, but all ows
limiting potential mistakes and reducing the chance of failing performance
specifications, which can ultimately delay the project, diminish contractor confidence,

and escalate the final cost of the remedial operation.

3.5 Ex-situ and in-situ application of S/S

There are two major methods of applying S/S treatment to contaminated soil: ex-situ
and in-situ.

The ex-situ method of applying S/S involves the excavation of contaminated media

(soll, sludge, sediment, etc.) and its transfer to another location, either on- or off-site
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for subsequent mixing with reagents/binders. In-situ treatment by S/S involves
mixing binders/reagents into the contaminated media in the place where it is found
and thus does not involve excavation and transport to another location.

Although the definitions given above are quite distinct and are used in this document,
the reader should be aware that there are a number of other definitions of a
regulatory nature, and these may be different.

3.5.1 Technical considerations

The major technical advantage to ex-situ S/S treatment is that the properties of the
media (e.g. moisture content, texture, contamination level, degree of
aggregation/agglomeration, amount and type of debris) are directly observable in the
media to be treated, and this faci | i t ates the productd.i
product.

If the properties of the contaminated media deviate from those used in the design
criteria the process can be quickly adjusted to compensate, and to maintain
treatment goals. This is particularly important where, for example, drum carcasses
are encountered where not expected, or there are localised and discontinuous (but
signifi-spoty¥b6bobbtcontamination, not fo

Ex-situ S/S has the advantage that both liquid and solid reagents can be used to
treat the contaminated media, using commonly available mixing equipment.
Furthermore, water, which is often critical for thorough mixing, can be easily added
where necessary to maintain mix properties.

An additional advantage is that samples of the treated material are also easily
obtained during processing, such as at the mixer discharge point (see Figure 3.8),
enabling rapid evaluation of S/S product as it is being formed.

Furthermore, the application of ex-situ S/S involves more commonly available
equi pment, and there are more o6vendors
In addition, it is possible to identify more quickly any inadequate treatment and to re-
route this material back intothe 6 syst emdéd to ensure the
goals, or disposal by another method.
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Ex-situ treatment also has the advantage of being suitable for shallow soils, located
above the water table, and this facilitates selective materials removal, and a lower-
cost treatment option.

The major technical disadvantages for ex-situ S/S include primarily space
requirements and ease of materials handling. However, there must be space
available to stockpile materials to be treated and to apply S/S and to hold the treated
product until verification of performance criteria is received. It should be noted that
ex-situ S/S involves significant logistical issues, related to the transport of the
contaminated media to the site of S/S treatment and then onto the location of final
disposition (which may be off- or on-site). Figures 3.9 and 3.10 are examples of
typical ex-situ S/S treatment-systems.

If the final disposition of the treated material is on-site, the placement and
compaction of the treated material becomes another requirement for ex-situ S/S
treatment. Another technical disadvantage of the ex-situ S/S is the increased design
required for deep (greater than 15 feet or 4.5 meter) contamination. Excavations this
deep often involve sheeting and shoring, increasing the complexity of the excavation.
Also, excavation below the water table will require management of the groundwater
that may infiltrate the excavation.

The major technical advantage of in-situ S/S treatment is that the contaminated
media is treated in place (Figure 3.11). There is no need for a separate on- or off-
site treatment area and no need to consider the logistics of transport prior to
treatment, and transport only becomes a concern if the final disposition of the treated
material is off-site.

Other major advantages, depending on the site, are that treatment below the water
table is feasible without dewatering and emissions from in-situ treatment are far less
than from ex-situ excavation and treatment.
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Figure 3.8: Ex-situ treatment in a roll-off box

The major technical disadvantage for in-situ S/S is that properties of the media must
be inferred from or interpreted from how the in-situ S/S equipment reacts during
treatment. Skilled operators are often required to effectively operate the equipment.
In-situ S/S treatment often requires the treated material to develop enough
compressive strength to support the equipment as treatment progresses. Figure 3.12
shows in-situ S/S equipment operating on previously treated material.

On some sites, it may be possible to sequence the S/S work so that the in-situ S/S
equipment never has to operate on top of treated material. However, many sites will
require the in-situ S/S equipment to operate on top of treated material.

In-situ S/S ancillary and equipment involves track-mounted cranes or carriers (see
Figure 3.13 and Section 5), which can require treated material to attain compressive
strengths up to 50 psi (0.35MPa) before the equipment can safely operate on it.

Many of the in-situ S/S rotary mixers and augers-require that S/S reagents be liquid
or slurry, as these equipment types use the reagent slurry as drilling fluid to ease the
movement of the equipment into the subsurface and to mix the reagents into the
media.

Figure 3.13 shows a batch plant for slurried S/S reagents. Reagents that are difficult
to slurry, such as zero-valent iron, can pose a problem for in-situ S/S. Specialised
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sampling devices are required to collect samples of the in-situ S/S treated material
and the sampling is often complicated by the viscosity of the treated material.

Figure 3.9: Typical ex-situ S/S equipment, including pug-mill, silos, reagent
tank, water tank, stacker and haulage

Figure 3.10: Ex-situ S/S treatment enclosure
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3.5.2 Physical material handling

One of the advantages of in-situ S/S treatment is the limited material handling
required to prepare the media for treatment. The presence of debris
(foundations/footers, drum carcasses, piping, etc.) in the subsurface can be
detrimental to the in-situ S/S equipment (see Section 5), causing damage to the
augers and/or penetration refusal at depths less than the desired S/S treatment
depth. Figure 3.14 shows a 3 ft (0.92m) limestone boulder excavated in order to
facilitate in-situ treatment.

§
y

[> ST~

Figure 3.11: In-situ S/S treatment of oily sludge

95



Figure 3.13: Typical in-situ S/S equipment: batch plant with reagent silos and
mix tanks; crane, Kelly bar, and auger
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Figure 3.14: A 3 ft limestone boulder excavated to facilitate in-situ treatment

Dense, compacted lithology, such as layers of boulders, compacted gravel, or glacial
till, may also hinder penetration rate and/or cause penetration refusal at depths less
than the desired treatment depth.

If the site information includes boring logs with n-values from standard penetration
testing, n-values of greater t han 50 for a 60 depth
dense compacted lithology. If these impediments are known or considered likely to
occur at a site, material handling in the form of pre-excavation of the media is often
employed to remove or loosen the impediments. If the lithology and depth requires
this pre-excavation under a bentonite-slurry, the added bentonite often improves the
chemical and physical properties of the final treated material.

Ex-situ S/S mixers (see Section 4) require debris such as rock and brick to be
removed or separated from the media and the media size-reduced if necessary
before it can be introduced into the mixer. This handling is necessary to prevent
pinching of the media between the mixing paddle, auger or screw and the side of the
mixer vessel. This not only can damage the paddle or screw, but also impacts the
gear drive and motor which turn the paddle or screw. This is an easily avoidable
issue for ex-situ S/S treatment.
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The major types of material handling equipment commonly utlised for the
preparation and/or separation of media for ex-situ mixers are: screening equipment,
crushing equipment, shredding equipment, and magnetic separation equipment (see
Section 4).

Mixing energy

The mixing energy imparted to the media during S/S treatment varies depending on
S/S equipment, whether in-situ or ex-situ. Typically, the ex-situ S/S mixers, such as a
pug-mill, exert the highest mixing energy on the materials to be treated.
Hydraulically driven in-situ S/S rotary mixers, many of which are mounted on
excavators, are close to ex-situ S/S mixers in mixing energy, but impart less mixing
energy to the media as it is treated. The in-situ S/S auger mixers, driven by large
hydraulic turntables or gearboxes, are moderate in their mixing energy. Excavators,
whether used for in-situ or ex-situ mixing, impart the lowest mixing energy to the
media during treatment.

Mixing energy is an important factor in the production of a consistent, reproducible,
homogenous treated material. But it is not mixing energy alone, but the combination
of mixing energy, mixing speed, and mixing time that is required to produce a
homogeneous treated material. This combination can be adjusted or tailored for the
specific media being treated, regardless of the specific mixing equipment selected
for S/S treatment, to produce a consistent, reproducible, homogenous treated
material. Therefore no type of S/S mixing equipment, whether in-situ or ex-situ, can
be deemed superior to the others on the basis of mixing energy.

Site considerations

Treatment depths of less than 15 feet (4.5 meters) are often an advantage for ex-
situ S/S over in-situ, as these shallower treatment depths are typically amenable to
excavation without the need for sheeting or shoring. Deeper treatment depths are
advantageous for in-situ S/S treatment.

The presence of the water table within the treatment depth is advantageous to in-situ
S/S. Not only does one avoid the need to remove and manage the water, but the
water reduces the amount of reagent grout needed to act as a drill fluid while it
increases the penetration rate. The excess moisture in the media complicates the
excavation of the media, and its material handling, for ex-situ S/S.
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3.5.3 Economics
Mobilisation/demobilisation

The in-situ rotary mixers and excavators are also less expensive to mobilise and set
up. The mobilisation typically involves just excavator, mixing heads, and a reagent
batch plant. Only the batch mixing plant requires set-up, which can typically be done
in less than a day.

Though more complicated, the ex-situ mixing and material handling equipment is
typically only slightly more expensive to mobilise and set-up. Most of the ex-situ S/S
equipment is transportable and can be off-loaded and set up for operation in less
than a day.

The in-situ S/S auger is the most expensive to mobilise and set-up. The cranes,
though transportable when disassembled, require re-assembly on-site. The
gearboxes or turntables then need to be attached, followed by the auger. Typically
this takes three to four days to complete.

Equipment

The daily equipment costs for the ex-situ mixing equipment are typically on the order
of $1000/day and are the least expensive when compared to the in-situ mixing
equipment. The daily costs for the excavator-mounted in-situ S/S equipment is only
slightly more expensive. However, the crane-mounted in-situ S/S equipment is
significantly more expensive, on the order of $3,000/day.

The daily cost for most of the ex-situ material handling equipment is typically less
than $1,000/day. Ex-situ S/S also requires excavators or loaders to feed the media
to the mixing or material handling equipment and then remove and stockpile the
treated material. In-situ S/S also requires an excavator to handle swell from the S/S
treatment.

Overall, the total daily equipment costs for ex-situ S/S are typically less than those of
in-situ S/S. However, daily equipment cost for certain in-situ S/S configurations (e.g.
excavator-mounted mixers with the ability to accept dry reagent addition) can be
comparable to those for ex-situ S/S. In-situ S/S using crane-mounted mixers and
batch plants have the highest daily equipment costs.
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Labour requirements

Most in-situ mixing systems with dry reagent addition require two workers to manage
the reagent storage and delivery and operate an excavator-mounted in-situ mixer.
Ex-situ S/S systems typically require three to four workers to feed the system,
operate the mixer (and material handling equipment, if necessary), manage the
reagent storage and delivery, and stage the treated material. In-situ S/S involving
crane mounted equipment mixers can require five to six workers to handle the
reagent storage and grout preparation, operate the mixer, and manage swell.

Reagent storage and delivery

Silos for reagent storage typically cost on the order of $500/day, whether used to
supply ex-situ mixers or in-situ mixing equipment set up for dry reagent addition or
batch plants. Batch plants typically run about $2,000/day, including the cost for all of
the tanks, mixers, pumps, and hoses needed to prepare and deliver the reagent
grout to the ex-situ or in-situ mixer.

Dry reagent addition, whether for ex-situ or in-situ S/S, typically requires only a
reagent silo to store the reagent on-site and deliver that reagent to the ex-situ or in-
situ mixing equipment. This is the least expensive reagent storage and delivery
option. Reagent delivery in the form of a reagent grout typically requires silos to store
the dry reagents and batch plants (Figure 3.13) to prepare the reagent grout, making
this a more expensive option for reagent storage and delivery.

For the in-situ mixing equipment that can receive dry reagent feed, the reagent is
delivered pneumatically, which makes it difficult to consistently and accurately deliver
the reagents.

For the in-situ mixing equipment, reagent grout addition, though more expensive,
results in more accurate, consistent, and reliable reagent delivery.

Production

Ex-situ S/S systems typically treat 350-1,000 yd® (270-760 m®) of media per day, per
mixer. Site-specific production rates vary based on media properties (e.g. moisture
content, texture, plasticity), reagent addition level (i.e. productivity decreases with
increasing reagent addition), and site considerations (e.g. space available for
equipment or to stockpile untreated and treated materials).
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In-situ S/S systems typically treat 400-1,200 yd® (300-920 m®) per day, per mixer.
Site-specific production rates vary based on media properties (e.g. moisture content,
texture, plasticity), reagent addition level (i.e. productivity decreases with increasing
reagent addition), and site considerations (e.g. depth of treatment, depth to water
table).

Overall costs

Typically the cost per cubic yard for ex-situ S/S processing, excluding reagent costs,
ranges from $15 to $30/yd®. This cost does not include the cost to excavate,
transport, and stockpile the untreated media or the cost to stockpile, transport, and
place the treated material.

For in-situ S/S, the processing costs, excluding reagent costs, can range from
around $20/yd® (0.8m°) for using excavator-mounted equipment with dry reagent
addition to $50/yd* (0.8m®) for crane-mounted equipment with reagent grout addition.

In general, the costs for ex-situ S/S and in-situ S/S processing cover a similar range.
However, site-specific factors (media properties, depth of treatment, depth of water
table, and site space considerations) may give one method an advantage over the
other.
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4.0 Ex-situ S/S equipment and application

The nature of a soil or waste and the reagents to be mixed with it is an important
factor on the choice of mixing equipment to be used on site. Site characteristics such
as its layout, the space available, size and geographical location, are also important.
There are various types of ex-situ mixing equipment including pug-mills, excavators,
screw mixers, ribbon blenders, tillers, asphalt mixers, and paddle aerators which are
discussed below. In addition, design and application of mixing pits is also presented.
Figure 4.1 outlines the processes involved in ex-situ application.

102



Single Roll |

.
e Crushing
Hammer Mill

. Grizzly Screen
Screening e
Trommel

Rotary
Tub Grinder

Shredding
Rotary Shear

| Mixing Pit
| Earthen Pi
i Magnetic
Separation . Open Top Tan
Pugmill
| .
Reagent
Storage .
| Rototiller
| Tillers g

l
[ ]
Performance Placement
Check

Figure 4.1: Ex-situ processes

103

Asphalt Mixer

Paddle Aerator

Sheepsfoot

Tamping Foot



4.1 Mixing Chambers

Mixing chambers are designed to mix, or blend different materials to produce a
homogenous product. The body or casing of the mixer contains or restricts the
movement of the materials being combined during the blending process. Within the
mixing body, rotating paddles, screws, ploughs, or ribbons lift, throw, fold, or knead
the material. The mixing action and energy input (into the forming mixture) from the
rotating paddles, screws, ploughs, or ribbons influence:

What materials can be treated/mixed

How long it takes to mix the materials being presented

The thoroughness of the mixing action (i.e. how homogeneous is the product)
The cost of the mixing process

= =4 —a A

The arrangement of the mixing chamber can be horizontal or vertical. Typically,
horizontal mixing chambers are used for continuous mixing, while vertical mixing
chambers are used for batch mixing. Continuous mixing chambers receive the
material to be mixed at one end and discharge the mixed product at the other.

Batch mixing chambers have their feed materials introduced before mixing begins,
and when mixing is completed the product is then removed (from the mixing
chamber).

Continuous mixing allows for high materials throughput. Mixing time is set by the rate
at which material is fed into the mixer, its volume and mixing action. Batch mixing
has the advantage that the mixing time can be controlled, but processing capacity is
related to the size of the mixing body and its cycle time, including loading of
materials and unloading of product.

During batch mixing, the final product is usually discharged (by dumping) requiring a
homogeneous product that is free flowing or fluid enough to flow out of the mixer by
gravity. Many continuous mixers use conveyors to move the discharged product,
which must be viscous enough to be conveyed. Thus, the rheology of the freshly
mixed S/S product is very important, and needs controlling for effective mixing and
conveyance to the point of use.

Mixers can receive both liquids and solids. The solids can be dry powders, thin
slurries, or pastes. However, the types of solids to be processed will need to be
mixed in such a way as to produce a homogeneous product with a minimum of
processing time. As an example, ribbon blenders and screw mixers cannot be used
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effectively with cohesive soil or waste and are not appropriate for blending these
materials with binders.

There are environmental considerations for mixing chambers. Since materials are
conveyed into and out of mixers, secondary containment is required to collect and
contain any spillage, especially when one of the materials being introduced is a
waste material; this is typically achieved by using a bermed or lined mixing platform.
Often the materials to be mixed are dusty in nature and require effective dust control
measures, such as a water-mist/spray within the mixer body.

However, a shroud with dust control measures may be required under some
circumstances. This may include dust filtering or a bag-house, to effectively control
any dust emissions. This is especially important when operations are within a
populated urban area and where sensitive receptors are within close proximity (tens
of meters) of the site. Similarly odour control during mixing can often be addressed
by supplying a mist or spray, or an odour suppressant polymer or foam within the
mixer body. However, mixer shrouding and use of an activated carbon filter or a
reactive scrubber may be suitable mitigating measures when sensitive receptors
may be close to the site of operation.

4.1.1 Pug-mill mixers

Pug-mill mixers are horizontal mixers that can be used for the continuous mixing of
dry free-flowing powders, thin slurries, and thick pastes. A typical pug-mill consists of
a horizontal box-like or trough mixing chamber with a top inlet on one end and a
bottom discharge at the other end, 2 shafts with opposing mixing paddles, and a
drive assembly to rotate the shafts.

A continuous pug-mill is an effective mixing platform that can achieve a thoroughly
mixed, homogeneous product within a few seconds. The action of the pitched
paddles moves the material from the bottom of the trough, up each side, and forces
the material back down between the shafts. This both kneads and folds the S/S
mixture. Mixing efficiency and product residence time are influenced by the size of
the paddles, paddle swing arc, overlap of left and right swing arc and the dimensions
(and volume) of the mixing chamber, and the nature of the material being mixed.

Pug-mills are often supplied as part of a pug-mi | | mi xi ng O6syst
hopper and feed conveyor to ensure a consistent supply of materials. The feed
hopper can employ either belts or augers to control the transfer rate of the waste
material onto the transfer conveyor, which often includes a belt-scale to allow the
operator to accurately determine feed rate and quantity of material to be treated.

105



Since the reagents are typically added on a weight-for weight basis, the waste feed
rate from the belt-scale can be used to control the reagent addition rate.

A discharge conveyor to stack the treated product exiting the pug-mill can be
included, but this is often a separate piece of equipment. Similarly, the reagent silos
and feed-system can also be part ancillary equipment supplied. Figures 4.2 and 4.3
show a typical pug-mill system with support equipment. Figure 4.4 shows the trough
of a pug-mill and its paddle design. The advantages and disadvantages of pug-mill
mixers are listed in Table 4.1.

A list of pug-mill suppliers by country is shown in Table 4.8.

Figure 4.2: A pug-mill with its ancillary equipment
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Figure 4.3: Ancillary equipment of a pug-mill

Table 4.1: Advantages and disadvantages of pug-mill mixers

Advantages

Disadvantages

9 Pug-mills are high capacity (200
tonnes of materials per hour)

1 High shear/mixing-energy mixers. The
twin shafts in a pug-mill can rotate at
up to 500rpm

1 Very homogeneous and well-mixed
S/S product

9 Pug-mills are very tolerant of debris
and will typically tolerate small stones
and pieces of bricks, concrete, wood,
and metal debris

1 Can effectively process soil or waste of
a widely variable consistency, handling
effectively viscous fluids, free-flowing
powders, and plastic and/or sticky
solids

i Transportable and often mounted on a
wheeled frame for road transportation

9 Can be ready for operation in less than
half a day

1 Are relatively inexpensive to mobilise,
set-up, operate and demobilise

9 Throughput is dependent on the
characteristics of the waste media
(moisture content, plasticity, particle
size distribution)

1 The waste/soil to be treated must be
screened to remove debris greater
than 2in (50mm). This may require
additional handling/processing steps,
including the drying of waste materials
with moisture contents above their
plastic limit, as is needed to allow
effective screening

{ For waste volumes less than 2,000 m®
costs can significantly impact the
economics of on-site treatment
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Figure 4.4: Paddles inside a typical pug-mill

4.1.2 Screw Mixers

Screw mixers are horizontal or near-vertical mixers for the continuous mixing of dry
free-flowing powders and solids, with moisture contents below their plastic limit. A
screw mixer consists of a circular-shaped mixing body (usually at least ten times
longer than it is wide), a screw auger mounted on a shaft, and a drive assembly to
rotate the shatft.

A screw mixer is wusually | oaded at one end
near vertical configuration). Mixed material is typically discharged from the other end.

The rotation of the screw lifts and moves the material to be blended, creating a

folding effect as it moves up the auger flight. The screw is set at a fairly close
clearance to the mixer body so no material remains along the mixer body. The pitch,
rotational speed, and length of the screw can be used to set the mixing time.

Screw mi xers cannot be used for sticky or
bind in the mixer. Figure 4.5 shows a screw mixer with its lid removed. The
advantages and disadvantages of screw mixers are listed in Table 4.2.

A list of screw mixer suppliers by country is shown in Table 4.8.
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Table 4.2: Advantages and disadvantages of screw mixers

Advantages

Disadvantages

1 The high rotational speeds thoroughly
blend waste media with reagents

9 Screw mixers can process in excess of
100 tonnes per hour

9 Screw mixers are simple to operate
and have few moving parts to maintain

1 Throughput is dependent on the waste
materials  characteristics  (moisture
content, plasticity, particle size
distribution) and screw design (which
controls the residence time in the
mixer)

1 The waste material must be screened
to remove debris larger than 1 inch, as
screw mixers are not tolerant of hard
debris, e.g. concrete, bricks, metal

1 Other handling/processing steps may
be required to prepare the waste
media, including, for example, drying of
waste materials with moisture contents
above their plastic limit (to allow
screening and subsequent processing)

T Are not capable of handling waste
media that are above their plastic limit
or are sticky or tacky in nature

1 Generally not suited for mixing liquids

9 Screw mixers are typically designed for
fixed facilities
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Figure 4.5: Screw mixer

4.1.3 Ribbon Blenders

Ribbon mixers are also horizontal mixers for the continuous mixing of dry free-
flowing powders, thin slurries, and solids with moisture content below their plastic
limit.

A typical ribbon blender has a trough-shaped mixing body (usually two to three times
longer than it is wide) with a semi-circular bottom, a horizontal longitudinal shaft
upon which are mounted arms supporting a combination of ribbon blades and
paddles. A drive assembly is used to rotate the shaft.

Loading a ribbon mixer with materials is usually done at (the top of) one end while
discharging is done at the bottom of the other end. A long and complex single paddle
is mounted axially on the shaft and is used to disperse the material to be mixed to
the outer ribbon. Compared to a pug-mill, the paddles on a ribbon blender move
relatively slowly, feeding the material to be blended into the ribbon.
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The most effective ribbon design is the double spiral in which the outer ribbon moves
the product in one direction and the inner ribbon moves it in the opposite direction.
This opposed movement creates axial flow of the material though the mixer and
prevents build-up of materials in the mixer. The pitch of the ribbons are designed to
mix material slowly, resulting in long residence times.

To improve the dispersion of materials in ribbon mixers, the ribbon blades are built to
be close to the cylindrical wall to provide high shear mixing. Rubber wipers can also
be fitted on the ribbons to lift material from near the wall into the middle of the ribbon.
Figure 4.6 shows a ribbon mixer with its cover removed to display its internals. The
advantages and disadvantages of ribbon blenders are listed in Table 4.3.

A list of ribbon blender suppliers by country is shown in Table 4.8.

Figure 4.6: Ribbon mixer
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Table 4.3: Advantages and disadvantages of ribbon blenders

Advantages Disadvantages

1 The high rotational speeds thoroughly| T Throughput is dependent on the waste
blend waste media with reagents materials  characteristics  (moisture

1 Ribbon mixers can process in excess| content, plasticity, particle size
of 20 tonnes per hour distribution) and ribbon design (which

fSimple to operate and have few| controls the residence time in the
moving parts to maintain mixer)

T Many fixed facilities that treat sludges| 1The waste material must often be
and liquids utilise ribbon mixers due to| screened to remove debris larger than
their simplicity of operation and this offset, which is typically less than 1
thoroughness of mixing cm

9 Extremely intolerant of  debris,
especially hard debris

1 Not capable of handling plastic, sticky
or tacky waste media

1 Are typically designed for fixed facilities

4.1.4 Quality control using mixing chambers

Typically, the S/S mix design determined during the treatability study (see Section 8)
is expressed on a weight/weight ratio, or the percentage of reagent to waste material
to be treated. For example, a 0.05 mix ratio or 5% additive addition rate, both equate
to 5 tonnes (5.1 tons) of reagent added to every 100 tonnes (102 tons) of waste
treated.

For pug-mills and screw mixers, the quality control revolves around calibrating the
waste and reagent feed-rates to the mixer. The waste feed rate for pug-mills or
screw mixers is typically determined by a belt-scale on the feed conveyor belt to the
mixing box. This belt-scale should be calibrated at least weekly, preferably daily,

using the manufacturerds recommended cal

control panel for a belt scale.

The reagent feed can be conveyed to the pug-mill mixing box either by a conveyor
belt or screw auger. If the reagent feed is conveyed by a belt, a belt-scale can be
used to measure the feed rate and this belt-scale can be calibrated at the same time
as the waste feed belt scale. If a screw auger is used to convey the reagents to the
mixing box, a calibration between the screw auger rotation speed and the weight of
reagent delivered needs to be completed. This calibration should be verified at least
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weekly, preferably daily. Figure 4.8 shows a pug-mill crew calibrating the reagent
feed from a screw auger.

The waste and reagent feed rates are typically manually controlled in older pug-mills,
but are automated in newer pug-mills. Figure 4.9 shows the control screen from an
automated pug-mill.

Similar to pug-mills and screw mixers, the quality control of ribbon blenders involves

calibrating the waste and reagent feed rates to the mixer. However, most ribbon

blenders are operated in a batch (rather than continuous) mode. Ribbon blenders

are typically mounted on load cells, which should be periodically calibrated on the
manufacturerods recommended schedul e. During
along with a known weight of reagents are charged into the ribbon blender and then

mixed.

Belt-Way

Figure 4.7: Control panel for waste feed conveyor
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4.2 Excavator bucket mixing

Standard excavators can be used to lift, sift, turn, and mix materials. A conventional
bucket, a bucket modified to improve efficacy with sifting and mixing (Figure 4.10), or

a specialised mixing head (Figures 4.11,

mixing.

Excavators can be used to treat waste materials either in-situ or ex-situ. For in-situ
S/S with an excavator, the waste to be treated is divided into treatment cells. The dry
or liquid reagents are spread over the surface of the treatment cell, and the
excavator operator uses the bucket or mixing head attached to the boom and stick to
mix the reagents into the waste, until homogeneous. The treated waste is then
either left in place or removed and stockpiled for transportation to the disposal
location.

For ex-situ S/S with an excavator, the waste to be treated is laid out on a concrete
pad or lined area (see Section 4.4) and the dry or liquid reagents are spread over
the surface of the waste. The excavator operator uses the bucket or mixing head
attached to the boom and stick to mix the reagents into the waste, until
homogeneous.

Figure 4.8: Calibrating reagent feed from a screw auger
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Figure 4.10: Modified excavator bucket for improved mixing
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The treated waste is then removed and
original, or an alternate, on-site location

stockpiled for transportation either to its
for placement, or to an off-site disposal

location. The next batch of waste is then placed on the treatment area and amended
with reagent for treatment. The advantages and disadvantages of excavator bucket

mixing are listed in Table 4.4.

A list of excavator bucket suppliers by country is shown in Table 4.8.

Table 4.4: Advantages and disadvantages of excavator bucket mixing

Advantages

Disadvantages

9 Common construction equipment and
requires minimal training for operation
1 Conventional or modified buckets are
typically unaffected by the presence of
debris (wood, concrete, or metal) in the

waste

fUp to 1,200 yd® (920 m®) per day can
be treated using an excavator with a
conventional bucket

1t must be possible to spread the
reagents on top the waste to be treated

1 Specialised mixing attachments are not
tolerant of debris and debris should be
removed prior to treatment

9 Excavator buckets are typically not
designed for thorough mixing of wastes
and reagents and the treated material
may not be thoroughly homogeneous
unless sufficient mixing time s
employed

1 Plastic soils are not adequately mixed

1 Specialty mixing attachments can be
expensive, may not be available
locally, require more training to operate
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Figure 4.11: Allu PMX Power MixerE attachmen

I

Figure 4.12: Rotating mixing head attachment
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Figure 4.13: Rotating rake mixing attachment

4.2.1 Quality Control using excavator bucket mixing

Excavator mixing (either ex-situ or in-situ) is a batch process, so the quality control
revolves around determining the weight of waste and reagent added during the
process. For all in-situ excavator mixing and much ex-situ mixing, the weight of the
waste is calculated using the in-place volume and density of the waste material. The
in-place volume is that of the treatment cell during in-situ excavator mixing and is
typically the excavated volume for ex-situ excavator mixing. Occasionally, the waste
material is transported over truck scales to obtain the waste weight for excavator
mixing.

For ex-situ and in-situ excavator mixing, the reagent is typically conveyed either by
conveyor belt or screw auger or pneumatically. If the reagent feed is by belt, a belt
scale can measure the weight of reagent conveyed to the treatment cell or treatment
pad. If a screw auger is used to convey the reagents, the screw auger rotation speed
and duration and the weight of reagent delivered needs to be calibrated.
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Alternatively, reagents are pneumatically conveyed to the treatment cell. In this case,
theweight of waste in the treatment cell
truck | oadsdé of reagent, for convenien

4.3 Tillers and Other Ex-situ Mixers

Tillers employ rotating shafts with tines, teeth, or paddles designed to cut, fracture,
fold, lift, and/or shear soils. Tillers are typically not stand-alone equipment but are
coupled with other construction equipment such as excavators, front-end loaders,
tractors, or skid steers. The motor driven rotating shatft is typically mounted on the
tiller. The hydraulic power supply provided to the equipment is also attached to the
tiller.

For ex-situ S/S, the waste media are placed in lifts, ranging from 1-3 ft (0.3-1 m) in
depth in a treatment area, often a concrete pad or lined area (see Section 4.4). The
reagents (dry or liquid) are spread on top of the soil lift; typically fertiliser spreading
equipment is used for this task. The tilling equipment is then used to mix the soil and
the reagents. Multiple (three to four) passes are typically used to mix the waste
media with the reagents. When the waste and reagents are thoroughly mixed, the
treated material is then removed from the treatment area and stockpiled awaiting
confirmation of successful treatment.

There are environmental considerations associated with tillers. The treatment area
often used is a concrete pad or lined and berm-enclosed area designed to contain
the waste media and any spillage. Reagents and waste materials are sometimes
dusty in nature, and dust control, involving sprays or water mists, are often a
consideration. However, shrouding the treatment area within a sprung structure or
building and pulling air through the building and into a bag-house may also be
necessary to control dust emissions, especially when the mixing will occur in an
urban area, where sensitive receptors may be close (tens of meters) to the site
boundary.

Similarly, odour control during mixing can often be addressed by supplying a mist or
spray of an odour suppressing polymer or foam within and/or over the treatment
area. However, enclosing the treatment area within a sprung structure or building
and pulling air through the building and into an activated carbon canister or a
reactive scrubber may be necessary. Again, this level of odour control is likely only
when the mixing will occur in a populated area where sensitive receptors may be
close to the site boundary.
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4.3.1 Rototillers

Rototillers use a rotating shaft with curved tines designed to cut, fracture, loosen,
and lift soil as the equipment rolls over the surface. Rototillers are typically mounted
on the three-point hitch on the back of backhoes, front-end loaders, or tractors and
use the hydraulic system of the host equipment to power its motor and rotate the
shaft. Figure 4.14 shows a rototiller attachment for a small tractor.

Rototillers can be used to treat soil either in-situ or ex-situ. For in-situ S/S using a
rototiller, the dry or liquid reagents are spread over the surface of the waste to be
treated. The rototiller is then driven over the waste, mixing the reagents into the top 8
to 12 inches of the waste. The treated waste is then removed and stockpiled for on-
site placement after all of the waste is treated, or for transportation to an off-site
disposal location. The next 8-12 inch (20-30cm) lift of waste is then amended with
reagent and treated, until the depth of contamination is reached.

Figure 4.14: Rototiller attachment

For ex-situ S/S with a rototiller, the waste to be treated is laid out in 8-12 in (20-
30cm) lifts on a concrete pad or lined area (see Section 4.4) and the dry or liquid
reagents are spread over the surface of the waste. The rototiller is then driven over
the waste, mixing the reagents into the waste. The treated waste is then removed
and stockpiled for transportation either to its original, or alternate, on-site location for
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placementortoanoffsi t e di sposal | ocation. The next
the treatment area and amended with reagent for treatment. The advantages and
disadvantages of rototillers are listed in Table 4.5.

A list of rototiller suppliers by country is shown in Table 4.8.

Table 4.5: Advantages and disadvantages of rototillers

Advantages Disadvantages

9 Can easily treat up to 1 ft (30cm) thick| It must be possible to spread the
lifts of soils, either ex-situ or in-situ reagents on top of the waste to be

{1 For in-situ S/S, up to 2,500 yd* (1,912| treated
m®) per day can be treated using a| J The spreading operation involved in
rototiller ex-situ S/S limits the daily treatment
rate to closer to a maximum of 1,000
yd® (765 m®) per day

1 They are typically not designed for
thorough mixing of soil and reagents
and the treated material may not be
thoroughly = homogeneous  unless
multiple passes are employed

i Plastic soils may not be adequately
mixed

1 Not amenable to brick, concrete, or
metal debris greater than 2 in (5 cm) in
diameter

1 Have difficulty operating on un-even
soil surfaces

1 Are not standard roadway construction
equipment and may not be available
locally

4.3.2 Asphalt millers

Asphalt grinders, cold planers, or millers employ a rotating drum with cutter teeth to
loosen and remove worn asphalt as the equipment rolls over the asphalt surface.
Bomag supplies asphalt millers, which can scarify to a depth of up to 12 in (30 cm)
over a treatment width from 39-78 in (1-2 m). This equipment can be used to mix soil
with reagents for S/S. Figure 4.15 shows a Bomag asphalt miller.

Asphalt mixers can be used to treat waste materials either in-situ or ex-situ. For in-
situ S/S with an asphalt miller, the dry or liquid reagents are spread over the surface
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of the waste to be treated. The asphalt miller is then driven over the soil, mixing the
reagents into the top 12 in (30 cm) of the waste, removing the treated waste, and
conveying the treated waste to dump trucks.

The treated waste is then stockpiled for on-site placement after all of the waste is
treated, or for transportation to an off-site disposal location. The next 12 in (30 cm)
lift of waste is then amended with reagent and treated, until the depth of
contamination is reached.

For ex-situ S/S with an asphalt miller, the waste to be treated is laid out in a 12 in
(30cm) lift on a concrete pad or lined area (see Section 4.4) and the dry or liquid
reagents are spread over the surface of the waste. The asphalt miller is then driven
over the waste, mixing the reagents into the waste, removing the treated waste, and
conveying the treated waste to dump trucks. The treated soil is then stockpiled for
transportation to its original location for placement, or to an off-site location. The next
lift of waste is then placed and amended with reagent for treatment. The
advantages and disadvantages of asphalt millers are listed in Table 4.6.

A list of asphalt mixer suppliers by country is shown in Table 4.8.

Figure 4.15: Asphalt miller

Table 4.6: Advantages and disadvantages of asphalt millers
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Advantages Disadvantages
i Can easily treat up to 1 ft (30cm) thick| It must be possible to spread the
lifts of soils, either ex-situ or in-situ reagents on top the waste to be treated
1 Are standard roadway construction| The spreading operation involved in
equipment and can typically be found| ex-situ S/S limits the daily treatment
worldwide rate to closer to a maximum of 1,000
1 Little technical expertise is required to yd® (765 m®) per day
operate the equipment 1 They are typically not designed for
f Capable of handling non-metallic|/ thorough mixing of soil and reagents
debris and the treated material may not be
1 For in-situ S/S, up to 3,500 yd® (2,680| thoroughly homogeneous
m?®) per day can be treated 1 Non-cohesive or plastic soils may not
be adequately moved onto the
conveyor
fHave difficulty operating on soall
surfaces

4.3.3 Paddle aerators/compost turners

Paddle aerators consist of triangular paddles mounted on a rotating shaft. Paddle
aerators can be mounted in the front of front-end loaders, bulldozers, tractors or skid
steer s, usi ng t he e demitoppoventhednetor,hwhichrtuans the
rotating shaft. The paddles are curved to lift and turn material. As the equipment
moves forward, the rotating paddles lift and turn the material, providing a mixing
action. Paddle aerators vary in width from 6-11 ft (1.8-3.4 m) and can mix material to
a depth of 5 ft (1.5 m). Figure 4.16 shows a paddle aerator mixing soil in a windrow.

Paddle aerators can be used to treat waste either in-situ or ex-situ. For in-situ S/S
with a paddle aerator, the dry or liquid reagents are spread over the surface of the
waste to be treated. The paddle mixer is then driven over the waste, mixing the
reagents into the waste, to a depth of up to 3 ft (0.9 m). If greater treatment depths
are required, the treated waste can be removed and stockpiled for later on-site
placement, or for transportation elsewhere. The next layer of waste is then amended
with reagent and treated, until the depth of contamination is reached.

For ex-situ S/S with a paddle aerator, the waste to be treated is laid out in a lift of up
to 3 ft (0.9 m) deep on a concrete pad or lined area (See Section 4.4) and the dry or
liquid reagents are spread over the surface of the waste. The paddle aerator is then
driven over the waste, mixing the reagents into the waste. The treated waste is then
removed and stockpiled for transportation either to its original location for placement
ortoanoffsi te di sposal | ocati on. The pdewith
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reagent for treatment. The advantages and disadvantages of paddle aerators are

listed in table 4.7.

A list of paddle aerator suppliers by country is shown in Table 4.8.

Table 4.7: Advantages and disadvantages of paddle aerators

Advantages

Disadvantages

1 Can treat lifts of soils up to 2-5 ft (0.6-
1.5 m) in depth either ex-situ or in-situ
{1 For in-situ S/S, up to 2,500 yd® (1900
m® per day can be treated using a

paddle aerator

1t must be possible to spread the
reagents on top of the waste to be
treated

1 The spreading operation involved in
ex-situ S/S limits the daily treatment
rate to closer to a maximum of 1,000
yd® (765 m®) per day

1 Cohesive and plastic materials may not
be thoroughly mixed

1 Not amenable to brick, concrete, or
metal debris greater than 4 in (10 cm)
in diameter

fPaddle aerators are specialised
equipment produced by a limited
number of suppliers and may not be
available locally
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Figure 4.16: Paddle aerator mixing windrowed soil

4.3.4 Quality control using tillers and paddle mixers

Tiller mixing, either ex-situ or in-situ, is a batch process, so the quality control
revolves around determining the weight of waste and reagent added during the
process. For all in-situ rototiller mixing and during ex-situ mixing, the weight of the
waste is calculated based on the in-place volume and density of the waste material.
The in-place volume is that of the treatment cell during in-situ rototiller mixing and is
typically the excavated volume for ex-situ rototiller mixing. Occasionally, the waste
material is transported over truck scales to obtain the waste weight for rototiller
mixing.

For ex-situ and in-situ rototiller mixing, the reagent is typically conveyed by conveyor
belt, screw auger or pneumatically. If the reagent feed is conveyed by belt, a belt-
scale can be used to measure the weight of reagent delivery to the treatment cell or
treatment pad. If a screw auger is used to convey the reagents, the screw auger
rotation speed (and duration) and the weight of reagent delivered needs to be
calibrated. Alternatively, reagents can be pneumatically conveyed to the treatment
cell, and in this case the weight of waste (in the treatment cell or on the treatment
pad) is often controlled so as to require full truckloads of reagent to simplify reagent
delivery.
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Table 4.8: mixer manufacturers

Location | Paddle Aerator Asphalt Miller Rototiller Ribbon Blender Screw Mixers Pug-mill
Australia fAran International
Pty
Austria TAndritz Group TAndritz Group
Belgium  |fMenart Sprl
fShandong Sunco [fWeifang General |fShandong Yuntai |fShanghai Senfan [fYangzhou Nouya
Agricultural Machinery Machinery Co. Machinery Co. Machinery
Equipment Wuhan Kudat fYucheng Dadi fYangzhou Nouya | Company
Technology Industry and Machinery Co. Machinery Co. fJinan Xucheng
China fZhenzhou Repale | Trade fiZhenzhou Co.
Machinery Co. Whirlson Trade fiDouble Crain
Co. Ltd Machinery
Manufacture
(Leling) Co., Ltd.
{Steelcraft, Inc fUniTrak
Canada Engineered
Products
Denmark {Baltic Korn A/S
Finland TAllu Group
fBackhus Wirtgen BmbH fBackhus 1J. Engelsmann AG
Germany Kompost- _ Kompost- . TCATS GmbH
Technologie Technologie {Doppstadt
iDoppstadt fPutzmeister
TAmbica fiShitla Road IKrishna {Rana Perforators |fLeo Road Pvt Ltd
India Engineering Equipment Engineering TAtlas Industries
Works Shiv Shakti Road fRana Perforators 1S.P. Enterprises
Equipments fShitla Road

126




Equipment

TWAMGROUP
ftaly fIMER Group
Switzerland Gericke AG
Winkworth Mixer 1BG Europa Ltd
UK Co
IMidwest Bio- fRoadtec IBEFCO fAaron Process  |US Air Filtration |{DustMASTER
Systems Maddock fRotomec Equipment TAuger Enviro Systems
fBrown Bear Equipment Terex |fServis-Rhino TApplied Chemical | Manufacturing fEagle Iron Works
Cedarapids Technology Specialists fExcel Machinery
fBomag America fNational Bulk fAcrison TIW Jones
Equipment {Kohlberg/Pioneer
fJaygo fMaxon Ind.
United fPeerless
States

Conveyor and
Manufacturing Co.
fMcLanahan Corp.
TPug-mill Systems,
Inc

TRapid
International, Inc
fTerex Cedarapids
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4.4 Mixing pits

Mixing pits are earthen pits, open-topped tanks of metal or concrete, or three-side
concrete (though can also be metal or wood) enclosures in which ex-situ S/S
treatment can take place.

The waste media are placed into the mixing tanks, and the dry reagents are added
pneumatically or via super-sacks (e.g. 1 to 2 ton bags or 0.9-1.8 tonnes); liquid
reagents are pumped into the pit. Typically an excavator is used to mix the waste
media with the reagents, though tillers are sometimes employed. When the waste
and reagents are thoroughly mixed, the treated material is then removed from the
mixing pits and may be stockpiled, to await confirmation of successful treatment.

There are environmental considerations for mixing pits. Since materials are
conveyed into and out of mixers, secondary containment is typically required to
collect and contain any spillage. For tanks and enclosures, secondary containment
may involve double-walled structures, or placement within a bermed and lined area.
Often the reagents, and sometimes the waste materials, to be mixed are dusty in
nature and dust control via water mist or spray within and/or over the mixing pit may
be necessary. However, shrouding the mixing pits within a sprung structure or
building and pulling air through the building and into a bag-house may be necessary.
Similarly, odour control during mixing may be addressed by an odour suppressant
polymer mist or spray or foam within and/or over the mixing pit.

However, enclosing the mixing pit within a sprung structure or building and pulling air
through the building and into an activated carbon canister or a reactive scrubber may
be necessary. This level of odour control is likely only when the mixing will occur
close to a populated area or sensitive receptors. Figure 4.17 shows an excavator
with a standard bucket mixing Portland cement into lead contaminated soil and
debris on a concrete pad.
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Fiure 4.17: Excavator mixing of Portland cement into Pb-contaminated soil
and debris

4.41 Earthen Pits

Earthen mixing pits may be excavated into contaminated soil or established within
impoundments and lagoons. Waste media are transferred into the pits using
excavators or loaders, and the reagents (wet or dry) are added to the pit. An
excavator is then used to mix the waste and the reagents until a visually
homogeneous product is formed.

The treated waste is sampled to verify successful treatment, and then may be
removed and stockpiled for off-site disposal or later placement back on-site;
alternatively, the product can be left in-place, on-site. Figure 4.18 shows an
excavator with a standard bucket mixing hydrated lime into an oily waste in an
earthen mix pit. The advantages and disadvantages of earthen pits are listed in
Table 4.9.
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Table 4.9: Advantages and disadvantages of earthen pits

Advantages

Disadvantages

1 Simplicity and flexibility

1 The size can be varied as necessary to
contain the mixing volume, which can
range from 20 to 1,000 m® (26-1300
yd®)

1 No need for secondary containment

fMany simple options to place the
waste media into the pits

1 No feed preparation is required

1 Typically, only an equipment operator
and perhaps a labourer are required to
run a mixing pit and only an excavator
is needed for the mixing operation

i Limited by the reach of the excavator
arm

9 Excavators or loaders may need to
track onto the treated material to
access other pit areas

9 Sprung structures or buildings are
required to contain dust or odour
controls - these structures would need
to be mobile if the treated material is
left in place within the mixing pit

o N R B N

Figure 4.18: Bucket mixing hydrated lime and oily waste in earthen pit
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4.4.2 Open-top tanks

Open-top tanks are metal or concrete structures in which the waste/soil are placed
for mixing. The waste material is conveyed to the open-top tank by conveyor,
excavator, or loader and the reagents, whether dry or wet, are added directly to the

tank.

An excavator is then used to mix the waste and the reagents until the product is
visually homogeneous. The treated waste is then sampled to verify treatment, and
the product is removed and stockpiled for off-site disposal or placement on-site.
Figure 4.19 shows an excavator bucket mixing reagents into hexavalent chromium-
contaminated soil in a roll-off box. The advantages and disadvantages of open-top

tanks are listed in Table 4.10.

Table 4.10: Advantages and disadvantages of open-top tanks

Advantages

Disadvantages

9 Simple metal containers such as roll-
off boxes or inverted sea-land
containers (with the bottoms removed)
can be used for tanks. Tanks can
range in size from 10 to 1,000 yd? (7.7-
765 m°)

fMany simple options to place waste
into the tank, and little to no feed
preparation is required.

1 Minimal staff required

1 The lateral extent of a mixing tank is
only limited by the reach of the arm of
the mixing excavator

1 The metal bottoms of the tank require
careful consideration by the excavator
operator to avoid puncturing with the
excavator bucket during mixing
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Figure 4.19: Stabilization of hexavalent chromium-contaminated soil in a roll-
off box

4.4.3 Enclosures

Enclosures often have three concrete sides and a concrete bottom. The concrete
bottom of the enclosure is sloped to allow the enclosure to drain away from the open
side.

The waste media can be transferred into an enclosure using conveyers, excavators
or loaders. Reagents are added directly to the tank. An excavator, loader, or
bulldozer is then used to mix the waste and the reagents thoroughly, until visually
homogeneous. The treated waste is then sampled to verify successful treatment has
been carried out. The treated waste is often removed and stockpiled for off-site
disposal or placement on-site. The advantages and disadvantages of enclosures are
listed in Table 4.11.
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Table 4.11: Advantages and disadvantages of enclosures

Advantages

Disadvantages

9 Enclosure may comprise a concrete
slab with the sides made of portable
concrete barriers (e.g. K-rails or Jersey
barriers)

1 The size of the enclosure can range
from 20 to 1,000 yd® (14.4-765 m°)

1 The footprint of an enclosure is
generally only limited by the reach of
the excavators mixing arm, which must
be able to treat all of the waste
material presented

fLiquid or self-leveling wastes and

treated materials are unsuitable for
treatment in mixing enclosures as even
with a profiled/sloping base (away from
the opening) the enclosure will not
often adequately contain these types of
materials

1 Little to no feed preparation is required
prior to waste placement

1 personnel requirements are generally
limited to an equipment operator and
labourer; an excavator is needed for
mixing

4.5 Ancillary equipment for ex-situ mixing

Except when excavator mixing is employed, the wastes often require pre-processing
to remove debris and to reduce their particle size to enable adequate blending with
the S/S reagent to be achieved. This section will discuss some of the material
handling equipment requirements when preparation of waste material is needed
before ex-situ mixing.

4.5.1 Screening equipment

Screening equipment is often employed to classify or separate waste material by
si ze. Screening equi pment may vary on
the dimensional opening of the screen material, and the material throughput.

Grid screeners or grizzlies consist of a parallel grid of inclined iron or steel bars.
Hydraulic vibration or an oscillation of the grid is often employed to improve the
separation efficiency and throughput of the grid. Grizzly screens (Figure 4.20) are
often used to remove large material, greater than 6 in (15 cm) in diameter from the
waste material.

Screening plants employ inclined vibrating screen-decks for size separation. Screen
decks are 4 ft wide by 8 ft long (1.23 x 2.46 m), with screen openings ranging from 4
in X4 in (10 x 10 cm) down to 100 mesh (149 um), and a screen plant can have one
or multiple screen decks. The screen decks are vibrated to provide maximum
screening efficiency and the speed of the vibration can be adjusted.
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Trommels are horizontal rotating cylindrical screens with up to 500 ft* (46.5 m?) of
screening area (Figure 4.21). Their large screening area produces highly efficient
action and high throughput rate. The screen dimension is commonly 1in x 1in (2.5 x
2.5 cm), but can be varied as necessary. The pitch or incline of the trommel can also
be varied to improve screening efficiency.

For all of the screening equipment, the undersized material passes through the
screen, while the oversized material moves across the screen and is discharged off
the end of the screen. The oversized materials from multiple screen decks can be
combined or kept separate, depending on the screen plant design. For most ex-situ
S/S mixers, the final screened material is often needed to be less than 1 in (2.5 cm)
in diameter.

Grizzly screens are often used to separate large material (greater than 6 in (15 cm)
in diameter) from the media, while screen plants or trommels are used to provide a
less than 1 in (2.5cm) in diameter material for S/S treatment (Figure 4.21).

Figure 4.20: Grizzly screen for separation of large debris, with over-sized
material, to the left and processed soil for ex-situ mixing, right
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Figure 4.21: Grizzly screen (foreground) combined with a trommel to remove
battery casings and debris from excavated material

4.5.2 Crushing equipment

Crushing equipment is employed to size-reduce hard waste material and debris,
often in combination with screening equipment. Crushing equipment typically relies
on impact (collision of the material with moving surfaces), attrition (intra-aggregate
abrasion between two hard, moving surfaces), shear (cleaving action which occurs
as aggregates are pinched between two surfaces), and compression (crushing
material between two surfaces) to fragment the waste material.

Impactors use fixed hammers attached to a rotating axis and breaker bar lining the
internal radial surface, while hammer mills employ free-swing hammers attached to a
rotating axis with screening bars located along the radius of the hammers.

The offset of the breaker bars from the hammer radius determines the size of the
crushed material. The screen bars in the hammer mill also produce attrition of the
material before it exits the crusher. Single roll crushers employ breaker bars
attached to a rotating drum above an impact plate.
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A combination of shear, impact, and compression fragments the material as it
passes between the breaker bars and the impact plate. The offset distance between
the radius of the breaker bars and the impact plate determines the size of the
crushed material. Jaw crushers use a swinging jaw to compress material against a
fixed jaw. Impactors handle wet, sticky material best, as they are open-bottomed.
Hammer mills and single roll crushers handle hard materials, but hammer mills are
not tolerant of plastic or sticky materials as they blind the screen bars.

Jaw crushers are best at handling very hard materials, but cannot be used with
sticky or abrasive materials. Jaw and single roll crushers produce coarse (greater
than 1.5 in (3.75 cm) in diameter) crushed material, while impact hammers and
hammer mills can produce a smaller material, down to less than % inch (1.25 cm) in
diameter, depending on the offset.

4.5.3 Shredding equipment

Shredding equipment is often employed to size-reduce soft shear-able waste
material and debris, including wood, vegetation, plastics, and some metals.
Shredding is often used in conjunction with screening equipment, and size-reduction.

Shredding equipment typically relies on shear to fragment waste material and debris.
Shredding equipment varies in the mechanics of the shredding and the size of the
shredded product.

Rotary shear shredders (Figure 4.22) employ counter-rotating shafts or cutter
blades. Material is shredded as it is drawn between the interfaces of the two counter-
rotating cutter blades. The close tolerance of the cutter blades performs the shearing
action.

Tub grinders use an inclined tub or rotary screen to feed a rotor or hammer mill. The
tumbling action of the tub screens the material prior to shredding.

Rotary shear shredders can process wet and plastic material. Tub grinders are more
suited to handle hard and abrasive materials, due to their efficient use of impact
forces. Rotary shear shredders produce a coarser shredded product than tub
grinders, since the tolerance of the cutter blades is greater.
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Figure 4.22: A rotary shear shredder processing scrap metal

4.5.4 Magnetic separation equipment

Magnetic separators are used to remove ferrous metal debris from waste or soil.
After removal, the metal is often taken off-site for recycling. Additionally, separating
the ferrous metal prior to further processing (such as crushing or shredding
operations) protects equipment and reduces maintenance. Magnetic separators are
typically suspended over the body or head pulley of a conveyor.

Stationary overhead magnets can be suspended using a cable sling-support and
periodically must be swung to the side for the ferrous metal to be removed from the
surface of the magnet. Continuous, self-cleaning magnets involve a belt with a
movement that is used to Acleano the s

There are two configurations for magnetic separators: in-line or cross belt. In-line
continuous, self-cleaning magnets are installed with the cleaning belt running parallel
to the conveyor movement. Therefore, the on-line configuration is only available
above the head pulley. Cross-belt continuous, self-cleaning magnets are installed
with a cleaning belt running perpendicular to the direction of conveyor movement,

eparat

and can be placed over the body or-l ihrrad@ p.

configuration requires | ess magnetic f
the cross belt is easier to implement.
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4.6 On-site placement of ex-situ treated material

Waste materials treated by ex-situ mixing are often either disposed of in an off-site
disposal facility (e.g. landfill) or are disposed of on-site. When the material is
disposed of off-site, it is typically stockpiled until it is confirmed to have met the
required performance criteria (discussed in Section 7) and then loaded into trucks,
or railcars, for transport to the off-site disposal facility. When the material is disposed
of on-site, it often must be properly placed, spread, and compacted. This section will
discuss the procedures for placing and compacting the treated material, and the
material properties that facilitate the placement and compaction.

4.6.1 Timing

When the performance criteria for the ex-situ S/S treated material include specified
properties related to durability, UCS strength and/or permeability, the treated
material must be placed and compacted within 24 hours (preferably 12 hours) of
treatment.

As the development of physical performance criteria relies on cementitious or
pozzolanic reactions, initial set generally occurs within the first 24 to 48 hours. It is
therefore necessary to have the treated material placed and compacted before the
initial set has occurred. If the initial set is disrupted or placement and compaction
occurs after the initial set, the treated material will become impaired and unlikely to
achieve the required performance goals. Therefore, ex-situ S/S treated material
should be placed and compacted on-site within the same day as it is treated.

It is important to note that setting of S/S materials is generally much slower than that
of normal concrete on account of the nature of the materials being treated and the
interaction of waste and soil matrices, and contaminants with cementitious reactions.
That said, the rate of setting is an important parameter to S/S as it is to concrete,
and should be monitored to ensure compliance with performance targets established
by bench-scale testing.

If the performance criteria for ex-situ S/S treated material does not include the
development of physical performance criteria, the timing of the on-site placement
and compaction is not as critical. Under these circumstances, the treated material
can be stockpiled after mixing until it is operationally advantageous for its placement
and subsequent compaction.
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4.6.2 Placement

Typically, ex-situ S/S treated material is transported on-site in dump trucks or off-

road dump trailers. The treated material is transported to a placement area, dumped

and spread using a dozer in loose lifts that tend not to exceed 18 inches (45 cm) in

depth. Figure 4.23 shows the transport and spreading activities for pug-mill-treated

S/'S material, involving a dozer making mul ti
any large voids in the placed material. Figure 4.24 shows the surface of material

after multiple passes of the dozer.

For ex-situ S/S treated material with physical performance criteria, the treated
material needs to have sufficient moisture to allow cementitious and pozzolanic
reactions to occur. Therefore, the treated material may have to be placed with a
higher-moisture content than the optimum required for maximum density.

Additional water may also be applied to such treated material during placement to

ensure that it does not dry out to the point where cementitious reactions cannot
proceed. The avoidance of water Ostarvation
field engineer overseeing materials placement.

4.6.3 Compaction

Compaction of treated, placed material involves maximising the density of the
product and thereby minimisation of its volume.

Compaction requirements

Compaction can be based on achieving greater than specified maximum dry density,
as defined by its moisture-densi ty relationshi p, or degr ee
field.

For the first case, the compaction requirement is based on attaining a greater than a
specified percentage (typically 90% or 95%) of the maximum dry density from
Proctor compaction testing. The Proctor method (ASTM D698 or D1557) is a
laboratory determination of the moisture content-density relationship for a compacted
soil, or soil-like material, and moisture content at which the material has its maximum
compacted density.

In Figure 4.25, the moisture content range for compaction to 95% of the maximum
Proctor density is shown. Compaction of placed ex-situ S/S treated material with
moisture content between 6.8% and 22.3% should result in a dry density of greater
than 103.4 pcf (0.016 tonnes/m®) (95% of the maximum dry density). Ex-situ S/S
treated material with a moisture content below 6.8% would have to be wetted or a
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moisture content above 22.3% would, depending on the material, need to be either
wetted or dried before it could be compacted.

Figure 4.25 shows the moisture/density relationship from the Proctor compaction
testing of an ex-situ S/S treated material.

Figure 4.23: Transport and placement of ex-situ S/S material

Figure 4.24: Placed ex-situ S/S-treated material after multiple
passes of the dozer
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