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PREFACE

This report has been generated as part of theiteegivf International Technical Committee No.
5 (ITC5) on Environmental Geotechnics of the Inétional Society of Soil Mechanics and
Geotechnical Engineering (ISSMGE) during the peri2@01-2005. The primary aim in
generating this report is to provide an overviewitsd state-of-the-art and the state-of-practice
pertaining to three main areas of environmentakteggmics, viz., waste disposal by landfills,
remediation of contaminated soils and underwateegeronmental issues. All three of these
topics are considered from both scientific and mézdd points of view, and are covered for the
purpose of both practitioners and researchers wgrki the field of environmental geotechnics,
as well as individuals in other professional aréag., chemical engineering, environmental
engineering) who desire a comprehensive, yet velgticoncise, overview of the field of
environmental geotechnics.

The report describes the roles and functions ofuhdamental components required for safe
disposal of polluting materials or remediation oflpted lands from the standpoint of design,
control and management. Attention also is giveresgarch currently in progress that is devoted
to improving our knowledge of design parametersificantly influencing the performance of
modern landfill containment systems. The introduttand, in some cases, reintroduction of
performance-based design as a more desirable apprelative to prescribed or regulated design
and its increasing acceptance by the geoenvirorahemtnmunity has led to a rethinking of how
the design of containment systems should be apipedadVith the trend towards performance-
based design, the design engineer must take intouat numerous parameters, including
contaminant transport parameters and the senfe@fliclay (mineral) barriers, drainage layers,
geosynthetics, and the main features of the wastader to be able to estimate the leachate
guality and production over the landfill activitpé post-closure periods. Today, most of these
parameters are rather readily assessable, whettears are presently being investigated through
research programs and, therefore, still are nasidened fully reliable.

Chapter 1 includes a description of the designdsaand performance criteria in the field of
environmental geotechnics, including a detailedectibn of definitions and proper terminology,
as well as descriptions of the primary consideratar design, construction, quality control and
risk assessment. Chapter 2 provides a generalizedc/iew of the requirements for managing
contaminated sites from the viewpoint of risk ante sassessment. Chapter 3 provides a
comprehensive overview of the topic of traditiobalrier technologies for waste disposal, as
well as a description of some of the more novel enmbvative barrier technologies currently
being evaluated or researched for possible usestendisposal applications. Chapter 4 provides
an overview of the management and utilization oste@ssludge and dredging, including recent
developments in dredging operations and containteshiniques, and beneficial use of dredged
materials for reclamation. Chapter 5 describegp#réormance of solid waste landfills and lining
systems during earthquakes including the analybisobd waste landfill stability. Finally,
Chapter 6 covers the important topic of educatiorenvironmental geotechnics, including an
overview of the current status of undergraduate gratluate education programs of some
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universities, primarily in Europe (EU) and Uniteth®s (USA), with the goal of highlighting the
primary aspects required for formal education miemmental geotechnics.

The contributors to the report include member$T@5 who served as the focal points
for preparation of each of the chapters, as well asmber of individuals, both ITC5 members
and others, who contributed to various parts ofd&pter. These individuals are recognized at
the beginning of each chapter. In addition to theticbutors, each chapter of the report was peer
reviewed externally by a number of recognized espeas follows: Chapter 1: David Daniel
(USA) and Jorge Zornberg (USA); Chapter 2: Akransh@wabkeh (USA) and lan Hosking
(Australia); Chapter 3: John Boweders (USA) anddelislones (UK); Chapter 4. Andy Fourie
(South Africa) and Mark Van den Broek (Belgium);apker 5: George Buckovalas (Greece) and
Edward Kavazanjian (USA); and Chapter 6: Pietraelétaly) and Hywel Thomas (UK). The
editors sincerely appreciate the efforts of alltdbators and reviewers. Finally, appreciation is
extended to Rolf Katzenbach (Germany), who providaeth of the impetus for this report
during his tenure as the former ITC5 Chair.

September 2005 Mario Manassero (Italy)TC5 Co-Chair
Charles Shackelford (USAY,C5 Co-Chair
William van Impe (Belgium)SSMGE President

A 7th Chapter has been added to the first versiotihe TC5 report (dated September
2005). Chapter 7 is devoted to nuclear waste dapsd management and describes the roles
and functions of the fundamental components reduioe safe disposal of nuclear waste. The
environmental problems and potential solutionsterated distinguishing uranium tailings, low
and intermediate level nuclear waste and high Ieuelear waste.

As for the other six Chapters, the topics are pevdor the purpose of practitioners and
researchers working in the field of Environmentao@chnics, and of individuals in other
professional areas who desire an overview of tluéelan waste issues.

June 2006 Mario Manassero (Italy)fC5 Chairman
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1.1  TERMINOLOGY, DEFINITIONS AND UNITS

Abiotic
Not involving (formation or degradation) biologiqaiocesses.

Absorption
Incorporation of a chemical compound or speciefiwia solid or a liquid by penetration into the
bulk mass of the substance.

Active "Barrier"
In-situ wall or element that absorbs, reacts withdegrades contaminants in groundwater migrating
through it.

Active Protective Measure
Process designed to control or mitigate an idextifiazard or risk.

Adsorption
Retention of chemical compounds or species ontsuhface of another substance.

Advection
Process of transfer of fluids (gases and/or liquadsd solutes through a medium in response to a
pressure gradient.

Aeration
Process of bringing air into contact with a liquoida solid.

Aerobic
Able to live, grow or take place only when suffidi@xygen is present.

Aerobic Biological Treatment
Biological treatment in the presence of oxygen.

Air Sparging
Introduction of air under pressure into the grouwdter for treatment and/or removal of
contamination.

Air Stripping

Mass transfer process that enhances the volatlisatf compounds from water by passing air
through the water to improve the transfer betwdmnair and water phases. Also Steam Stripping
where steam is used instead of air.

Aliphatic

Of or pertaining to a broad category of carbon coumals distinguished by a straight, or branched,
open chain arrangement of the constituent carl¥dres carbon-carbon bonds may be either saturated
or unsaturated. Alkanes, alkenes and alkynedipteatic hyrocarbons.

Alkanes
Homologous group of linear saturated aliphatic bgdrbons having the general formulgHgn.
Alkanes can be straight chains, branched chairiagstructures. Also referred to as paraffins.

Chapter 1. Design Basics and Performance Criteria page 2
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Alkenes
Group of unsaturated hydrocarbons having the gefmmaula GH., and characterised by being
more chemically reactive. Also referred to asiotef

Alkynes
Group of unsaturated hydrocarbons with a tripléo@ascarbon bond having the general formula
CnHan.2 More reactive than alkenes.

Alloys, Polymeric
A blend of two or more polymers (e.g. a rubber pladgtic) to improve a given property (e.g. impact
strength).

Alternative Cover System

An engineered cover for waste containment apptinatthat is designed on the basis of water balance
principles (e.g. evapotranspiration, surface runefater storage, intralayer flow) and typically
represents an alternative to regulated or prestrioeers. Examples include capillary barriers and
monolithic covers.

Ambient
Surrounding.

Anaerobic
Able to live, grow or take place in the absencgasfeous or dissolved oxygen.

Anaerobic Biological Treatment
Biological treatment in the absence of gaseousssplyed oxygen.

Analog
In chemistry, a structural derivative of a paresthpound.

Anchor Trench
Trench at the top of a slope to secure upper eadfggsosynthetics on slopes. Geosynthetics are laid
in the trench and backfilled.

Anisotropic
Condition in which a material property (e.g., hydi@aconductivity) is not equal in all directionsa
point in the material.

Anoxic
Total deprivation of oxygen.

Apparent Opening Size (AOS), 095
SeeOpening Size

Aqueous Solubility
Extent to which a compound will dissolve in water.

Chapter 1. Design Basics and Performance Criteria page 3
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Aquifer
Geological formation capable of transmitting sigiaiht quantities of water under practically relevan
hydraulic gradients.

Aquitard

Geological formation that may contain ground waddet is not capable of transmitting significant
guantities of ground water under normal hydrauliadgents. In some situations, aquitards may
function as confining beds.

Aromatic
Of or relating to organic compounds that resemblebne in chemical behaviour. These compounds
are unsaturated and are characterised by contaihlegst one 6-carbon benzene ring.

Attenuation

The process of immobilizing, retarding, or otheewikegrading chemical constituents that exist in the
soil or ground watele.g., transfer to another medium such as by Viskibn or oxidation-reduction
reactions).

Autoignition Temperature
Temperature at which a substance will spontaneagsiie. Autoignition temperature is an indicator
of thermal stability for petroleum hydrocarbons.

Autotrophic
Designating or typical of organisms that deriveboar for the manufacture of cell mass from
inorganic carbon (carbon dioxide).

Bacteria
Unicellular microorganisms that exist either agfiiging organisms or as parasites and have a broad
range of biochemical and sometimes pathogenic piepe

Barrier System
Combination of sealing elements for optimized comiteant retention.

Bioassay
Method for the determination of the toxicity of sfiie chemical contaminants.

Bioaugmentation
Introduction of selected cultured microorganisnts ithe subsurface environment for the purpose of
enhancing bioremediation of organic contaminahlistrients can also be added.

Bioavailability

Availability of a compound for biodegradation. IRpesure assessments it is the degree to which
chemicals present in a soil matrix or a waste @lalble to be absorbed or metabolised by a human or
ecological receptor.

Biocide
Substance capable of destroying living organisms.

Chapter 1. Design Basics and Performance Criteria page 4
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Biodegradation
Transformation (through metabolic or enzymaticagtiof organic substances to smaller molecules
via oxidation and reduction mechanisms inducedbymetabolic activity of microorganisms.

Biomass
Amount of living matter.

Bioremediation or Biotreatment
The process where a biological agent (e.g., bactéungi, plants, enzymes) is used to reduce
contaminant mass and toxicity in soil, groundwaded air. Se8iodegradation.

Bioreactor
Equipment in which biotreatment is carried out.

Bioslurping
Placing an extraction well at the interface betwibenliquid phase, typically an LNAPL, and the gas-
phase of the vadose zone.

Biosparging
The process whereby air, nutrients, and other #akenmponents for biodegradation are injected
into the saturated zone.

Biotransformation
A general term representing any biologically cateticonversion of a metal (which can only change
to a speciation of a metal) or organic chemical.

Bioventing
In situ process in which vapour extraction/air ltrdition rates are adjusted to induce, activate, or
optimise biodegradation reactions

Bottom Barrier System
In-ground in-situ horizontal barrier used to iselabntain contamination.

Breakthrough
Contaminant arrival at an outflow or receptor.

Breakthrough Curve
The temporal distribution of concentrations emangafrom the effluent end of a porous medium
(e.g., column of soil or soil barrier).

Cap
Another name for a cover; s€ever System

Capillary Barrier
A cover/cap comprised afrelatively fine layer overlying a relatively coadayer to minimize infiltration of
precipitation.

Chapter 1. Design Basics and Performance Criteria page 5
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Capillary Break Layer
Layer of high permeability granular material usedstop upward capillary movement of soluble
contaminants.

Capillary Fringe
Zone of a porous medium above the water table mvitthich the porous medium is saturated with
water under pressure less than atmospheric pressure

Capillary Pressure (or Matric Suction)
The difference in pressure between a non-wettinigeanetting fluid in contact at an interface.

Capillary Rise
Process whereby water rises above the water tatethe void spaces of a soil due to tension
between the water and soil particles.

Carbon Adsorption
Process in which a soluble contaminant is removeuah fvater by contact with carbon that has been
processed to significantly increase the interngbse area (activated carbon)

Carcinogenic
Factors that cause cancer in humans and animals.

Cation Exchange Capacity
The capacity of a material with respect to catitimst can undergo exchange with surrounding
cations.

CCL
Compacted Clay Liner

Chain-of-Custody
Recording procedure to provide information on samptegrity, e.g. when transferred between the
field and laboratory and within a laboratory.

Characteristic
Property or attribute of a material that is meagucempared or noted.

Chemical Stability
In construction materials; ability to resist de@ah from chemicals, such as acids, bases, sslvent
oils and oxidation agents; and chemical reactimadiiding those catalyzed by light.

Characteristic Size
A measurable size to define the characteristiesctitmposition or the behaviour of a material.

Chemical Treatment

Treatment of contaminated soil, sediment, watestloer material in which the principal mechanism
for degradation or conversion to a less environalgnharmful form is a chemical reaction or
combination of reactions.

Chapter 1. Design Basics and Performance Criteria page 6
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Chemicophysical Treatment
Process-based treatment relying on a combinatiphysical and chemical processes.

Chlorosulfonated Polyethylene (CSPE)
Family of polymers that is produced by polyethyles&cting with chlorine and sulfur dioxide. CSPEs
contain 25 to 43% chlorine and 1.0 to 1.4% sulfur.

Clogging

Chemical precipitation and/or biofilm growth witherfilter (fabric or soil filter) and/or the movente
by mechanical action or hydraulic flow of soil pelds into the voids of a filter and retention #iar
thereby reducing the hydraulic conductivity of fitier.

Cometabolism

Simultaneous metabolism of two compounds in whioh degradation of the second compound
depends on the presence of the first compound, &hgst degrading methane, some bacteria can
degrade chlorinated solvents that they would otlserlse unable to attack or would not attack at a
useful rate because they are in insufficient qtanti

Complexation (metal)
Reaction in which a metal ion and one or more ligachemically bond. Complexes often prevent
the precipitation of metals.

Compliance Point (or Point of Compliance)

The point along the contaminant migration pathwénere thetarget concentration should not be
exceeded. This may be the receptor, such as acsuabstraction, groundwater supply well, the
aquifer or water within the near surface soils.

Composite Barrier
Combination of geomembrane and clay barrier inmate contact in base sealing and capping
applications for optimized contaminant retentiooufd also involve a gel.

Composting
Biological treatment, often in a treatment bed, reherganic substances are submitted to aerobic
transformation.

Concentration
The concentration of a substance such as a cordamis the amount of that substance in a host
material such as a soil. The substance and thechosbe in the same or different phase (solid,
liquid or gas).

Condensate
Liquid that separates from a vapour during cond@msalLandfill gas condensate has to be expected
in landfill gas collection systems because of wagguration of the gas.

Conservative

In the case of a contaminant, one that does notadegand the movement of which is not retarded.
Is nonreactive with the environment. {Actually, cége and non reactive are not the same as
conservative and unconservative, although thesestgypically are used interchangeably}.

Chapter 1. Design Basics and Performance Criteria page 7
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Constituent
Essential part or component of a system or group, @n ingredient of a chemical mixture.
Benzene is one constituent of gasoline.

Containment
Control of migration of gaseous, liquid or solichtaminated media from a site by use of measure(s)
such as caps and horizontal and/or vertical in-bauriers.

Contaminant
Substance that can cause harm to human healthhandnvironment. Substances not normally
present in the environment.

Contaminant Pathways
For Composite Barrier; Advection transport of inamg and organic solutes only through
geomembrane defects; diffusion of only organic ®sihrough geomembrane and soil liner.

Contaminant Transport
The movement of contaminants from one locatiomiutlzer.

Contaminated Land

Land that contains substances that are presenifficiant quantities or concentrations to be likely
to cause harm directly or indirectly to humans, ¢heironment or on occasions to other receptors.
Some countries may have a specific legal definiiboontaminated land.

Contaminating Lifespan

In landfill waste management, the period of timemy which a landfill will produce contaminants
at levels that could have unacceptable impact éythwere discharged into the surrounding
environment.

Contamination
Occurs when a contaminant is introduced into tloengd either in liquid or solid form.

Convenience Sample
Sample chosen on the basis of accessibility, erpeyj cost, efficiency, or other reason not diyectl
concerned with sampling parameters.

Cover System

One or more layers of material, such as soils,abldt mineral wastes and geosynthetics,
superimposed on the surface of a site and desigm@dntrol egress of contaminants from and
infiltration of rainfall, etc., into a source of m@mination.

Creep
In landfill engineering or similar applications etlelongation of a geosynthetic under constant load.
Relevant design parameter for geosynthetics inramiforcing applications

Cross-contamination
The undesired movement of contamination from onation or item to another.

Chapter 1. Design Basics and Performance Criteria page 8
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Cross-machine Direction
In geosynthetics; the axis within the plane of laritaperpendicular to the predominant axis of the
direction of production.

Cross-plane
The direction of a geosynthetic which is perpendicto the plane of its manufactured direction.
Referred to in hydraulic situations.

Dechlorination
Chemical process designed to remove chlorine frdmnorioated organic compounds such as
polychlorinated biphenyls (PCBS).

Decontamination
Reduction of contamination to an environmentallyegutable level.

Decontamination Methods
Technical methods for removal, transformation diution of contaminants in soil, water or air.

Degradation Potential
Degree to which a substance is likely to be redwcedsimpler form by bacterial activity.

Degraded Land
Land which, due to natural processes or humaniggtie no longer able to properly sustain an
economic function and/or its original natural, eannatural, ecological function.

Denitrification
Bacterial reduction of nitrate to gaseous nitrogeder anaerobic conditions.

Derelict Site
Site so damaged by human activity as to be incapabbeneficial use without treatment. The
damage may be aesthetic, physical, engineeringoamvental or contamination.

Diffusion
Movement of solutes in response to a difference&dncentration, from an area of high solute
concentration to an area of low solute concentatio

Dilution
Reduction in contaminant concentration by increasire volume of solvent (can be water) in the
mixture.

Direct Thermal Desorption
Desorption induced by direct application of heati®medium to be treated.

Dispersion

Irregular spreading of solutes during migration daeaquifer heterogeneities at pore-grain scale
(mechanical dispersion) or field scale (macroscdgpersion). Thus, a chemical spreads and dilutes
in flowing groundwater or soil gas.

Chapter 1. Design Basics and Performance Criteria page 9
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Displacement Barrier
In-situ barrier installed without excavation

Dissolution
Dissolving of chemical substances from free produaolid waste to solutes in the ground water.

Distribution Coefficient (k 4)
The ratio of the mass of a chemical on the solidsph(e.g. soil particle) to that in the liquid phas
(e.g., water) for the case of linear, reversilbhe mstantaneous partitioning (e.g., sorption).

DNAPL (Dense non-aqueous phase liquid)
A non-aqueous phase liquid (i.e. immiscible withtevpthat has a density greater than water.

Double Fusion Weld
Seaming of geomembranes with two parallel hot wedgigh an air pressure channel for seam
testing.

Downgradient
Direction of decreasing static head.

Dredging Waste
Materials that have been dredged or excavated fravigable waters or reservoirs.

Effects
Chemical changes in air, water or ground (abiotfieces) and / or chemical/biological changes in
humans, animals, plants or microorganism (bioldgitfacts).

Effective Limit

The concentration at which an effect starts. Nt sabstances have an effective limit.
Carcinogenic, teratogenic and mutagenic substagitesr do not have an effective limit and if they
do, it can not be determined. With acute and dhrtoxic substances the effective limit can be
seen.

Electrokinetic Remediation
Application of electrokinetic processes such asteleosmosis to remove contaminants from soil or
other solids.

Eluate
A solution resulting from the mixing of soil and teain order to remove sorbed substances.

Encapsulation
To provide a barrier around all sides of a zonemftamination or a body of waste or to mix the
contaminated ground/waste with a cementitious rizter

Engineering-based Method

Civil engineering technique, such as excavatiorcartainment, used to remove the contaminant
source or soil material, or to modify pathways withnecessarily removing, destroying or modifying
the contaminant source.

Chapter 1. Design Basics and Performance Criteria page 10
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Entrained
Particulates or vapour transported along with flapgas or liquid.

Environmental Assessment
Process of drawing together, in a systematic waygssessment of likely significant environmental
effects.

Equilibrium
No net transfer between two phases.

Evapotranspiration
The release of water to the atmosphere via the ic@muibprocesses of evaporation and plant
transpiration.

Excavation
Removal of material from the ground for treatmendisposal.

Excavated Barrier
Barrier formed in an excavation, such as a slualy.w

Exposure
Opportunity to receive a dose of a contaminant.

Exposure Assessment
Process of establishing whether, and how much, skpowill occur between a receptor and a
contamination source.

Exposure Pathway
Path a contaminant takes from a source to a receptere may be more than one exposure pathway
between a source and a receptor.

Ex-situ Treatment
Treatment applied to medium to be treated aftemetion from the ground.

Extraction Method
Method by which contaminated soil is cleaned.

Extraction Well
Well employed to extract water, gas, free produ@ combination of these from the ground.

Extrusion Welding
Seaming of geomembranes by welding a strand ofiéate over the edges of two overlapping
geomembranes with the same polymer resin.

Fibre

Basic element of fabrics and other textile strueturcharacterized by having a length at least 100
times its diameter or width which can be spun at@rn or otherwise made into a fabric.
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FML (Flexible Membrane Liner)
SeeGeomembrane

Field Capacity
The upper limit of a porous material’s ability tosarb water.

Field Spike
Sample collected in the field and spiked with coomuts of interest or related compounds to check
on the potential for loss of analyte on samplirgps$portation, storage, preparation and testing.

Filament Yarn
The yarn made from continuous filament fibers.

Filtration
In geotextiles or grain filters; the process oamaing soil in place while allowing water to passnh
soil at low gradients. Removal of particle fromwad stream.

Flux
Rate of movement of mass or heat or chemical spelsieugh a unit cross-sectional area per unit
time in response to a driving force.

Free Product
Product (e.g., gasoline, diesel) that is preseits$ ioriginal state and at a high saturatiere¢ Phasg

Fungal Treatment
Biological treatment based on use of fungi suctirgsot fungus.

Gas Control System
System designed to control the migration and releddandfill gases and other gases from a site.
Landfill gas condensate should be considered a&satiypbeing more aggressive than leachate.

Gas Protection Measure
Measure to protect buildings from landfill gased ather gases.

GCL (Geosynthetic Clay Liner)
SeeGeosynthetic Clay Liner.

Genotoxic
A substance which has a harmful effect on the gehbamans, animals and microorganisms.

Geocell
A three-dimensional structure filled with soil, taby forming a mattress for increased stability whe
used with loose or compressible subsoils.

Geochemical Attenuation

Attenuation that results from geochemical intemadi between natural geological material and
chemical constituents in ground water.
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Geocomposite
A manufactured material using geotextiles, geogridsd/or geomembranes in laminated or
composite form. May or may not include natural mate.

Geogrid
Open grid structure of orthogonal filaments andrgls of polymeric material used primarily for soil
reinforcement.

Geomembrane

Synthetic membrane liners used with any geoteaheitgineering related material, properly welded
and installed to form an advective barrier to aanftiuid (liquid or gas) migration in a man-made
project, structure, or system. Often used in corbpdiser systems, e.g. in combination with CCLs or
GClLs.

Geonet
A geosynthetic consisting of integrally connectedafiel sets of ribs overlying similar sets at uas
angles for planar drainage of liquids or gases.

Geopipe
Any plastic pipe used with foundation, soil, roelasth, or any other subsurface related materiahas
integral part of a man-made project, structureystem.

Geosynthetics

A planar product manufactured from polymeric malersed with soil, rock, earth, or other
geotechnical engineering related material as aggiat part of a man-made project, structure, or
system.

Geosynthetic Clay Liner (GCL)

Factory-manufactured hydraulic barriers consistifiga layer of bentonite clay or other very low
permeability material supported by geotextiles andeomembranes, and mechanically held together
by needling, stitching, or chemical adhesives.

Geotextile
Any permeable textile used with foundation, sakk, earth, or any other geotechnical engineering-
related material as an integral part of a humanenpadject, structure, or system.

Geotextile Separation
Placement of a flexible porous textile between ididar materials so that the integrity and
functioning of both materials can remain intacberimproved.

GML
Geomembrane liner (same as FML).

Grab Test

In geosynthetic testing; a tension test in whicly anpart of the width of the specimen is gripped i
the clamps.
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Gradient Ratio

In geosynthetic testing; the ratio of the averagrdulic gradient across the fabric and the 25 rhim o
soil immediately next to the fabric to the averhgdraulic gradient across the 50 mm of soil between
25 and 75 mm above the fabric, as measured insiandrhead permeability test.

Hazard
Inherently dangerous quality of a substance, prareedr event.

Hazardous Site
Site which, by reason of the substances or ageesemt, is judged to be hazardous to human health
or safety, or to the environment.

Heat Bonded
In geosynthetics; thermally bonded by melting therk to form weld points.

Hot Wedge
Common method of heat seaming of thermoplastic gedonanes by a fusing process wherein heat is
delivered by a hot wedge passing between the apgasirfaces to be bonded.

HDPE High Density Polyethylene

Synthetic material with highest overall chemicaldity and environmental durability. Usually 98 %
resin, 2 % carbon black and stabilizer. Stresskcrasistance has to be considered for resin type
selection.

HDPE Membrane

High Density Polyethylene geomembrane manufactimethin sheets from synthetic polymers.
Contaminant barrier in landfill barrier systems.ickness requirements in relation to installation
conditions and/or limiting diffusion of contaminanHDPE also used for pipes, shafts, gas collecting
systems, leachate collecting systems.

Hydraulic Conductivity
A measure of the capability of a material to traismater or gases.

Hydraulic Gradient
The change in total head with a change in distameegiven direction. The direction is that which
yields a maximum rate of decrease in head.

Hydraulic Permeability, Permittivity
SeePermeability andPermittivity .

Hydraulic Transmissivity
In geosynthetics; the volumetric flow rate of waper unit width of specimen per unit gradient in a
direction parallel to the plane of the specimen.

Hydrocarbon
Chemical compounds composed of carbon and hydrogen.

Hydrophilic
Having an affinity for water, or capable of disgaly in water. Soluble or miscible in water.
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Hydrophobic
Tending not to combine with water or incapable isEdlving in water. Insoluble or immiscible in
water.

Immiscible
Not soluble in a solvent, usually assumed to bekvat

Immobilise
Suppression of mobility of pollution.

Index Test
In geosynthetics, laboratory testing of materiabparties to compare different products or for
quality control testing.

Infiltration
Downward movement of water through a soil in reggoio gravity and capillary suction.

Injection Well
Well used to inject liquid, vapour or gas undersgrge into the ground.

Inlet Well
Well through which a liquid or gas is allowed tderthe ground under natural pressure.

Inclusion Methods
Interruption of the operational path between thikugion source and objects.

Indigenous
Describing organisms that have developed natumallg given area and not as a consequence of
artificial introduction

Industrial Waste
Waste generated from industries.

Influence
To effect receptors through pollution

Injected Barrier
Barrier formed by injecting material such as certients grouts under pressure into the ground to
seal natural migration pathways.

Inorganic Solutes

Contaminants that are completely retained by aectohe barrier such as a HDPE geomembrane. In
a composite barrier inorganic contaminant transpaty through geomembrane defects caused by
installation damage or seam failures.

In-plane

In geosynthetics; the direction of a geosynthdtat is parallel to its longitudinal, manufactured,
machine direction. Referred to in shear strengthreuaraulic situations.
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In-situ Remediation
Remediation carried out on contaminants that renmaihe ground.

Installation Tests
Field tests which characterize performance of cansbn materials under installation conditions.

Interface Shear Strength

Important parameter for multi-layered sealing systeShear strength/friction must be investigated
between all geosynthetic/soil or geosynthetic/gethsstic interfaces for proper design of landfill
slopes.

Intimate Contact
Direct and uniform contact between geomembraneckydbarrier in a composite liner.

Intrinsic Permeability

Measure of the relative ease with which a permeatg@dium can transmit a liquid or gas. Intrinsic
permeability is a property only of the medium asdndependent of the properties of the liquid or
gas.

Intrinsic Bioremediation
Reduction in contaminant concentrations in soiQugdwater or other media, caused by natural
biological processes in the absence of human ier¢ion.

lon Exchange
Competitive exchange of ions between two differphises. Sorption can be a sub-set of ion
exchange.

lonisation
Ability of substances to donate protons when ineayis solutions. Acids loosing a proton become
anions and their solubility in water increases iicgntly.

Isotropic
Condition in which the material property (e.g. hgwic conductivity) is equal in all directions at a
point in the material.

Judgemental Sampling
Sampling in which locations are chosen accordirthegudgement of an expert.

Landfarming
Biotreatment applied directly in situ to surfacentamninated soils using largely agricultural
techniques.

Landfill
Permanent emplacement of wastes in or on the ground

Leachate

Fluid resulting from the leaching of contaminanmsni waste, contaminated ground in the field or
samples of these in the laboratory.
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Leachate Collection Layer
Drainage system above primary liner at landfilld&s collect and drain the leachate. Components
are drainage composites, filter layer, drainagegigervice and monitoring shafts.

Leak Detection Layer
Drainage system between primary and secondarysliaetandfill base e.g. for hazardous waste
landfills.

Limit
Uppermost value permitted for a substance.

LNAPL (Light Non Aqueous Phase Liquid)
A non-aqueous phase liquid that has a density Itiesr water.

Liner
A layer of emplaced materials beneath a surface@umgment or landfill which serves to restrict the
escape of waste or its constituents from the imgment or landfill.

Lower Explosive Limit (LEL)
Concentration of a gas in air below which it isuiffisient to support an explosion. LELs for most
organics are generally in the range 1 to 5 % bymel.

Machine Direction
In geosynthetics, the direction in the plane ofgheluct, parallel to the direction of manufacture.

Macroencapsulation
Mechanism whereby contaminants are held in diseoatis pores within a stabilising material.

Mass Per Unit Area
In geosynthetics, the proper term to representcangpare to amount of material per unit area (units
are oz/yd or g/nf) of a geosynthetic.

Medium
Air, water, soil or biota (plant or animal life)

Methanogenic
Referring to the formation of methane by anaerdimécteria during the process of anaerobic
fermentation.

Microencapsulation
Mechanism whereby contaminants are entrapped witieistructure of a solidified matrix.

Microorganisms
Microscopic organisms including bacteria, protozaeast, fungi, mould viruses and algae.

Mineralization

Complete biodegradation, refers to conversion eftérget compound to carbon dioxide and water
under aerobic conditions, or methane (or ethamthane) and other simple inorganic species (such as
SOy, NO;, etc) under anaerobic conditions.

Chapter 1. Design Basics and Performance Criteria page 17



TC5 Report, September 2005

Mobile Treatment System
Readily movable, eg lorry or barge mounted, probased treatment method.

Mobility Enhancement
Processes that increase the mobility of chemidadtsimces.

Mobilisation
Conversion of a matter from an immobilised formoira shifting or available form (eg. solution,
dispersion, and volatilisation).

Molecular Diffusion
Movement of molecules due to a difference in tlwincentration, from higher concentration to
lower concentration.

Monitoring Plan
Programme of inspection and/or testing.

Monoaromatic
Aromatic hydrocarbons containing a single benzewg r

Monofilament
A single filament of a fiber (normally synthetic).

Monolithic Cover

A type of alternative cover for waste disposal aapions consisting of a slab of soil with vegetati
on top that is designed to store and release wadesoil-water storage and evapotranspiration,
respectively.

Mullen Burst
Hydraulic bursting strength of textiles.

Multi-Barrier System
A number of barriers designed to work together saglgeological barrier, base sealing system and
capping system of a landfill.

Multifilament
A yarn consisting of many continuous filamentstoarsds.

Municipal Waste
Heterogeneous mixtures of wastes that are primafitgsidential and commercial origin.

Mutagenic
Factors that can cause changes in the genes ohisyar@mals and other life forms.

Natural Attenuation

Natural processes, including chemical, physical laintbgical processes, that result in reduction in
contaminant concentrations in the soil or groundwat In the case of ground water, natural
attenuation may occur at the source and duringatidgr of contaminants.
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Needle Punched
In geotextiles, mechanically bonding of staple ianient fibers with barbed needles to form a
compact fabric.

Non-aqueous Phase Liquid (NAPL)
Liquids that are immiscible with water.

Non-Destructive Seam Testing
Non-destructive testing of geomembrane seams hypeagsurized double fusion weld, vacuum
chambers or electric sparking.

Nonwoven fabric
A textile structure produced by bonding or inteking of fibers, or both, accomplished by
mechanical, thermal, or chemical means.

Nutrients
Major elements (e.g. carbon, nitrogen and phosg)and trace elements (e.g. sulphur, potassium,
calcium and magnesium) that are essential for thetty of organisms.

Octanol/Water Partition Coefficient (Kow)

Coefficient representing the ratio of the solupitf a compound in octanol (a non-polar solvenfjgo
solubility in water (a polar solvent). The higtike k,, the more non-polar the compound. Lqg k
values are generally inversely related to aqueolisbiity and directly proportional to molecular
weight. Thus, empirical constant that describes aa@hemical distributes itself between two media
such as organic soils and water.

Off-site Treatment
Treatment applied away from the site to be remedialhe treatment is usually performed in a
stationary plant used specifically for this purpose

Olefins
SeeAlkenes

On-site Treatment
Treatment applied on the site being remediatece tigatment is usually carried out in a mobile or
semi-mobile plant, which is transferred from sdesite.

Opening Size

For a geotextile; a property that indicates thengiter of the approximate largest soil particle that
would effectively pass through the geotextile. restafter ASTM with a dry sieving method to
estimate AOS (Apparent Opening Size), O95; Testiftgr CEN / ISO with a wet sieving test to
estimate O 90,W.

Organic Carbon Partition Coefficient (Kqoc)

A measure of the proportion of adsorption of orgashiemicals by a soil that is due to the organic
carbon content of a soil. Most of the adsorptionai soil of organic compounds in water is
attributed to the organic carbon content.

Chapter 1. Design Basics and Performance Criteria page 19



TC5 Report, September 2005

Organic Solutes
Organic compounds in the aqueous phase; the waltédrls component of an organic compound

Oxidation and Reduction (Redox)

Chemical reaction consisting of an oxidation reactin which a substance loses or donates
electrons and a reduction reaction in which a suttst gains or accepts electrons. Redox reactions
are always coupled because free electrons canisbtiesolution and electrons must be conserved.

Paraffins
SeeAlkanes.

Parent Population
Totality of items under consideration.

Partition Coefficient
SeeOctanol/Water Partition Coefficient (Kow).

Partitioning
The process by which a contaminant, released afiginn one phase (e.g. adsorbed onto soil
grains), becomes distributed between other phasesgpour and dissolved phases)

Pathway
The route whereby a contaminant migrates from acgoo a receptor.

Passive Protective Measure
Protective measure that provides protection sdhebugh its presence.

Permeability
Quantitative description of the relative ease withich strata in the ground will transmit a liquid o
gas. Often used as a synonym for hydraulic condtyctir coefficient of permeability.

Permittivity

In geosynthetics, the volumetric flow rate of waper unit cross sectional area per unit head under
laminar flow conditions in the normal direction dbgh a geotextile or geocomposite. For barrier
materials, generally the hydraulic conductivityided by the barrier thickness.

Plasticizer
A material, frequently solvent-like, incorporateda plastic (e.g. PVC) or a rubber to increaseatse
of workability, its flexibility, or distensibility.

Phase 1 Investigation (Preliminary Investigation)
Desk study and site reconnaissance.

Phase 2 Investigation (Exploratory Investigation)
Collection of samples for analysis to test the ligpsis concerning soil quality from Phase 1
investigation and to provide information to enahle design of the main investigation (Phase 3).

Phase 3 Investigation
Evaluation of the extent and degree of contanmonaind identification and assessment of risks.
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Phase 4 Investigation (Supplementary Investigation)
Further collection of information for the selectiand design of remedial work (if necessary).

Phreatic Zone
The zone located below the water table where the firessure is positive

Physical Treatment
Process-based treatment such as vapour extraetsed iprimarily on physical processes

Phytoremediation
Use of plants in remediation. These plants can pterdegradation of toxic substances or accumulate
them in their tissues and/or pump water and comtants from the subsurface.

Pollutant
Substances which, due to their properties, amauobmcentration, cause impact on (harm to) water
and soil function or use. (c.f. contaminant).

Pollution
The effect of mans activity on the environmentamis of introducingpollutants.

Polyaromatic Hydrocarbons (PAH)
Aromatic hydrocarbons containing more than onedusenzene ring. More correctBolynuclear
Aromatic Hydrocarbons.

Polyester Fibre
Generic name for a manufactured fibre in which fibee-forming substance is any long-chain
synthetic polymer composed of an ester of a dibyaldohol and terepthalic acid.

Polyethylene
A polyolefin formed by bulk polymerization (for lowensity) or solution polymerization (for high
density) where the ethylene monomer is placedreaator under high pressure and temperature.

Polymer

A macromolecular material formed by the chemicahbmation of monomers having either the same
or different chemical composition. Plastics, rulsbend textile fibers are all high-molecular-weight
polymers.

Polynuclear Aromatic Hyrocarbons
Synonymous with and correct name Ralyaromatic Hydrocarbons.

Polyolefin
A family of polymeric materials that includes palgpylene and polyethylene, the former being very
common in geotextiles, the latter in geomembranes.

Polyvinyl Chloride (PVC)

A synthetic thermoplastic polymer prepared fromylchloride. The majority of PVCs contain 50 %
vinyl chloride and 50 % plasticizer, filler andsilezer.
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Post Treatment Measure
Any activity such as drying applied to the prodotta process based treatment to prepare it for
disposal or re-use.

Prescribed Cover System
Cover systems used at waste disposal facilities #ne designed on the basis of prescribed
guidelines, e.g., as set forth in environmentalif&gpns.

Pressure Gradient

The gradient of a pressure differential in a givegdium (e.g. water or air), i.e. pressure diffeednt
per unit length, which tends to induce movemenimfrareas of high pressure to areas of lower
pressure.

Pretreatment Measure
Any activity, such as drying, grinding, grading bpp to a material before it enters the main
treatment process or train.

Primary Treatment
Application of a process, such as filtration, omtxination of processes, forming the first staga of
treatment train.

Process-based Treatment
Application of physical, chemical or biological pesses either to remove or destroy contaminants or
to reduce their availability to the environment.

Protection Layer

Thick non-woven geotextile layer above or beloweargembrane to avoid damage or puncturing of
geomembrane placed on or backfilled with soils wibrse components like gravel or stones. Main
parameter: mass per unit area.

Protective Measure
Measure designed to protect a specified receptainstgan identified hazard or risk. Control of
contamination rather than removal.

Pump-and-treat System
System in which water is extracted for treatmewivalground.

Quality Assurance (QA)

A planned system of activities whose purpose iprtavide a continuing evaluation of the quality
control program, initiating corrective action wheexessary. It is applicable to both the manufadtur
product and its field installation.

Quality Control (QC)
Actions that provide a means of controlling and swoeiag the characteristics of (both) the
manufactured and the field installed product.

Quality Control Sample
Sample taken for the purpose of quality assurahfield sampling.
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Radius of Influence
Maximum distance away from an injection or exti@ctsource that is significantly affected by a
change in pressure.

Random sample
Sample taken without any systematic procedurekentat a time or place selected on a random basis.

Reagent
Substance or solution used in a chemical reaction.

Receptor
Person, animal, ecosystem, structure, utility,aa@fwvater, groundwater or water supply well thag ma
be adversely affected by a release

Redox Potential
Abbreviated term for oxidation-reduction potential.

Refractory Index
Measure of the ability of a substance to be bicalden by bacterial activity. The lower the
refractory index, the greater the biodegradability.

Regulated Cover System
SeePrescribed Cover System

Reinforcement
In geosynthetics; the function of a geotextile eogyid to increase the strength of a soil.

Rehabilitation, Restoration, Reclamation
The return of contaminated, damaged, degradedrelictdand to beneficial use.

Remedial Target Concentration
The contaminant concentration above which remextiasi required.

Remediation
Process of dealing with contaminated soil or gtbtmeliminate or control risks to human health or
the environment.

Remedial Investigation
Investigation to collect all information necesstarglesign and execute remediation strategy.

Remediation Strategy
Combination of remediation methods and associatadtsathat will meet specified contamination-
related objectives and overcome site-specific caimgs.

Remediation Target

The performance to be achieved by remediation. Nlysusxpressed in terms of residual
concentrations.
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Replicate (Duplicate) Sample
One of the two or more samples or subsamples @utaseparately at the same time by the same
sampling procedure or sub-sampling procedure.

Representative Sample
Sample resulting from a sampling plan that candpeeted to reflect adequately the properties of the
whole of the soil under consideration.

Residual Contamination
Amount or concentration of contaminants remainmgpecific media following remediation.

Retardation
An attenuation process resulting in a reductiothérate of migration of a contaminant..

Retention Time
The period of time that a contaminant remainssgstem.

Re-use
Useful and harmless utilisation of soil or othertenials.

Risk
Combination of the probability of occurrence ofrhaand the severity of that harm.

Risk Analysis
Use of available information to identify hazard @aostimate the risk.

Risk Assessment
The process of risk analysis and risk characteisat

Risk Characterisation
Evaluation and conclusion based on hazard ideatiific and exposure and effect assessment.

Sample
Portion of material selected from a larger quardftgnaterial.

Sample Preservation
Any procedure used to stabilise a sample in sualayathat the properties under examination are
maintained stable from the time of collection te time of preparation for analysis.

Sample Size
The quantity of material constituting a sample.

Sampling Error

The part of the total error which is due to usimdya fraction of the population and extrapolatiag
the whole, as distinct from analytical error.

Sampling Pattern

System of predetermined sampling points.
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Sampling Procedure
Operational requirements and/or instructions gt the use of a particular sampling plan.

Sampling Strategy
Strategy to ensure that samples are reliable gmégentative for the respective pollution and that
the best locations are chosen for taking samples.

Saturated Zone

Zone in which all the voids in the rock or soil diiéed with water at greater than atmospheric
pressure. The water table is the top of the sadrabne in an unconfined aquifer. S&wreatic
Zone.

Sealing Compounds
In mineral barrier; components to improve the proge of e.g. clay barriers like colloids (such as
bentonite), hydraulic binding agents, mineral fdler additives.

Secondary Treatment
Application of a process or combination of proces&eming the second stage (usually the main
stage) of a treatment train.

Selective Sample
Sample that is deliberately chosen by using a sagmplan that selects material with only certain
characteristics or that selects a particular logati

Sentinel Well

Groundwater monitoring well situated between aifgageceptor downgradient and the source of a
contaminant plume upgradient. The sentinel wealugth be far enough upgradient from the receptor
so that once contamination is detected in the tivele is enough time to take preventative measures.

Separation
The function of geosynthetics as a partition betwieo adjacent materials (usually dissimilar) to
prevent mixing of the two materials.

Service Life

The period of time that an engineered componentirages to perform its design function as
anticipated in the design (eg. for a leachate ciille system this may be the period of time the
collection system maintains the head on an undeylyner below some specified design value).

Slurry Bioreactor
Equipment in which bio-treatment is applied towrsi of contaminated soil or sediment with water,
biological agents, nutrients etc.

Soil Rehabilitation
Measures taken to improve the ability of a degrasitedto perform specified functions

Soil Washing

Ex situ water-based system usually for the semaratf contaminants and fine fraction from the
coarser material in a contaminated soil.
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Soil-Water Partition Coefficient (kp)
Measure of the tendency of a chemical to be adddipeoil or sediment.

Soil Flushing
In situ process in which contaminants are removewh fsoil by the movement of water through the
ground, sometimes with surfactants or other chdmadded to the water.

Soil Vapour Extraction

In situ process involving extraction of volatilepaaurs from the ground under suction. An air stream
passes through the soil thereby transferring tikaoainants from the soil or soil/water matrix te th
air stream.

Solidification
Addition of reagents to contaminated soil to s@idi and prevent access by external mobilising
agents, such as water, to contaminants containtbe isolid product.

Solubility
Mass of a compound that will dissolve in a unituwoé of solution.

Solutes
Contaminants dissolved in water or other liquids.

Solvent Extraction
Use of non-aqueous liquids, such as organic sayemseparate contaminants from soil.

Sorption

The process by which a component (the sorbate maronant) moves from one phase to another
across some boundary. A general term used to grassihe processes of absorption, adsorption and
desorption.

Source
Soil or soil component from which a chemical ordrabus agent is released for potential exposure of
a receptor.

Sparge
Injection of air below the water table to stripstitved volatile organic compounds and / or oxygenat
the groundwater to facilitate aerobic biodegradatiborganic compounds. SA& Sparging.

Specification
A precise statement of a set of requirements &absfied by a material, product, system or service

Specimen
Specifically selected unit/portion of a material.

Spot Sample

Sample of soil from a specified place and consitleepresentative only of its own immediate or
local environment.
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Spun-bonded fabrics
Fabric formed by continuous filaments which haverbspun (extruded), drawn, laid into a web and
bonded (chemical, mechanical, or thermal bondioggther in one continuous process.

Stabilisation

Addition of chemicals or other substances to a evast a contaminated soil to produce more
chemically stable constituents and/or improved hagénd physical characteristics. Stabilisation i
a preferred term tbxation.

Staple Fibres
Fibre of short lengths; frequently used to makedleepunched non-woven fabrics.

Static Piles

Term used in bioremediation to indicate piles oft®aor contaminated land that, unlikendrows,

are not turned. The piles are normally built op & a grid of perforated pipes so that air can be
forced or drawn through the piles using a vacuufior@ed air system.

Stress Relaxation
Reduction of stress in a geosynthetic while undestant deformation. S&xeep.

Sub-population
Defined part of a population.

Sum Parameters
Sum parameters are collective parameters such @ TOD and BOD.

Supercritical Fluids
Materials at elevated temperatures and pressutéhéive properties between those of a gas and a
liquid.

Survivability
The ability of a geosynthetic to be placed andddgom its intended function without undergoing
degradation.

System Boundary
An imaginary boundary around a system.

Systematic Pattern
Sampling pattern indicating sampling locations Hasa the results of geometrical or statistical
procedures.

Systematic Sampling
Sampling to some systematic pattern.

Target Concentration
The contaminant concentration which should notteeeded at th€ompliance Point.

Targeted Sample
SeeSelective Sample
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Tensile strength
In geosynthetics; the maximum resistance to defoomaleveloped for a specific material when
subjected to tension by an external force. Specuiiraensions may be defined in test procedures.

Tensile Testing
In geosynthetics; a tension test in which the tetalth of specimen is gripped in the clamps.
Testing strength and strain of products.

Teratogen
Teratogens are factors that can cause birth dafetismans or animals. Known teratogenic factors
are chemicals, physical influences and viruses.

Tertiary Treatment
Application of a process or combination of procedseming the third (and usually final) stage of a
treatment train.

Textured Surface
High-friction surface of geomembranes by speciatipction procedures.

Thermal Desorber
Treatment unit for carrying out thermal desorption.

Thermal Desorption
Thermal treatment involving volatilisation of comtmants from soil.

Thermal Destruction
Treatment in which a contaminated soil is raised temperature at which thermal destruction of
contaminants occurs.

Thermal Fusion

Seaming of geomembranes by melting and pressingeiiembrane surfaces together with the main
seaming parameters temperature, pressure and geraten Single and double fusion weld, double
fusion with air canal for seam testing.

Thermal Treatment
Application of heat in the presence of oxygen tstidg, remove or immobilise contaminants.

Total Petroleum Hydrocarbons (TPH)

Measure of the concentration or mass of petroleydrdearbon constituents present in a given
amount of air, soil or water. The term total im@snomer in that few, if any, of the procedures for
quantifying hydrocarbons are capable of measullirfgaations of petroleum hydrocarbons present in
a sample. Volatile hydrocarbons are usually lasthie process and not quantified. Some non-
petroleum hydrocarbons may be included in the aisaly

Toxic
A substance that is poisonous for humans, aninmalother living organisms.
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Traditional Cover System

A loose term that generally refers to a prescribedegulated cover system for waste disposal
applications that includes one or more barriershviitw saturated hydraulic conductivity (e.g.,
compacted clay, geosynthetic clay liner, and/ongaobrane).

Trapezoid Tear Test
Test method used to measure the tearing strengghotéxtiles.

Transmissivity
SeeHydraulic Transmissivity .

Travel (Transit) Time
Time required for a contaminant to travel from sloeirce to a specified point down gradient.

Treatment Bed
Above ground bed of soil designed to enhance biadiegion processes.

Treatment Train
Sequence of treatment processes.

Ultraviolet degradation
For polymers, the breakdown of polymeric structuhen exposed to natural sun light.

Unsaturated Zone
Zone between the ground surface and the capilfargef within which the moisture content is less
than saturation and pressure is less than atmaspHére zone excludes the capillary fringe.

Upgradient
Direction of increasing piezometric head.

Vadose Zone

The zone between the ground surface and the wadiky within which the moisture content is less
than saturation (except in the capillary fringe)l avhere the fluid pressure is negative. The zene i
divided into a saturated portion (capillary fringéle to capillary rise, and an unsaturated oigisrt
saturated zone. Thus, the vadose zone includesifitary fringe.

Validation Plan
Programme of inspection and/or testing for the psepof assessing whether the completed works, or
a component of the works, complies with predeteeahiquality of performance criteria.

Vapour Density
Amount of mass of a vapour per unit volume of tapour.

Vapour-liquid Partition Coefficient

Ratio of the concentration of a compound in theouspto the concentration in the liquid at
equilibrium. The coefficient is a function of termatire, vapour pressure, atmospheric pressure, the
composition of the liquid and vapour, and the djecompound.
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Vapour Pressure

Force per unit area exerted by a vapour in anibguiin state with its pure solid, liquid or solutiat

a given temperature. Vapour pressure is a meas@aeubstance’s propensity to evaporate. Vapour
pressure increases exponentially with increasenperature.

Vertical Barrier
In-situ vertical structure designed to contain aamhation.

Vitrification
Treatment in which temperature is sufficient to tntie¢ bulk of the treated soil to produce a glass o
partially glassy material.

VOC

Volatile Organic Compound.Organic compound with a high vapour pressure tHatva it to
evaporate quickly. In general, physical-chemicaipprties include high vapour pressure, high
Henry's constant, low organic carbon partition fioefnt (ko) and high octanol water partition
coefficient (k).

Volatilisation
Transfer of a chemical substance from a liquid pltas gaseous phase.

Waste
Anything which the holder discards, intends to aid¢ or is required to discard. Material which has
passed from the chain of utility.

Water Table
A surface on which the groundwater pressure (pressead) is exactly atmospheric.

1.2 MULTIDISCIPLINARY INTERACTIONS

1.2.1 General

In many projects there is a need for a number afepsionals of different disciplines to work togath
to solve a problem, produce a design or carry ostudy. One of the challenges for all of these
professionals is to apply creative, innovative andt effective solutions. This requires the various
disciplines to work together in a constructive memwith each individual having a satisfactory
appreciation of the principles that underlie dibogs other than their own.

Environmental Geotechnics continues to becomeasangly global. There is therefore a need for
specialists in Environmental Geotechnics to noty dnteract closely with professionals of other
disciplines but also of different nationalities Jtates, language and possibly engineering approach.
The implementation of international standards asist in this process including standards that are
intended to harmonise.

Multidisciplinary interaction can be consideredtiwo ways. First the input of other disciplines
into Environmental Geotechnics or vice versa (egmibts, microbiologists, hydrogeologists,
ecologists, botanists, etc) and second the abilibertain specialists in Environmental Geotechtocs
absorb, assimilate and apply skills normally atitidol to other disciplines.
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1.2.2 Terminology

When disciplines are interacting there is a fundaaieneed to ensure that there is either consigtenc
in the use of terminology or alternatively thereais understanding by each discipline of how their
terminology differs from the terminology used byet disciplines. An example of this is the way in
which the water content of a material is calculat®dme disciplines will calculate this as weight of
water in relation to the weight of solids and otheill calculate it as the weight of water in raatto
the total weight, but both may use the term watetent or moisture content.

Section 1.1 of this chapter presents a listinggohs used in Environmental Geotechnics and their
generally accepted meaning. This should assistencoming the problem referred to above.

1.2.3 Input of Other Disciplines into EnvironmentalGeotechnics

Before discussing the nature and process of otl&giptines providing input to projects in
Environmental Geotechnics it is first appropriate ¢onsider the elements normally under
consideration as follows:
Soil system (solid, liquid and gaseous phases)
Groundwater system (perched water and aquifers)
Surface water system (water courses, lakes, |agooainage, etc)
Biological system (micro-organisms)
Contamination (inorganic and organic)
Other (land use, climate, temperature, regulatonjrols, etc)
Many of the processes dealt with in Environmentabi&chnics are complex. An example of this is
contaminant transport in a soil medium. Many of dmemicals that have seeped into the ground
resulted from decades of research and have beeunfatured by highly complex processes. It would
be naive to assume that these complex processss entirely once the chemicals enter the ground.
Some can continue with the potential for the chafsito react with the ground and with each other.
Daughter chemicals can be produced with differeoperties, such as mobility, to those of the parent
In order to be able to carry out much of their wabecialists in Environmental Geotechnics need
the knowledge from other disciples either by intérey with them on the project or by acquiring the
knowledge themselves as a result of learning frahers. Yong (1997) produced the diagram in
Figure 1 to illustrate the interaction of variousaiplines in the evaluation of the persistence fanel
of contaminants. He classified the boxes as;
Bottom left (Soil Science)
Bottom centre  (Chemistry)
Bottom right (Earth Science)
For consideration of a problem of soil contaminatigong points out that in consideration of thd, soi
the Soil Science box would be consulted. In comsigehe contaminants the chemistry box would be
consulted and in respect of the interactions betvibe soil and the contaminants, all three boxes
would be consulted.
An example of the above would be the determinatdnpartitioning coefficients for use in
contaminant transport modelling which could involwgany of these disciplines, such as soil
chemistry, geochemistry, organic chemistry, sogrobiology, etc.
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TRANSPORT AND FATE OF

CONTAMINANTS | ~N
What are the properties of soils and contaminant$
that control how contaminates are ©held® and hpw
they move? - ie. What are the controls on transpqr
and fate of contaminates??

J

INTERACTION PROCESSES \’_1

Soil physics Inorganic chemistry Geomechanics

Soil chemistry Organic chemistry Geochemistry

Soil microbiology Physical chemistry Hydrogeology

Soil catalysis Thermodynamics Hydrogeochemistry

Soil organic chemistry ";?g'é‘e“;sc?;emniiss‘{?’y Engineering geology

CONTAMINANTS AND
SOILS

Figure 1. lllustration of interaction of various diganes in evaluation of fate of contaminants (Yoih@97)

1.2.4 Interaction with Regulators

One of the greatest interactions outside the diseipf Environmental Geotechnics is likely to be t
interaction with regulators. These may be of manifergnt disciplines such as planners,
environmental scientists, ecologists, etc as veelha earth sciences disciplines. In addition todoef

a different discipline, these regulators may akeeha different approach. For agreement to be egach
in respect of the Environmental Geotechnics asp#ctsproject, these differences must be resolved
such that constructive interaction can take place.

1.2.5 Interaction with Non-technical People

In addition to specialists in various disciplinesry able to interact with each other they musilitle

to relate to non-technical individuals (in respetengineering and science) such as the client (who
could be a business person or a property develepey, the legal profession, planning authorities,
health and safety authorities, project managesm@ntify surveyors, contractors and the general publi
This is likely to mean being able to present cotg;egesign principles and recommendations in a
manner that is easily understood by these non-iealipeople.

The above is particularly significant where accepgaby the public is an important issue in the
overall acceptability of the project. In such cirstances it is all too easy for the public to base
opinions on misconceptions and erroneous intefgyata They must be won over and this can only
be achieved by the specialist having the skill tespnt information in a way which the public can
easily understand.

Less than fully effective communication can leadheppropriate investment decisions, refusal of
planning applications, contractor©s claims, disagnets on payment, unacceptable safety risksfand, i
severe, failure of engineering construction.

1.2.6 Education

As indicated above, Environmental Geotechnics reguthe interaction of knowledge which comes
from a range of disciplines. This knowledge evolvath time and therefore it is necessary to
continually ©keep up to date®©. In any case, widuadican always improve their performance by
learning more. Therefore, specialists in EnvirontakeGeotechnics need to continually improve
their understanding of other disciplines. Contigueducation in professional practice is therefore
essential in order to keep abreast of new develafsy@ just to improve overall understanding.
Education has an important role to play in imprgvinultidisciplinary interaction. There was a
time when each discipline tended to be taughtatai®n from other disciplines. However, with the
increase in understanding, more and more courseacknowledging the need for interaction with
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disciplines nominally outside the core subject baaught. Invited lecturers from other departments
other research institutes together with talks k@citioners from industry and public bodies help to
further this process.

1.2.7 Concluding Remarks

If Environmental Geotechnics is to continue to pesg we must effectively interact with individuals
and knowledge from other disciplines.

1.3  CLASSIFICATION AND CHARACTERISATION

1.3.1 General

This section gives an indication of some of thesgifécation and characterisation systems that can
be used in Environmental Geotechnics. They arecbyeans the only systems that are available. In
general, classification and characterisation systeamsist in communication, assessment and
decision making.

1.3.2 Soil and Soil Properties

Classification systems for soil and soil propertes to be found in many other publications on soil
mechanics, geotechnical engineering and engineegudogy and are not reproduced here. For
consistency it is appropriate for these same diesson systems to be used in environmental
geotechnics. Thereby, the same or similar behavoaur be assigned to particular substances,
techniques and/or properties, etc. For exampletemamterials do not necessarily behave in the
same way as natural soils, even those which areedefrom natural soils, but the basic principals
applied to natural soils are a good starting piminbhe understanding of the behaviour of wastes.

Further comment on soil classification in respdotantaminated land is given in Sub-section
1.3.4.2 below.

1.3.3 Chemicals and Chemical Properties

Perhaps one of the simplest ways of classifyingrebals, soils or waters is by pH value (see Table
1) which influences chemical reactions (e.g. priéaiipn) and the hydraulic conductivity of the soil
Chemical solutions that are highly reactive witiissmclude strong acids (pHd 2) and strong bases
(pH>12)

Alternatively, chemicals can be classified accogdia their chemical formation. A simplified
example is given in Figure 2 where the chemicads cassified as inorganic or organic with the
organic further being classified as chlorinatechan- chlorinated. This figure also shows a division
between aromatic and aliphatic compounds. Aromatiesing or multiple ring chemical structures
containing alternating single and double bondspidtics are compounds that contain open carbon
chains or rings. Aliphatics include alkanes, allenglkynes and their derivatives. In the figure
pesticides are divided into chlorinated pesticigied organophosphorus pesticides.

There are of course a number of other ways in whitiemicals can be classified in respect of
their properties (e.g. mobility, reactivity, statyil etc.) or toxicity (e.g. carcinogeneity, ahiliio bio-
accumulate, etc.) and so on. Such a classificdiased on properties can be far more relevant to
determining how the chemicals will behave in theugid and the appropriate forms of remediation for
removing them from the ground.

Shackelford (1994) provides a classification foids within the pore space of soils as shown in
Figure 3. Shackelford (1999) comments on this ifleaon in respect of pore fluids being
categorised as aqueous liquids or solutions cantpicontaminants that are miscible in water (also

Chapter 1. Design Basics and Performance Criteria page 33



TC5 Report, September 2005

known as hydrophilic or ©water-loving®©), or noesaguliquids consisting of organic compounds
immiscible in water (also known as hydrophobioxat@r-hating©).
Aqueous liguids can contain inorganic chemicalsdé@dases, salts) and/or hydrophilic organic
compounds. Hydrophilic organic compounds are disished from hydrophobic organic compounds
based on the concept of ©like dissolves like®laeorganic compounds usually will readily disso
in water a polar molecule, whereas non-polar omavmpounds are repelled by water. A
hydrophobic compound is also further separatedeitter a LNAPL (light non-aqueous phase liquid)
or DNAPL (dense non-aqueous phase liquid) depenaliing’hether the density of the compound is
lower or greater than water respectively.

Table 1: Approximate Classification by pH value

pH Value Characteristic
lto4 Acidic

4109 Neutral

10to 14 Alkaline

Contaminant

Groups
I I
Inorganic Organic
Non- Chlorinated
Chlorinated

i

Non-metals

Metals

Aliphatic

Aromatic

Aliphatic

Aromatic

e.g. eg. e.g. e.g. e.g. e.g.

Ammonia Arsenic Ethane BTEX Chlorinated — Chlorinated —

Cyanides Cadmium Butane Cresols hydrocarbons hydrocarbons

Sulphur Chromium Ethylene PAH (such as (such as

Thiocyanates Lead Hexane Phenol Chloroform, dichloroaniline,
Mercury Organophosphorous Organophosphorous | trichloroethane hexachlorobenzeneg
Zinc pesticides (such as pesticides (such as and vinyl chloride) ,phenol chloride,

malathion, amiton

chlorpyrifos and

Chlorinated

PCPs and PCBs)

and isothiote) bromophos) -pesticides (such Chlorinated
as lindane and -pesticides (such
dieldrin) as DDT, MCPA,
Dioxins mecoprop and
dichloroprop)

Figure 2: Contaminant Groups
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Non- LNAPLs (eg benzene, xylene, heptane ‘
Aqueous
(Immispible) DNAPLSs (eg carbon tetrachloride, trichloroethylene ‘
Liquids
@ Hydrophilic Organic Acids (eg acetic acid) l
Organic

Neutral Polar Compounds (eg ketones, alchohols) l

Solutions

Aqueous Organic Bases (eg aniline) l

(Miscible)
Liquids

A

Acids (eg HCI) l
Inorganic

Chemical
Salts (eg NaCl) l

Solutions

Bases (eg NaOH) l

Figure 3. Classification of Liquids

1.3.4 Contaminated Land

1.3.4.1 Site Characterisation

The characterisation of a contaminated site depemdshe physical condition of the site (e.g.
topography, size, vegetation, etc.), the natuictbfa that can influence this condition (e.g. sgpke,
hydrology and hydrogeology) contaminant sourcetvpays and the potential receptors that may be
at risk. Suggestions regarding possible relevhaatacteristics about a site are given in Table 2.

In addition to the above it is usually appropritteharacterise the different possible exposuréeesou
and the possible receptors that could be harmelebgontamination. This will include consideration
of the current general exposure pattern of the anear consideration (e.g. industrial area, oldtevas
disposal sites, etc.).

Table 2: Parameters useful for Site Characterisation

Parameters Description

Landform Topography, landform type, area, position, slope, e

Land Use and All previous and current land use, residual effetprevious usage,
Vegetation man-made features, vegetation, buildings and hasttc@ic. Future

intended land use should also be taken into coragidat
Surface Characteristics Erosion, surface sealinface cracks, rock outcrops, etc.

Hydrology and Surface water, rainfall, evapotranspiration, swefacunoff,

Hydrogeology groundwater recharge, presence and depth of walbde, tmoisture
conditions, etc.

Geology and Soil type, soil depth, origin of parent materialqsence and depth of

Geotechnics horizons, colour, organic matter content, textureadigrg, pH,

structure, fracturing, degree of compaction, pdypsieochemistry
roots, biological activity, etc.

Contamination Types of chemicals, phase, sourceghdepncentrations, pattern of
distribution, degree of weathering or alterationaikability of the
contamination.
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1.3.4.2 Soil Classification

Soil characteristics depend on the original roclgeological deposit from which the soil comes,
together with other influences such as microbidlvag and climate which have the ability to
considerably modify the original material, givingstihct horizons within the profile. This
modification results in a wide variety of soils fdifing in physical and chemical characteristics.
Even within one soil type, large variations maywowithin a short distance or depth. A number of
established publications give classifications of @iod these are not reproduced here.

The concentration of a contaminant substance wilaray not be the only information that is
required. Substances present in soil may be boanthe soil matrix by sorptive and binding
mechanisms. These mechanisms are likely to affiecavailability of the substance with respect to
uptake by human and other receptors. The mechamefersed to above can change with time due
to alteration of the soil or to alteration of theding mechanism.

In addition to the substances known to have entdhed ground and/or groundwater,
consideration should be given to the possibilityany interaction between these substances which
may produce ©daughter© products with completielserdif properties to the parents, including
solubility and migration potential. The productioh many manufactured chemicals results from
very complex processes. These complex processestduecessarily cease when chemicals enter
the ground. They can react with the ground as agWith each other.

The following presents some of the soil physicaélernical and biological properties which
should be taken into consideration when charaatgria contaminated site. Not all will apply in
every case.

Physical CharacteristicsPorosity, permeability, density, solids conterdrtigle size distribution,
clay content and moisture content.

Biological CharacteristicsThe soil concentration of a contaminant at diffieréepths in the soil
will depend not only on physical and chemical peses but also on the microbial influence on the
degradable components of the soil and the contartsnalt is necessary therefore to know the
microbial activity in the soil and the ability di¢ microbes to alter the soil and/or contaminants.
Chemical CharacteristicsA number of basic chemical parameters influeneesthil processes that
alter the contaminant concentrations, e.g. absormnd precipitation. Some of these are organic
carbon content, cation exchange capacity (CEC), ni@dox potential, oxygen content and the
presence of gas.

1.3.4.3 Classification of Contamination

Contamination in the ground can take many formgait be solid, liquid or gas. Classification of
chemicals or chemical solutions is discussed ini@ed.3.3 and these are usually the contamindnts o
most concern. A classification for solids and gasemt presented here.

1.3.4.4 Classification of Remediation Techniques

There are various ways in which remediation teabgiek can be classified. This may be according to
the objective of the technology (containment vattreent), the process involved (physical, chemical,
biological or thermal) or whether the process isied out in situ or ex situ. A general classifioat

by Shackelford (1999) using all of these categasigsesented in Table 3.
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Table 3. Classification of Remediation Technologieasd®l on Soil as the Contaminated Medium
(Shackelford, 1999)

Soil Technology | Technique / | Example(s) Comment(s)
Removal | Category Process
Yes Containment| Disposal Landfills On-site vs off-sivew
(ex-situ) Vs existing
Treatment Chemical Neutralisation, solvent extoact Treated soil may require
Physical Soil washing, stabilization, solidifiicat, disposal in a landfill or
vitrification may be returned to the
Biological Biopiles, bioreactors site
Thermal
No Containment| Pump & Vertical wells, horizontal wells Both passive and active
(in-situ) treat containment are possible.
Capping Traditional covers, alternative covers, In pump & treat,
geochemical covers pumping used to control
Vertical Slurry walls, grout curtains, sheet piling, hydraulic gradient and
barriers biobarriers, reactive barriers collect contaminated
Horizontal Grout injected liners water — treatment is ex
barriers Situ.
Treatment | Chemical Oxidation, chemical reduction Technologies with ]
Physical Flushing stabilisation / solidification, require removal of gas
vitrification, air sparging (AS), soil vapour | and/or liquid phases and
extraction (SVE), electrokinetics (EK) ex situ treatment. Both
Biological Monitored natural attenuation (MNA), passive and active
bioventing, bioslurping, biosparging treatments are possible.
Thermal Steam injection)( radio frequency heating
(RF)", vitrification

1.3.5 Geosynthetics

Geosynthetics can be defined as planar productsifactared from polymeric material, which are
used with soil, rock, or other geotechnical engimeerelated material as an integral part of a man-
made project, structure, or system (ASTM, 1995)osyrthetics play an important role in this
protective task because of their versatility, cefd¢ctiveness, ease of installation, and good
characterization of their mechanical and hydrapiaperties. Furthermore they can offer a technical
advantage in relation to traditional liner systeorsother containment systems. Geosynthetics
systems are nowadays an accepted and well es&blsimponent of the landfill industry (since at
least early 1980’s). Containment systems for ldisdfiypically include both geosynthetics and
earthen material components, (e.g., compacted &aygers, granular media for drainage layers,
and various soils for protective and vegetativeitay

Geosynthetics applications are very diverse. Ireotd fulfil different functions in the design of
geotechnical, environmental, and groundwater reélagstems, the geosynthetic industry has
developed a number of products. Geosynthetics haweerous material properties. Many of the
reported properties are important in the manufactund quality control of geosynthetics; however,
many others are also important in design. The nahtproperties related to the manufacture and
quality control of geosynthetics are generally mefé to as index properties and those relatedeo th
design as design or performance properties. Comsgleheir different properties, the several
geosynthetic products can perform different fumtiand, consequently, they should be designed to
satisfy minimum criteria to adequately perform #hdanctions. There are numerous types of
geosynthetics, which can be used in waste contaihapplications and each has a specific function
(Zornberg and Christopher, 1999). Functions calude:
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Separation: the material is placed between twoirdiks materials so that the integrity and

functioning of both materials can be maintainedmroved,

Reinforcement: the material provides tensile stitemy materials or systems that lack sufficient

tensile capacity,

Filtration: the material allows flow across its péawhile retaining the fine particles on its

upstream side,

Drainage: the material transmits flow within thamq of their structure,

Hydraulic/Gas Barrier: the material is relativetggervious and its sole function is to contain

liquids or gasses, and

Protection: the material provides a cushion abavebélow) geomembranes in order to prevent

damage by punctures during placement of overlyiatenmals.
In some cases, a geosynthetic may serve multipletibins (e.g., a geocomposite layer that serves as
a drainage means and a protection layer for an riymg geomembrane). Geosynthetics are
manufactured in a factory-controlled environmeriieyf are packaged in sheets, placed in a roll or
carton, and finally transported to the site. At fieject site the geosynthetic sheets are unralted
the prepared subgrade surface, overlapped to ¢hehto form a continuous geosynthetic blanket,
and often physically joined to each other. The gethetic types are as follows:
- Geotextiles

Geomembranes

Geogrids

Geosynthetic clay liners (GCLSs)

Geocomposite sheet drains

Geocomposite strip (wick) drains

Geocells

Erosion control products

HDPE vertical barrier systems
A description of the different geosynthetic produist provided by Zornberg and Christopher (1999).
Geotechnical, environmental, and groundwater systémquently incorporate several types of
geosynthetics, which are designed to perform ntwaa bne function in the system. The bottom and
cover liners of waste containment facilities aredjexamples of applications that make use of
geosynthetics for multiple purposes. In these ifesl the different geosynthetic products are
combined to fulfil the functions of infiltration b@er, filtration, separation, drainage, protectiand
reinforcement. The specific function(s) of the eliéint geosynthetic(s) are presented in Table 4. A
review of recent advances on the use of geosyoshitiwaste containment facilities is provided by
Bouazza et al. (2002).

Table 4. Function of Different Geosynthetic Prody@ornberg and Christopher, 1999)
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Separation X X X
Reinforcement X X X
Filtration X
Drainage X X X
Infiltration barrier XD X X X
Protection X X

@ asphalt-saturated geotextiles
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1.3.6 Waste Materials

1.3.6.1 General
Waste can be considered to be a multiphase mediompresing solid, liquid and gaseous components
in a similar manner to soil, although there are at&ny differences between waste and soil. There ar
a number of different classification systems thetenbeen put forward by various organisations or
individuals, some from a regulatory / administratjpoint of view and others from a geotechnical
point of view.

As stated above, for those classification systdratsare based on geotechnical behaviour they are
not intended to indicate that waste can necesdagilgirectly assimilated to a soil. However, soil
mechanics principles are a good starting poinnishesstanding the behaviour of waste.

1.3.6.2 Classification of Wastes

This section refers to solid wastes rather thamidigvastes. Although Environmental Geotechnics
must consider the impact of liquid wastes, onéhefrhain purposes of classification is in respect of
the geotechnical properties of solid wastes.

Solid wastes are often classified as inert, muaicipdustrial, agricultural and radioactive,
with industrial wastes possibly being sub-dividedoi low, medium and high toxicity. This
classification is usually for regulatory or similaurposes and does not assist the specialist in
Environmental Geotechnics to assess how the wasiléperform. Radioactive wastes are a
specialist area and are not discussed furthengrs#ttion.

In respect of geotechnical behaviour, Grisolia 1e€1895) divided the solid components of
municipal solid wastes (MSW) into the categoriesvat in Table 5. Grisolia & Napoleoni (1996)
comment on the choice of design parameters rel&titigis categorisation.

However, the fluids within the wastes modify themerties of the solid materials and the
behaviour of many wastes is controlled by the ©veaetent©. In respect of water content,
Manassero & Shackelford (1994) classify industwalstes as shown in Table 6 and comment on
this classification by saying that Classes (a) @)dare characterised by source processes in a wide
range of grain size distributions for dry partidelanaterial which generally has to be wetted for
transportation and storage. On the contrary Qlasecludes fine grained wastes with high water
contents near their liquid limits, ie sludges anddsy Wastes in this class can have water contents
in excess of 200 to 300 %. Classes (c) and (d)agora wide range of wastes in respect of both
grain size and water content.

Manassero & Shackelford differentiate between lga@l-wastes (particulate materials for which
soil mechanics principles are applicable, e.g.gdsd ashes, excavated materials, etc.) and nen soil
like wastes (materials for which soil mechanicagiples are not applicable, e.g. plastic, drumsdyo
metal, etc.).

Characterisation of the mechanical features of striil wastes is proposed by Manassero &
Shackelford as shown in Table 7, although thisadtarisation could also be applied to other wastes.
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Table 5. Classification of Municipal Solid Wast&i6olia et al., 1995)

Class| Description

A STABLE INERT MATERIALS: Materials such as glagagetal, masonry rubble, etc.
whose overall mechanical behaviour can be assusgthtiof a natural coarse-grained
and heterogeneous soil.

B HIGHLY DEFORMABLE MATERIALS: Materials such as ifigic, paper and plastic
which can arrange themselves in the landfill, espligovhen in sheets, so as to undergo
marked settlements even under modest loads and eahibierall mechanical
anisotropy.

C READILY DEGRADABLE MATERIALS: Materials such aobd wastes, vegetation,
other organic matter, etc. which can cause deep goariamt physicochemical
transformations to occur in waste in a relativelyrsperiod of time. Organic matter
decomposition undoubtedly affects the overall maidzd behaviour because it causes a
volume reduction together with production of gaseseery low consistency materials

Table 6. Classification of Industrial Wastes (Maeass® Shackelford, 1994)

Class| Description

a Residues from incineration processes (fly antbboash from coal power plants and
from incineration of municipal and industrial wastise gas ash dry treatments, boilefr
slag, etc)

b Residues from metallurgical industry processe(slag, blast furnace slag, foundry
sands, etc)

c Residues from construction, oil industries, suliseatments and investigations

(construction debris, asbestos, contaminated soiléng sludges, etc)

d Dry or quasi-dry residues from physico-chemioahtments (dust from air treatments,
oxides, salts from chemicals, metallurgical, pharmtcal and other industries, etc)

e Residues from waste liquid and gas treatmentg(shirries from sewage water
treatments, slurries and ion exchange resins frostengater and gas treatments of
painting, leather, paper, agricultural, metallurgio@echanical, chemical,
pharmaceutical and other industries, flue gas gaswisation treatments of power
plants, etc)
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Table 7. Characterisation of the Mechanical Behavidundustrial Wastes (Manassero & Shackelford,
1994)

Clas | Characteristic
S
i SHEAR STRENGTH: pure friction, locking or dilatabiehaviour, osmotic and matrjc
suction, cementation, fibres or rigid inclusionsifeicement

ii DEFORMABILITY UNDER EXTERNAL STRESS VARIATION: itrinsic deformability
and/or structural collapse of solid particles agirbodies, deformability of solid skeleton
iii STRAIN: collapsible solid skeleton, positive orgaive changes in pore pressure, changes
in pore liquid content (degree of saturation), demin chemical composition of pore liqyid
(osmotic suction), biological and/or physico-cheahidegradation, ravelling (movement |of
fines into voids), viscosity of the solid skeletansingle solid particles or inclusions

14 RISK ASSESSMENT

1.4.1 Principles and Application to Environmental Gotechnics

The objective of a risk assessment is to deterthieeisk to humans, property and the environment so
that an appropriate degree of protection can berpacated into the design for a specific site or
application, rather than relying on a standard ifipaton which might be totally inadequate to
provide the level of protection that is requiredray be unnecessarily excessive for certain $tisk.
assessment can considerably improve the basiswipich decisions are made.

In environmental geotechnics, risk assessmentsbeaapplied to the migration of gases, the
egressing of leachates from a landfill and the Hewr of contaminants from a contaminated site
amongst others, together with the potential effetteese processes.

The assessment can be undertaken in a number sffigay purely subjective to the use of highly
complex numerical and statistical methods. Howevés important that those carrying out, or using
the results of, a risk assessment are aware #atannot be calculated precisely and that all auksth
whether subjective or numerical, will produce reswith degrees of uncertainty. Thus, in order to
make a decision on which method to use it is necgss consider not only the site situation bubals
the limitations of each method.

There is an increasing trend towards quantitaisie assessment. In a number of countries it is
either a legislative requirement or is includedhia guidance documentation for that country.

A risk assessment should consider both human aontbgical receptors (and sometimes
property). Both human and ecological risk assestsriamolve toxicology assessments. However, it
should be noted that there are fundamental difteebetween the two types of toxicological data tha
are used.

The term risk assessment is often confused wittnpler, non-quantitative concept referred to as
hazard assessment.

Hazard and risk can be defined as follows:

Hazard:- a situation that could occur which has the pod¢fidr human injury, damage to property
or the impairment of the environment.

Risk:- the chance (or probability) of a defined hazarduoing and achieving its potential; the
probability of a receptor suffering harm or loss.
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A hazard is something which may occur, but it is ¢dombination of that consequence with the
likelihood or probability of it actually occurrirthat is the basis of quantitative risk assessment.
Fundamental to the risk-based approach is the egathway-receptor concept. Before a hazard
(a source of contamination) can pose a risk tcepter (humans, property or the environment), there
has to be a means (a pathway) by which the receptoicome into contact with the contamination
(including gas). If no pathway exists, the contaation may well be a hazard, but it does not pose a
risk. If a source-pathway-receptor scenario exibis risk can be mitigated by removing or treating
the source, by blocking/removing the pathway opimgecting the receptor.
There are several key stages in developing a sskssment approach in order to address the
following issues:-
Situation Analysis — Also referred to as the CotualpSite Model (CSM), which includes the
collection of data about the site, the situation #me surroundings to the site. The CSM also
illustrates the relationships between the hazatiwasy-receptor(s) specific to the site.
Hazard Identification what circumstances could give rise to harm
Hazard Analysis how likely are these circumstances to occur
Identification of Consequencesvhat could happen as a result, what would befieet
Estimation of Magnitude of Consequeneeghat could be the magnitude of these effects
Estimation of Probability of Consequencewhat is the probability or frequency of a paricu
hazard being realised
Risk Estimation what are the magnitudes of the associated risttsvdat is the uncertainty of the
estimate
Risk Evaluation - is the risk significant in retatito other risks.
Risk Management - consideration of any action rleads to be taken to reduce the level of risk and
the cost of such action.
The above approach is illustrated in Figure 4 oaigh it should be recognised that risk assessraent i
an iterative process and once the Risk Managenee fias been reached it may then be appropriate
to revert back to the Situation Analysis stage sgpmkat the assessment. There are a number of
variations on the above methodology that have Ipeg¢rforward by a variety of authors, although in
general the core stages remain the same.

Hazard Identification

Identification of Consequences

Estimation of Magnitude of Estimation of Probability of
Consequences Consequences
[ ]
A 4 h 4
Risk Estimation Risk Evaluation Risk )
Perception

Risk Management

Figure 4. Risk assessment flow diagram
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With regard to the number of different potentiahgrmful chemicals within a landfill or a
contaminated site, it is often felt to be unneagswaconsider every chemical when carrying ousha r
assessment. Instead certain key contaminants,caotinogenic and non-carcinogenic, are chosen as
being representative on the basis of toxicity, ditgbsolubility in water, persistence and vulneatip
of receptors. The risk assessment is then bastse selected chemicals.

In addition to data appertaining to the site, mfiee doses (levels of acceptability) and dose
response relationships etc. must be chosen byenrefertto appropriate publications and databases. The
science of deriving these values and relationgkipsitside the field of environmental geotechniogd a
requires considerable understanding of the toxragzhanisms etc. of chemicals.

Environmental geotechnics is primarily concernedhwihe exposure routes that involve
contaminants (including gas) egressing the siteutiit any containment, the surrounding ground or
the ground surface. The carrying out of a risk @ssent will involve the use of contaminant fate and
transport modelling based on the potential mechahis contaminant movement.

Risk assessments can be stochastic or determimmstiadeterministic assessment all the variables
are treated as known constants which are oftemaiss of either average, conservative or worst case
conditions. There are a number of deficienciesamying out a deterministic risk assessment, for
example it is difficult to know the degree of conggism in the estimated risk and because every
value is at or near its respective maximum thesassent considers scenarios that will never happen.

The deficiencies referred to above can be largetyamme by using stochastic methods which use
probability distributions (probability density fuians) instead of point estimates. Figure 5 shows a
comparison between a probability distribution arfgatymight have been taken as a point estimate (in
this case the 95 percentile value).

Methods of carrying out risk assessments togethign wther relevant data are referred
to/presented in Rubinstein (1981), Bratley (1983)los & Whitlock (1985), US EPA (1988, 1989a,
1989b), La Gregga et al (1994), McKendry (199&y9¥ (1996), and McCartney et al. (2004). In all
cases minima, maxima and most likely scenariosldhmiconsidered.

The process of making decisions based on the sesfilia risk assessment is termed Risk
Management. This will include the results of thekRtvaluation stage in respect of the significasfce
the magnitude of the risk calculated. It must bmembered, however, that the results of a risk
assessment are a tool in the decision processhanttisnot be the sole means of reaching a decision
on acceptability, etc.

The remaining question is what is an acceptableoomal level of risk? However, there first
needs to be a distinction between background, nmenéal and total risk. Background risk is that
which would be present in the absence of the saheteas being studied, incremental risk is thag du
to the source under consideration and total rigkessum of the two. A decision has to be made on
whether or not to include background risk, for eplemwhen considering remedial alternatives the
background risk is not relevant but when considgtite maximum acceptable level in order to protect
a receptor, it is.

It is now generally recognised that ©no risk@issash@not exist. Instead the controls surrounding
a particular hazard must achieve a result thatlésable. In safety law, any risk must be reducea
level which is as low as is reasonably practicablermally given as an acronym: the ALARP
principle. In practice the tolerability of riskrc@epend upon the vulnerability of the receptaigéf
and the duration of exposure to the hazard.
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Figure 5. Probability distribution of a contaminansail

A tolerable level of risk is often set between abamility of 10* and 1. However, the concepts of
acceptable risk and tolerable risk are complex iamdlve risk perception as well as a technical
assessment of risk, which are outside the scoffegdresent publication.

The quality of any risk assessment is dependenthenquality of input information that is
available. There is little point in using techregusuch as quantitative risk assessment unless an
appropriate amount and quality of information isifable in respect of the topography, geology,
hydrogeology and climatology of the site and theidity, mobility, degradation rate, chemical
interaction, concentration and quantity of thetaomninants. This inherent prerequisite for complex
guantitative risk assessment methodologies caiit iesan early commitment to specific types of, and
detection limits for, analytical testing of contamants. In addition, disparity of analytical methods
between different laboratories can introduce varyidegrees of accuracy in contaminant
concentrations identified within samples.

Risk assessment provides decision-makers withrimdbon on probable contaminant transport /
uptake rates and the resulting impacts so thairnalti well formulated judgements can be made. It
also allows designers to modify various aspecta obntainment or remediation system in order to
ensure an appropriate level of performance thabisistent with the site situation. It stimulates a
review of the appropriateness of existing site stigation data and highlights those aspects which
might need further investigation. Finally the eeffectiveness of alternative designs, methodofgie
etc. can be evaluated so that the available fisesburces are directed towards optimising the
performance.

1.4.2 Groundwater Pollution

In general terms, a risk assessment with respebetpotential for groundwater contamination would
consider the following:

i) The potential for the generation of leachate framtaminated land or a landfill.

ii) The presence of any natural or artificial barrtersontaminant migration.

i) The properties of the unsaturated zone sucthagrocesses of seepage flow through the ground
matrix, fissure or fracture flow (if applicable)echy of contaminants, dispersion, cation exchange
capacity, biological or chemical alteration, and likelihood that these will be effective.

iv) The properties of the saturated zone which beéllsimilar to those for the unsaturated zone lIsot a
include the potential for dilution as a resultloé groundwater flow.

v) The vulnerability of the receptor or target, tt@nsequences of contamination and any regulatory
requirements with respect to limits on tolerablargfe. The vulnerability of the groundwater should
take into account the effects of bio-accumulatiehich may negate the effects of dilution for certai
contaminants.
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1.4.3 Gas Migration

A similar process with regard to the migrationanidfill gas would be along the lines of the follogi

i)  The generation of landfill gaonsideration of the probability that suitable dtnds could
exist at the site for the generation of landfilsga terms of atmospheric conditions, temperature,
moisture, the composition and age of the wastéLital depth and the quantity of waste.

i)  Barrier competence: Consideration of any basrinat surround the gasing materials such as
liners, venting trenches, extraction wells andaftitvalls and the probability that these barrieif w
be effective.

iif)  The migration routeConsideration of the geology, hydrogeological atieeophysical aspects
of the migration route and the distance from th&rgaground to a particular receptor; the primary
considerations being pressure gradient, distandeyeound hydraulic conductivity and the degree of
accuracy with which each one of these can be datedn

iv)  The ease of entry: Consideration of the medrmenty into a building, excavation or other form
of confined space in terms of barriers, extractientilation systems, form of construction, quadify
workmanship and durability of construction.

v) Internal conditionsConsideration of the degree of ventilation withie building and any alarm
systems that have been or are to be installedikéi#nood of an ignition source in respect of naeth
and the frequency of occupancy/entry in respecadion dioxide.

1.4.4 Reliability

As stated above, risk assessment is an iteratveeps and there are a number of assumptions that
have to be made in each of the various stagessdrmitivity of the magnitude of the calculated tsk
these assumptions should be assessed and whessargaefinements to the risk assessment should
be made (sustained development of CSM). In thidextrit may be necessary to obtain additional
data.

When carrying out a risk assessment it is not ptes$d enumerate every conceivable outcome
and therefore credible worst case scenarios ark Uibés introduces an inherent conservatism, which
often results in assessing scenarios that will neeeexperienced. The counter to this is that the
additive process used in the models in respeatxatity data may understate the risk of exposure to
complex mixes of toxic substances.

Once a risk assessment has been carried outmpisriant to indicate to the decision-makers who
will use the results of the risk assessment, wiegrak of uncertainty is inherent in the particular
calculation of risk. This uncertainty comes frone tifeficiencies and assumptions within each of the
stages that comprise the risk assessment.

1.4.5 Further Work

A considerable amount of work is still requiredarder to refine and improve the technique of risk
assessment associated with landfill containmentcantaminated land. In contrast to the nuclear and
mining industries, for example, the concept of askessment has only relatively recently beenegppli
to these topics.

Techniques of risk assessment have advanced quisgderably over recent years, together with
the recognition of the benefits that risk assessmem bring to a decision process. There stillaiem
however, a number of gaps in our knowledge andrstateding, as discussed below.
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1.4.5.1 Contaminant Source

Over the years a large number of contaminants leanered soil and groundwater. In terms of
appropriately directing research resources we tee&atus on those posing the greatest potenties ris
to human health and the environment.

With regard to petroleum hydrocarbons, for examgsearch should focus on benzene because
of its carcinogeneity, volatility and water solutyil Next would be the other BTEX constituents
(toluene, ethylbenzene and xylenes). Polyaromatirdearbons (PAH) should have lesser priority
because although they can be carcinogenic, théilitgan the environment is low.

Other organics requiring attention include: chlated hydrocarbon solvents (aliphatic and
aromatic), phenols, aromatic compounds such agjgest and the fuel additive methyl-tertiary butyl
ether (MTBE).

The output from different risk assessment modetaaily varies because of the use of different
default parameters, not least of which is toxid&a. These can be sourced from different databases
and for some chemicals there is considerable disaggnt between databases. There is a need for
toxicity data to be reviewed and rationalised tmiglate inconsistencies and produce a peer-reviewed
data-set.

The current knowledge of chemical toxicity is prithhabased on tests carried out with pure
compounds. We know very little about the effectenoftures of chemicals in the ground.

Further work needs to be carried out in respetit@bio-availability of contaminants. Present risk
assessments are generally based on the assunyztaall tof the contamination is available to cause
harm. This is just one of many layers of conseswati

Speciation is also an important issue which care lzabig influence on toxicity. There is a need
for standardised methodologies for speciating cemptixtures of petroleum hydrocarbons, although
a significant amount of research and guidance bas provided in the Total Petroleum Hydrocarbon
Criteria Working Group Series (TPHCWGS).

Many chemicals are produced by very complex prases$his complexity continues when
chemicals enter the ground and interact with tloeiggl or each other. Very little is known about the
breakdown products of many contaminants. We ne&ddw more about the conditions under which
they are produced, what produces what and how ritekbown (daughter) products behave. Some
breakdown products may be more toxic and havegreatbility than the original parent compounds.

1.4.5.2 Pathway

Natural attenuation can be a very effective medmestricting a pathway in groundwater. However,
more work needs to be done in respect of how efeethis process is in different geological and
hydrogeological conditions. Those making decisioesd to know the time periods over which natural
attenuation can occur and how these time periodsbmanfluenced by conditions. The mobility of

many contaminants is still poorly understood arailehs a need for more work on this aspect.

1.4.5.3 Receptor
The main consideration in respect of the receptotafget) is the determination of the acceptahlell
of risk. Tolerable levels of risk need to be puiid by Governments and Regulatory Authorities for a
range of situations .

The success of risk-based approaches depends minggéiie confidence of all stakeholders.
There is therefore a need for good mechanismslotommunication.

Furthermore, some countries would benefit from kdisfaing native risk assessment
methodologies to encourage uniformity (within acsoe country) in the analysis, interpretation and
communication of human and environmental risk dased with landfill and contaminated land.
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1.5 MONITORING

1.5.1 Introduction

Monitoring in Environmental Geotechnics is normadlssociated with either contaminated land or
landfills. The term "monitoring" should be consigérto mean repeated inspection or survey and/or
sampling and testing (e.g.. groundwater quality)patmanent testing points together with the
presentation of the results. However, the assighmey also involve discussion of test results and
consideration of impacts on human health and thvr@mment. The results can be used to design
measures to mitigate or eliminate negative impactdternatively to allow / permit / justify natura
attenuation.

This section deals mainly with the monitoring ofogndwater quality associated with
contaminated land or landfills. Most monitoring goundwater involves either measuring water
levels and/or pressure or either taking samplesldboratory analysis or using instruments to
measure chemical parameters in-situ, e.g. pH andumivity. The techniques used can range from
extremely sophisticated installations and instrutaigon to relatively simple field observations.
They can be intrusive or non-intrusive.

1.5.2 Non-intrusive Methods

A variety of non-intrusive monitoring methods akaitable. These include remote sensing such as
aerial photography and satellite imagery as wellgasphysical methods such as geomagnetics,
electromagnetics, electrical resistivity, seismiqund probing radar, induction and thermal.

In many countries aerial photographs and sateillitagery are available from Government
agencies / departments or commercial operatiomsn Fnese it is possible to differentiate land use,
vegetation, geology and hydrology, etc. Infra-rédtpgraphy, for example, can be very effective in
indicating where vegetation distress is occurrifgcolv may be caused by either gas migration or
chemical contamination.

Goldman (1992) provides an overview of some of themote sensing techniques that are
available and their usage in monitoring contamichaend. He examines both unmanned and
manned orbiting systems and the use of both highHam flying aircraft.

Non-intrusive methods are not generally sufficient their own to characterise ground and
groundwater conditions. However, the methods aneigdly less expensive than intrusive methods
in relation to the areal extent of the informatairtained and can be used as a reconnaissance tool t
either plan future intrusive monitoring or to exiodate information from existing intrusive
installations, e.g. monitor any change in the bampdof a contaminant plume once the
characteristics of the plume are known.

1.5.3 Intrusive Methods

The measurement of groundwater pressure or phmatiace is normally by means of piezometers.
These can be pneumatic, electrical, simple staedpgtc. A standpipe (or similar) monitoring well

can be used for the measurement of pressure (aspiezometer) and for the taking of water
samples or the carrying out of in-situ tests.

A monitoring well normally consists of a responsee (ie a screened or perforated length into
which groundwater can flow and which is surrountgd filter sand or gravel pack which reduces
the amount of fines from the surrounding formattbat enter the well) above which there is a
casing or riser pipe (usually of the same diametgdrich isolates the well from the surrounding
ground and groundwater above the response zortbe thonitoring well is installed in a borehole,
seals (often comprising of bentonite) are formetvben the riser pipe and the surrounding ground
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to prevent the vertical flow of ground or surfacater down or up the outside of the casing within
the borehole.

For a response zone in an unconfined aquifenvtter level in the monitoring well will equal
the water level in the aquifer. For a confined &fuithe water level in the monitoring well will
represent the piezometric head or pressure hetltkiaquifer. The well is finished at the surface
with a cap and some form of protection works.

Care is required in ensuring that the response zfnihe installation corresponds to the
hydrogeological horizon that is to be monitored.Id/eith response zones that cross two or more
hydrostratigraphic units are almost useless. Famtany monitoring wells have been constructed
ignoring this principle resulting in the data beadgost impossible to effectively interpret.

In very variable ground conditions it can be veifficllt to determine the correct location (in
respect of areal extent and depth) of the respposes. The most difficult is where discontinuous
low permeability layers are present that have thtergial to redirect the flow direction (verticaich
horizontal components) of the contaminant plumethis situation it is possible to place the
response zones too shallow or too deep to detetarmination. In such cases a clusters of wells or
multipoint wells (see below) may be needed at alamof monitoring locations across the site.
This would also apply where there are head diffegsrbetween aquifers in a multi-layered aquifer
system.

The materials used in the construction of the nooimiyy well must be non-reactive with the
suspected contaminants. Schowengerdt (1987) imdicdhat stainless steel, Teflon®, and
Bisphenol-A Epoxy represent examples of relativebn-reactive casing, whereas PVC casing
exhibits sorbent and leaching characteristics wdtiain contaminant constituents. PVC is resistant
to most chemicals except aromatic organics, ketasters, etc. According to Kent et al (1985) the
amount leached from the casing is small and doeasually affect the integrity of the casing.

The more significant problem is the use of PVC dladix couplings to casings and well
screens, etc. Tests carried out by Kent et al (L88md that distilled water subsequently contained
methyl ethyl ketone, toluene and tetrahydrofuraraassult of the glue. The alternative is to use
threaded connections.

Another example cited by Kent et al (1985) wasaqumt where well casing had come from two
different suppliers. Monitoring wells with casingin one of the suppliers showed contaminants
not present in the wells constructed with casimgnfithe other supplier. The concentrations could
not be explained by natural causes. The most likgpglanation was that the supplier had used a
chlorinated degreasing solvent to clean the we#ests.

Other sources of contamination associated with toang well installation are greases applied
to the treaded joints of drill pipe, leaking hydraiufluid from the drilling rig and contaminated
material adhering to the drill pipe when it is irted into the borehole. Complete cleanliness is
almost impossible to achieve on many landfill andtaminated land sites. Nevertheless, stringent
controls should be applied to ensure that any gaitamination is reduced to a minimum and is
consistent with the degree of accuracy that isireddrom the monitoring programme.

An individual borehole may house just one monitgnrell or a nest of wells each monitoring
at a different elevation in the borehole or a npalint system may be installed. The latter can
consist of a single specially manufactured casirig which an electronic probe is inserted which
opens a sealed port at each elevation where migjt to be carried out and then either measures
pressure or takes a sample or carries out a phywicghemical test. Alternatively the installation
may be a pressure driven system utilising very kdiameter tubing.

The methods available for taking samples from nwomg wells include bailers, air lifts and
pumps. It should be noted that variations in sarapkdysis results can be caused by using different
sampling methods. Ideally the sampling method shdud standardised throughout the sampling
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programme. If a change is unavoidable then sangblesld be taken with both previous and future
methods on at least one sampling visit in ordequantify any differences.

1.5.4 Guidelines for Monitoring Design

The design of any ground related monitoring sysstrould take into consideration the specific
topographical, geological, hydrological and hydmiggical conditions prevailing in the vicinity,
together with the potential risk to human healtd #re environment. It must be effective for every
individual contamination source or potentially caminating part of any facility. For new works
the design of the monitoring network should be pred simultaneously with the design of the
works. The monitoring should be designed such ithean be extended or otherwise modified,
depending on the performance observed.

The design of the monitoring should be precededdésk studies and, if necessary, field
investigations. The design, execution and operaifdacal groundwater monitoring systems should
be managed in the following stages:

Stage I: Preliminary studies including:

- analysis of the historical geological, hydrokjiand hydrogeological data

- analysis of the historical data about the fgcili

- reconnaissance of the contamination source arsiliiroundings,

- preliminary field hydrological and hydrogeolodisaudies of ground and surface waters;

Stage II: Design including:

- further analysis of the historical hydrogeol@jidata

- characterisation of the contamination source

- assessment of the hydrogeological characteristittse contamination source zone,

- characterisation of the factors and conditiorilsi@ncing the contamination of the groundwater,

- determination of what monitoring is appropriate,

- design of monitoring network,

- determination of the methodology, scope and feegy of measurements,

- approval of the monitoring system designs byatberopriate regulatory authorities;

Stage lll: Construction of monitoring network, wiiincludes:

- installation of monitoring points (e.g. monitagiloreholes with piezometers) or adaptation of
existing monitoring points, or the establishingagirogramme of survey,

- marking of monitoring points and their protectiagainst damage,

- preparation of as-built documentation includimy ahanges compared to design.

Stage IV: Operation of monitoring system, covethgyfollowing activities:

- collection of samples ensuring safety and quailitd using appropriate sampling equipment,

- field tests and laboratory analyses,

- carrying out of surveys (e.g. geophysics) if ayppiate,

- continuous supply of monitoring results to thenewand the regulatory authorities as necessary;

Stage V: Reporting possibly covering one or a couinn of the following:

- full results or summary of results as necessary,

- characteristics of the contamination source,

- quality, degree and extent of groundwater detatiion,

- prediction of contaminants transport with evalat of hazards to human health and
groundwater resources,

- proposals for the protection of groundwater resesi against intrusion by contaminants,

- recommendations and time schedule for any longgm monitoring and/or further
investigations.
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1.5.5 Monitoring Performance Criteria

The design and execution of monitoring systems Ishiogé carried out by organisations that possess

the following:

- gualified and licensed personnel (as requirecegylations in individual countries),

- appropriate monitoring (including sampling) equant,

- access to accredited laboratory facilities (amired in individual countries) such that therais
guarantee of high accuracy with appropriate liraftdetection.

The frequency of samples collection should be detexd individually for each site and, where

necessary, a particular part of a site, taking auosideration local hydrogeological conditions and

the degree of likely hazard to humans and the enmient.

Where appropriate the risks to groundwater shoeléddsessed with due consideration of data
pertinent to other monitored elements of the emvirent, e.g. air quality, surface waters, plants and
soils.

The need for a monitoring programme that is coesistwith performance criteria is a
particularly sensitive task for waste containmeatilities, which have been designed using
prescriptive criteria in the past, but are now gedesigned using performance-based design criteria.
For example, federal and state mandated covezragsfior municipal and hazardous waste landfills
in the United States have endorsed the use ofstresibarriers”. These resistive barriers have also
been referred to as “prescriptive” barriers, asrtdesign is based on prescribed dimensions and
material properties that have been deemed to teaddeptable performance. However, regulations
allow alternative cover systems if comparative gsed and/or field demonstrations can
satisfactorily demonstrate equivalence with prggise systems.

The use of alternative (performance-based) systéims,led to the need for comparing the
performance of alternative cover systems with tifgbrescriptive cover systems (i.e. equivalency
demonstration). This has required establishing toong systems that are consistent with the
design criteria.

Design criteria must specifically account for sfgecific conditions. McCartney and Zornberg
(2002) outline different types of performance crdehat have been put forth for alternative covers
The type of performance criteria should be closeiggrated with the design procedures and with
the methods of compliance demonstration.

The following three sections discuss monitoring legopto landfills and contaminated land.
Many of the principles discussed for landfills atgaply to contaminated land and vice versa.

1.5.6 Monitoring of Landfills

Landfills have the potential to impact groundwatamsl therefore, with few exceptions, all landfills
(new and old) require monitoring. Even landfillestned to a stringent specification require
monitoring and this monitoring should be part of thesign. The monitoring system should be in
place and the initial data (at least three sets)ilshbe obtained and assessed prior to a landiitido
commissioned and should take into consideratiorptissible extent of the contaminant plume that
could potentially be created by the landfill.

A possible situation where monitoring would not teguired would be a small municipal
landfill located within an already well monitoreddaunderstood geological and hydrogeological
zone where risk assessment can demonstrate thairimgmnt is unlikely. However, each site should
be assessed on its own merits.

At least one intrusive monitoring position shoukd upstream of the landfill so that the quality
of groundwater flowing towards the landfill can determined and a comparison can be made with
groundwater downstream of the landfill. When sitithgse boreholes it should be borne in mind
that some contamination can migrate upstream (ieegpect of the regional groundwater flow
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direction) particularly where either the presenétdhe landfill or the leakage from the landfill is
causing a local mounding of the groundwater.

The determinands analysed (for samples from a rahg®nitoring boreholes across or around
a landfill) can vary between monitoring events. Egample, the analyses for the initial monitoring
may be for colour, pH, turbidity, odour, dry mashkssolved solids, hardness of suspension,
electrical conductivity, biological oxygen demanBQOD), chemical oxygen demand (COD),
ammonia, nitrogen, nitrite nitrogen, nitrate niteog Kjeldhal©s nitrogen, sulphates, sulphides,
chlorides, phosphorus, cadmium, chromium, copped,| zinc, mercury, total hydrocarbons and
total organic carbon (TOC), etc. Subsequent anslysay only be for those parameters which
specifically indicate whether leaching is occurriiigm a waste body, e.g. chlorides, sulphates,
nitrates, ammonia, BOD, COD, TOC, pH, electricaiauactivity, heavy metals).

Periodic use of the full suite may also be appwaiprie.g. quarterly, half yearly or annually,
depending on the significance of any impact on msma the environment. This would also be the
case if statistical assessment indicates that songmt concentrations from the landfill are
increasing.

Monitoring of landfill performance has proven udeaiot only to demonstrate compliance, but
also to aid in the design of expansions of the evashtainment facility. For example, monitoring of
waste properties in an unlined landfill in southe@alifornia was useful to evaluate the
environmental implications of its proposed vertieapansion (Zornberg et al., 1999). Specifically,
monitoring results were used to evaluate if adddlccompression of the waste will squeeze liquid
from the waste. Field monitoring and experimentatiadwere used to evaluate the ability of the
landfill to continue to retain moisture after conied waste placement. The evaluation indicated that
the moisture content of the waste will not reashfigld capacity for the proposed final grading of
the landfill and, therefore, that the liquids sltbuémain within the waste mass after the vertical
expansion.

Non-intrusive monitoring methods can also be usediscussed in Section 1.5.2 above. Costa
el al (2002) used geophysical methods to complentieat intrusive methods of monitoring
employed at the Bangu Waste Disposal Site in Ridateeiro, Brazil. An electromagnetic survey
was used to quantify the thickness of the layetarated with leachate as well as inferring the
groundwater flow directions. The extent of the @iole contaminant plume was thereby delineated
and subsequently monitored by targeted boreholes&vtocation was chosen by reference to the
results of the geophysical survey.

Shrivastava and Mimura (1996) provide an overvidva mumber of geophysical techniques
used with cone penetration technology. Future sea described and the effectiveness of the
available technology is presented. Cossu et alqB9@ 1992) provide a similar overview in respect
of surface geophysical methods. They considered ttiea techniques were of particular use in
respect of old landfills where there is generallgck of basic information.

Landfill gas emissions, mainly methane and carbioride, are an important consideration in
the monitoring of landfills. Surface, sub-surfaced adepth monitoring should be carried out to
ascertain the cap (final cover layer) efficientye tvaste decomposition process and any migration
through the sides or base of the landfill that rhaytaking place. Maciel and Juca (2002) presented
details of the monitoring carried out at the Mudad.andfill, Recife, Brazil. They used a flux box
to measure the gas emission from the surface ofdhepleted part of the landfill and boreholes to
determine the degree of decomposition in the wastes.

Another aspect of the monitoring of landfills wouleé the checking of the protection against
slope failure or changes in the stability of slopesllowing a large slope failure at a landfill in
Bogota, Colombia, Rodriguez and Velandia (2002)cdies an extensive monitoring programme
involving 162 piezometers, 30 inclinometers and 4@fographical control points. The results in
respect of pore pressures, deformations and settlisnover a three year period are presented. The
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information obtained was useful to understand thlealbiour of the landslide and its change with

time, including the stability and mechanical pramsr of the wastes. This work highlighted the

importance of monitoring in being able to contralldre situations and enable decisions on any
action to be taken in time for that action to bedive.

A further potential use of monitoring would be @spect of the settlement characteristics of the
waste. Gourc et al (1998) describe a proposal feaste settlement survey methodology. They used
transducer settlement gauges buried in the wastgs rat two landfills to monitor long term
settlement. The use of such information could bedture cap design and/or to enable judgements
to be made on how much ©overtipping® to permituse $imilar landfills such that surface levels
finally reduce back to design levels.

Monitoring activities should be continued afterstice of landfill operations and until such
time as either regulatory criteria are met or askessment indicates that the landfill no longer ha
the potential to cause harm.

The monitoring should be designed and carried gpecialists. Copies of all of the results of
the monitoring should be held in the archive of thedfill owner. Annual (or more frequent)
reports may also need to be submitted to the remylauthorities in the particular region or
country.

1.5.7 Monitoring of Contaminated Land (as part of hvestigations)

Before decisions can be made on the remediati@uger of contaminated land, it is necessary to
determine the extent of any potential impact on &orhealth and the environment. Monitoring
should be part of the investigations that are edrdut for this purpose in order to provide valeabl
additional information on the characteristics af ttontaminants, the hydrogeological conditions of
the site and the surrounding area and any vargiionontaminant concentrations.

The final design of the monitoring programme shoble based on the results of the
investigation. There are unfortunate cases whezenrtbnitoring programme was designed at the
same time as the design of the investigation anduasequently modified in accordance with the
investigation findings, such that important aspedtthe contaminant source and the groundwater
regime have not been monitored, resulting in inappate remediation or lack of remediation
where in reality remediation was necessary.

Examples of monitoring for contaminated land are:

- observations of groundwater levels,

- observations of ground and surface water qualitly attention to space and time variations,

- observations related to emissions of gases asi$,dtompared with survey of absorptions,

- observations of possible changes due to microbichl activity and chemical and physical
processes in transporting media and substances examination,

- observations of vegetation, cultivation, develepinof flora and fauna,

- checking of the effectiveness of any improvemdimés have been implemented, e.g.. tightness of
containment (see Sections 1.5.8 and 1.5.9),

The frequency of monitoring should be commensusdiie the degree of risk that has been assessed

based on existing information. In any event it dawt be longer than 1 year and will usually be

more frequent. The overall duration of the momitgrshould take into account any remediation

that has already taken place, the durability ofatietaminants, the groundwater regime, the rate of

change of the contaminant plume, seasonal vargtithe vulnerability of the receptors and any

special events that occur (e.g. heavy rain, fleegjogical disaster, etc.).

When collecting contaminated samples, appropriafetys regulations / guidelines should be
adhered to, e.g. qualified personnel, verified pdares, calibrated equipment, briefings and
inductions, personal protective clothing and equptnetc. Internationally recognised standards,
e.g. ISO, should be used and quality control systemould be introduced. The taking of samples is

Chapter 1. Design Basics and Performance Criteria page 52



TC5 Report, September 2005

one of the most important parts of any contamindsedl investigation. The samples must be
representative of the in-situ conditions and themeeft is important that volatiles, etc. are naitlm

the sampling or in the subsequent on-site storagdramsportation to the laboratory, etc.

Appropriate fixing additives must be used wheredege The samples must be stored and
transported at sufficiently low temperatures sa #iteration of the sample does not take placs or i
reduced to an acceptable minimum. Most testingritbdes will give advice on these issues for
samples that will be going to their laboratory.e$é principles also apply to landfills.

It is not unusual on contaminated sites to encawrtaipper unconfined aquifer separated from
a lower aquifer by an aquitard. The installationaomonitoring well into the underlying aquifer
requires special measures to ensure that crossmorgtion is not caused. These measures can
consist of advancing the borehole a small distamicethe top of the aquitard and then sealing (by
grouting, etc.) a temporary casing into the borehBloring then continues through the temporary
casing.

It is also extremely important that cross contamimadoes not occur between monitoring well
positions. This requires thorough cleaning of alfibg equipment between borehole positions and
all monitoring equipment that will be used in thells. The above also applies where probes are
used.

For many contaminated land situations it will b@mpriate to use a combination of monitoring
techniques in order to obtain the required typeexrtdnt of information. Copeland et al (1996) used
a combination of active and passive soil gas samgplair-flux chamber measurements, cone
penetrometer tests, HydroPunch and PowerPunch dwatar sampling and a field laboratory to
carry out a regional groundwater investigation esded with a contamination plume at San
Leandro, California. The methods used enabled theestigators to minimise sampling and
sampling costs, to select optimum locations forgarg and well installation, to correlate between
hydrogeological stratigraphic units and to evaluatee extent of shallow groundwater
contamination. The largest plume (containing a tatlof volatile organic compounds (VOCs),
petroleum compounds, nitrate and metals) in thdystuea was found to be at least 30 m deep,
more than 1.6 km wide and 4 km long, approachirgyShan Francisco Bay. The monitoring was
used to plan further investigations, identify conitaant sources, provide input to risk assessments
and facilitate the development of a remediatioategy.

It is often difficult to measure continuous charmgfecontamination at a certain depth or to
measure precise distribution of parameters in delepeholes. Sano et al (1996) have developed a
system to measure water quality in a borehole ud300 m deep. The system continuously
measures seven parameters, pH, conductivity, salidissolved oxygen, redox, temperature and
pressure.

Where contaminant plumes contain VOCs, a compooktitese contaminants will be present
as a vapour or soil gas. This vapour phase can beitoned in boreholes using portable
photoionisation detectors to measure VOC conceotstthereby giving a general indication of the
extent of, and variation within, a contaminant p&um

1.5.8 Monitoring of Remediation (during treatment and post treatment)

The monitoring arrangement must allow appropriaggeasment of the treatment process. In some
cases this could require a complex system to beirpytlace involving a number of different
monitoring methods. The monitoring system sho@dapable of evaluating changes in the degree
of contamination with time, in vertical extent aslixas in horizontal direction.

The monitoring systems can, where appropriate,rparate monitoring installations that were
put in place during previous investigations, preddthat these meet the requirements of the
remediation monitoring design. Previously install@dnitoring facilities should not be used for
convenience reasons only.
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The effectiveness of the treatment process can diated to the initial contaminant
concentrations. However, it is more usual for ptalaility criteria to be stipulated, ie the maximum
residual contaminant concentrations in the soil/@ndroundwater that are permissible for the
remediation to be considered as complete. Theseptatulity criteria are normally agreed /
approved by the local or country regulatory autiesj e.g. Environment Protection Agency.

Where possible, the monitoring locations shouldude locations outside the contaminated
area. This will enable background groundwater queatio be determined at the start of the
remediation and any adverse effects on the suringrgtoundwater to be determined during the
remediation. In the absence of any acceptabilityerza the background groundwater quality will
also provide a comparative means of assessinggtti@mance of the remediation.

The analysis of the results from the monitoringtesys should include the variation of the
contaminant concentrations with time. These comatohs usually decrease non-linearly
depending on the interrelation of processes sucldilasion, dispersion, percolation and gas
emission, as well as chemical processes such gsilatian, redox reactions, precipitation, solution,
sorption, and desorption.

Remediation of soils can result in contaminantshsas organic compounds (previously
adsorbed by soil particles) being released intogtieendwater. The monitoring in this case should
be supplemented by the laboratory analysis ofssoiiples taken from the treatment zone.

For some remediation schemes a point in time ishexh when the continuation of the
treatment would result in costs being incurred Wwhigould not be commensurate with the
improvement in contaminant concentrations that wdag achieved. In this situation it may very
well be better to allow natural biochemical reagtioin the ground to complete the process.
Continuing the monitoring can provide confirmatitmat the natural attenuation processes are
having an effect and that rebound of contaminantentrations has not occurred.

1.5.9 Monitoring of Containment Barriers

The monitoring should be effective in demonstratirige competence of the barrier system in
respect of showing that no more than the desigkabga is taking place through or around the
barrier.

Bieberstein and Saucke (1990) have presented ttaglsdef a testing unit developed at the
Institute of Soil and Rock Mechanics in Karlsru@&rmany. This unit is intended to be inserted into
wall panels at the time of construction beforeghery hardens. It determines the in-situ permégbil
of the panels immediately after construction anahgttime thereafter.

In the case of reactive barriers, the monitorinty aso need to show that no process reversal is
taking place, ie that the barrier itself has nogureto release contaminants that it had previously
trapped.

1.5.10 Quality Assurance

A monitoring programme is only as good as the duali the data it produces. Quality assurance is
therefore an important aspect of any monitorings ®hould extend from the construction of the
installations, the calibration and correct use rdtiumentation, the use of appropriate sampling
techniques, and quality assurance certificationttef chemical laboratory through to vetting

procedures for the final report.

Undetected errors can have a significant effecchsas remediation measures being
implemented when they are not needed and vice vé&rsaumber of extensive legal cases have
arisen as a result of errors in monitoring.

Written and verified documentation at all stages ofionitoring programme is very important.
This should include installation construction distasampling and laboratory methodologies, field
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records and data sheets, spike and duplicatesxgesti the laboratory, calculations and cross
checking that all data included in the report iactly in accordance with the immediate output from
the field and laboratory work. Without this docurtaion, there may be no third party acceptance
of the results of the monitoring and the data maydpected in regulatory applications, legal claims

etc.

1.5.11 Concluding Remarks

An overview has been presented of monitoring tepies and the principles which should be
adopted when designing a monitoring programme.vieryecase it is essential that the person
responsible appropriately designs and specifiegtifigidual components of the monitoring system,
the materials to be used, the method of instalaéiod the methodology for carrying out tests and
measurements.

Sufficiently extensive monitoring is often overlaakin a desire to get a development project
underway. It should be remembered that it has ldeesmonstrated many times over that effective
monitoring will more than ©pay for itself© onuhsegjuent project compared to the additional costs
that often result when insufficient data is obtdine

1.6 LIFETIME OF COMPONENTS

1.6.1 Introduction

Engineered barrier systems within landfills and@stainment strategies for site remediation prsject
are constructed to provide protection of groundwaitel in some cases surface water. These systems
are used to attenuate selected contaminants @harHevel than would otherwise be possible based
on the natural hydrogeologic conditions.

The level of attenuation will depend on the natfrthe contaminant and requires an assessment
of attenuation capacity considering the advectiffeisive contaminant transport as well as
appropriate retardation mechanisms. Engineereticonent systems tend to minimize the advective
movement of contaminants (low hydraulic condugfivf the materials) and some also act as an
effective diffusion barriers for certain contamitean

It is imperative to understand that engineeredidrasystems have a service life, which must be
considered in safeguarding short and long termrgieater protection. This section establishes the
general principles of design lives of various ldhdbntainment components: compacted clay liners,
bentonite enhanced soils, geosynthetic clay lir@emembrane liners, cover materials and drainage
layers; as well as in ground cut-off barriers.

As a basic concept, the service life of an engateomponent can be taken to be the period of
time that it continues to meet its design functidfor example, for a leachate collection systers thi
may be the period of time that it can control teachate head at or below the design value (e.g. 0.3
m). For a compacted clay liner it may be the mkabtime that the hydraulic conductivity remains a
or below, the design value. It is necessary tagdesngineered landfill systems and in-ground
barriers such that the service life of these systama whole exceeds the contaminating lifespan of
the landfill or the contaminated ground/groundwafEne contaminating lifespan is the period of time
during which the landfill will produce contaminaraslevels that could have unacceptable impacts if
they were discharged to the environment (Rowe. £1895).
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1.6.2 Compacted Clay Liners

Compacted clay liners are clayey soils that hawnhbemolded and constructed to obtain a low
hydraulic conductivity liner. The quality of a cpacted clay liner will depend on: (a) the

characteristics of the clayey soil used; (b) thethm& of compaction and, in particular, the

compaction water content; (c) the quality contratidg construction; and (d) the protection against
desiccation after construction. Like most engiadeliners, CCLs require protection from the

elements (e.g. sun and frost) and consideratiort brigjiven to the potential long term effects of
differential settlements.

Successful construction of a low hydraulic condutstiCCL using an adequate soil type and
therefore design life of this system is highly degent on: (a) water content control; (b) breakup of
clods of soil and homogenization of nonuniform soi(c) lift thickness; and (d) method of
compaction and equipment used. CCLs may experiandacrease in hydraulic conductivity with
time by several orders of magnitude if not adeduauetected against desiccation cracking or frost
damage. This is also a particular concern for @€&d as cover material in landfills.

Both desiccation cracking and frost damage praiactire key to the design life of these barrier
systems and can be mitigated through quality coostm control and assurance. For a further
discussion on the layout, design and constructimequures for CCLs in landfill barrier systems

see Daniel, 1990; Rowe et al., 1995; ETC8, 1993naddaero et al., 1998; Rowe, 2001. Rowe
(2001) indicates that the construction of linet fgeds prior to construction of the liner can easur

adequate construction practices without the riskdafage to the actual liner and enables the
contractor to become acquainted with potential jgols. They also provide a means of calibrating
guality control and assurance procedures.

The service life of a clay liner is the period iofi¢ during which the bulk hydraulic conductivity
of the liner may be expected to fall within theigesange. Provided the liner is properly designed
and constructed and appropriate attention has pednto clay-leachate compatibility (e.g. Rowe et
al.,, 1995), it is expected that it will perform it the range of design hydraulic conductivity for
thousands of years (MoE, 1998).

1.6.3 Bentonite Enhanced Soils

In situations where suitable natural soils areawaiilable for use in a compacted clay liner, beitgon
may be added to a non-cohesive soil (e.g. siltg)stmachieve a liner with the required hydraulic
conductivity. Rowe (2001) summarized the key agersitions in the selection of bentonite and
design of these mixed-soil liners, which are thargsize distribution of the base soil (Evans, 1991
Alston et al., 1997), the amount of bentonite (Kanet al., 1991; Alston et al., 1997; Santucci de
Magistris et al., 1998; Silvapullaiah et al., 2QG)d the mineralogy of the bentonite.

Care is needed to examine hydraulic conductivitieer the maximum gradient that could occur
(e.g. with the development of a leachate moundgrisure that there will not be an increase in
hydraulic conductivity due to internal erosion loé toentonite (i.e. transport of the bentonite dthe
liner by water flow; Edil and Erikson, 1984; Bueitn1985).

Successful construction of low hydraulic condudyigoil -bentonite liners is highly dependent
on: (a) obtaining and maintaining a homogeneousturexof the base soil and bentonite and
avoiding segregation prior to and during placeméh}; compaction and water content control
(Kenny et al, 1991; Evan, 1991); and (c) lift tmelss. A key consideration in the selection and
design of soil-bentonite liners is the potentialdbemical interaction between the clay and thiel flu
to be retained causing an increase in hydraulidedtivity (and hence a failure to fulfil its design
function). Other important factors include theisence to shrinkage cracking (Stewart et al., 1999
Kleppe and Olson, 1985) and the need for suitablehamdcal properties for structural integrity
during construction and operation. Although sandtteite specimens have been shown to be more
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resistant to freeze-thaw cycles than clay or k@mens in laboratory tests (Wong & Haug 1991),
as with normal compacted clay liners, it is stiligient to protect the sand-bentonite liners against
desiccation and frost.

1.6.4 Geosynthetic Clay Liners

Geosynthetic clay liners provide a convenient astémtially economical low permeability alternative
to compacted clay liners both in covers and bamgdiin many situations. Due to the fact thad & i
manufactured product, typically produced usingegifiowdered or granular sodium bentonite, a high
level of quality control can be achieved. The mailvantages of GCLs are their limited thickness,
improved resistance to differential settlementeeafinstallation and low cost. The fact that they
come in thin sheets that are seamed by overlappmeg mean that considerable care is required
during construction to avoid tearing the GCL sheetspening the seams - especially when cover soil
is being placed over the GCL.

The liner should be carefully installed in a mantiet will avoid holes in the GCL. Shan and
Daniel (1991) showed that GCLs have the capacigffectively self-heal small holes but not large
holes or tears. However, it should be recognized this type of test does not simulate many
practical situations. If a stone punches a holéhen GCL, the stone will likely stay in the hole.
Secondly, the potential for puncturing will depesrd the robustness of the cover geotextile and/or
other material.

Additional considerations include the need to pl@¢&Ls on a prepared foundation layer, and
the stability of liner systems involving GCLs anth@r geosynthetics such as side slope stability and
interface strengths between geosynthetics andibswdaces. Additional concerns associated with
the installation of GCLs are their shear stren@taik and Eid, 1996; Eid and Stark, 1997; Fox et
al., 1998; Zornberg et al. 2004). Unreinforced GQyscally exhibit low internal shear strength
upon hydration, making them unacceptable for usest@eper slopes; and the construction
requirements associated with their use. A datalwdsd14 large-scale direct shear tests was
assembled to evaluate variables governing geosymtblay liner (GCL) internal shear strength
(Zornberg et al., 2004). Good repeatability of tesults was obtained using same manufacturing lot
GCL specimens, while comparatively high variabiltgs obtained using different lot specimens.
Peak shear strength variability was found to ineeeéinearly with normal stress, but to be
insensitive to specimen conditioning proceduresal@ation of reinforced and unreinforced GCL
test results indicates that, in addition to reioéwnent variability, bentonite variability contrilestto
the shear strength variability of reinforced GCLs.

GCLs are subject to potential changes in hydracdieductivity due to desiccation, however,
preliminary work by Boardman and Daniel (1996) aadés that while the bentonite in GCLs did
form open cracks in the tests upon drying, theaeksrclosed due to swelling upon re-wetting. While
these results are encouraging, they were performédr a limited range of conditions and more field
data is required to verify these findings. GCLsjsctied to limited freeze-thaw conditions (Hewitt &
Daniel 1997; Kraus et al. 1997) were found to penfavell with no evidence of cracking and no
significant increase in hydraulic conductivity walsserved related to the freeze-thaw of the GCL
sheets. Again, there is a need for more field tiateerify these encouraging findings. Thus theeilb
limited, available evidence would suggest that G@iasy be preferable to compacted clay liners
(CCLs) where the liner can not be protected frosiabation and freeze-thaw (e.g. in covers), Rowe
(2001).

Owing to the relatively thin nature of GCLs, sigeaint hydraulic gradients may occur due to
ponding of leachate above the liner (a result ofiging of the collection system, discussed below),
there is a potential for internal erosion and gaedailure due to piping, thus a loss of bentofriben
the GCL core. Preliminary results from current aeske addressing the issue of internal erosion of
GCLs by assessing subgrade conditions conducip#iog failure indicate that care is needed in the
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selection of a suitable GCL product and that proisieould occur with an inappropriate product over
a severe (e.g. gravel) subgrade (Orsini and Ro®@4,)2

The hydraulic conductivity of a GCL must be assdssethe context of the expected field
conditions, type of manufacturing process usedludicg consideration of hydration, confining
stress, permeant characteristics and hydraulidegra{Petrov and Rowe, 1996; Petrov et al., 1997a;
Rowe, 1998b). Rowe (1998b) provided a detailedenevbof GCL hydraulic conductivity testing.
GCL interaction with leachate (see Schubert, 1387an and Daniel, 1991; Daniel et al., 1993;
Dobras and Elzea, 1993; Ruhl and Daniel, 1997;0Radt al., 1997 a,b; Petrov and Rowe, 1997)
may increase the hydraulic conductivity of GCLreeli system, however this need not be a problem
provided the design was based on the higher véhag¢seflect interaction with leachate.

1.6.5 Geomembrane Liners

Geomembranes are planar, relatively impermeablgnmaic sheets. Due to their low permeability,
they make excellent liners for fluid retaining stuwres. There are many different types of
geomembranes and the selection of a particulardgpends upon the application in which it will be
used. Peggs and Thiel (1998) proposed a seleappmach based on the identification and the
qualification of factors that affect service penfiance in intended applications of geomembranes by
considering polymer performance, geomechanics treanibility and project specific factors.

An intact geomembrane liner will experience somegragation with time that will lead
eventually to its failure. The aging process of HDBeomembranes can be envisioned as
simultaneous combination of physical aging and d¢bainageing (Hsuan and Koerner, 1995). For
further discussion on physical and chemical agefrgeomembranes, see Petermann et al. (1976) and
Schnabel (1981) respectively. Koerner et al. (1920% provided a detailed description of the types
of degradation to which HDPE geomembranes can Iszeptible. This includes chemical
degradation, oxidative degradation, degradatiorswglling, degradation by extraction, biological
degradation and UV degradation. Oxidative degradagippears to be the most harmful to HDPE
geomembranes, which are the most common geomenshuaad in landfill liner applications due to
their superior chemical resistance.

Hsuan and Koerner (1995, 1998), Rowe (1998b) am@j&8a (2001) reported that the service
lives of HDPE geomembranes are essentially corttdlly the antioxidants in the material and their
service temperature. Most recently Sangam (200lgméed the service lives of HDPE
geomembranes under various landfill liner condgioit was estimated that for the particular
geomembrane examined, provided that the landfillvedl maintained such that the liner (i.e.
geomembrane) temperature is not higher th&& 1the primary geomembrane would last at least
200 years whereas for the conditions where the ¢eatpre is at & (an increase in temperature as
a result of leachate mounding, discussed belowe)strvice life is estimated to drop to about 70
years. It was also estimated that geomembranesasssecondary liners will last at least 400 years
for a temperature range typical of groundwaten X@C.

Concerns regarding the clogging of leachate cadlectystems (discussed below) have lead to
the use of coarse drainage material in these sgstéims essential to ensure that the geomembsane
adequately protected against the potential dettimheeffects of coarse gravel indenting the
geomembrane, especially under the high overburdesspres in large landfills (Tognon et al., 2000).
The development of tensile strains within the geolmane due to impingement of the coarse
drainage material may have serious implicationghenservice life of the geomembrane and may
impair its primary design function as a barrierattvective flow due to the development of holes or
tears under increased tensile stress.
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1.6.6 In Ground Cut-off Barriers

There is a growing movement towards "containmesta grimary "remediation” strategy for many
contaminated sites where alternative approaches piwen ineffective or are too expensive. This
"containment” will frequently involve the constriget of a vertical cut-off wall around part or afi o
the contaminated site and possibly (but rarelydteofitted "base liner" below the site (O©Donrell e
al. 1995). Vertical cut-off walls may consist ofisl trench walls, geomembrane walls or sheet pile
walls or a combination of these components.

A detailed discussion of the state-of-practice wétbpect to these walls is provided by O©Donnell
et al. (1995). Daniel and Koerner (1995) providdiscussion of Construction Quality Assurance
(CQA) / Construction Quality Control (CQC) for tleesystems. The key concerns with all of these
walls are: (a) ensuring sufficient uniformity anakdjty of construction that leakage is controllechh
acceptably low level; (b) the difficulty of detaugi small leaks; (c) long term durability (e.g. the
potential effects of interaction with contaminants)

Slurry trench walls may be used to contain, cap&ume redirect flow of contaminated water,
gases or free phase liquids. There are practiodklio the depths that can be achieved and tieeayp
ground conditions in which they can be constructée short and long term hydraulic conductivity
that can be achieved requires careful consideratiorparticular, CQC and its effect on initial
hydraulic conductivity, the effect of changes inogrdwater condition and freeze-thaw (i.e.
desiccation and cracking), the effect of interactiagth the contaminants to be retained and the long
term hydraulic conductivity, all need to be conside (Rowe, 2001). In addition, it must be
recognized that even if there is no outward flowréhis still potential for contaminants to diffuse
across the barrier (Rowe, 1996).

Although there is extensive experience in the useteel sheet pile walls in conventional
geotechnical engineering applications, the ushisftechnique in geoenvironmental applications has
been limited. This is primarily due to concernsareling: (a) providing an interlock that will
adequately control movement of contaminated fltimisugh the wall; and (b) the service life of the
wall (i.e. the potential for corrosion in chemigalhggressive environmental applications). As
discussed in O©Donnell et al. (1995), sealabtotks have been developed that use a sealaristhat
chemically compatible with the applicable enviromtaé conditions. Resistance to corrosion can be
provided by using: (a) thicker steel sections;p)rsictions with an organic coating (e.g. pitch bz
been made more damage resistant than normal pitcbrbbining with vinyl or epoxy resins).

1.6.7 Landfill Drainage Layers

High transmissivity drainage layers may be usedrallimers to minimize the hydraulic head acting
on the liner (and hence minimize flow through timei). These drainage layers may be constructed
from granular materials or geosynthetics or a comfon of both. The maximum liquid thickness
must be estimated for two reasons: (1) the ligbidkness is typically limited by regulations (e.qg.
the Resource Conservation and Recovery Act in tBadduires a maximum liquid thickness of 0.3
m), and (2) good design requires that the liquidkitess be less than the thickness of the lateral
drain (to avoid confined flow). Regardless of tmae of the liquid surface, the maximum liquid
thickness in the liquid collection layer is givey Giroud et al. (2000a). The calculation of the
maximum thickness of liquid in a liquid collectitayer assumes the following conditions:

the liquid supply rate is uniform (i.e. it is thanse over the entire area of the liquid collection

layer) and is constant (i.e. it is the same duameriod of time that is long enough that steady-

state flow conditions can be reached);

the liquid collection layer is underlain by a geonieane liner without defects and, therefore,

liquid losses are negligible;
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the slope of the liquid collection layer is uniforfa situation referred to herein as “single

slope”); and

there is a drain at the toe of the slope that ptiymemoves the liquid.

There are many cases, in particular in landfillfiew a liquid collection layer comprises two
sections with different slopes. If there is a drhgtween the two sections, each section can be
treated as a liquid collection layer on a singlgps| using the method presented by Giroud et al.
(2000a). However, there are cases where there wraino removing the liquid at the connection
between the two sections. Those cases are addies&#wud et al. (2000b). Also in this case, the
determination of the maximum thickness of liquidais essential design step because the maximum
liquid thickness must be less than an allowablektiess.

Regulatory equivalency between natural and geocsitgptateral drainage systems is currently
based on equivalent transmissivity. However, Giretical. (2000c) have demonstrated that this
practice is incorrect and non-conservative. An eglency based solely on transmissivity will lead
to selection of a geosynthetic drainage layer thay not provide adequate flow capacity and may
result in the development of water pressure.

Typically the design incorporates a hydraulic cartivity of 10°m/s. While this may provide
the required drainage immediately after construgteo reduction in hydraulic conductivity due to
biological, chemical or particulate clogging (Bruetal., 1991; Paksy et al., 1998; Rowe et al.,
1997 a,b; Fleming et al., 1999; Peeling et al.,91%owe et al., 2000 a,b) may quickly result in an
excessive leachate mound. A result of leachate dingris an increase in base liner temperature,
which may have detrimental effects on the servifee df geomembranes (discussed above), the
potential of bentonite loss in GCLs due to highraydic gradients (discussed above) and increase
the diffusive transport of compounds through baliters (Barone et al., 1997, 1999;Rowe 1998b).

Special care is required to ensure adequate longdeainage capacity. Geotextiles are often
used as filters between the waste and the drailagge - especially when either coarse drainage
materials (e.g. gravel) or geonets are used toigeay drainage blanket. Key issues in the design of
these systems are the need to provide adequategeaiprevent structural failure (e.g. crushing, or
other pipe failure, Moore, 1993, Brachman et &Q®a,b, Brachman et al., 2001) and to minimize
clogging. There is a growing body of evidence that performance of these systems can be greatly
impaired by clogging and a number of failures haeen reported in the literature (see Rowe 1998 a,b
for a review of clogging of geotextiles and granuleaterial respectively).

There has also been considerable debate regatténgse of carbonate drainage stone due to
the potential for dissolution of the rock by leaghd@ennett et al. (2000) addressed this issua for
landfill in Toronto and showed that for this casebonate containing stone is an adequate drainage
material and that dissolution need not be a conoeen the range of pH encountered. The clogging
problem arises because municipal solid waste l@achantains nutrients that will encourage
bacterial growth (see Rittmann et al., 1996 foeadption of leachate chemistry and implications
on clogging) in geotextile filters, in granular orage layers, around the perforations in the lel@cha
collection pipes and within the pipes (Fleminglet099).

Clogging of the leachate collection system involttes filling of the void space between solid
particles as a result of a combination of bioloficdemical and physical events; particulate
clogging, due to the migration of fines from wittihre waste mass (may be reduced by placement of
a suitable geotextile between the waste and trasévei layer) or construction practices. However,
a major component of the clogging is microbiolotiiceelated. Rowe and Fleming (1998) provide
a simple clogging model that could be used to assesservice life of the collection system based
on field and laboratory studies. A more sophisédamodel is subsequently being developed to
address the microbial processes and the developafetibg material within the medium, thus
decrease in hydraulic conductivity with time forrieais collection system designs and leachate
composition (Rowe et al., 1997c; Cooke et al., 12880).
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1.7 QUALITY ASSURANCE AND CONTROL

1.7.1 Principles

The purpose of Quality Assurance (QA) and Qualipnttol are to ensure that the quality of the
overall structure of a landfill or the implementatiof a remediation project, and the individual
components of these meet the required quality atalsd QA and QC must relate to both the quality
of the materials used and to the quality of thekw@anship in accordance with the existing state of
technology.

EPA 1993 defines the following terms:

Manufacturing Quality Assurance (MQARA planned system of activities that provides
assurance that the materials were constructed exsfisg in the certification documents and
contract plans. MQA includes manufacturing facilityspections, verifications, audits and
evaluations of the raw materials and geosynthetiodycts to assess the quality of the
manufactured materials.

Manufacturing Quality Control (MQC)A planned system of inspections that is used tectly
monitor and control the manufacture of a materiaicl is factory originated. MQC is normally
performed by the manufacturer of geosynthetic mateand is necessary to ensure minimum
(or maximum) specified values in the manufactunestipct.

Construction Quality Assurance (CQAJ:planned system of activities that provides thenexv
and permitting agency assurance that the faciliag wonstructed as specified in the design.
CQA includes inspections, verifications, audits @waluations of materials and workmanship
necessary to determine and document the qualityeofonstructed facility.

Construction Quality Control (CQC)A planned system of inspections that is used tectliy
monitor and control the quality of a constructiajpct. CQC is normally performed by the
geosynthetics installer or for natural soil matertay the earthworks contractor, and is necessary
to achieve quality in the constructed or instaigstem.
In any quality scheme it is essential that defonisi (not just those given above) are agreed between
the various parties involved. This is particulajevant where site specific words, phrases orgerm
may apply.

An organisational chart of MQA/CQA and MQC/CQC wities is also given in EPA (1993) and
reproduced here as Figure 6. This chart was depisedrily for use in respect of waste containment
but can equally be applied to the remediation/éontant of contaminated land. MQA and CQA are
normally carried out independently from MQC and CQ@e following text primarily concerns CQA
and CQC.

1.7.2 Quality Assurance Plan(s)

As part of the technical design, the scope of thaliy Assurance Plan(s) must be drawn up. This
may be a combined plan for manufacture and install@onstruction or may be a number of separate
plans. The plan(s) should include requirements ewrieg the materials and methods to be used and
the type and frequency of the tests and checksatigato be carried out. The plan may need to be
modified as the project proceeds provided thatbdifications are justified.

Evidence of suitability should be produced forralterials and methods. Before construction or
remediation begins, the suitability of the matetiaiquipment and methods to be used should be teste
under field conditions. The results of the sultgbiests should be adopted as reference valutreein
Quality Assurance Plan for the construction work.
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Figure 6. Organisational Structure of MQA/CQA and ®¥QQC Inspection Activities (EPA, 1993)

The testing requirements in the plan should corapris

in-house testing by the contractor

external testing by an independent party
If appropriate, the regulatory authority may alsguest that testing be carried out as a further
independent check.

All testing should be supervised by suitably quadifgeoenvironmental specialists with sufficient
knowledge in landfill construction or geotechnicabnstruction or remediation processes as
appropriate.

The following should be specified in the plan:

responsibilities and tasks of the supervisors;
description of the construction or treatment, stathe processes to be inspected;
type and number of quality tests to be undertakethe materials supplied (initial tests), on their
processing (processing tests) and on the compietagonents (commissioning tests),
- format and degree of detail required for the repgrof results and inspections.
In some countries the QA plans have to be submiittélde permitting agency as part of the regulatory
process and can form part of the permit applicafitrey are a means of the owner/operator/developer
demonstrating to the permitting agency that appatgguality objectives for the project will be met
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1.7.3 QA Personnel

QA should be carried out by an independent orgaaisérom the client and the contractor so that
responsibilities are clearly defined and an inddpeh compliance document can be prepared on
completion of the works.

The staff should be suitably qualified and showddekperienced in this type of work. It is esséntia
that they are appropriately briefed prior to thenaeencement of the works and are aware of both the
design requirements and the overall project godlseir duties should be clearly defined in writing
including types and frequencies of tests, rangeesponsibility, extent of authority on site, and
frequency of reporting. There should be complateilarity with the testing equipment to be used,
including calibration checks and any factors tlwatld lead to inaccuracy in the test results.

The personnel must be fully familiar with the adesge criteria in respect of the materials to be
used. Any contravention of these acceptance ierigtrould be noted at the time they occur and any
corrective measures implemented immediately. Atus« that carrying out such corrective measures
would delay the project should never be allowedptevent appropriate procedures from being
followed. There are numerous references in thegalitire where the cost of subsequent remedial
measures has far outweighed the cost of takingraatithe time of construction or remediation.

The QA personnel should understand:

the influence of the surrounding environment ondbestruction or remediation process from the
point of view of hydrology, hydrogeology, geoteatsyand meteorology.

the contractual relationships between the parties.
the principles of the design of the landfill or megiration process.
The significance of accurate and systematic rekeegping including as-built drawings.

The need for effective verbal and written commutibca at all times together with agreed

channels for communication.
In addition to the QA personnel responsible for mgkobservations, performing field tests and
keeping detailed records, there should be a QAif@lag Engineer. This person is responsible for
certifying to the owner and/or operator and peingtagency that they consider the facility to have
been constructed (in the case of landfill) or tiperation to have been carried out (in the case of
remediation) in accordance with the plans and pleeification.

The Certifying Engineer may also fulfil other relen the QA team but must be a registered

professional engineer with experience in certifflikg installations or operations.

1.7.4 QC Personnel

MQC and CQC personnel are normally employed byntla@ufacturer or contractor respectively to
ensure that the manufacture and construction kiregtplace in accordance with the approved contract
plans and specifications. In some cases, MQC &1 fersonnel can be from a separate organisation
retained by the manufacturer or contractor.

Many of the comments made above in respect of Q8opeel also apply to QC personnel.

1.7.5 QA for Landfill Containment

1.7.5.1General
QA should be applied to all of the components ofdfdél containment (subgrade, liner, protective
layers, drainage system, gas-venting system anttamsitional layers).

The long term performance of a containment systewery dependent on the effectiveness of the
liner. However, even though the materials usedlif@r construction have in some cases been
suitable, their use in constructing the containnieast been less than satisfactory. For examples the
have been cases where for clay liners or the nliseraponent of composite liners, preconstruction
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laboratory testing has shown that the required lonihydraulic conductivity can be achieved but the
placement in the field has resulted in a non homeges liner with poor compaction. In this situatio
the liner is just a series of ©clods© of clay wiuahd permit flow paths between them and hence
produce poor liquid retention properties.

QA includes; an initial review of the pre-contréaitoratory testing and the specification (to ensure
that the means of exercising proper control dutiregworks are available), the supervision of afiel
trial prior to the start of liner construction, Bang out of tests on the placed liner materialsrapthe
works and the supervision of the taking of samfilesubsequent laboratory testing.

In many countries QA has only recently been implete@ in respect of the construction of landfill
containments and perhaps in some countries haseeot implemented at all. Where it has, there is
already evidence that a much better quality of aament has been achieved. Also for a large
proportion of the sites that have been lined, lavertheless leak more than would be expected, poor
construction practices have usually been founcetthe cause.

For geomembrane liners there are now a numberapiiysical techniques available to assist in the
QA process. These are normally used once the hiaebeen completed or a certain section of liner
has been completed and rely on the principle at®tal conductivity. On a number of projects #hes
techniques have been able to detect even pin-fmdedsfects in the membrane. Sealing of these in
addition to those found by visual inspection omseéasting has the potential to considerably improve
the competence of the completed liner.

1.7.5.2 Subgrade
The subgrade has to satisfactorily support the 8gstem. The suitability and settlement behavidur
the in situ soil, and of the waste in the casehefdapping seal, must be determined and taken into
consideration in the design. If necessary, invattgs should be specified in connection with QA.
The following should be demonstrated by means-tiinse and external testing:

adequate bearing capacity of the subsoil surfadh®@waste body surface;

satisfactory settlement characteristics;

adherence to allowable tolerances in respect toreas of the subgrade and adherence to design

levels and dimensions.

1.7.5.3 Liner
The following range of tests will normally be recpd:
- characteristics of the materials to be used, inetudrain-size distribution, shear strength, index
properties and moisture content;
moisture content on placement, homogeneity of tatenal placed, number of passes with the
roller, quantity of water added, if any;
minimum clod size, cutting depth and quantity ofliides or dosage in the case of multiple
component mixtures;
thickness of the individual lifts and adherenceraposed levels and dimensions;
degree of compaction and homogeneity achieved am dift by determinations of density,
moisture content, grain-size distribution and jpdégt
determination of the hydraulic conductivity of tealing layer for each lift.
Random samples of the selected materials shouldkea at source, on delivery to site and again on
placement. The test results should be comparedthtisuitability test data (acceptance criteria). |
addition, it is necessary to ascertain whethesthlesupplied is sufficiently uniform. The thickrsesf
each lift should be determined before and afterpamtion.
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The clod size of cohesive sealing materials shbaldhecked in order to achieve a homogeneous
sealing layer. As stated above, compliance witltiipd density and moisture content values is not,
by itself, sufficient.

In cases where additives are used, mixed eithér thvé in situ soil or with an imported soil, the
guantity and even distribution of the additivesgticalso be checked by means of a grid system.
Spacing should be determined for individual testsrdference to the spreading equipment used.
During compaction of such materials the cuttingtdemd homogeneity of the mix should be checked.
The cutting depth should be sufficient (a minimuh®@m) to ensure bonding into the upper zone of
the underlying lift.

When construction commences, a relationship shbeldestablished between compacted lift
thickness and cutting depth on the basis of a figddl \Where varying moisture contents can occur,
this measurement should be related to the rangeoidture content anticipated. Adherence to the
required moisture content, together with any messtegquired to achieve it, should be checked.

Each sealing lift should be properly compacted.im@ucompaction the number of passes with the
roller, by reference to data from the field triahd the uniformity of compaction should be checked.
To determine the degree of compaction non-desteidgsting should be undertaken. Compaction
tests should be undertaken on all lifts of theisgdayer.

If a nuclear probe is used, where the results naynbHBuenced by the type of mineral, the
instrument should be calibrated by comparison déta from a sufficient number of density tests (by
means of sand replacement or undisturbed sampling).

Moisture content should be checked during constmictt should be determined by oven drying,
an in some cases by using a microwave. The nuatebe can also be used if calibrated regularly.

Hydraulic conductivity can be determined eithertlie laboratory or in the field provided an
appropriate technique is available. The hydrauiedrictivity results should be compared with target
values related to the test method.

A method should be found which prevents unacceptablay to the construction work. Hydraulic
conductivity tests may not be required prior toegtance provided other test results relating to QA,
particularly grain-size distribution, moisture cemt and dry density, correspond to data from the
suitability tests. Hydraulic conductivity tests #nen undertaken for record purposes only.

If weaknesses in the seal are identified from tleasuaring grid, additional measuring locations
should be specified in order to delimit and imprdive lower quality zones. A method of backfilling
and sealing all sampling locations in the complditezt must be agreed in advance of the constmictio
work to ensure the integrity of the seal.
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1.7.6 QA for Contamination Remediation

1.7.6.1General
All aspects of a remediation project require soorenfof QA procedures to be applied. The most
important components are as follows:

Elimination of potential for adverse impact on humsastructures or the environment as a result
of the remedial operations

Achievement of target concentrations for contamisiamwater and soil
Removal of potential for recontamination of wated aoil

Effectiveness and durability of solidification argfabilisation processes for immobilising
contaminants

Competence and durability of capping layers anground barriers.

Long term monitoring
Many of the above involve earthworks or standarotgghnical processes such as the construction
of slurry trench walls in which case the QA requoients are adequately documented elsewhere. In
the case of caps reference should be made to Bdclicd above.

In respect of the operations which are specifiectoediation, many of the QA procedures will be
similar to those described above, e.g. documemtatitaily observations and inspections, etc.
However, a particular aspect of remediation is teed to demonstrate that the contaminant
concentrations have been reduced to the specifeel.| This can be problematic as indicated
below.

1.7.6.2Verification of Achievement of Target Concentratisn

Demonstration that contamination has been redusdtig target concentrations stipulated in the
design can be influenced by sampling and analytizabrs and inconsistencies. It is only by
understanding and controlling these errors thaeffextiveness of a treatment can be determined.

Many site investigations concentrate on ‘hot spatsl hence they do not properly characterise
the materials in such a way that this relates éodlean up criteria. For example, many clean up
criteria will refer to bulk contaminant concentaats that have to be achieved, which means taking
large bulk samples, sub sampling them and thenrrdeteg overall chemical concentrations
including course material. The site investigatioaynmonly have preferentially sampled the fine
material.

Sampling methods can have a considerable influenceontaminant concentrations and have
been known to cause at least a five fold differanaesults. Therefore, the same sampling methods
should be used before and on completion of remediafny regulatory requirements should also
sufficiently stipulate sampling methods. Unfortuetatthere is relatively little literature on qualit
of sampling and the uncertainties that can occur.

There is far more literature concerning analyticatiability. Sub-samples of a sample sent to
different laboratories can produce quite varialdsufts. This can be due to different storage
conditions, different sample preparation methodasrpo test, different protocols for testing foeth
same analyte, different methods of reporting or@#epersonnel inadvertently specifying different
tests, e.g. there are many different tests forptiesence of hydrocarbons each analysing different
characteristics.

Reproducibility of test results is part of the abgroblem. This can be in the form of variations
between replicate determinations on samples arthlyse

as a batch (same equipment, same operator, sarhednsame conditions, same day, etc.).

at the same establishment (same method but pogiiffdyent equipment, different operator,
different day, etc.).
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at different establishments.
It is necessary for personnel carrying out QA taamstand these differences and to decide what
levels of uncertainty are justifiable and accemalidearing in mind the different perceptions and
needs of the various parties that may be involved remediation, what is acceptable to one may
not be acceptable to another.

1.7.7 Final Certificate and Validation Report

For a project or section of a project, the final QArtification Statement is normally accompanied
by a final QA Validation Report. In some cases fimal report may be deemed to fulfil both
requirements. This will depend upon the local raiahs. Also there may be separate certification
statements and reports for MQA and CQA.

The report(s) should contain all the appropriateudeentation, including daily observation and
inspection reports, sampling locations, test resylhotographs, drawings, sketches and any other
relevant data which is needed to provide a compiaterd of the work and demonstrate that the
required degree of quality has been achieved. Agsygth changes during the work should also be
documented in the report.
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2.1INTRODUCTION

This document sets out the evolving concepts d&f timt have influenced the development of
procedures for the management of contaminated ldhds not a manual on contaminated land
investigation nor on remediation procedures asethes well presented elsewhere.

It is accepted that, in many countries, the managemf contaminated land is now a commodity
product underpinned by well established rules agailations. As a result, clients now expect low
cost products such that the involvement of senipeds may be limited to the role of review or the
management of large or complex sites where theolwement can be financially justified.

That contaminated land has reached the stage @imanodity product demonstrates that it
should now be a standard item in the geotechniggiheer’s toolkit. Furthermore, the geotechnical
engineer must be able to establish a dialogue thhéhmany environmental disciplines that are also
involved today in environmental and sustainabibtpblems. The geotechnical engineer also will
have to develop an awareness of the social scienoed are important to the wider sustainability
issues required for the development of many ofy@darojects.

In addition to developing her/his expertise and ntaning links with environmental science
professionals, the geotechnical engineer must statet the intellectual basis of risk management as
applied to contaminated land.

2.1.1 Environmental risk and the geotechnical engineer

The geotechnical engineer, by training and expedgrshould be well acquainted with the
concepts of risk for the purpose of recognising ithpact of unknowns such as soil conditions,
supply chain imperfections and contract inadequsacrethe functionality, timely delivery and cost
of projects. The possibility or fact that a constion site or some of the soil on it is contamaaiat
is simply an added complication that has to bertakto account, but one that until quite recently
would not have been covered in university trairamg indeed in some parts of the world is still not
included in civil engineering courses.

It is unlikely, and highly undesirable, that theotgehnical engineer who has not been specially
trained in this field of contaminated land will Wworlone to solve the problem. Instead, the
geotechnical engineer more likely will be part ofteam deployed to actually remediate the
contamination or at least bring the impact of tlemtamination within acceptable limits. This
teamwork approach will require the geotechnicalime®y to attain additional specialist services of
contamination hydrogeologists, chemists, biologistsxicologists, chemical engineers and
sometimes and in some countries, agricultural esegsn The geotechnical engineer will also
almost always have to interface with lawyers, ratpars and all manner of other disciplines.

2.1.2 The presence of contamination on a site

In relation to contaminated land management, twasbns are generally distinguished:

Where the ground is known to be contaminated bdf@eonstruction starts; and

Where the ground is discovered to be contaminaidiale course of the construction.
The risk profiles for these two situations are véifferent. In the first case, the problems wihe
been analysed beforehand and an appropriate g&arwill have been formulated and agreed with
all concerned. In the latter case, the projectccbe seriously impeded by the discovery, nobody is
properly prepared, and the orderly conduct of bessncan be severely disrupted, often leading to
substantial delays and cost overruns. In this,dase essential that the professional geotechnica
engineer clearly understands his position anddieés r

In both situations, the geotechnical engineer alithost certainly be called upon to contribute to
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the practical solution of the problems posed bydmetamination. The solution will be generated
and implemented within a complicated framework oferacting social, environmental and
economic factors. It is the purpose of this texintake the geotechnical engineer aware of the
requirements and constraints operating in whaét®iming a common but specialised field.

2.1.3 The role of the geotechnical engineer in contamit@d land management

The role of the geotechnical engineer in contarethdand management will include recognising
and managing all the forms of harm that can be digneontamination in land (N.B. In this respect
harm is a general term used to describe all losguafity). The geotechnical engineer must ask
himself: could there be harm to the health of:
Those investigating the site for contamination bygskin contact, or by inhalation, etc.?
Those working on the site during remediation andgorstruction work?
Neighbours and those at a distance form the sgefrem dust or vapours?
Future users or visitors to the site, e.g. by bujdof gases such as carbon dioxide or methane?
Children e.g. by skin contact, ingestion when pigyon the site during or after development?
Gardens, allotment users e.g. by skin contacttl@mdonsumption of contaminated vegetables?
Personnel involved in the maintenance of undergtoservices or the installation of new
services?
The ecology of the site, its surroundings, flord &una?
Domestic and farm animals etc.
and the geotechnical engineer must ask could theetearm to:
- Groundwater and surface water? Ground and suwaters are a resource contamination may
be particularly difficult and costly to remediate.
The works, buildings etc. e.g. by explosion, fireebemical;/physical reactions?
Service cables and pipes etc.? Organic contamiautgases can diffuse through the walls of
plastic pipes and there have been many incidentlrinking water being tainted so as to be
unpleasant / unfit to drink after domestic heatiighas leaked from underground pipes or has
been spilled.
Foundations and structures? Generally this requhlrespresence of significant quantities of
contaminants or particularly aggressive contammar8tructural damage is more often
associated with chemicals naturally present irgtioeind such as sulfates.
Building, e.g. from combustion of contaminant metisf?
Neighbouring sites, by migration of contaminants?
Note see also section 6.3
The longevity/degradability of contaminants is arportant issue but it should not be assumed that
degradable contaminants will have been lost. Noukhit be assumed that soluble compounds will
have been dissolved and flushed away. Contamirtamtpersist for surprisingly long times in the
ground and their presence may become obvious ohgnwthere is some change of circumstance:
earth moving, installation of soakaway pits forfra@ter drainage from buildings etc.

2.2 THE PERCEPTION OF POLLUTION

Before considering the risks associated with comtated land, it is necessary briefly to consider th
social implications of pollution.

The concerns raised by pollution can be preserstsgpectrum of issues between two extremes: the
emotional and the technical. The emotional respathat all pollution represents a risk and 8& ri
is acceptable. Public debate has tended to héndeamotional view. Thus, at the extreme emotional
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position, societies have moved from the NIMBY syimde (not in my back yard) to the BANAANA
syndrome (build absolutely nothing at all near a®jo For politicians involved in decisions on
controversial projects, NIMTOO (not in my term dfice) can be an important consideration. The
emotional response of an electorate can be a w@gnpstimulus for both action and inaction. At
worst, the action may be new legislation merelyslhow government is doing something and the
inaction may be the side-lining of decisions on anajevelopments. The cynical will view the
situation as one which will continue to oscillatepdnding on the contemporary focus of the
electorate. For example, environmental consciossies waned in earlier generations when
recession hit. However, although consciousnesswaa, the current world-wide momentum is such
that the environment is now an item on nearly eviedustrial/development agenda. However,
sensitivities do of course vary. It has also bebseoved in recent years that a focus on land
contamination problems has been a luxury of thesldged world. Areas where the livelihoods for
generations have been industry and mining are tdgnsensitive to environmental issues than say an
urban electorate driven more by what seem to kedsddban real risk. Also, political imperatives can
be quite different in poorer nations where the foomay be on food and clean water rather than
contamination of the land.

Of course, perception and reality can merge. Theeowf a site may not be able to sell or develop
it if it is thought to be contaminated and couldd&o expend much money to prove that it is clean
before the negative perception can be removedill Ibe of little consolation to the owner that the
is no proof that the site is contaminated if infltial people believe or fear that it is. This hed to
the need to remediate sites to very high standardsder to realise the inherent ‘uncontaminated’
real estate value and the coining of the term {siteshing’.

2.2.1 Some questions

Unfortunately for environmental problems, the qufenattion of risk can be a time consuming and
costly undertaking. The nature and extent of gamtation must be reasonably estimated. Exposure
pathways must be identified and consequences igaesi. Even after extensive investigations and
assessment, the uncertainties associated withogteand time of remediation will be much greater
than those associated with the civil and even dweghnical design.

2.2.1.1 When does the harm occur?

It is very important to realise that for pollutidhere may be a very extended period between dake a
demonstrable response. For example, asbestos &y dong ‘incubation period’ after exposure
before lung disease becomes apparent. As an exathelenercury poisoning at Minamata, Japan
took years to be identified and longer again foy aampensation to be ordered. The geotechnical
engineer should recognise that some contaminamés \giry poor warning (i.e. have a very long
period between exposure and identifiable responfbgse contaminants may be not only harmful to
the geotechnical engineer, but also to all those e been exposed. Contaminants with poor
warning could be the ‘asbestos’ of the future.

Risk, dose and response are becoming the keywordsd management of all forms of pollution
including contaminated land. Of course, the rigfes not only to human life. Animal and plant life
must be considered as well as damage to structio@scglations, services etc. Indeed, with many
current models, the ecotoxicological risks are tbtmbe higher than the human health risks. Thus,
the exposure and sensitivity of different recepforgargets) needs to be considered. Table inestl
some of the general questions that must be askad aby site today.

Table 1. Some of the questions

What types of site are potentially hazardous?
Is my site a potential hazard?
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What are the risks associated with toxic materialsring the site investigation, the
construction phase, in use?

What hazards should one look for at any site?

How should one go about assessing a site?

How should the site investigation be carried out?

How should one manage the contaminants? Shouwdbthéreated in-situ, contained, treated
ex-situ, removed?

What about the future? Will the control measuresibrable?

What validation is required for any remedial action

What monitoring is required to confirm the futurerfermance of the site and any remediation?
Could future legislation or changes in regulatiorcé further works at the site?

Could improvements in chemical analytical precidiorce further works (e.g. by reducing
‘non-detect’ levels)?

2.2.2 Environmental audits and assessments

Financial profit and loss accounts are a partfefdnd environmental audits are set to achievdaimi
status - though engineers need to be more rig@aodgonsistent in preparing them. Also, engineers
must be prepared to go back to environmental auditater years and re-evaluate them. For
example, environmental impact assessments are redqun many countries before major
developments can proceed. How many of these assets have been reviewed after the
development to see how closely the predictionsrewsdity? This back-analysis must be done for all
types of assessments, including those by devel@pershose by protest groups. It is only in thas/w
that the environmental audit/assessment systergaiarcredibility.

2.3 GENERAL STRUCTURE OF CONTAMINATED LAND LEGISL ATIONS

First and foremost, it must be acknowledged thatrttanagement of contaminated land is highly
regulated worldwide and the geotechnical enginemravbe extremely unwise to take any action in
contaminated land management without a thoroughwladge of the local regulatory regime.
Three distinct situations may be identified:

Management of historic contamination;

Remediation of contamination and the need to agraterbating or spreading the problem; and

Prevention of future pollution.
Furthermore, as the management of contaminateddandjenerate substantial quantities of waste,
it will be essential for the geotechnical engingmmolved in contamination work to have a sound
knowledge of waste management regulations.

2.3.1 The enforcing Agency

The regulations in some countries are enforced diyibagency (e.g. in the UK, enforcing agencies
include the English and Scottish Environment Agescand the Health and Safety Executive).
However, in other countries (e.g. The Netherlanks)policy driving the legislation recognises soil
as a resource (similar say to groundwater), andrdegy of inherent protection such that the force
of criminal law may be used, exposing both the fgmbowner and his advisors to serious penalties
including imprisonment.

There also may be further complications due théesiin of responsibility between national and
local regulation. For example, in the USA, preiw@amtof future contamination is federally
regulated by the Resource Conservation and RecdvaryRECRA) of 1976, while management
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and remediation of historic sites is governed by @omprehensive Environmental Response,
Compensation, and Liability Act (CERCLA or Superdyrof 1980. The Potentially Responsible
Parties (PRPs) for contamination include: the osneperators, generators, and transporters. There
are few other areas where the geotechnical engoeeeibe so quickly and so deeply exposed to
civil claims for large damages by litigious parti®oper knowledge of the legislation applying at
the point in question is an absolute requiremefdrbeembarking on any action at all.

It should be noted that in many jurisdictions, tegulator may not be empowered to approve the
remedial designs proposed for a site. Approval désign can bring with it liability if the design
fails. The regulator’'s powers may be limited to dapproving a design. This can be a source of
frustration to site owners and remedial designeus,it is a necessary protection of the regulatory
agency.

2.3.2 Legislative control levels

In the following discussion, some general point & made on the structure of the legislative
controls on the pollution from contaminated landsthy, there is a general relationship between
environmental standards and legislative requiremdntfact most countries have formulated their
legislation in terms of an absolute requirement tza be modified where necessary by functional
considerations and sometimes cost-benefit condidesa This has strong echoes of the
geotechnical debate between prescription (meth@dersents) and functional (performance
specifications) design methods. The regulator lhswaéll try to achieve a balance between the
desirable and the possible whilst responding tsqunees to reduce risk in the community and
address their perceptions of the risk — these eareby different from those of the technical person
However, it is important to remember that this i&@ld of finite resources (financial, technical,
institutional, infrastructure, human and naturaougrces, etc.), so that wasting resources on ltrivia
risks make the world less safe; i.e., it deniesuases to higher risk areas. It is the engineais r
to help identify those sites which pose a high tskociety and where the expenditure of resources
will bring sustainable benefits. However, the deomay not lie with the geotechnical engineer.
We also live in a world which is becoming ever matigious and the driver may prove to be
litigation or the threat/fear of it by the empowereersus wider benefits to all, empowered and
impoverished.

In passing, it may be noted that there is a needétter decision tools to help balance the
potentially conflicting demands of the social, eowmental and economic aspects of contaminated
land management, i.e., to develop a disciplinesaétainable geotechnics’ as the logical next step
after ‘environmental geotechnics'.

2.3.2.1 Prescriptive controls

Legislation can be written in absolute terms sutble ‘concentration of some chemical X will not
exceed value S mg/kg in the soil or W mg/litre Ire tgroundwater’, or ‘the concentration in
drinking water must be less than D microgram/litrespective of the individual contaminated sites
contributing to the pollution’, or ‘the leachablencentration based on leachability test T must be
les than L mg/litre’. Note that there are manyaté#nt leachability tests, and results from différe
testing regimes may be very different. It is fumeatal that appropriate regimes are specified and
used.

The USEPA established limits on the concentratimineertain contaminants in public drinking
water supplies referred to as ‘maximum contamidemels (MCLs)'. For example, the USEPA
MCL standard for trichloroethylene (TCE), one oé ttnost common groundwater contaminants in
developed countries, is 0.005 mg/L. The USEPA alsatifies contaminated soil as a hazardous
material if the leachable concentration based @nTbxicity Characteristic Leaching Procedure
(TCLP) exceeds a specific value, For example,is@lhazardous material if the lead concentration
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in the TCLP extract exceeds 5 ppm. These stan@aedabsolute in the sense that they do not take
into account who or what may be affected by theaomation, where the site is situated, or what
is possible in practice or can be economicallyifiest The controls would be the same for a site i
the middle of a desert or next to a hospital faldcen. These standards are clear, unambiguous and
generally useless in that they cannot be met inymaal situations, unless the site is only
marginally contaminated; i.e. where there is nd peablem. A particularly pernicious variant of
these types of standards is where the legislatadis tor the concentrations to be below ‘detection
level', i.e., that the contaminant must be effeslyvabsent. This case can turn a clean site into a
contaminated one simply by changing the laboraemyipment used to analyse the contaminated
soil. Also, developments in analytical equipmenn daad to re-classification of a site as
contaminated long after it has been apparentlyesstally remediated. Contamination standards
based on detection levels are not appropriatehftonmanagement of contaminated land. Whilst this
problem is now recognised, it should not be assuthat the regulator is empowered, by the
legislation under which he must work, to accepttiaimg but ‘non-detect’. The problem lies with
the legislation, not its application.

The old Dutch ‘A, B, C’ values were also of a prgstive nature. The UK guide levels produced
by the Interdepartmental Committee on the Reclamaii Contaminated Land (ICRCL), although
clearly stated to be guide levels, were soon inétegl as prescriptive control levels as no other
figures or procedures were available in the UK.ekwl many countries still base their initial
assessment of a site on these so-called look-upstabnd the first step for the engineer in
addressing a contamination problem is usually tmpare the chemical analysis results with the
local look-up table, if available, or to ‘borrowecognised standards such as those from the
Netherlands.

2.3.2.2 Best practice controls

At the other end of the spectrum are those stasdaftbcting some kind of Best Practice. The most
well known is perhaps the concept of the Best Aldd Technique Not Entailing Excessive Costs
(BATNEEC), which sets out to balance cost and bgreefaudable theory but difficult in practice
and leading to debates such as whether the bedaldgatechnique should be same for all
industries: should a cement works have the samek staission clean-up techniques as an
incinerator? The procedure to establish what & teezhnology and what are excessive costs is one
for local or national negotiation. This makesety difficult, especially at the outset of a prajec

in the crisis of newly discovered pollution, to asre a clear program of action. Nonetheless, these
negotiations often lead to very practical and pramgnsolutions to the problem. To bystanders,
however, there is always a credibility gap betwessat is said and what people perceive as being
done. The cynical may view BATNEEC as a procediyr&hich to approach CATNAP / CATNIP

— cheapest available techniques narrowly avoidioggxution / cheapest available techniques not
involving prosecution. In Victoria, Australia, thregjuivalent is CUTEP (Clean-up to the extent
practicable), which is applied to groundwater iattetate. BATNEEC type regulation is perhaps
most appropriate for continuing processes suchhasical or manufacturing industries as it can
help to promote a steady improvement in pollutionssions. BATNEEC is more difficult to apply

in the generally one-off situations of contaminageetli management.

2.3.3 Risk and harm

A modern development in addressing contaminated l@sues is the legislative framework
introduced in England in April 2000 under Part IA the Environment Act. The underlying
methodology embedded in this and the laws of mahgranations is that of Risk Analysis. The
legislation focuses on the effect of the pollutanthe so-called receptor. The receptor may be far
removed from the contaminated land forming the @uiThe legislation in England states that land
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is contaminated if:

(a) significant harm is being caused or theresgaificant possibility of such harm being causad;

(b) pollution of controlled waters (these includeface and ground waters) is being, or is likelyp¢o
caused.

Note that the test relating to pollution of grourader (b) could have been included in test (a)
relating to harm, but under English law it was ssegy because the laws relating to soil and water
are quite separate. There was an older law rglatinvaters alongside which a newer law on soil has
had to be fitted (though since 2000 there has he#imer development of the law so that the test for
pollution of groundwater is based on harm — infdrener law pollution was defined by the entry into
groundwater of polluting material and there wadesb for harm, e.g. quantity or concentration).sThi
is an example of a regular problem, the differatés of advance of technical understanding and lega
coding. It should not be assumed that, in any latgise, developments in the law will match
developments in the technical understanding of Iprob such as contaminated land, because the
more likely scenario is that the law once codiiedifficult to change! Actually this is sometimas
advantage as technical understanding can be ativeeprocess and rapid iterations in the law would
be socially unacceptable.

The harm is assessed at the receptor, and a kegmois that there can be no harm to the
receptor unless there is a pathway between thesa@mnd the receptor, as illustrated in Figure 1.
The relationship between a source and a recea pathway may be called a linkage.

The Linkage
Principle

Source » Receptor
Pathway

Figure 1. A Source-Pathway-Receptor linkage

If a linkage does not exist, that is there is ndignificant chance of significant harm at the
receptor, then for the purposes of this risk bdaed the site is not contaminated. Nonetheless it
should be recognised that even though the sitetisantaminated legally, the use value, sale value
or further exploitation could well be seriously ieaged now or in the future. That is, the receptor
may one day be on or at the site, such that tHeyaatis established. Furthermore, it should not be
assumed that the Source-Pathway-Receptor concya aly risk based assessment procedure.

For example, in the USA, a Hazard Ranking SysteRSHhas been developed by the USEPA
as the principal mechanism to include uncontrolemkte sites on the National Priorities List
(NPL). The HRS is a numerically based screeningtesy that uses information from limited
investigation, including the preliminary assessmamd the site inspection, to assess the relative
potential of sites to pose a threat to human healttne environment. The HRS uses a structured
analysis approach that assigns numerical valuéactors that relate to risk based on conditions at
the site. The factors are grouped into three caitego(1) likelihood that a site has released @& ha
the potential to release hazardous substanceshatenvironment; (2) characteristics of the waste
(e.g. toxicity and waste quantity); and (3) peaplesensitive environments (targets) affected by the
release. The pathways that can be scored undeHR® include (a) ground water migration
(drinking water); (b) surface water migration (dkimg water, human food chain, sensitive
environments); (c) soil exposure (resident popaokgtnearby population, sensitive environments);
and (d) air migration (population, sensitive enmiments). The scores are usually calculated for
one or more pathways and are combined using ameati-square equation to determine the overall
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site score. If all pathway scores are low, the siere is low. However, the site score can be
relatively high even if only one pathway score ighh This is an important requirement for HRS
scoring, because some extremely dangerous sitestip@sats through only one pathway. However,
the priority in determining the funding for USEPAmedial actions is not based on the HRS,
because the information collected to develop HR8escis not sufficient to determine either the
extent of contamination or the appropriate resporiee a particular site. Remedial
Investigation/Feasibility Studies (RI/FS) usualbyiéw listing of the sites on the NPL.

2.3.4 Liability for contaminated land

Contaminated land legislation must consider noy aantrol of the contamination itself but also
who to blame for it and who should pay to remedih&esituation (or more generally, who are the
Potentially Responsible Parties, PRPs). Almoshational legal frameworks are based on polluter
pays principle with the implication that this isieally the correct approach. This may be the case,
but a note of caution is necessary. Much of theamination which is being paid for today would
not have been regarded as pollution at the tinmeag created, and it involved no breach in the law
at that time; what was done was legal at the tifie.put it another way, there has been a
retrospective imposition of liability for actionkat were previously legal. Retrospective liabilgy

a complex legal imposition. Once established, iy toa further extended, and today’s management
of contaminated land may yet be held by future gaians, as pollution for which someone must
pay and the engineer is at risk to be the firgigarAlso, in former times, society, or at leashso
parts of it, will have benefited from pollution tugh slightly lower product prices (e.g. through
cheaper energy prices) or more rapid exploitatibnew technologies. However, when the costs
have to be paid, society in the form of governmaay be more reluctant to be involved. A final
and important feature of legislation based on tbkufer-pays principle is that it can lead to long
legal wrangles and substantial delays to site elganThe Danish legal system recognises this
problem and places less emphasis on ‘polluter pays’

2.3.4.1 Finding the funds

In practice, the situation is yet further complezht First of all, the construction priorities asite

may make it impossible to wait to investigate asthklish who the polluter(s) really were. Work
has to go forward such that the lawyers are leftoid out the problem retrospectively. Secondly, i
may be difficult to find somebody who is liable fand can pay for the historical pollution. Many
countries have orphan site legislation and fundg. (dne Superfund in the USA) to cover such
issues, but times to access these funds are tiyproalasured in years or even decades rather than
weeks.

2.3.4.2 Creating new liabilities

The geotechnical engineer has to be very carefutmbe involved in any activities that cause the
contamination, or that allow the contamination pwesad such that the geotechnical engineer is
placed in the position so as to be held respongtaiduture problems caused by the site. The
English legislation is especially delicate in thespect because a seemingly unrelated geotechnical
action could complete a potential, but up to them actual, Source-Pathway-Receptor linkage
leaving the engineer open to prosecution or legiab@a The engineer who inadvertently joins up
someone else’s source to a receptor may be liabléhé consequences of creating contaminated
land. For example, a poorly sealed borehole nraydontamination seeping from a neighbouring
site into an aquifer. Other legislatures may ngpase such heavy liabilities, but the engineer will
be failing if the potential for creation of new pafys is not considered or the types of new
receptors that could be introduced are not recegnislio ensure that the engineer has a sufficient
understanding of the site, it is essential thapioperly assesses the setting of the site.
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2.4 ASSESSMENT OF THE SITE

An understanding of the geological and hydrogealaigsetting is an essential prerequisite to the
management of a contaminated site. The geologyhgdobgeology may provide a useful last and
final safety barrier against contaminant migratierg. a clay geology — a situation that will be
sought when siting waste disposal landfills) or athgray for rapid dissemination of the
contamination to groundwater (e.g. a major aquifdissured chalk).

Any management or monitoring, either short or lomgm, has to start from a proper
understanding of these issues and recognitiongiftaindwater can be not only a pathway but also
an important receptor for harm.

2.4.1 Source and type of contamination

In geological terms, there are two types of conteation:

(a) the contaminant has been spilled or othervekEmased to the ground as a result of accidents or
industrial activity. On sites such as these, #rege of contaminants may be quite limited and
sometimes can be identified from a review of tretdry of the site and the activities on it. The
contaminants will have the potential to spread mngrate from the source zone, although they
may be attenuated by degradation mechanisms oti@oignto the soil (e.g. metals onto clays
or organics onto soil organic matter);

and

(b) the contaminant is part of a deliberately adaandfill. In the case of old, non-engineered
landfills, the local geology may have been considlr disturbed, be highly permeable and
offer minimal attenuation (e.g. in former timese oid used for a landfill was often the result
of gravel extraction). A wide and unidentifiablange of contaminants may be present,
potentially including some very difficult and recitant materials such as polychlorinated
biphenyls (PCBs). For newer, engineered landfiie, hope is that there will be more reliable
controls on contaminant migration, but the rangeasitaminants is still likely to be very large.

In both cases, the chemical and physical nature lmtchviour of the contaminant has to be

evaluated in detail or confirmed from the histofyhe site. Contamination may be present in many

different states including:

- agas or mixtures of gases, lighter, neutrally laundyr denser than air;

a free phase liquid phase lighter or denser thaemnae. a light or dense non-aqueous liquid,

LNAPL, DNAPL) or a separate phase which is newgrbalioyant or which can be a DNAPL or

LNAPL depending on the temperature;

in solution in the groundwater;

soluble solids which cause both chemical harm dngipal settlement if groundwater reaches

them, for example as a result of changes to theaciwater management regime following

development of a site (e.g. installation of soakg)sand

a viscous semi-solid which may appear rigid butohtwill ooze to the surface if buried.

Note that the significant level of solubility at igh a solid can cause harm will depend on the

nature of the harm. If the harm is physical setdat, then the solubility must be such that

significant amounts can dissolve into the groundwatlf the harm is because of toxicity, then
solubilities measured in milli or micro grams pirel may be significant. The solubility of NAPLS
also will be significant in terms of toxicity.

To prepare a decision analysis for remedial wonkjireeers need to know if the contaminant is
potentially harmful to any of the receptors prewlyudentified (see Sections 1.3 and 6.3). It also
will be necessary to consider whether the contameinacould, over time, degrade to harmful or
more harmful by-products.
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2.4.1.1 Site history

A crucial factor in evaluating a contaminated s#ats history: is it an accident that requires an

immediate action or is it an ‘inherited’ situatiarhich has evolved over weeks, months, years or
decades. In the case of a site ‘with a history’cmualuable information may be obtained from a

reconstruction of the history by review of site downts, maps, aerial photographs, etc., and
interviews with current or former employees. Alfuistory is rarely possible, but even a very

limited history can be of enormous value when piagsite investigations and remedial strategies
and just simply understanding why the contaminargshere, how much and whereabouts.

In the case of the contamination from old landfilteere is in most cases at least some
information such as tipping records (source of wastd period of tipping). Aerial photographs
also may be available, if by chance the site wasftown at useful times. A detailed search in the
local archives or at state agencies may be uséfacing former employees, either those who
created the void (e.g. excavated gravel) or thase filled it (landfill employees), may be difficult
as once excavation or filling is complete they wélve moved on. Also, landfill employees may
have little information on the properties of thesteathat was placed.

For landfill sites, mapping by geophysical methqesy. ground probing radar, electrical
resistivity, gas flux measurements at the grountasa) may give very useful data on the extent
and depth of the contamination and the spreadyfemthate plume.

2.4.2 Geology and hydrogeology

Important geological information will be the preserof:
permeable features such as gravel or sand aqoiféegses;
fissured rocks such as fissured chalk; and
low permeability materials such as clays or silgys, these may be particularly important in
limiting vertical penetration of the contamination.

Data on the hydrogeological setting also will bguieed including:

- the groundwater level (including seasonal varigtiotf remedial systems which exploit the
local hydrogeology are planned (e.g. permeabletiveabarriers) then continuous groundwater
level monitoring data from down-hole logging dewaray be very useful at the design stage;
local and regional ground and surface water flottepas;
data on hydraulic parameters (porosity, permegjilit
location of ground and surface water extractiomisgiand
location of effluent discharges.

In some countries/locations, hydrogeological mdpsasng groundwater contours, natural springs

etc. may be available. Licence details on wateragkbn points and effluent discharges also may

be available.

It is also noteworthy that often the most significgeological boundary beneath a site is the
boundary between the natural soil and man made This often (but by no means always)
represents the boundary between contaminated andordaminated (or lesser contaminated) soil.
As the geotechnical engineer knows, this boundary lze highly irregular, and there have been
many cases of surprises when contaminated filxcaeated, only to find deep trenches between
boreholes, in-filled basements and the like, legdinlarge increases in site remediation costs.

The geotechnical engineer must also be wary ofsinyations that suggest some of the filled
portion of a site is contaminated, whilst someas ihe distribution of contamination in fill sails
particularly those that were contaminated priorb® being deposited on a site, can be (and
generally is) highly variable spatially. There haw®en many cases where remedial planning has
assumed a percentage of the fill to be contaminatbére attempted validation of remaining fill
has resulted in the need to remove all of the fill.
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2.4.2.1 Minimum programme in area with an aquifer

In an area with an aquifer (where groundwaterksyreceptor and a major contaminant migration
pathway), any contamination should be monitorethanaged at least to some extent (depending
on the type and extent of the contamination).hd tontaminant is not confined to the unsaturated
zone and if it cannot be removed, a thorough hyeltapical investigation has to be completed
with at least three boreholes (one upstream, omastoeam and a third to confirm flow direction).
All boreholes must be logged geologically to deteenthe host environment. A simple 3D
reconstruction of the main lithological units shebble attempted (e.g. simple layer structures; more
complex structures, lenses etc. will require mamyarthan three boreholes). A full 3D model will
require very many boreholes and possibly geophysiasell.

Boreholes equipped for pumping tests also may bessary to establish the flow regime in the
aquifer. Early advice from a hydrogeologist, patidecly one specialising in contaminant transport,
is advisable.

It must be remembered that plumes of contaminatednglwater can be of irregular shape,
including long and narrow, floating plumes and sigk(DNAPL) plumes. For example, a careful
case study by CSIRO in Perth, Australia involvingltiple, short screened wells, defined a benzene
plume that, whilst only being about 30m wide, waie 500m long.

2.4.2.2 Minimum programme in an area without a sidicant aquifer

The absence of an (important) aquifer needs toebiéad by appropriate investigations (desk based
and field). At least one borehole will be necess8pecial care needs to be taken if a contamination
occurs in a karst area which may require high teégwi regional geological mapping.

2.4.3 Overall checklist

visit the site and walk over it. If permitted, pbgtaph key features. If access to the site is

denied the geotechnical engineer should considetheh to continue with the services;

site specific and/or regional geological mappiregrsh for archive documents;

simple 3D — geological reconstructions includinguiéer depth, consider whether a more

detailed reconstruction is necessary;

construct map of aquifer and flow regimes (contamtrmigration pathways) ;

consider groundwater resources and current contdiomstatus;

reconstruct hydraulic properties of soil or rockhwspecial attention to fissured rock, chalk,

karst;

reconstruct history of contamination (accidentgléerm evolution and hazards);

consider contaminant properties (e.g. chemistrigbslity, LNAPL, DNAPL, biodegradability

etc.;

consider the plausible extent of the contaminaitiorelation to hydraulic properties;

consider site topography and accessibility for pldnll rigs, excavators;

identify location of services; and

synthesise of an overall conceptual model of thearination, geology and hydrogeology.
The final step, the synthesis of a conceptualreitdel is a key step in site risk assessment arid wil
be a key tool for the dissemination of informatmm the site to the client, other engineers and the
wider panoply of stakeholders around any site. Thaceptual model should be capable of
presentation both in technical detail for expend & non-technical terms for lay people.
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2.5 CONSIDERATIONS FOR REMEDIAL DESIGN AND IMPLEM ENTATION

It has become very clear over the last twenty ydasfull clean-up of contaminated land is rarely
possible when dealing with sites with serious galu The one major exception to this is where a
so-called dig and dump strategy can be appliedr@guember that at another site, the dump area is
further contaminated) — and this is only possibleere the contaminated materials are readily
accessible as can be the case on sites underguiagelopment.

However, this is not the case for many sites arterosstrategies have to be developed.
Fortunately, other options are available and ame nell tried. The following discussion sets out
some of the very basic concepts. The reader istduldo specialist texts for fuller information €se
for example, La Grega et al, 2003)

2.5.1 Isolation or containment

This is where the contaminated land is preventenh freleasing toxic material to the environment
or where the toxic material is intercepted alorgeémission pathway before it reaches the receptor.
Examples include:
- cut-off walls or grouting to limit groundwater magron;

management of groundwater pathways by pumping §goeological isolation);

interception of hydrocarbons e.g. floating contaamitis by cut-off walls;

source solidification by soil mixing or grouting;

cover layers to prevent the escape of chemical wapand/or downward infiltration of surface

or rain water; and
- capillary break layers to control the upward mignatof contaminants by capillary rise.
In many cases, the construction itself can be w@sethe container for the isolated material. An
example is to concentrate the contaminated materiah on-site landfill which may be designed
into the geotechnical works. However, this mayrega waste management licence. For example,
the construction of an on-site landfill in Englawdl require that the site is licensed as a lahdfil
This will require a considerable geological anddogrtological investigation and may take several
years to achieve the necessary planning consefisst\Whis procedure for licensing is quite proper,
it should be recognised that it effectively pregeon-site landfill and forces disposal to other
licensed landfills — a process which separatedididity (the contamination) from the asset (the
land) and may disadvantage future generations.,Adsoa general principle, the more that is
regulated, the less are the options for risk bagsisions, designs or for stakeholder involvement.
The state takes on the role sole stakeholder.

2.5.2 In-situ treatment

The essential characteristic of in-situ treatmerthat it is done in the ground. This can have majo
advantages in that the site and any constructieteéirlargely undisturbed.

The technologies are directed at extracting, deggadstabilizing or changing the chemical
nature of the contamination such that it is eithmmobile or non-toxic. In situ treatment
techniques can be physical, such as soil vapouadidn; chemical, such as in situ oxidation or
reduction; biological, such as in situ bioremediator phytoremediation; or even electrochemical,
such as electrokinetic techniques. While in ssithhiques are favourable, they are often complex,
can be expensive, and are challenged by the plyslemical and biological heterogeneity of the
site and contaminants.

2.5.3 Pump and treat techniques

These are essentially the same as geohydrologiialtion by pumping except that the intention is
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now to treat the source rather than control migrafrom it. This requires that the contaminant is
mobile. For example, it may be used to recovermiubile fraction of free-phase hydrocarbons
floating on the groundwater. However, full soureenoval may be very slow, and effectively may
never be achieved. The recovered contaminant allysuixed with groundwater and this has to be
treated before it can be discharged either to sewéack into the ground. It is likely that some
form of licence will be required for the water abstion and that a discharge consent will be
required if the ‘cleaned’ groundwater is to be reéd to the ground or surface water. Water quality
standards are likely to be stringent for the cldanater — it may have to meet drinking water
standards or an environmental quality standareinlly small amounts of water are pumped, it may
be economic to return the water to foul sewer —jesiibto the agreement of the sewerage
undertaker. Note that in some jurisdictions inglgdEngland, the sewerage undertaker is entitled
to refuse to accept groundwater — though he muspadiquid waste from domestic or industrial
premises.

2.5.4 On-site, ex-situ soil cleaning

It is often desirable to retain as much of the swil site as is possible to avoid the costs of
transporting polluted soil from the site and thepamt of clean soilWith on-site but ex-situ
techniques, the contaminated soil is excavatedtagaded on-site typically in windrows for bio-
remediatioror ina skid mounted treatment unit for process basdthtdogies such as soil washing.
Techniques include: soil washing whereby the sodivided into a clean fraction, often the coarse
fraction and a dirty fraction which will require lssequent treatment or disposal; ex-situ
bioremediation; incineration (thermal destructioapd low thermal treatment (effectively
distillation followed by thermal destruction of tvapours released). The potential for secondary
environmental effects from contaminated material gaseous discharges from the treatment plant
should be considered. The treatment plants cannbeauite complex and chemical engineering
input is required at the design stage. Figure 2vsheschematic of an on-site plant.

2.5.5 Natural attenuation

The soil system itself can act as a chemical reantd attenuate the toxicity of the contaminants
moving from the source along the pathway to theptr. Chemical and biochemical effects will
be important and regulators will be unlikely to e@gtattenuation arising solely from dilution and
dispersion as treatment. They are likely to acoapdral attenuation as a clean-up technique only if
there is a demonstration of destruction of the ammation at a useful rate. Thus, there will be a
requirement for monitoring which likely will be eetisive and may have to be continued for as long
as the source emission is significant. The caistBi® monitoring can seriously militate against th
use of natural attenuation as a remedial process.

2.5.6 Summary on remediation processes

All the above remediation techniques involve thedification or management of the release
characteristics of the source and often rely onattenuation effects in the pathway(s) between the
source(s) and receptor(s). The technologies alé lagerious drawback in terms of the absolute
clean-up achieved and in terms risk perceptionhgylay public, if they leave elements of the
source in place — they seem to contain an elemieettlzer sophistry or alchemy. Furthermore,
regrettable applications in the past, perhaps tilragnorance as experience was developing, have
given ample reason for deep suspicion. This placdsavy burden of proof on the engineer
proposing anything other than total source remasa remediation technology. Today, this burden
of proof may be best discharged in an open forulowalg wide consultation based on a
transparent methodology.
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Figure 2. Schematic diagram of a soil washingl@ntemediation plant

There are several other aspects that need to bsideoed when integrating remedial
technologies into an active civil construction pwgme or simply cleaning up a dangerous site.
One of these is that the retention of contaminateterial on the site can have a profound impact
on the total life cycle cost of the constructionnfr the perspective of the site owner. If at some
future point the works are recycled or demolishibe@, owner will again be confronted with the
contaminated material which may now have increaseguantity as materials that were initially
clean have been contaminated. From this standgettinologies which leave the source in place
can be questioned as to their sustainability — thidlybe passing on contamination to a future
generation. However, of course, some of the mamegsources saved by leaving a source in place
also may be passed onto the next generation asctohid prove to be their preferred option, but
we cannot yet know.

If the source is removed by dig and dump, thenethngl be a counter-concern by those adjacent
to the landfill where the waste is disposed abtsusustainability. We actually need decision tools
that allow us to properly assess the bigger pictum@ not just the immediate contaminated land.
These same problems apply to all techniques tloatineethe provision, operation and maintenance
of plant such as pumps or monitoring systems aweg time periods.

2.5.7 Insurance

In addition to questions of sustainability, the manundane problems of the long to very long term
financial and liability issues have to be addresgedew generation of insurance based financial
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instruments is emerging to help manage the finarmmwasequences, although few products will
offer cover for anything approaching 30 years amsginegal and social frameworks cannot address
liabilities extending more than about the perioédfuman lifetime.

The developments in legislation in the longer teara also unpredictable. Land is likely to
become a progressively more pressured resourceidmad for regulations which today seem
unthinkably restrictive, tomorrow may seem a matfesourse.

2.5.8 The regulator

About 20 years ago, it became clear that integraggdilation of the environmental media (air,

water and land) was essential to the proper managfeai environmental issues. However, it has
now become clear that an integrated regulator, siscan environmental protection agency, is not
sufficient. There also must be integrated law whe&m line with the current environmental issues
and not those of decades ago. New laws come otltealime, but rationalisation of old law is much

slower and rarer.

For example, in England, waste management legslatas become a major hurdle for the
sustainable re-use of materials. Waste soil froensite may not be re-used on another site without
a waste management licence and ash from coal piogcer stations (pulverised fuel ash, pfa) is a
waste until ‘recovered’. Pfa is often used in gspiiut in this role it will remain a waste and sabj
to licensing until ‘recovered’. For pfa in a grotgcovery is defined as the point at which the grou
has set. As noted earlier, waste management irggissimportant, but so also is the need to ensure
that the law and its ramifications are not so caxrphat landfill is a simpler option than re-use.

2.6 RISKS AND RISK BASED METHODOLOGIES

2.6.1 Risk analysis as a starting point

There are several possible starting points for ldgweg procedures for the management of
contaminated land including the application of tBbservational Method. However, the most
promising approach to date seems to be the ondakes$ Risk Analysis applied to the impact at
specified receptors as its starting point. Furtleeanas has been noted above, risk analysis Ieat t
heart of the English legislative regime — a regwwviech has been widely reviewed and it will be
interesting to see the extent to which it is folémin other countries.

Risk analysis provides a context for the whole ysialand management of the contaminated
site. It provides a common, if sometimes difficittrum for communication of the problem to all
concerned and it can be coupled with cost-benefthrtigues to provide a very powerful
management tool. Equally, the technique can be ims#tk field of pollution prevention design to
assess the need for pre-investment and to avosigpes$uture problems.

Risk analysis accepts that whatever clean-up oragement strategy is applied to a site, the
contamination will not be totally removed nor wile site be returned to its pre-pollution state.
There will always be residual risks after the cotivee actions. The risk based methodologies
described below are ideally suited to predicting aranaging these residual risks.

In what follows, a description of this approach aitsl application will be presented. The
methodology has several major disadvantages oesssod these will also be presented.

2.6.2 Risk and harm

The key distinguishing factor between risk basedigie methodologies and other more
conventional ones is that they are based on a nécmy that soil contamination is only relevant
because it has the potential to cause harm. Quittd pnother way, the existence of a chemical with
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hazardous properties in the soil is not an issugself. For this discussion, risk in environment
related areas is most conveniently defined as:

Risk = Sum over all hazards (Probability of ocence x Hazard that may occur)

The probability will be in the range 0 (hazard aatnoccur) to 1 (the hazard will occur).

The risks may be to human health, financial, edoldgetc. Thus, for example, at the conclusion
of a risk assessment, risks may have been idehtididluman health (quantified as excess cancers);
financial risks and risks to be wildlife (quantdieas loss of local biodiversity). When presenting
risk assessment results, there is often a desicerteert risks of all types a common measure e.g.
money. This can be done if conversion factors caundrived. However, these factors are always
contentious. There can be no absolute values amegecsions will depend on contemporary social
circumstances. Conversion to a single number camdadul when comparing alternatives, for
example, Project A may cause damage of X mone tmit Project B, Y units. However, it must
be recognised that for this type of comparison imaietX > Y or Y > X will depend on the
conversion factors adopted (except for the speeis¢ of X being better or worse than Y for all risk
categories). A better form of presentation will sett all risks and benefits so that there is
opportunity to consider mechanisms for the reductd all risks and the optimisation of all
benefits. Thus, reduction of risk to a single measan be counterproductive.

Risk based methodologies assume that as a riskctreduprocedure, the reduction of the
probability of occurrence of a hazard is as acds#ptas the reduction of the severity of the hazard
itself. The management of probability by enginegrdesign requires that the engineer has had
appropriate training.

However, the management of probability may be eediin regulations and not left to the
design of the engineer. For example, the EuropeaariLandfill Directive defines wastes by their
properties (i.e. the hazard they pose — flammaddaenful, toxic, corrosive etc.). The probability of
harm from these properties is assumed to be retatéde type of landfill to which they can be
disposed e.g. hazardous waste, inert etc.

The risk based approach is in marked contrast tilee@rocedures that sought to reduce the
contaminant level at the site to a prescribed,dteh legislated, value (i.e. which regulated jirst
hazard). It is this paradigm shift from source emmnhant parameters to receptor impact values that
brings with it the many advantages of risk basethouonlogies.

An important consequence of risk based approachtist it is no longer possible to use design
procedures that are based on prescribing manageenssmiques or the properties of components of
the remediation engineering. Only the functioyatbunts.

2.6.3 Types of risk from contaminated land

As discussed earlier (see Section 2.1.3) contasdniaind may pose many types of hazard (harm)
and so many risks, including:
- risk to human health;
risk to flora and fauna including uptake in foodatts;
risk to the eco-system as a whole including bicedbity;
risk to the asset value of the site even thouglisegen of this value is not currently planned;
risk to the use value of the site restricting tsremic value;
risk of incurring liabilities to others by crossuyalary migration;
risk of legislative non-compliance leading to firamprisonment;
risk to the reputation of the owner or user ofghe;
risk to ground resources such as groundwater;
risk to surface water bodies; and
risk of loss of bearing capacity of the soil if hig soluble or reactive chemicals are present in
the ground. Problems are relatively rare but leoeirred.
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Note that it will be necessary to consider all ¢hasks both in the short term and in the long term

It is clear from this list that the span of anytswf risk analysis techniques will have to be guit
wide for them to be effective and will involve madifferent skills including chemistry, biology,
toxicology, ecology etc.

Furthermore these risks often will occur concuidgerdnd as many of the categories overlap
strongly, there is the potential for double cougtin

The picture is further complicated by the fact thattwo people appreciate and deal with risk in
a same manner — it is difficult to be entirely atl and avoid all emotion in relation to risksgse
the discussion on risk perception). It is importtdt risk assessors are properly trained in risk
analysis. Unfortunately, far too often trainingrexy limited. Risk assessors will also gain valaab
insights if they have experience of accident ingesion.

2.6.4 Key questions

Soil contamination problems give rise to five bagiestions that lead to five basic problems:

1. What contamination is present? — The site invetsiggroblem.

2. Where are the contaminants going to? — The migrgtioblem.

3. If the contaminants get there, will there be a [gal? — The impact problem.

4. If the impact is significant, what can be done abi®u- The remediation problem.,

5. Has the remediation achieved the design objectivédte validation and monitoring problems.

The first three problems can be integrated in ther&-Pathway-Receptor methodology, a key
subset of risk analysis techniques. The last twablpms are concerned with remediation technologies
themselves rather than risk concepts and will eatdnsidered further here.

The risk assessment methodology starts by idengftine three elements of the contamination
management problem: the Source, the Pathway andebeptor. The objective is to relate events,
such an emission of toxic substances or other ffiamm a contaminated site, to their effects at some
sensitive point, or ‘receptor’ in the environmefihis relationship is a chain of sub-events, such as
leaching followed by transport by groundwater andsgquent abstraction as drinking water, and is
referred to as the ‘Pathway’ connecting the Soofagsk to the Receptor where its impact will be
felt. In the general methodology, the pathway wi# represented by mathematical transfer
functions which are more abstract than the phygioal of toxic substances.

2.6.4.1 The source of contamination

The Source is characterized by the nature and iemisgrength of the chemicals in the site. The

Pathway is the chain of pollutant migration evexstslescribed above and is a vector. In generag the

are multiple pathways between source and recemtarthe further removed these two are from each
other, and the more members in the chain of eenting the Pathway that have to be considered,
the more difficult the analysis.

The source is characterised by its nature and patdéor emission as a function of time. This is
controlled by the chemicals in the site, their @rtips such as solubility and mobility in the saild
their concentration. The concentration alone stys bf the emission strength. For example, a site
with 500 ppm of cadmium precipitated as a sulpimdeducing conditions is a very different riskitha
5 ppm of the same cadmium present as a highly mchilphate in oxidising conditions. This
distinction is of particular importance, as mosgsicontain a cocktail of pollutants whose behaviou
can change with time or development. For exam@ejatering during or as a result of development
may allow oxygen ingress and so produce oxidisorglitions whilst flooding may promote reducing
conditions. The change of conditions can resulnwbilisation of heavy metals and change of the
speciation of sulphur, nitrogen, iron, manganeserac etc.

The mobility of a pollutant in a site also will bd@luenced by physical factors such as temperature
and pressure.
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On any site there may be multiple sources and fimerenultiple pathways as shown in Figure 3.

S
>-b—>

Source envelope

Figure 3. The envelope surrounding multiple sasirce

The source is the point on which risk perceptioniseto be focused. The language used can be very
emotive: ‘toxic dump’, ‘chemical time bomb’, ‘digas waiting to happen’. Whilst the source may be
the focus, emissions are the key to risk assessment

Systematic and quantitative application of the Setrathway-Receptor methodology makes it
possible to translate the environmental problerthatreceptor to an emission characteristic at the
source. In turn, this translation makes it possiblapproach the soil remediation problem in tesins
manipulating the emission characteristics at thecgoto achieve a desired risk level at the recepto

2.6.4.2 The receptor
The receptor is defined by its sensitivity andpitsition in the environment. This is expressed as a
maximum allowable impact value (harm) and is remegpecific.

For a living receptor (as opposed to a structurseovice pipe etc.), the sensitivity of the recepto
can be defined in toxicological terms if the detdihature of the chemicals arriving at the receptor
from the source and their required dose-effecticglahips are known.

However, authoritative dose-effect relationshipes raot always available and mixture effects such
as can occur with the complex cocktail of substarfoeind on many sites are poorly understood.
Nonetheless, there has been rapid progress fdesingtaminant analyses (and a few mixed systems
such as hydrocarbons) and several risk analysi®isiedch as RBCA from the American Society of
Testing Materials or Risc Human from the van Habtitute in Holland have extensive data bases
associated with them. These allow very usefuhegies of the impact at the receptor.

Although notionally starting from a risk conceptamy countries have approached the problem of
the limited available toxicological data and untlamding by setting chemical concentration standards
rather than impact values. These are the maxinliomable concentration, or MAC, based standards
of which the old Dutch A, B, and C framework or ti@wv target and intervention levels have received
wide application. This can result in a drasticification of the problem which has the advantagje
cost and speed for small sites, but it sacrificesesof the advantages and possible financial saving
of the impact analysis route especially for langessor significant contamination.

The recently published English Contaminated Lanpdsyre Assessment model (CLEA) provides
a coherent framework within which guideline valwas be developed, but as yet data toxicological
data are limited. It may be noted that the CLEAdeidchas introduced a new framework for the
assessment of non-threshold carcinogens in Engldine. process for developing remedial criteria
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for these non-threshold carcinogens is no longsedan earlier ideas of acceptable risk levels (e.g
1 in 10). The new criterion is that the dose to humarepemrs should be as low as reasonably
practicable (ALARP) — a concept common in the narcciedustry. The no-threshold assumption
means that there is no safe dose. In the DEFRAlan&nvironment Agency report, CLR9, 2002,
it is stated that “for these species there is remitical reason why a single molecular exposure
should not result in a tumour or a mutation, pdgséxpressed in subsequent generations though
the lower the dose, the lower probability”. TheARP criterion has the potential substantially to
reduce the required clean-up criteria for non-thoés$ contaminants such as benzene and arsenic.

A serious issue when using the Source-Pathway-Racepethodology is where along the
pathway the MAC, ALARP or other impact values ardé applied. For example, if the receptor is
groundwater, where should it be located, at arratigin well or beneath the source?

The conceptual position around the problem whegeartipact values are to be applied is called the
‘receptor envelope problem’. Changing the positbthis envelope can have profound influence on
the range of remedial countermeasures availabléh@ncbsts involved (see Figure 4).

For the risks other than those to health a diffeseh of maximum allowable impact values has to
be set. These can be financial or less quantifipétameters which reflect elements of perceivdd ris
as well as real risk.
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Figure 4. Effect of distance from source on conteami concentration at the receptor (target)

2.6.4.3 The Pathway

A pathway connects a source with a receptor aadvesctor characterised by direction and speed. A
schematic of the general pathways for contaminasoshown in Figure 5. The pathway may be
simple, as in advection and dispersion througlgtibendwater system, or more complex and multi-
membered such as a food chain pathway. Althouglsiphlypathways can be easily visualised,
some of the risk areas mentioned above require atzstact pathway notions that are very difficult
to work with and may be time varying as for airtpetys where the dose may vary with wind
characteristics and extreme values may be vergréift from average values.

The physical pathways can dilute, disperse andydebkdc emissions from the site, can provide
opportunities for biodegradation or chemical siahtion or conversely can result in re-
concentration of toxins by bio-accumulation or $iam — possibly to higher values than in the
original source.

For a typical site, at least the following pathwagse to be considered:

Chapter 2. Managing Contaminated Sites page 20



TC5 Report, September 2005

Leachate through the shallow groundwater systemaoad drains;
Leachate to the deeper groundwater system espeeiadire this is an important aquifer;
Surface run-off of by erosion or leaching;
Vapour or gas phase dispersion into surroundings;
Dust (particulate) dispersion into the surroundjngs
Uptake into food chains; and
Intrusion into the site (human or animals diggiralels) and physical displacement by ground
movements.
All these pathways can be operative at some pointhe history of the site, from initial
contamination, through the remedial actions toldimg-term inevitable loss of institutional control
of the contamination on the site.

Food chains etc.] Vapour phase

Surface
> run-off
&

Intrusion drains erosion

Y Deep groundwater

Figure 5. Pathways for contamination

2.6.5 Check list for Source-Pathway-Receptor analis

The key steps in a Source-Pathway-Receptor analsiaclude:

1. List all the possible Source-Pathway-Receptor caatlons, keep an open mind, and include
even those that may seem implausible or non-qusitf

2. Construct a data-set based on available informatiommon sense, similar sites and incidents or
just plain guesswork.

3. Use the data set and an appropriate risk analystiehto assess the impact of the sources at the
receptors. At this point many if not most of thegmtial source— path—receptor linkages will be
eliminated leaving only a sub-set of plausible corations.

4. Conduct a sensitivity analysis of the plausiblédiges to identify those where the evaluation is
sensitive to parameters that are poorly knowne (fthase 1 sensitivity analysis’).

5. Carry out a cost-benefit analysis between the acpreseces of not knowing a parameter to a
higher level of certainty against the cost of afitey more information (‘the need to know’
principle).

6. Refine the ‘need to know' parameters and repeasties to this point until there is sufficient
confidence in the parameter database.

7. Evaluate the source emission characteristics tilatagluce the impact at the receptor to below

those maximally allowed.

Design and cost a remedial management scheme ithatkveve such emission characteristics.

Evaluate the sensitivity of the impact at receptwrerrors or failures in the design and/or

implementation of the management scheme. (‘thegpha®nsitivity analysis’).

©
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10. If there is a significant chance of unacceptabler® go on to perform a cost benefit analysis on
reducing that chance. (The ‘discrimination analysi

11.Consider the extra cost of extra security. Willraalf extra outlay significantly improve the
reliability of the design?

12. Converge, by more than one cycle if necessarjeddinal optimum management strategy.

13.1t is very advantageous to formalise the abovegs®so that it can be easily integrated into an IT
based environment with an adequate quality system.

14. Consider the effects of time and degradation oeneds or performance.

It is important to address the correct problem \ilida methodology. Many sites contain multiple
sources (see Figure 3) and it is necessary to @ensihether these should be treated together or
separately in the analysis.

In summary, the Source-Pathway-Receptor desigrepsochanges the focus from the source to
the receptor and thereby makes the source emish@amacteristic a key parameter. However, it is
always necessary to keep failure states in minénEkie best designs involve some risk of failure
sooner or later and they had better fail safe.

2.7 COMPUTER BASED RISK ANALYSIS MODELS

In general, conducting a risk analysis as parhefrisk based design task is too complicated amd to
prone to error (for example, when converting ueits) to be done by hand. There are many risk
analysis models, and the agency in many countasponsible for regulating contaminated land
will provide its own model. In this section a brimferview will be given of the common features of
some of these models.

All the modelling strategies approach the problenmaitiered fashion, applying steadily more
complex models (called tiers or levels of analysisdil an answer can be given with a sufficient
degree of confidence (or more often that sufficisité specific reduction parameters have been
used to allow a remedial solution at an affordatast). This answer has to have the required level
of discrimination, by which is meant the ability thstinguish between the results of differing
courses of action and a set level of confidences Tével of confidence will be established by
sensitivity analyses.

The starting point of all the models is what is wmoas the Tier 1 level of analysis (see Figure
6). This level is essentially a look-up table inieththe source soil concentrations are compared
with what are assumed to be acceptable valueséosetjulators concerned. These values are called
screening values. Sometimes the screening valeeadwsted to reflect a few soil properties such
as the organic matter content and the clay coraedta few land uses (housing, industry, public
park etc.). In the Americas, the USEPA or Canatisis are usually used, whereas in Europe, there
is a tendency to use the Dutch screening levelBpadh the impact of the new English CLEA
model is yet to be seen. In fact, the screeningl$eare very similar for most models. However, as
noted above, the ALARP requirement introduced fam-threshold carcinogens in English CLEA
model has the potential significantly to reduceuhkies for these contaminants.

It is necessary to establish whether the mean, maxi or some other statistical measure of the
source concentrations are to be used to decid@éesite’s compliance to the Tier 1 criteria. For
example, a statistical procedure might be usedtimate the probable maximum concentration for
each contaminant on the site. Where data are biméstimated maximum values will be high — thus
encouraging fuller site investigation.

The main problem with the Tier 1 analysis is thas igeneric, and takes limited account of soill
properties and land use. However, it has the adganof simplicity and reduced effort and cost
involved.
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Initial Step Problem Identification | | ia) recommendation

Liability identification

v

Incident Analysis ,
Tier 1 Compare Concentrations
with Screening Levels

Costs of Clean Up to

v Screening Level & Liabilitieg
Collect More Data

Go - No go point

Tier2 | calculate Site Specific > Response & Costs
Target Levels Incident management

Tier3 ———  (get seriously worried)

Figure 6. Tiered approach to computer-based risksssnent.

If the site fails the Tier 1 criteria, remediatioray be undertaken to reduce site concentrations to
the screening values. This is usually a pooreggsateading to excessive remediation and costs as i
uses so little site specific information.

As more site specific data are used, involving nepecific fithess for purpose information, the
level of analysis moves from Tier 1 to Tier 2.

The Tier 2 analysis models work on the basis otuating the impacts at one, or several,
receptors that can be remote from the source. Begss the dynamics and the properties of the
Source-Pathway-Receptor Linkage.

What distinguishes a Tier 2 model from a full cmstdesigned, site specific, Tier 3 risk analysis
model, is that many of the transport and impacttions are fixed in the model itself. This is cédlle
a ‘hard wired’ model. For example, the sub-modétudating the movement of vapour from the
source to a receptor may be fixed even though theght be (and often is) a more appropriate
model for the type of construction being built.

These models take the source data and problem diomsnand calculate the transport of
contaminant to the receptor via the air, water smitlsystems, finally making a total assessment of
the impact on the receptor (normally just humanthesa considered) via the dermal, ingestion and
inhalation routes. The physical and chemical pataraseeded in the model are usually built in to
its own database. In the model, the calculated deselts are then compared with the relevant
toxicological standards to assess the need foaoanation management.

The models can be run in inverse mode where the sete up the Linkage and the model
calculates the maximum allowed concentration orseians from the source thereby giving a site-
specific remediation objective to design to.

There are many Tier 2 models, most are PC basdds@ne can be downloaded from the Web.
It is anticipated that soon, some of these modélsbs able to be run remotely over the Web
alleviating the need for the geotechnical engineguurchase them directly.

In their simplest form, these models are deterrtimisy which is meant that for fixed inputs
they give a single fixed outcome. Some of the mswophisticated Tier 2 models can handle
probability distributions as inputs and obviouslyweg a probabilistic prediction of impacts.
Probabilistic models include ConSim, LandSim ands&m (contaminated land, landfill and
landfill gas models, respectively) developed bydeolAssociates for the UK Environment Agency.

The growing complexity of Tier 2 models is accompdrby heavier demands on the databases
required to run them in a meaningful way. Thisfiem the limitation to the model use.
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If the problem is especially demanding or if thare special circumstances (e.g. large and complex
sites, parts of which may fail a Tier 2 analystegn it may be necessary to call on a professional
contaminated land risk modeller who can construt¢@dicated model from the basic transport and
impact physics and chemistry. This is the Tier detoSuch modelling exercises are expensive,
time consuming and should not be attempted lighily the geotechnical engineer unless
appropriately trained.

2.8 WIDER CONSIDERATIONS

Unfortunately, every methodology has its limitasamnd failings and this is neatly encapsulated in a
saying attributed to the American statistician @edBox: ‘all models are wrong but some are useful’.

One of the general issues of the risk based meltbgylas its relationship to the precautionary
principle and what risks are acceptable in sociefye precautionary principle states in its most
extreme form that, if all the effects and impadtsuo action cannot be understood and predicted to
be acceptable with certainty, then the action mait be taken. For contaminated land, this
effectively requires the most rigorous clean-up biten forgets that the remedial measures
themselves can bring uncertainties of their owrrelation to contaminated land, responses to the
precautionary principle include:

- although not everything is known with absolute aitl, enough is known to discriminate
between different courses of action;
that doing nothing will lead to worse impacts thamrying out the course of action proposed.
This leads on to the topic of conditional certaimtyd the application of the observational
method in environmental engineering; and
that resources expended on trivial risks makesvitréd less safe as it denies to more important
risks, thus an assessment of relative risk is foreddal.

It should be remembered that the risk models themseare fallible and in particular, they may
be wrong because of:

limited understanding of the processes at workafignce of the processes);
limited available data and ignorance due to limdath; and

the impossibility of fully incorporating random eate such as floods, earthquakes etc.

This means that the actual outcome of designs eadlifferent from that predicted and agreed
with the authorities or client. In order to momislnd where necessary influence these outcomes it
IS necessary to set up a system of Risk Mapping. fieans following key processes in the project
that can lead to significant deviations from thesigg results and only not intervening if the
probabilities are below certain agreed ‘conditiofalels. This process has very close parallel$ wit
the observational methods being employed in otlmeasaof civil engineering and insights in
methodology gained there can be applied here.

An issue that has already been touched upon arelated to the inadequacy of the relevant
databases is the issue of toxicological data. Tdagical data are often very limited and can very
difficult to apply especially for chemical cock&ilModels of the future characteristics of the
emission curve, the failure mechanisms and theatar along the multiple pathways are all open
to question and few if any have been verified fog time-scales involved. An especially difficult
area is the incorporation of these uncertaintie® ia statistical assessment of the design
performance. This situation is made all the moffcdit by the heterogeneous nature of the highly
disturbed soils in the vicinity of construction.ildee to cater for these uncertainties adequataty c
lead to massive over-design of the managementgirats large safety factors are built in at each
stage of the design.
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2.8.1 Extension to hazards other than human health

The argument to this point has concentrated omisiketo human health of the contaminants in the
site and this is always the first starting poinaimy analysis (after all, at least it must be $afgo

on the site to investigate). However, there aresisdwther areas that the geotechnical engineer
needs to be aware of.

The first is the impact of the contaminant on thelegy around the site. Sometimes large areas
have been designated as areas of ecological inmpertar sites of special scientific interest. This
means that the conventional risk analysis will hawéde supplemented with an Ecological Risk
Analysis. This is a highly specialised field (aril san be contentious) and the engineer will have
to seek help. There are several ecological riskyarsamodels available but again they should only
be deployed by specialists.

In principle, at least the bearing capacity andaststrength of soils could be influenced by
contamination. This is a poorly reported area affieces are seldom seen except in extreme or
bizarre circumstances. In contrast, the effect lig tontaminants and their by-products on
underground structures and services is better tegh@nd understood. Well known examples of
damage to services include the deterioration otiia piles, the corrosion of steel sheet pilind an
the tainting of water supplied through plasticsegip

Some solvents have a severe effect on geosynthéties geotechnical engineer should be
careful to assess the compatibility of his proposederials with the contaminants on the site. A
conventional fault tree based risk analysis candsal for the risk mapping exercise here.

There are financial risks associated with contateshdand or the use of contaminated material
in a construction. Next to the obvious ones oagelnd extra costs in the work itself mention has
to be made of the impact of perceived risk on thkier of the finished product. Houses built on
brownfield sites may be worth less and sell, tofits¢ and perhaps second purchasers, more slowly
than the same houses built of uncontaminated ditet®er purchasers may be unaware of the
contamination unless problems have developed amsl shle values may be re-established. The
situation largely depends on confidence — the perdeexpertise, financial status and reliability of
the developer. The geotechnical engineer shoultheeaany strategies that might reduce the risk
perception profile of the site when selecting tlksign and construction teams. Quality of work will
be a key driver.

Finally there is the general risk to the reputataond standing of the geotechnical engineer.
Again, this can be deserved as a consequence @éqnate professionalism or underserved as a
product of his perceived role in the process. Mgopd reputations (and careers) have been
irreparably damaged on contaminated sites.

2.9 METHODOLOGIES FOR DEVELOPING COUNTRIES

The text so far has concentrated on the positiomafe developed countries, developed both in
terms of regulatory frameworks and income per edpitexpend on pollution control. This is partly
because regulatory frameworks tend to be more dpedl in countries with higher per capita
incomes — the more people have the more they wahiding quality of the environment or
inversely the less they have the less than camoheecned with the environment — there will be
more pressing needs.

The principles for the management of contaminaiezs Sn developing countries should not
differ from those in industrialised countries. Hoxg the implementation of these principles needs
to take into account the applicable technical amstitutional circumstances in the developing
country concerned, the resources available andtttey demands on these resources. The legacy of
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historically contaminated land in developing coig#lis generally not as great as in countries with
a longer industrial heritage but the contaminatidnch does occur can be no less intense and can
pose similar problems of risks to the environment.

Furthermore, it should be recognised that contamihé&and may not only be the result of an
industrial heritage. For example, in Brazil it &imated (Rose & Chih, 2001) that 74% by weight of
domestic solid waste goes to uncontrolled dumpfidésavhilst only 24% goes to controlled and
sanitary landfills and just 2% is recycled. Howevauch material may be recycled before being
placed in a waste container as the average weigbarbage generated per person in developing
countries is about half of that generated in dgyadiocountries. In Brazil, this amount to an averag
of 0.6 kg/day, although in developed regions thantjty generated is similar to that in developed
countries — demonstrating the existing social et

The Source-Pathway-Receptor concept is the franlewsithin which a strategy for
management of a contaminated site is conventiogalhgidered and is as valid in developing as in
developed countries. This framework necessarilgnporates aspects of the climate and hydrology
on a site, these usually provide the ©energisiitg® (the carriers) for the emissions which impact
on the receptors. Developing countries are oft@hinvthe tropical, semi-arid or arid climatic
zones and the strategy for remediating contamingited needs to take into account the nature of
the relevant hydrology and hydrometeorology. Famnegle, the option of isolating a site using cut-
off walls, liners or caps may not be appropriatihé identified contamination is not mobile simply
for lack of a consistent leaching or driving flu{é.g. water). For the same reason, natural
attenuation may not be a realistic option also. rédwer, frequently in tropical countries, the
groundwater table may be deep, below lateriticssaitd subsoils of a low infiltration capacity,
rendering the vulnerability of the groundwater tiekly low though the result may be impact on
surface water bodies. Furthermore, the sometimdsanditions coupled with occasional intense
rain can make very difficult conditions for contaient measures such as caps and cut-offs which
can become desiccated and cracked in arid timesvdhdot have time to swell and seal (if they
are capable of this) to be effective in times démse rain. In short, to be effective, the technica
strategy for dealing with contaminated sites in ynakeveloping countries may need to take
particular account of the prevailing hydrologicacumstances which may be quite different from
those in northern latitudes.

Almeida et al. (2002a, b) report two examples aftaminated land investigation in Brazil. One of
them relates to leakage of hydrocarbons in thepmiduction areas located in the wetlands in
Northeast Brazil and the other with soil contamoratby PCBs in a petrochemical industry in
Guanabara Bay, Southeast Brazil.

Aside from technical considerations, equally impott in practice, in developing countries is the
lack of an institutional and regulatory frameworkvgrning environmental protection in general
and contaminated sites in particular. This requafésctive policies and institutions to be in place
by which site investigation and remediation managed

Various reviews of environmental management in bigieg countries have been carried out in
recent years (e.g. OECD, 1995), and the recommiemdarom such studies usually emphasise the
opportunity for prevention of environmental ‘damagethe early stages of development prevailing
in many such countries. However, the institutioaatl political capacity may not be in place to
institute the appropriate protective measureseliation to the proactive prevention of continuing o
new pollution, there can be no justification fontauing pollution from existing facilities or new
pollution from new facilities. Preventing pollutiovill add minimal extra cost to a process. The
major requirement is a change of mindset for thraserating plants or brining in new plants. This
can be a major hurdle in pollution prevention.

Therefore, it is not uncommon in developing cowsrihat a long time lag occurs between the
site investigation (and risk analysis) and the acsite remediation. Almeida et al (2002c) report a
clear example of this.
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There is often a consequential need to strengthenptanning processes through which the
development of contaminated land takes place. hm, tthe national capacity to carry out
environmental assessments is often weak throudghdfbuman resources and infrastructure. For
this capacity to develop, there are clear needstrioning but also for raising environmental
awareness in the community.

The direct benefits of remediating and developiogtaminated land have to be appreciated in
the technical and sociological context of the depilg country concerned recognising the
competing demands for financial, institutional aedulatory resources.

2.10 IRELAND - CURRENT STATE OF REMEDIATION

2.10.1 Background

The current situation in Ireland provides a usefse history of contaminated land activity in small
country with a significant agricultural componeatthe economy.

The legacy of contaminated land in Ireland is spatbely because the industrial revolution and
subsequent growth did not generate substantialsiridu development. However, there are
significant local areas of contaminated land in samban areas such as Cork, Dublin and Limerick.
Moreover, it has only been with recent developnmessures in these urban areas that significant
attention has been given to appropriate remediasivategies. Under the Irish Environmental
Protection Agency (EPA) Act, 1992, the EnvironméRtatection Agency has overall responsibility
for regulating such remediation, mainly through t®digensing, although some regulatory powers are
delegated through the local authorities.

2.10.2 Key Sites

The most significant contaminated sites in Irelanel gasworks - around 40 in the Republic and a
similar number in Northern Ireland. A variety ofdochemical works (relatively small), fuel
handling facilities and agriculturally related irefies make up the remainder. It is difficult to
estimate the size of the contaminated land prolidamat the outside limit it would not exceed a
few hundred million euro.

2.10.3 Guidelines

The continuing lack of Irish national guidelinesr feoil and water remediation has hampered
developers and often resort is made to importedeijues from the UK or the Netherlands. The Irish
EPA has formulated a tentative set of guidelinessfol and water remediation, which are at the
consultation stage. The initial approach has bequrdépare specific guideline concentrations, based
on multifunctionality (multifunctionality is a coept developed in Holland requiring that the site
should be fit for any use — e.g. an industrial v8ook domestic housing), but there have been recent
developments on particular sites for which a riakddl approach has been accepted. As with other
countries, the developers are not keen on suclvagipes because of the desire to declare a sae®cle
after development. However, the final approachetdaken by the regulators is not yet clear.

2.10.4 Present Strategies

The current approach generally adopted to remedaxttaminated soil is to ©dig and ship© - apart fro
soil with relatively low levels of contaminationh& options for removal to landfill are limited, par

because of extremely limited landfill capacity amdo because of an Irish national ban on the
disposal of hazardous waste to landfill. The optiaken for all hazardous, and some less than
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hazardous, soils is to ship them abroad for treattr{landfill or, more likely, incineration) in the
Netherlands, Belgium and UK. Some localized in diioremediation has been undertaken,
particularly on hydrocarbon spill sites and, on seite, soil washing has been undertaken.

For groundwater, pump-and-treat has been a comimproach, using a variety of filtration and
treatment technologies, but such sites are relativealized. On at least one site in Dublin, hoaev
a permeable reactive barrier approach is beinglolese with control via a waste licence from the
Irish EPA. The groundwater is contaminated by aetyarof LNAPLs and the site is close to an
estuary.

Under the economic pressures to develop inner anigas, there has been an increasing use
isolation of as a remediation strategy — i.e. aagpind cut-off walls. This has been justified tigi
the use of risk analysis. Thus, in summary, thgalrapproach of adopting multifunctionality as a
criterion for remediation has given way to a masek-based strategy, albeit driven by economic
imperatives rather than regulation so far.

11. SUMMARY

This chapter has presented a detailed analysisheftlinking that has gone behind the
development of risk assessment as a procedurenédomanagement of contaminated land. Risk
based contaminated land management is now generadgpted as preferred procedure. Indeed,
risk based methodologies have become so well desdl@nd codified in many countries that
contaminated land management is a low cost commaggiibduct. In these countries, the
geotechnical engineer may undertake assessmenteamedial work according to a prescribed
formula driven by the regulator or the company’agbice. As a result, the geotechnical engineer
may not be exposed to the mindset that develomidbased procedures and it is therefore hoped
that the preceding text will be useful to the ‘deped country’ geotechnical engineer in explaining
the thinking behind current practice which may leeyvimportant when working on leading edge
remedial techniques or major sites.

For the ‘developing country’, geotechnical engintex text may help to highlight some of the
problems and pitfalls of developing contaminateddlananagement and regulation procedures.
Contaminated land management is necessarily ngtexgensive but also absorbs scarce material
and institutional resources. Management procedmest be appropriate to the facilities available
and not merely a copy of procedures in developeditti@s where priorities may be very different.
Since the time this text was drafted, sustainghblilds become perhaps a more important issue than
purely environmental concerns. At its simplestiansbility requires consideration of financial and
social issues as well as the environmental/technidee present text considers these issues and,
therefore, is consistent with sustainability cideiHowever, it is clear that sustainable geotezhni
is the next step and Task Force 2 aims to addresslue course.
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APPENDIX 1 -GLOSSARY OF TERMS

INTRODUCTION

This glossary sets out some of the chemical arade@lterms used in contaminated land practice. It
is based on UK practice and it should be noted shghtly different terminology or contaminant
groupings may be used in other countries.

CONTAMINANT GROUPINGS
It has become common practice in contaminated tiedussions to group chemicals together.
Reasons for the groupings include:

they tend to occur together in contaminated land;
analytical techniques may be similar;
they have similar physical properties;
they are similar chemically.
Use of chemical groupings can save time in disoassifor example, with analytical laboratories.

However, it should not be assumed that everyoné hale the same understanding of the
definition/members of a group. Examples of groapd possible definitions are as follows:

Aliphatics Organic hydrocarbons (chemicals contairearbon and hydrogen and/or other
species) with straight or branched chains but omatic ring structures.

Aromatics Hydrocarbons containing one or more arbon, benzene rings.

BTEX Benzene, toluene, ethyl benzene, xylene typtthe aromatic fraction of
hydrocarbon mixtures such as petrol.

Chlorinated  Aliphatic compounds with chlorine atattached to one or more

aliphatics carbon atoms. Examples include vinjbetie, dichloromethane,
trichloromethane, tetrachloromethane (i.e. methatie one to four
hydrogens substituted by chlorine), trichloroetheetrachloroethene, 1,2
dichloroethane — all these examples are also V@@sabso may be referred to as
chlorinated solvents.

Chlorinated Aromatic compounds containing chlorieg,. chlorobenzenes,
aromatics hexachlorobenzene, PCBs, PCDDs, PChkspphenols, chloronaphthalene.

DNAPLs Dense non aqueous phase liquids. Any chednoic mixture of chemicals that can
form a separate phase which sinks through water i6. denser than water and is
present in sufficient quantity that it is not aisblved into any available water, e.g.
local groundwater). See also LNAPLS and NAPLS.

DROs Diesel range organics, heavy hydrocarbongvoivblalility.

Dryresidue Total solids in a water determined bsap®ration to dryness at a specified
temperature, expressed as mg/litre.

EC Electrical conductivity, units are likely to Iplli or micro Siemens. See also total
dissolved solids (TDS).
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Literally metals with a high specific grayifor example >5.

Generally potentially toxic metals, typigatransition metals such as chromium,
manganese, nickel and copper. However may inohtlder elements such as lead,
mercury, selenium, boron, arsenic.

Light non aqueous phase liquids. Any cherhmmr mixture of chemicals that can
form a separate floating phase on water (i.e.ss tkense than water and is present in
sufficient quantity that it is not all dissolvedtonany available water, e.g. local
groundwater).

Methyl tertiary butyl ether an oxidant usedpietrol — especially unleaded petrol.

Non aqueous phase liquids (see DNAPLS andRINS). Note: some non agueous
phase liquids may be of similar density to wated #ms be neutrally buoyant (no
tendency to float or sink). However, they may hadifferent temperature
coefficients of expansion and thus become DNAPLS_LNWAPLS depending on
temperature.

Polycyclic aromatic hydrocarbons, species withh or more benzene rings fused
together with at least two common carbons e.g. thagdne (2 rings), anthracene and
phenanthrene (3 rings) and benzo(a)anthracenesateyand pyrene (4 rings) and
benzo(a) pyrene with 5. Fluoranthene, benzo(&)flathene and indeno(1,2,3-
cd)pyrene are examples of more complex systemsdimg} a five membered ring.

Polychlorinated biphenyls. Biphenyl cons@tdwo benzene rings linked through
one carbon atom on each ring. In chlorinated mylse some or all of the remaining
the carbon sites are chlorinated. There are 28reint PCBs (different congeners)
depending on the degree of chlorination and thatiponsof the chlorines on the
benzene rings. Contamination will consist of a tmg& of PCB congeners of
different degrees of chlorination and different ititbes. PCBs were used in
transformers, capacitors etc.

Polychlorinated dibenzo-p-dioxins. A clagscblorinated compounds containing
two benzene rings linked at two carbon atoms thnamggen atoms.

Polychlorinated dibenzo-furans (furans ineldide membered rings, four carbons
and an oxygen).

A class of aromatic hydrocarbons in whioh or more hydroxyl groups (OH) are
attached directly to a benzene ring. The simpiesember of the class, phenol
consists of a benzene ring with a single hydroxglug. It is also known as carbolic
acid.

Semi volatile organics compounds. SVOCsinglude PAHs.

By-products of the distillation of coal antet organics. Likely to be rich in PAHSs.
Total dissolved solids determined by evaporatm dryness, expressed as mg/litre.

May be determined by evaporating a water sampbiryoess (see Dry residue) but
often estimated from electrical conductivity.
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TEM Toluene extractable material. An indicatotlod quantity of low volatility organics
in a sample. The sample is extracted with tolwerkthe extract allowed to
evaporate and the residue weighed. May be usafaioal tars etc. Elemental
sulphur is extractable and will be included in THeM.

TPH Total petroleum hydrocarbons. May be subdididg carbon chain length e.g.
aliphatic G - Gg, Gy - Ci6, Ci7 - Cgs and aromatic £- G,

Co - Cig C17 - Cas.

VOCs Volatile organic compounds. Any organic connpd which evaporates easily at
ambient temperatures. VOCs may cause stratospbeoice depletion. Examples
include chlorinated solvents and benzene.

OTHER TERMS

ADI Acceptable daily intake.

ALARP As Low As Reasonably Practicable — a standardassessing necessary control

measures taking into account the practicalitiegheftask in hand. ALARA As Low
As Reasonably Achievable.

Anthropogenic Artificially produced (man made)

CERCLA

CLEA

Comprehensive environmental response, cosgtem and liability Act, 1980
(USA).

Contaminated land exposure assessment modeady aisk assessment tool for use
with the Part IIA Statutory Guidance on contamiddsnd.
See www.environment-agency.gov.uk/subjects/landiyaind the DEFRA website

Contaminant A substance which if present on, iyraler the land has potential to cause harm or

COSHH

Ingestion

Inhalation
IRIS
HEAST

LEL, UEL

water pollution.
Control of substances hazardous to healtilaggns, 1995 (UK).

Contaminant entering the stomach and r@aststinal tract through eating
contaminated food or hand to mouth contact.

Breathing in through the nose or moetly, particulate material and vapours.
Integrated risk information system toxicityt@@n chemicals.

Health effects assessment summary tables.

Lower, Upper explosive limit. Volume cosmtration of a gas in air at which an
explosion can occur. An explosion may not occuthdre is too little of the gas

(lower limit) or too little air (i.e. to much gasupper limit). These limits will be
important for gases such as methane and hydrogen.
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Lowest observed adverse effect level. A tersed in toxicology, the lowest dose at
which some adverse effect is seen.

Maximum acceptable concentration, an uppertloni concentrations of chemicals in
water (or soil) — used as a control values in aejtaisdictions.

The USEPA has established Maximum Contaminargvels (MCLs) for
concentrations of certain contaminants in publinldng water supplies.

Maximum tolerable risk.
No observed adverse effect level, see LOAEL.
No observed effect level.

A route or means by or through which a pexeis or could be exposed to a
contaminant.

Personal Protective Equipment. Often errog@osisidered as the only necessary
defence against contamination. Should be used amlg last line of defence after
other procedures such as elimination or reductfarsk of exposure.

Risk-based corrective action. A procedure tmmtaminated land assessment
developed in the USA but now used more widely.

Something which could be harmed by aaooimiant such as human health, other
living organisms, ecological systems, property ontmolled waters. Formerly
referred to as a target
Reference concentration or dose.

See receptor

Tolerable daily intake. A dose parameter usedsk modelling.
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PART | — TRADITIONAL BARRIERS

3.1 TRADITIONAL LINERS AND LINER MATERIALS

At present, the overall layout and general desigh@nstruction procedures of barrier systems can
be considered framed and addressed (Daniel, 19838E1993; Rowe et al., 1995a; Rowe, 1998a;
TCS5, 1998). The main research streams are contetitoa the assessment of potential contaminant
impact on the subsoil environment:
- evaluation and quantification of some key factotsolw govern the field scale performances of
mineral (CCL and GCL) and polymeric (GM) barriengmonents;
evaluation of the service life of mineral and pognn barrier components;
stability of slopes involving composite liners;
set up of specific models and related parametenssio assessment of pollution potential;
adequacy of the present regulations to addressigbeof new products and alternative design
options.
Some of these aspects will be discussed in thigteha
The design of bottom barriers of modern landfilleodd be based on the following main
principles:
- The mineral barrier is the basic component of traal sealing systems referring in particular to
the long-term performance.
The requirements and characteristics of the mirsaling layer in order of importance are: (1)
low hydraulic conductivity (HC) at field scale, (B)ng-term compatibility with the chemicals to
be contained, (3) high sorption capacity, and @) dliffusion coefficient.
Composite lining systems using geomembranes canigiportant advantages both in the short
and long-term due to: (1) reduction of HC as a ltestithe attenuation of defects of both
geomembrane and compacted clay (Giroud & Bonapa®®9a;b; Giroud et al., 1992; Daniel,
1993); (2) better biogas control; (3) minimizatiohdesiccation problems; (4) enhancement of
flow within the drainage layers toward the colleatipipes (i.e. minimization of ponding
leachate on the liner) and (5) the geomembraneherntdp of the clay barrier delays contact
between clay and leachate long enough for consainaf the clay when the waste is landfilled,
thus reducing compatibility problems (Rowe et #095a).
Construction procedures play a fundamental rolthénfinal efficiency of the lining system in
terms of field-scale HC.

3.1.1 Compacted clay liners (CCL)

3.1.1.1 Hydraulic Conductivity
The HC of CCLs at the field scale has been disclasel developed in the late 80's an&s90

The main results and recommendations are relatdeteeffects of compaction procedure, clay

water content and pretreatments (Daniel, 1993; &a&Koerner, 1995).

Uncertainties in construction, flow through macrgmand spatial variability of the hydraulic
properties of compacted clay liners have beenddeatatistically and validated via field tests
(Figure 1) by Jessberger et al. (1993), Benson &i€&g1994a, b) Benson et al. (1999) among
others. Their main conclusions are:

- A mineral sealing layer, consisting of four or mdifes, compensates for the effect of spatial
variability of the HC. So, the recommended minimtimickness for compacted soil liners is four
to six lifts or 0.6 to 0.9 m.. There is little bémé the number of lifts is increased above 46to
High quality of CCLs can be considered achievetiéf randomly measured HCs using standard
tests during construction is 3 to 5 times smahantthe value expected for the field-scale liner.
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Minimum testing frequencies are summarized by Dga@90).

The kinds of field and laboratory tests for theegssnent of CCLs HC have been analyzed by
Daniel & Trautwein (1994). The representative disiens of samples for reliable tests depends on
the method and quality of construction (Bensonletl®94; Trautwein & Boutwell, 1994). If the
soil is compacted poorly, the representative spetisiee should be very large. When the soil is
well compacted, the representative size is closaal to the dimension of standard laboratory test
specimens. Similar results and observations hage benfirmed by field data (Figure 2).

The index properties of some CCLs are reportedigure 3 together with the limit values,
suggested by Jones et al. (1993) and Daniel (1i@8&)der to succeed in obtaining low HC at the
field scale. The database of Daniel (1997) shdwasthere is little influence of the index propesti
on kieg. Other factors appear to be far more important domplying with keq<10® m/s
requirement. Considering that 75% of the CCLs didieve the objective ofikig<10° m/s and that
25% of the total did not, it is interesting to sheawd comment the results by Daniel (1998) as
reported in Figures 1.b and 4.

The Daniel’s data in Figure 1, together with theuits of field large scale tests from some Italian
landfills (Manassero et al., 2000), are in agrednwveth the range of variation ofsdq vs CCL
thickness found by Benson and Daniel (1994a;b).r8fe a clear trend showing that hydraulic
conductivity decreases with increasing thicknesghefclay liner. It is worth to note that most of
CCLs examined by Daniel (1998) lay in the fieldgobd to excellent construction. In spite of these
evidences Fuleihan & Wissa (1995) strongly argugalrest the supposed influence of the thickness
on the actual HC of CCL showing experimental d&ta in some cases seem to contradict the
aforementioned trend. According to Manassero e28l00) it is physically and statistically sound
to find a significant influence of the thicknesslarumber of lifts on the actual HC of CCLs.
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Figure 1. Hydraulic conductivity of compacted sdilelrs versus thickness: (a) theoretical assessr{tent,
experimental trend from field data (Jessberget.e1893; Benson & Daniel, 1994a, b)
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Figure 4 shows field HC versus the percentage ¢ém@ontent-dry density (\gs) points laying
above the line connecting the peaks of compactianges of different compacting energy. A rather
strong correlation between these two parametersvident. Nevertheless, also a comparable
influence on kg of the simple water content referred to the optimstandard Proctor has also
been observed by Daniel (1998).

Summing up, the two most important parameters fgo@d performance in terms of field HC,
identified by Daniel (1998), are the water cont@vjitand the total thickness of the liner (L), given
suitable clay and a sufficient compaction energy.
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3.1.1.2 Compatibility

As chemicals migrate through clay soils that contgppreciable amount of clay minerals, such as
CCLs and GCLs, interaction between the chemicalsonme water of the soil and the clay particles
can result in significant increase in the HC of 8wl (Shackelford, 1994a; Shackelford et al.,
2000). While the potential effects of these chextrgwil interactions are well recognized, and may
be significant, such interactions are rarely inelddn the modeling of contaminant transport
through waste containment liners mainly becausehef lack of standardized procedures and
reliable parameters. Nevertheless many studiesrasearch programs have been performed on
chemical compatibility (Mesri & Olson, 1971; Acar 8eals, 1984; Fernandez & Quigley, 1985,
1989, 1991; Bowders et al., 1986; Mitchell & Mads&887; Dragun, 1988; Quigley et al., 1988;
Quigley & Fernandez, 1989; Wagner et al., 1990; &aero & Shackelford, 1994a,b; Rowe et al.,
1995a; Pasqualini & Fratalocchi, 2000). On the dadithese studies, several types of direct and
indirect compatibility tests have been proposeghsas modified Atterberg limits, sedimentation,
swelling, cracking pattern, setting, exposure omansion and permeation (Shackelford, 1994b).
However, a lack of quantitative and practical imdicns exist to define conditions that can be
critical for compatibility problems. A procedurerfaddressing these aspects has been attempted by
Manassero & Shackelford (1994a). This proceduréd far organic contaminants, allows taking
into account the activity of the compacted soig thelectric constant of the pollutant solutiorg th
contaminant concentration and density. Furtherame$e and validation are needed before the
proposed procedure can be used reliably. A possitiension to inorganic pollutants can also be
addressed. For more details see Shackelford (198¢ggneral, soil liners perform much better at
high compressive stress; this is important to keemind when compatibility tests by permeation
are performed for design purpose.

The results by Kaczmarek et al. (1997) indicatet tha potential effects of compatibility
problems are controlled by the magnitude of theceatration at the source boundary of the clay
barrier. For low to moderate concentration of thetaminants at the source boundary, the diffusive
component controls the transport such that no fegmt changes of HC occur in the clay barrier.
Significant increases in HC are likely to occur yonh the case where an extremely high
concentration is imposed at the source boundanthik case, the HC of the clay barrier may
increase to the extent that the advective compooérihe transport eventually dominates the
diffusive component. Thus, some consideration shdé given to the potential influence of
contaminant concentration in the leachate on thg term performances of the barrier (Bowders
and Daniel, 1987).
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3.1.1.3 Desiccation
Desiccation of CCLs can occur before placing thengembrane, after placing the geomembrane
and before covering with wastes, and after placeémiewaste (Rowe, 1998a).

Desiccation due to water evaporation before thegpteent of a geomembrane on the CCL can be
readily prevented by appropriate construction ptloces and, if it does occur, can be observed and
rectified by removal and replacement of the cragiedion.

A high temperature of the geomembrane has the fialtdéao cause evaporation of water from
compacted clay into any air space between the atay the geomembrane (e.g. wrinkles and
waves), and moisture movements from the regioniglidr temperature to the region of lower
temperature (Rowe, 1998a). These phenomena caartieufarly critical along landfill slopes and
in the case of heating and cooling cycles. In otdeavoid desiccation of CCL after the placement
of the geomembrane it is important to avoid as mashpossible wrinkles and waves of the
geomembrane and to cover as soon as possible dmeeggbrane with the protection layer and/or
the leachate collection layer (Rowe, 1998a; Bowdéed., 1997).

The temperature of the waste in close contact thighlining system of the landfill can have a
significant effect on the rate of clogging of tlea¢hate collection system, on the service life of
geopipes and geomembrane liners, on diffusion tirdow permeability liners and, on desiccation
problems of compacted clay liners. The temperat@itthe waste body appears to be related to the
water content of the waste and the level of lea&chaiunding (Rowe, 1998a). This highlights once
again the importance of the design, constructi@haperation of the leachate collection system.

The risk of CCL desiccation after waste emplacendgpends on: properties of the clay,
properties of the underlying subgrade, overburdessure, temperature gradient across the liner,
and the depth of groundwater (Holzlohner, 198951 2%ll, 1996).

The basic influencing properties of clay are thiéiahsaturation degree, the tensile and shear
strengths in both drained and undrained condititmes,matrix suction and the parameter of stress
distribution between pore water and air pores. @Qwelen pressure can help to reduce cracking
problems in conjunction with a sufficiently low shiestrength of the clay (ETC 8, 1993). The
distance of the water table, the unsaturated Hthesubsoil below the liner and the capillary rise
can play a fundamental role on potential CCL degioa together with the thermal gradient.

Heibrock (1997) performed thermodynamic analyseghvpredict no cracking in 50 years with
a temperature at the top of the CCL of 25°C budliete cracking to a depth of 1 m in 20 years with
a temperature at the top of the liner of 40°C véththe other parameters being constant. These
calculations are strongly dependent on the clayhefbarrier, subsoil parameters, and boundary
conditions, therefore it is not possible to gerieeathe aforementioned example. Nevertheless these
results do underline the need to carefully constterpotential for temperature induced cracking
after waste emplacement and the desirability oitilng the temperature at the top of the liner te th
extent allowed by the design and operation of aimelfill.

Finally, it is important to outline that the potehtwater movement due to temperature gradient
could be controlled by installing a geomembranewehe CCL as well as above it (Rowe, 1998a).
It is also important to take into account that aimlge layer below the CCL, not protected by a
geomembrane, can increase the potential for desiochoth by preventing any movement of
underlying groundwater upward into the CCL anddays$porting the vapor from the subsoil to the
drainage layer and then out of the drainage layertd the changes in atmospheric temperature and
pressure. Therefore it would seem prudent to ddsigdfill lining systems such that the potential
for moisture loss from the secondary drainage lalyer to atmospheric pumping is minimized and
to have a thick rather thin compacted clay primargr (Rowe, 1998a). Moreover the introduction
of water inside the secondary leachate collectigstesn could be positive for both reducing
desiccation problems and minimizing advective tpansvia decreasing hydraulic gradient through
the primary liner.
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3.1.1.4 Sorption
Provided that clay-leachate compatibility probleare not induced, the sorption capacity can be
considered one of the most effective propertiesired grained soils for the control of pollutant
migration through mineral barriers. Although thésea wide range of possible chemico-physical
interactions between contaminants, mineral poroeslianand pore liquids, the main sorption
mechanisms which are considered for pollutant nigmamodeling through containment mineral
barriers are:

ionic exchange on clay particle surface in the @dseorganic compounds (e.g. cations such as:

K* Na', PH, Cd', F&¢*, CU*, C&*, Mg™.

sorption of organic compounds by the organic canotihe solid skeleton on the basis of laws

as:

Kg =Ko Xoc (1)

where K is the distribution coefficient; & is the carbon-octanol partition coefficient aggli$

the organic carbon content of the solid skeleton.

In general, the sorption phenomena in the advedispersion-reaction equation (ADRE)
solutions are modelled with linear equilibrium tsetms. However, highly non-linear isotherms as
well as non-equilibrium sorption can be observetatch test sorption kinetics when some clayey
soils and chemical compounds are combined. Whemtisor kinetics are significant for
contaminant transport, the following non-equililnidirst-order model can be used (Rabideau et al.,
1996):

=a(s, - 9) 2)

where S is the solute mass fraction in the sorlted@a is the sorption rate coefficienty $ the
sorption capacity at ¥ if concentration, c, is kept constant with timedaran be either defined
according to the linear isotherfi{q€) or according to the Freundlich isothefx)” or Langmuir
isotherms(Sn & / (1+bx)); with ke [LM] andb [-] the Freundlich’s constants, andL¥/M] and

Sn [-] the Langmuir's constants. In particular, 8 the maximum sorption at high equilibrium
concentrations, kand b are the affinity parameters between solid swlution; whileb is an
empirical parameter that varies with the degrebeatérogeneity of charges onto the solid surface.
The concentration c in this case is defined as mfsslute per unit volume of solution.

When these kinds of sorption models are used, BEAIn the most general form can be solved
only via numerical techniques. The sorption capaaitmaterials for mineral sealing layers can be
assessed performing batch tests or from interpoetatf simple diffusion tests and column tests
(Shackelford, 1994b).

As already mentioned, most of the available ADR&set-form solutions used for diffusion and
column test interpretation consider only lineartheoms. Therefore, the interpretation results
should be referred to an average concentratiohdrpore liquid of the mineral sample. In the case
of diffusion tests performed with a single reserwith decreasing concentration, Manassero et al.
(1998) suggest to refer to the average solutiomeamation in the pore liquid in the soil sample at
the end of the test. In the case of advectivasslivie column tests, the reference concentration can
be taken equal to one half of the source conceorag, as a first approximation, ifds constant
during the test.

Laboratory batch contact tests carried out by Mser@set al. (1998) using a potassium-bromide
(KBr) solution and a natural clayey-silt led to fiedowing considerations which should be related
only to the materials and methods used for thisanesh:

as far as sorption kinetics is concerned, the st@hdontact time of 24 hours is enough to

approach satisfactory equilibrium conditions foy anil to solution ratio;
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even though some variations can be noticed on tkasured solute concentrations from

centrifuged or squeezed samples, the observedeatitfes can be considered negligible in terms

of modeling contaminant transport through minegeatier materials;

the soil to solution ratio (s/w) is the most im@mtt parameter influencing the sorption capacity

results; therefore, the s/w ratio must be alwalgsrianto account when determining the sorption

parameters to be used in the contaminant transpmiteling;

the shape of sorption isotherms can be signifigaimfluenced by a slow and progressive

increase of the solute concentration in contach whe clayey soil; in any case, the different

shape of the sorption isotherms plays an appreciaid within the contaminant transport model
used for the interpretation of a decreasing sosirggle reservoir diffusion (DSSRD) test, at least
referring to the considered range of solute coma&ons.

Freundlich’s and Langmuir’'s isotherm parametersainied by batch-contact tests at s/w ratios

ranging from 1/4 to 1/1 and extrapolated to 3/®/1 seem to give consistent and reliable input

data for modeling contaminant transport through gacted clay and silty materials (Figure 5).

It is possible to generalize the observations eélab the aforementioned specific sorption tests
to a more general context stressing the strongenfte on the bulk sorption capacity of parameters
such as pH and the soil-to-solution mass ratio)($8hackelford & Redmond, 1995; Rowe et al.,
1995a; Manassero et al., 1996). In particular sthikto-solution mass ratio (s/w) must be takeo int
account when results from standard batch tests@rpared with those from column or diffusion
tests or used to model mineral barriers where tveratio ranges around 3-4 instead of 0.25 as
required for standardized batch tests.

1 1.2E-4 0.06 3.0E-03
Freundlich's Isotherm - E
S = (ke c)® R | Langmuir's Isotherm
S = S,,bc/(1+bc)
0.75 | 1 9.0E-5 r ]
. 0.04 2.0E-03
=) L |
O E v
~ 05 | {1 6.0E5 = 2
o o I R <
0.02 1.0E-03
0.25 | 1 3.0E-5 I A
o L— . N .. 1 00E+0 0 b——— 1 0.0E+00
0 1 2 3 0 1 2 3
soil to solution ratio, s/w (-) (@) soil to solution ratio, s/w (-) (b)

Figure 5. Influence of soil to solution ratio on he@rameters of (a) Freundlich’s and (b) Langmusogption
isotherm (Manassero et al., 1998)

3.1.1.5 Dispersion — Diffusion

It is well known that the effective diffusion coeefents (D) become significant for pollutant
transport through containment barriers if, and aflyadvection transport is low. The common
range of variation of porosity and diffusion coeiint of some chemical species (e.g. chloride,
ethanol, etc.) for typical materials for mineralieers is indicated in Figure 6.a. The same rarfge o
variation for D and n is reported in Figure 6.b where the totat@minant flux through a 1 m thick
mineral barrier is given as a function of Darcyoaity that, in turn, is proportional to the HC
provided that the gradient is constant. Diffusidarts to play the predominant role in the total
contaminant flux only when HC value (k) is loweath10° m/s for the common range of hydraulic
gradients, as evidenced in Figure 6b.
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Figure 6. (a) Range of diffusion coefficients forlscand mineral barriers; (b) relative importance of
diffusion and advection through mineral barriersiff Manheim, 1970; Rowe, 1988; Jessberger, 1995)

The contribution to the contaminant flux due to tgdrodynamic dispersion (P which is
proportional to the effective seepage velocitydah be appreciated in Figure 7. The example refers
to a landfill bottom barrier underlain by a flusgimquifer where it is assumed a uniform exit
concentration. The system can be analysed in adpproximation referring to one dimensional
steady state conditions with downward pollutantratign through the landfill liner ending with a
perfect mixing with the underlying flushing grounater. It is possible to observe that using current
input parameters for the analyzed mineral barneegerial, the contribution of dispersion to the
total contaminant flux and concentration isvals negligible whenever the seepage velosity i
taken into account. In fact at low seepage velpgure diffusion prevails, whereas at higher
seepage velocity it is the advection, which mainfjuences both contaminant concentration and
flux.

The scenario of laboratory tests for the deternonatf diffusion-dispersion parameters is rather
wide and is described by Shackelford (1991), SHémke& Daniel (1991a, b), Jessberger (1994)
and Rowe et al. (1995a). The decreasing-sourcéesiegervoir-diffusion test and the column test
considering all its possible variations (constaydraulic gradient, constant flow rate, etc.) are th
most common. The use of these tests can provideaithmhs in terms of both diffusion-dispersion
and sorption parameters. In the case of the comgldparameters the scale effect is not so
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important such as in the case of HC determinat@m.the other hand, the boundary conditions
imposed in the different types of laboratory testsst be carefully considered in order to obtain a
reliable interpretation of each test in terms othbooncentration and contaminant flux. In fact,

some column test results singling out, for examgilgnificant sorption properties with non reactive

pollutants, should be re-interpreted in order teathif the used algorithms have been appropriate.
Referring in particular to the column tests on Ga&llaracterized by very low Peclet number (P =
vL/D’, L = sample thickness), it is mandatory to camy their interpretation using models able to

take into account the appropriate boundary contio

INPUT DATA

mineral layer reference permeability : K, =10"" mis aquifer Darcy velocity : V =4.7610° mis (plus the contribution from the landfill)
mineral layer hydraulic gradient i1 =13 - aquifer thickness : h =30 m

mineral layer porosity : n =05 o aquifer porosity :on =03 -

mineral layer thickness L= m landfill length I =100 m

mineral layer pure diffusion : D* =4.010™ ms forv<4.010° mis boundary conditions ¢ =constant @ the top and mixing aquifer @ the bottom
mineral layer diffusion-dispersion : D =0.01 vin¥s forv>4.0-10° m/s

O T T T T T 1 T T T T T T T 1

—| Cp contaminant concentration

|I—1{ J: contaminant flux at the
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S
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Figure 7. Contribution of advection/diffusion/digpi®n to contaminant migration in terms of conceidra
and flux (Manassero, 1997)

3.1.2 Geosynthetic Clay Liners (GCLSs)

An alternative type of mineral liner for landfil®nsists of geosynthetic clay liners, GCLs (Figure
8); they are a combination of geosynthetics with lbentonite, typically 5 to 10 mm thick with
approximately 5 kg/fnof bentonite. The main advantages of this kindsedling layer are the
limited thickness, the good compliance with diffefal settlements of underlying soil or waste,
easy installation and low cost. On the other hamel limited thickness of this barrier can produce
vulnerability to mechanical accidents, limited g@p capacity and an expected significant increase
of diffusive transport if an underlying attenuationineral layer is not provided. Moreover, when
hydrated with some types of leachates instead ¢énwvhentonite will show a minor swelling that
will reduce the efficiency of the hydraulic bartier

The use of GCL can be a good alternative to CCLcfmrer systems and in some cases for
bottom liners but the use of GCL alone should refadly evaluated in the case of waste producing
gas unless the GCL is wetted soon after instatiadind it is not subjected to drying cycles.
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Figure 8. Cross section of geosynthetic clay liiP@niel & Koerner, 1995)

A qualitative comparison of GCLs and CCLs, providgddifferent authors referring to different
criteria is presented in Table 1. The performante &CL, for most criteria, should be either
equivalent to or exceed that of a CCL. Howevetemms of liner applications, the considerations of
solute flux and breakthrough time, compatibilityydaattenuation capacity favour CCLs. Some
exceptions can be made for GCLs that use geomemisigwports instead of geotextiles and when
an attenuation layer (AL) is provided. Given theramentioned observations about GCL in
comparison with a CCL it is recommended that thd_@ttalled below wastes must be used in
conjunction with an attenuation soil layer withhéckness in the range of that of a CCL.

Table 1. Potential equivalency between geosyntlotaig liners (GCLs) and compacted clay liners (CCLSs)
(Daniel, 1995; Shackelford & Nelson, 1996)

Criterion Equivalency of GCL to CCL
Category for GCL GCL GCL Site or
Evaluation Probably | Probably | Probably] Product
Superior | Equivalent| Inferior | Dependenf
Ease of Placement X
Material Availability
Puncture Resistance X
Construction| Quality Assurance X
Issues |Speed of Construction
Subgrade Condition X X
Water Requirements X
Weather Constraints X
Contaminant| Attenuation Capacity
Transport |Gas Permeability x® X
Issues | Solute Flux and X
Breakthrough Time X X
Compatibility X® X
. |Consolidation Water X
H}gﬁggc Steady Flux of Water X
Water Breakthrough Tinj X
Bearing Capacity X
Erosion X
Physical/ |Freeze-Thaw X
Mechanical | Settlement-Total X
Issues Settlement-Differential X
Slope Stability X
Wet-Dry X

W Based only on total exchange capacity, TEC® Only for GCLs with a geomembrane
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In order to quantify the comparison between GCLd @CLs, it is necessary to evaluate the
following main features and parameters of GCLs Wigovern the pollutant transport: HC of GCL
permeated with non standard liquids; effect of faa GCL hydraulic conductivity; diffusion and
sorption parameters.

Rowe (1998a), Shackelford et al. (2000) and Lakeave (2000) have developed these topics
and a short summary of these research works and spetific aspects will be given.

The GCL features which influence their HC with lidg other than water, are: aggregate size,

content of montmorillonite, thickness of adsorbegelr, prehydration and void ratio of the

mineral component. The main factors related to peemeant that influence the HC are:
concentration of monovalent and divalent catiorige fest duration must assure the achievement
of the chemical equilibrium.

Shan & Daniel (1991), Mazzieri (1998) and Didier adt (2000a) carried out experimental

research on GCLs in order to evaluate the effetctsoties and tears. The results of these tests

suggest that GCL had the capacity of effectivelf/lseal holes or tears up to 30 mm in diameter.

Care must be paid to the combination of punctumgl presence of strong cations in the

permeating liquids. Mazzieri & Pasqualini (1997080 reported the case history of antificial

basin for collecting rain water that was constrdctdth a GCL lying below a 30 cm thick
calcareous gravel blanket. One year after instatlatbundant leakage occurred putting the basin
out of service. In order to investigate the failul@boratory tests were carried out with the
specific purpose of quantifying the influence ohpturing (possibly due to root penetration of
vegetation growing when the basin was empty) aedrtteraction between the sodium-bentonite

GCL and the overlaying layer of calcareous graVhe results showed that the coupled effect of

root penetration and cation exchange were the rauses of the failure of the GCL, and

moreover a single phenomenon such as puncturingtaom exchange could not alone lead to the
complete failure of the basin.

The experimental research works to assess diffumionsorption characteristics of GCLs are just

at the beginning. The main findings can be sumredrias follows: (1) void ratio and related

confining stress have a strong influence on diffastoefficient (Figure 9); (2) the concentration
level of the solute gives significant variationthe diffusion coefficients due to the modification
of the micro-structure of the sensitive mineral poment (in particular sodium bentonite). Both
types of simple diffusion tests and GCL manufactdick not significantly affect the diffusion
coefficient. A list of diffusion and sorption coglients is given in Tables 2 and 3 referring to
different types of GCL and organic and inorganitepdial pollutants.

Critical aspects about service life of GCL can léated to the limits of the geosynthetic
component, to lateral movements of the overlagptg term compatibility problems and to the
localized loss of bentonite during placement or dwepiping phenomena. Well supported and
validating experiences about these problems dlestiavailable today.

The comparison of GCL versus CCL in terms of acpmtfformance is today one of the hot
topics for the engineers involved in landfill desigconstruction and management. When
comparison between different products must be ediout, it is important to keep in mind that it is
not possible to generalize about "equivalency'iran systems since "equivalent” depends on what
is being compared and how it is being compared @d888). Apart from their own features, the
performances of liner systems are related to th#aooinant amount, concentration and decay
parameters, the aquifer characteristics and itamtie from the bottom of the landfill, and the
efficiency of capping and drainage systems. A targgrocedure to compare the performance of a
CCL and a GCL is given in Manassero et al. (200Gfferring to steady state conditions of
contaminant flux (the most critical, at least, @mmhs of amount of contaminant flux), taking into
account advection and diffusion phenomena. Thdteesfithe comparison between these two types
of liners allow the following comments:
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Figure 9. Typical values of total porosity)(and porous media diffusion coefficient of sodiund &hloride
vs bulk GCL void ratio (Rowe, 1998a)

Table 2. Chloride diffusion characteristics of soBfeLs (Rowe, 1998a)

GCL Applied Stress  Hydrated Effective Porosity
s, (kPa) Thickness | Diffusion Coefficientl n (-)
toct (Mm) D" (m?/s)
BF3 20 11.1 3.0*10%° 0.80
65 9.1 2.0*10%° 0.77
100 7.1 1.5%10%° 0.71
350 5.6 0.4*10%° 0.51
BF2 25 9.1 2.5*10%° 0.77
140 7.1 1.6*10%° 0.68
280 5.6 0.7*10%° 0.64
BF4 29 11.1 2.9%10%° 0.83
100 7.1 1.3*10%° 0.74

Table 3. Diffusion and linear sorption coefficienfsatural and treated clay used in GCLs (Lo, 1992)

Liner Effective Diffusion Coefficient Kq value
Material D’ (mL/g)
(m?/s)
Chloride| Lead | 1.2 DCEH Lead 1,2 1,2,4 1,2,4,5
(pH-7) DCB TCB TECB
CL 2.4*10" | 5.9*10"° | 9.8*10™ | 6000 1.4 2.2 10
Organo-Clay | 4.9*10%° | 9.0*10%° | 1.5*10%° | 140 609 1320 4500
HA-A1OH- | 3.6*10%° | 7.6*10%° | 1.2*10%° | 417 20 38 254
Clay
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a good CCL plus AL is able to give better perforegam the long-term in comparison with GCL

plus AL of the same total thickness;

the higher contaminant concentration and flux shdyrthe GCL is mainly due to the higher

permittivity (k/L) and therefore to the advectivearisport, whereas the two diffusive

contributions are comparable.

the advective transport is largely the prevailingntcibution to the contaminant migration

referring to the barriers considered in the examgblerefore, in this case, a further reduction of

diffusion coefficient of both CCL and GCL is usedes
The permittivity is still the critical issue for &8 looking in particular at compatibility problems
with leachates (Figure 10). The diffusive transpemteduced by the contribution of the AL and by
the good performance of GCL in itself from thismtadf view (Tables 2 and 3).
In 8 2.3 it will be shown that the reduction of adtive pollutant transport by a geomembrane
placed on the top of these mineral barriers camifsigntly change the conclusions of the
comparison shown in the previous example.

Considering both steady state and transient camgditiManassero et al. (2000) show that in the
presence of heavy metals, the GCL barriers camperbetter than CCLs, at least in the short term
due to the high sorption capacity of bentonite spelcial clays used for these products. It is worth
stressing that the simplified equivalency critexé give reliable indications only on a case bycas
basis and referring to specific conditions relatedoth time and space domains. For more details
about GCL parameters and comparison between CCiG&ndsee Rowe (1998a).

Referring to the steady state landfill model illas¢d in Manassero et al. (2000) it can be
observed that there is a minimum in the functionagtifer relative concentration versus the
thickness of soil layers separating the bottomidafrom the groundwater surface (Olinic, 2000).
This is due to the combination of a positive cdnttion in terms of diffusive transport when the AL
is thickened and a corresponding decreasing efitgien terms of advective transport at a given
hydraulic gradient since the kalue of AL is in general higher than thedf the landfill liner.

Figure 11 shows the ratio between the thicknesdtehuation layer () and barrier system gL
that minimizes the groundwater concentration inaheifer versus the Peclet number of the barrier
evaluated assuming unit hydraulic gradien$R,/n,»Dy). Current ranges of variation of the main
parameters have been considered referring in péati¢co equivalent hydraulic conductivity and
diffusion coefficients ratios between the barried éhe attenuation layergks nnDp/n.Ds).
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Figure 10. Hydraulic conductivity of a GCL vs stationfining stress for permeation of synthetic MSW
leachate (modified from Petrov & Rowe, 1997)
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Figure 11 has been plotted assuming a hydraulichkta headdp) referred to the barrier
thickness equal to 0.3. Nevertheless, the plosigiire 11 can be used with ottdr/Ly, ratios, by
simply evaluating the permittivity and diffusiviparameters of an equivalent barrier, which include
part of the attenuation layer or, vice versa, ofAdnwhich includes part of the barrier, in order to
get a total barrier thickness which, for the acualie ofdh, is consistent with the ratah/L, = 0.3.

Even though it is unlikely that, in the case oh&ch and unsaturated attenuation layer, a steady
state flow will take place, within the times ofén¢st, for the considered landfill, the plots afu¥e
11 can be useful in order to calibrate and optintiee position of the landfill bottom (Figure 12)
avoiding excessive thickness of the AL without igettadvantages in terms of minimization of
pollutant impact on the groundwater.

Finally, it is still interesting to observe thating the current parameters for modern composite
liners (i.e. B @1), the optimized AL thickness ranges from 3 tom0OThat is the thickness of
attenuation layers or the minimum distance betwten landfill bottom and the groundwater
surface indicated by the regulations of some ceemtsuch as Germany, Italy or states such as
Ontario (Canada).

Feclet number (<) Peclet number (<)
0.0 0.1 1 0.01 0.1 1
0.1
Ly, = 0,01
Shily =03 | o

-

Optimized AL versus barrier thickness
ratio, L,/ Ly

100

Peclet number (-) Peclet number (=)

0.0 0.1 1 0.1 0.1 1
0.1

Iy Q= 10
GhLy = 0,3

ratio, L, / Ly,

Optimized AL versus barrier thickness

Ratios of transport parameters
of equivalent barrier and AL - k= ky'k, = 1'107 n,DynD, = 0,3
—— k= I'10" nDynD,=1 ce@er Kk~ 1107 nDyn,D,=0,2
8— k=107 nDynD,=06 —#-  k/fk=110" n,DynD,=0,

Figure 11. Optimized thickness of AL referring teagly state conditions (Manassero et al., 2000)
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Figure 12. Increase of landfill capacity vs decrazis#tenuation layers thickness (Manassero e2@00)

The simplified analytical models illustrated abouseyond their use by designers for a
preliminary evaluation of the barriers performanaesild also be seen as a practical tool for public
authorities in order to compare and check, in alq@nd generally conservative manner, the
performance of alternative liners. This can be doefere the approval of some proposals, which do
not foresee the current barriers indicated by pigtsee regulation.

An experimental investigation was carried out byzklari et al. (2000) in order to evaluate the
compatibility between a commercial GCL and ethylohlbl (ethanol). The hydration of the GCL
prior to exposure was found to play a major rolé&iGL compatibility with ethanol. Tests results
indicated that if the hydrated GCL is permeatedraiiydration by pure ethanol, the GCL hydraulic
conductivity may be increased significantly but rdramatically. Conversely, in the case of
unhydrated GCL, the hydraulic performance is sttprdependent on ethanol concentrations.
Concentrated ethanol solutions (>50 %) preventifsigmt swelling of bentonite and impact
dramatically the hydraulic conductivity, whereasuttid concentrations (<25 %) have a minor
influence on permeability. The effect of initialrtact with concentrated solutions was found to be
reversible when the GCL was again permeated wittenvdt is suggested that controlled re-
hydration with pure water may be effective as aeptial rehabilitation procedure for GCLs
contaminated by miscible organic pollutants. Agsulit, if the actual concentration of the pollutant
to be contained is not known, which is often theeggrehydration is strongly recommended.

As final remark, the experimental work allowed wirg out that the hydraulic performance of
the GCL in the presence of organic pollutants gfipriepends on the hydration and permeation
sequences, pollutant concentrations and exposoresti Therefore, a reliable prediction of the
actual performance of the GCL requires a close Isitimn of the exposure sequences to be
expected in the field.

3.1.3 Composite Barriers

Composite liners consist of a polymeric geomembi@seally high density polyethylene, HDPE)
overlying, in close contact, a mineral barrier @sua CCL or, in some cases, a GCL). The
advantages of composite liners in terms of advedtignsport, are apparent especially for a poor
quality mineral barrier (k >I® m/s) as observed by Daniel (1991). Other veryrasting and
useful information about the full scale field perfmnce of composite liners obtained by
monitoring systems are summarized by Rowe (199Ba)lés 4 and 5). Referring to these tables, it
is necessary to observe that in the case of a CQit of the leakage collected by the secondary
leachate collection and removal system (SLCRS}tithated, by the authors of the papers quoted
in the references, to the consolidation water. ldemavould not be due to leakage through the
geomembrane.
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Table 4. Average flow rates in PLCRS and SLCRS fodfifls with composite liners involving GM and
CCL (in Iphd). (Othman et al., 1996) [simple averad data after about 3 years]

Primary Liner SLCRS PLCRS SLCRS

GM Clay Flow Rates Flow Rates

type | thickness type | thicknessmaterial|thickness average peak | average peak | period
(mm) (mm) (mm) | (Iphd) | (Iphd) | (Iphd) | (Iphd)

CSPE 0.9 CCL 600 Sand 450 1120 2076 113 260  41-93
HDPE 2.0 CCL 450 Sand 300 4400 5790 59 152 35-54
HDPE 15 CCL 900 GN 5 1142| 3984 167 27% 42466
HDPE 2.0 CCL 450 GN 5 53 170 1.5 10 34-58
HDPE 15 CCL 900 GN 5 1144 1371 60 102 30437

PLCRS: Primary leachate collection and removal syst8tfCRS: Secondary leachate collection and
removal system

Table 5. Mean and standard deviations of flow iI€RIS and SLCRS for 6 landfill cells with a GCL as part
of a composite primary liner (in Iphd) (Bonapartekt 1996)

Average Flows Peak Flows
PLCRS SLCRS PLCRS SLCRS

Cells mean sd mean sd mean sd me@an sd
L”;tr'iz'd 25/26 | 5.350 3.968 36.6 68.5 14.964 11.342  141.8 .259
Active | 1g/19 276 165 0.7 1.1 752 590 7.7 13.7
operatlon
Post- 4 124 : 0.2 ; 266 ; 2.3 ;
closure

Many excellent attempts have been carried outenpist in order to assess the rate of leakage
through composite liners by calculations based fen fundamental parameters that govern the
problem, (see, for example, Giroud & Bonaparte 989®; Giroud et al., 1992, 1998). In particular,
Rowe (1998a) set up a calculation procedure whHickwa taking into account the presence of holes
in correspondence to a wrinkle of the geomembr&igufe 13). It also assumed that the length
(Lw) of the wrinkle is far greater than the width (Zo) that the effect of leakage at the ends of the
wrinkle can be neglected.

Using proper equations and a series of input paemevaluated by the best estimate based on
the present state of knowledge, the results ingeavfmeakage through composite liners adopting
CCLs and GCLs are reported in Table 6 (Rowe 1998a¥ possible to observe a rather good
agreement of these leakage amounts with the vagyested in Tables 4 and 5. Failing to take into
account the presence of wrinkles, it is not possitd obtain reliable results by theoretical
calculation with reasonable parameters whichevecguure or equation is used. In particular, if
poor contact is assumed (Giroud et al., 1992) teelipted leakage amount is far less than the
observational data. This comparison outlines thpoirtance of considering a certain amount of
wrinkles over other defects for a correct simulatad full scale performances of composite lining
systems.
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Figure 13. Schematic showing a hole of radius & wrinkle of a geomembrane and the underlyirafatr
together with the head distribution between the geolonane and clay liner (Rowe, 1998a)

Referring to the average leakage rate measurduifidld or evaluated by equations reported in
Rowe (1998a), Manassero et al. (2000) compare ¢n@mmance of composite liners using CCL
and GCL via the procedure mentioned in § 2.2. Tiffasion coefficient of a HDPE geomembrane
(GM) has been evaluated from Table 7. The reshttsvghat the CCL and GCL composite barriers
are practically equivalent, with the contaminangration being largely governed by diffusion.
Therefore, the importance of the geomembrane ideeviin reducing the advective migration of
contaminants when typical thickness and relatedofi@ineral barriers are taken into account. In
this case the geomembrane hides the higher perityittif the GCL in comparison with the CCL
and this is the main reason why the overall peréorce of the two types of composite liners are
almost fully equivalent under the given assumptio® the other hand the pure diffusion
coefficient of the geomembrane is in general somteroof magnitude lower than that of the
mineral layers. However, since the geomembragengrally very thin, its contribution in reducing
the diffusive flux is limited, in particular for s@e organic compounds.
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Table 6. Calculated leakage from a small hojeQi001m) in a wrinkle: L=3m, 2b=0.2m,30, g=1*10"
m/s (Rowe, 1998a)

Liner hy Q Leakage*

H (m (ms) (Iphd)

Ky

q
CCL 0.03 | 3.0*10° 0.6
0.6 m 0.3 2.4*10° 5.2
1*10° m/s 3 2.4*10" 51
1*107 m/s 30 2.4*10° 510
CCL 0.03 1.6*10° 0.3
0.6 m 0.3 1.0*10°8 2.2
1*10° m¥/s 3 9.7*10° 21
1.6*10° 30 9.6*10" 210
m?/s
GCL 0.03 7.8%10° 1.7
0.01m+ 0.3 1.3*10°® 2.9
0.59m AL 3 6.9*10° 15
2*10° m/s 30 6.2*10" 130
1*10° mé/s

* Assumes 2.5 holes in wrinkles/ha

Table 7. Values of Pand & used in modeling of contaminant migration acrossH&PE GM (Rowe,
1998a)

Dy Syt Reference
Leachate A 0

Pure 4.4*10"° 0.09 (@)
Toluene

Toluene* | 0.47*10%° 96 (a)

DCM 2.2%1 ("% 1 (b)

(aqueous) | 1*10™*? 2.3 (c)

Chloride | 3.2*10"* 1 (c)

2%1 0ok 1 (c)

4*10™" 0.008 (c)

1*10™*3 0.008 (c)

LEGEND: §~=Henry's coefficient; =geomembrane diffusion coefficient

* Aqueous Solution: Average values 5-90% of soltyit* D 4 calculated assuming,S- 1
(@) Park & Nibras, 1993; (b) Rowe et al., 1995a; (cy¥@p1998a

On the basis of the above observations it beconmedaimental to know the service life of the
geomembranes in order to optimize the landfilldidesign. The design life of the geomembrane is
influenced primarily by the synergistic effectsasfemical and physical stresses over an expected
period of time (Rowe, 1998a). Primary considersiare the effect of temperature and the effect
of tensile stresses over and above the calculasiym value (e.g. stresses induced by wrinkles).
On the basis of both experimental data, field nwimng results and direct observations from
literature, Rowe (1998a) reached the conclusiohttieaservice life of a geomembrane is related to
the type and amount of antioxidant used in the geobrane, the presence of stress concentration
(e.g. at wrinkles, due to indentation by stones,) &tnd stress crack resistance. Based on existing
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data the service life of a properly formulated HDg#®membrane is projected to be in the order of
150 years at a temperature of arounfl @5g. the primary liner of a municipal waste latdand

350 years at a temperature of°@2(e.g. the secondary liners). These service Inage been
predicted assuming, in general, good working cammit in a well managed landfill and in
particular: (a) good design and construction pcact(b) the specified minimum oxidative time and
minimum stress crack resistance indicated by Kaeghal. (1993); and (c) negligible tensile stress
concentration in the geomembrane. It is noted d@naincrease in the temperature of the liner may
substantially reduce the service life of the geoimeme to around 10 to 20 years.

Given the above indications, it can be fully acebpg to design a landfill liner with a certain
confidence on the performance of geomembranesimtdium and in the long term (i.e. 50 to 350
years). Moreover this conclusion can also be stremged by the fact that in many cases, after
landfill closure (assuming that a low permeabitigpping system has been used) and at the end of
the service life of the leachate collection systéhe seepage velocity through the basal lining
system, and therefore, the advective transporhefpollutants toward the underlying aquifer, is
mainly governed by the capping system and by threianprecipitation and climate conditions of
the considered region (i.e. hydrological balancehef landfill) whereas the bottom barrier layers
play a certain role only in terms of diffusive tsmort. This means that the main function of the
geomembrane, i.e. the reduction of seepage vel@oity therefore limitation of the advective
transport can be completely exploited during thivadife of the landfill and during the active
management of the post closure period. That meaiie a maximum of around 50 years; this time
is fully compatible with the service life of a welésigned and installed geomembrane of the bottom
barrier. After this period the amount of leacha#@ching the aquifer below a well performing
landfill is mainly governed by other factors but by the basal lining system.

Using the long term simplified model and the ecurai reported previously, it is possible to
investigate the effect of the number of wrinklestiwholes) per unit area of the geomembrane on
the performance of composite liners including a G€la GCL.

Figures 14 and 15 show the concentration in thergtevater versus the number of wrinkles
(with holes) referred to the concentration in tleses of pure diffusive flux (i.e. geomembrane
without defects). The two analyzed barrier systeofsthe same total thickness, consist of an
attenuation layer and a composite barrier includ@@)- or GCL. The other input parameters of the
examples are reported in the same figures.

Looking at the plots of Figures 14 and 15, it isgible to observe that the contribution of
advection on the liner efficiency due to a singlenkle (with holes) per hectare is negligible if
organic pollutants (i.e.high diffusion coefficiesftthe geomembrane) are considered. Of course, the
reduction could also be 100%, in the case of imugy@ollutant that cannot diffuse through the
geomembrane. For up to 10 holes per hectare, fieaty decrease is modest, thereafter it
becomes significant up to reach the maximum gradielog scale within the range between 10 to
100 wrinkles (with holes) per hectare.

The comparison between Figures 14 and 15 also shatvhe behaviour of composite liners
with CCL or GCL is fully equivalent under the asqtian of the given examples. It is still
worthwhile to point out the possibility of descnlgi by this simplified procedure, the trend with
time of geomembrane degradation effects once setatianships between wrinkles with holes or
cracking and elapsing time will be available throdigld observations or other experimental data.

In conclusion it is important to stress again tie@t geomembrane has important positive effects
on the drainage of the leachate in order to keeplehchate head on the sealing layer as low as
possible and maintain in this way low temperatumnethe waste body (Rowe, 1998a). As far as the
global efficiency of the drainage system is conedrnit is of paramount importance to point out
that the potential of microbial clogging can bedtiGally reduced if the seepage velocity of the
leachate is increased, this can be achieved fompbeaby the use of a smooth geomembrane
surface (Rowe et al., 1995b).
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Another advantage given by the geomembrane is d@tegdation of the direct contact of the
leachate and the mineral liner until the end of geomembrane active life. Generally the
geomembrane active life ends up after the minerar lis confined by the whole overburden
pressure of the entire waste body. Experimentaiesupoint out the positive effect of confinement
stresses in terms of compatibility particularhagplied to a water saturated soil before contattt wi
chemicals that can modify the soil microstructiBbdckelford, 1994a; Rowe et al., 1995a).
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Due to the need to reduce the superficial areanphct of new landfills, the inclination of side
slopes is generally increased to improve the tagiwveen the volumetric capacity and the foot print
of the landfill. Different types of sidewall liningystems that are able to achieve the same safety
level as the bottom composite liners and to allegvdonstruction on slope angles up to arourfd 50

Three different alternatives for steep slope sider$ are shown in Figure 16. In the first case
(Figure 16a) the mineral layer has been construaféid natural clay in horizontal lifts achieving
the final slope profile by means of a finishing axation. The natural clay can be mixed on site
before compaction with 2% to 10% by weight of cetminorder to achieve the strength that
assures the stability of the slope (Manassero &ami, 1993). For further details on compacted
soil-cement mixtures see Chapter 3.b.

The second type of liner for steep sides (Figut®) ténsists of composite geotextile-geomembrane
bags filled with plastic concrete or cement-bei&KCB) slurries. The main advantages of this
technique are the reduction of discontinuities leetwdifferent phases of casting operations and the
improved contact between the geomembrane of theogeposite and the mineral filler. On the
other hand, this kind of liner is generally expeasi

{a) Compacted cement-clay mixture

Compaction
footed rober

............................

{¢) Geomembrane and geocomposite clay liner

(after Hohis, 1995)

Figure 16. Alternative liners for steep side slofdanassero & Pasqualini, 1993; Hohla, 1995)
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The third type of steep slope liners (Figure l6mnprises geosynthetic clay liners. The main
advantages of this kind of sealing layer are trsy @mplacement and low cost. On the other hand,
the limited thickness of this barrier can produednerability to mechanical accidents and an
expected significant increase of diffusive transpoabsence of an AL.

The need for a more careful design for the linipgtams on the slopes has been stressed by the
recent failures generated by slip surfaces alamgr linterfaces (Mitchell et al., 1990; Seed et al.,
1990; Mitchell et al., 1995; Stark et al., 1998)arMus ranges of interface strengths between
geosynthetics and mineral liners or geosynthetakeaed from available literature are given in
Table 8. It is important to stress the fact thablislned values of interface friction cannot be used
for design of a specific project, without at leasreful review of test materials, conditions and
methods. It is of paramount importance to deterrtieeinterface strength on site specific basis for
design purposes, considering the environmentalitond (temperature, leachate, etc.) which can
appreciably modify the shear strength. In particuldth reference to the geotextile-geomembrane
interface, no significant differences were obserbgdStella (1998) between the shear resistance
measured at room temperature (20-25°C) and at thenmum temperature (45°C) of testing (Figure
17); this suggests that the results of direct stestrusually performed at room temperature can be
assumed as representative of the GM-GT interfabawuweur in bottom liners of municipal solid
waste landfills where high temperatures are exped@m the contrary, the shear resistance at low
temperature (less than 5°C) can be significanttfedint from that measured at room temperature
(Figure 17); in some cases, an increase of shemtaace was observed, in other cases a decrease,
depending on the materials in contact. The behavajuthe geotextile-geomembrane at low
temperature needs further research, as it camiporiant for the prediction of stability of covers
where low temperatures can occur.

Referring to the shear resistance at the interfaeeveen compacted clay and smooth
geomembrane, a constant trend of decrease in #a skrength with increasing temperature was
observed (Figure 18), making this aspect critioalstability of composite barriers.

Table 8. Strength parameters of different interfaicdand(fill liner systems (Manassero et al., 1996)

GEOSYNTHETIC - SOIL INTERFAC

Geomembrane (HDPE) - Sand f =15°t0 28°
Geomembrane (HDPE) - Clay f =5°t029°
Geotextile — Sand f =22°to 44°
Geosynthetic clay liner - Sand f =20°to 25°
Geosynthetic clay liner - Clay f =14°t0 16°
Textured HDPE — Compacted clay 212:72°0t?0335(‘)’ \Pa
Textured HDPE - Pea gravel f =20°to 25°
Textured HDPE — Sand f =30°to 45°
Geotextile — Clay f = 15°to 33°
GEOSYNTHETIC - GEOSYNTHETINTERFACE

Geonet — Geomembrane (HDPE) f =6°to 10°
Geomembrane (HDPE) - Geotextile f =8°t0 18°
Geotextile — Geonet f =10°to 27°
Geosynthetic clay liner - Textured HDPE f =15°to 25°
Geosynthetic clay liner - Geomembrane (HDPEJ = 8° to 16°

; ; ; oalf =8°to 25°
Geosynthetic clay liner - Geosynthetic clay I|nerC, - 8t 30 kPa
Textured HDPE — Geonet f =10°to 25°
Textured HDPE — Geotextile f =14°1t0 52°
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A method to improve the shear resistance at tleefade between CCL and smooth GM consists
in spreading cement powder (100-200 g/m?) ontociiapacted clay surface before placing the
geomembrane (Figure 19); this benefit is partidylanportant in submerged condition that is the
most critical one.

The influence of aging in leachate on the sheastasce at geomembrane-geotextile interface is
analyzed by Pasqualini et al. (2002) considerinfedint kinds of geosynthetics. Results of
laboratory direct shear tests (Figure 20) show thlaén non-aged geosynthetics are tested, the
GMS-GT interface shear resistance measured in mpresaf leachate is very close to that obtained
in presence of water; the same results show tleaading in leachate of geosynthetics produces a
significant improvement of the shear resistancéhef GMS-GT interface; this improvement tends
to increase with time.

Apart from the stability problems, the design dflined linings using compacted soils is similar
to the design of bottom liners in terms of seatiagacity. Therefore, several concepts on pollutant
transport previously developed can be applied.

Smooth geomembrane-geotextile
Interface; submerged conditions

—&—GT1 on GM3 50 kP4
—0—GT1 on GM3 150 kP
—4— GT1 on GM3 300 kPa

)

Residual in plane shear strer
(f)

6;””“‘”“”””H‘HH GT2 on GM4 50 kPg
GT2 on GM4 150 kPa
0 10 20 30 40 50 GT2 on GM4 300 kFa
Temperature (°C) GT2 on GM4 450 kPa

Figure 17. Influence of temperature on the resideplivalent friction angle at the interface between
different geotextiles and geomembranes (Pasqualali,e2002).
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Figure 18. Influence of temperature on the interfdwear strength at the interface between a conpatzg
and a smooth geomembrane (Stella, 1998).
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Pianfei Clay (w = 24%) on HDPE Geomembrane;
Vertical effective stress o' = 300 kPa; Temp. = 20°C
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Figure 19: Direct shear tests results on compadtsdgeomembrane interfaces (Pasqualini & Stella, 1994
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Figure 20. Influence of aging in leachate on theaststrength at smooth geomembrane-geotextile auterf
(Pasqualini et al., 2002).

3.2 TRADITIONAL COVERS AND COVER MATERIALS

Covers for waste containment facilities must seéfvee primary functions:

- isolate the waste from the surrounding environment,

- control ingress or egress of gases (e.g., egresea@imposition gases from municipal solid
waste or ingress of oxygen into sulphidic miningstes),

- limit percolation of water into the underlying wast

For most waste containment systems, control ofgh&tion is the most important function. Also,

when a cover controls percolation effectively, thaste is isolated as well and gas movement is

controlled.
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3.2.1 Compacted Clay Covers

The first covers for waste containment systems istet of a compacted clay barrier (thickness >
60 cm) overlain by a drainage layer (except fod &timates) and a vegetated surface layer. The
low saturated hydraulic conductivity of the compaktlay layer (18 to 10 m/s) is expected to
limit deep percolation of water, enhance runoff] @nomote evapotranspiration. In this context, the
primary factor influencing the performance of ayct®ver is the hydraulic conductivity of the clay
barrier layer.

3.2.1.1 Weathering

Weathering of cover systems consists of erosiom,dmecycling and freeze-thaw cycling. Erosion
is generally limited to the surface layer, andasteolled through routine maintenance. In contrast,
wet-dry cycling and freeze-thaw cycling affect thearier layer in a manner that precludes simple
repair through routine maintenance activities.

The effects associated with wet-dry and freeze-tbgeling include cracking of the compacted
clay, which results in large increases in saturdtgdraulic conductivity (Corser and Cranston,
1991; Benson and Othman, 1993; Othman et al., 199d)st-related damage is caused by
desiccation induced as the freezing front movesmmavd and by the formation of ice lenses
(Benson and Othman 1993). Hydraulic gradients dgvflow to the growing lenses cause
desiccation of the underlying clay, which resutts/ertically oriented shrinkage cracks. Horizontal
cracks are created as ice lenses form. The hoakant vertical cracks form a permeable network
responsible for the increase in hydraulic conditgtifOthman and Benson, 1994).

Laboratory and field testing (Zimmie & La Plant€Q9D; Benson et al., 1995) has shown that
most of the damage caused by frost occurs withigetho five freeze-thaw cycles (Figure 21). The
magnitude of these changes can be predicted rdalgomell using the standard laboratory methods
in ASTM D 6035.

Desiccation has a severe impact on the hydraulclectivity of compacted clay by inducing
shrinkage and cracking (Albrecht 1996). Large-sted¢s (Drumm et al., 199@nd observations in
the field (Montgomery and Parsons, 1990; Corser @rahston, 1991; Benson and Khire, 1995;
1997; Melchior, 1997) have shown that shrinkagelsan clay result in preferential flow paths and
substantial increases in hydraulic conductivitysits by Albrecht (1996) show that shrinkage,
cracking, and increases in hydraulic conductiviysed by desiccation are larger in more plastic
clays (Figure 22). Silts and clays, clayey siltsl atayey sands with low plasticity are the most
resistant to damage by desiccation.

Soil-bentonite mixtures have been suggested ag les#s susceptible to damage caused by frost
(Figure 23) and by desiccation (Albrecht, 1996; ug&t al. 1997; Abichou et al., 2000). The rigid
matrix of the base soil reduces volume change amdling of the bentonite heals any cracks that
may form. Ice segregation does not occur in sailtdxgite mixtures, eliminating cracking due to ice
lenses (Kraus et al., 1997).

A method used to limit damage to a compacted daerl due to desiccation and frost is to
thicken the superficial layer, up to 1-m thick. Meteless, experience has shown that compacted
clay layers still experience desiccation even wiltick protective layers during drier periods
(Benson and Khire, 1995; Albrecht, 1996; Khire bt 8997). However, thick surface layers are
effective in preventing frost damage. Benson atit@n (1993) indicate that the thickness of frost
protection should be at least the maximum depthiast penetration plus an additional 0.3 m, the
latter to account for desiccation ahead of theziregefront.
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Figure 21. Hydraulic conductivity of compacted clesynumber of freeze-thaw cycles (Benson et aR51.9
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Figure 23. Hydraulic conductivity vs freeze-thaw leyg for a soil-bentonite mixture (Kraus et al., 1997)
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3.2.1.2 Settlements
Large settlements (5 to 30%) often occur in MSWifdis as the waste degrades (Edil et al., 1990;

Bouazza & Pump, 1997; Bowders et al., 2000). Heggmeity in the waste inevitably results in
differential settlement, which is evident in thedutating surface of most covers on MSW landfills.
Differential settlement can affect the integrityafmpacted clay barriers since compacted clays
are brittle in tension and have low tensile strendgessberger & Stone (1991) conducted model
tests in a geotechnical centrifuge and found that frate through a barrier was very low and
remained unchanged until angular deformateprin the compacted layer reachédBigure 24); at
6° the flow rate jumped by a factor of 80. Examinataf the clay barrier after testing showed that
cracks formed at the point of maximum tensile strand penetrated the entire thickness of the
barrier (Figure 24).
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Figure 24. Flow rates measured at various angufarmations (Jessberger and Stone, 1991).

The practical implication of these findings is thdifferential settlements can compromise
compacted clay barriers. The data from JessbergeBténe (1991) suggest that differential
settlements resulting in a distortion (differensattlemenD divided by the length along the barrier,
L, x 100%) greater than 9.5 % will result in craakiof compacted clay barriers and an increase in
percolation rate. If distortions of this magnitudes likely to occur, the compacted clay can be
reinforced or supported from below using geogrids fogh strength woven geotextiles.
Alternatively, the cover can be monitored and nmemiahce can be conducted once distortions
approaching 9.5% are reached.

No field data exist to confirm that differential tdement causes cracking or increases in
percolation rate when compacted clay barriers guldifferential settlement. However, the results
from Jessberger & Stone (1991) are consistent r@tdommendations in LaGatta et al. (1997),
which are based on data describing the tensileackexistics of clays used for cores of earth dams.
For the data reviewed by LaGatta et al. (1997)1¢heile strain at failures¢) ranges from 0.07% to
0.84% and averages 0.32% when data for bentorgtexaluded (i.e., only typical compacted clays
are considered). Elastic theory for vertical difietial distortion of a horizontal beam with rigid
connections at each end shows thét is 7% fores of 0.32%, which is in reasonable agreement
with theDD/L of 9.5% from Jessberger & Stone (1991).

3.2.1.3 Field Hydraulic Performance

Field studies by Montgomery and Parsons (1990)cMet (1997), and Khire et al. (1997) describe
the hydraulic performance of compacted clay cowfrdandfills in Wisconsin, USA (annual
precipitation ~ 1000 mm/a), in Hamburg, Germanyn(ai precipitation ~ 850 mm/a) in Georgia,
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USA (annual precipitatior- 1200 mm/a) and in Washington, USA (annual préaippn ~ 250
mm/a). For humid climates (the first three sitelg tratio of precipitation (P) to potential
evapotranspiration (PET) is greater than 0.5, wieR/PET is less than 0.5 for semi-arid climates
(UNESCO 1979). Each study employed test sectiomxegtually similar to the one shown
schematically in Figure 25, a design that is beémgployed in USEPA'’s Alternative Cover
Assessment Program (ACAP) (Benson et al., 199%sdahest sections are instrumented so that all
components of the water balance can be measured.

As shown in Figure 26, annual percolation for tbgers spans a large range (1 to 200 mm/a).
Test pits at each site showed that the compactsdbarrier cracked, which resulted in an increase
in percolation rate. These sites are in very difiéiclimates ranging from wet to dry; thus, cragkin
is likely to occur in most compacted clay coveree ™ata also suggest thatact compacted clay
covers are likely to transmit between 10 to 50 mai/percolation in humid climates (~1 to 4% of
precipitation) and about 1-4 mm/a in semi-arid elies (~1 to 2% of precipitation). When the clay
barriers areracked compacted clay covers are likely to transmit alddl0 to150 mm/a in humid
climates (10-20% of precipitation) and 30 mm/agmsarid climates (~12% of precipitation).
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Figure 25. Cross-section of a typical test sectiedlisa USEPA’s Alternative Cover Assessment Program
(Benson et al., 1999)
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Figure 26. Annual percolation from test sectionsusating compacted clay covers (data from Montgomery
and Parsons, 1990; Melchior, 1997; Khire et al97)9
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3.2.2 Composite Covers

Covers employing a composite barrier layer (geormrami placed directly on a compacted clay
layer) began being used when composite liners wWemoyed in lining systems. Today, all new
MSW landfills in the United States are requiredue a composite cover unless another type of
cover can be constructed that has equivalent hygioperformance. A drainage layer generally is
not prescribed for composite covers placed on Mahdfills.

Composite covers have some significant advantages compacted clay covers. The
geomembrane is very effective in limiting flow tigh the clay barrier, even though some defects
in the geomembrane are inevitable (Giroud & Bongpak989a; b). The geomembrane can also
limit drying of the clay barrier and potentiallyrlit intrusion of roots into the underlying clay
barrier. There are disadvantages as well, sucll@sanal cost for materials and construction, and
the potential for stability problems along intedgacbetween geosynthetic layers or soil and
geosynthetic layers.

3.2.2.1 Field Hydraulic Performance

Field data suggest that covers employing compdsiteier are very effective at minimizing
percolation (Melchior, 1997; Dwyer, 1998). Percmlatrates from Melchior (1997) are shown in
Figure 27 for two composite cover test sections@lwith data from one of his compacted clay
covers (i.e., from Figure 26). The layering was fagne as the compacted clay cover, except a
textured HDPE geomembrane 1.5 mm thick and a seaidatje layer 300-mm thick were placed
above the compacted clay layer.

Percolation from the composite covers graduallyaased and then leveled off between 2 and 3
mm/a, which is approximately two orders of magnituess than percolation from the compacted
clay covers (~ 200 mm/a). Test pits excavated éncibmposite cover test sections showed that the
geomembrane prevented desiccation cracking of thg. cThe compacted clay beneath the
geomembrane was moist, pliable and homogeneous aftenthe cover had been exposed to
drought.

Dwyer (1998) constructed test sections in AlbuguerdNew Mexico, USA (annual precipitation
~ 280 mm/a) as part of the US Dept. of Energy’seiative Landfill Cover Demonstration
(ALCD) project. The test sections are similar togh in Melchior (1997). Several different cover
designs are being tested at the ALCD, includingpmpacted clay cover and a composite cover.
Percolation rates reported by Dwyer (1998) are sariped in Table 9.
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Figure 27. Percolation data from Melchior (1997)tfst sections representing composite and compacted
clay covers.
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Table 9. Percolation from test sections at the ALOWyyer, 1998).

Design Relative Percolation Relative
Cost @ 10 mos. (mm) Percolation
Clay Cap 0.32 10.3 147
GCL Composite Cap 0.57 0.88 13
Composite Cap 1.00 0.07 1
Capillary Barrier 0.59 1.24 18
Capillary Barrier with
Lateral Drain 0.48 0.97 14
Monolithic 0.47 0.12 2

Percolation from the composite cover at ALCD is 14des lower than percolation from the
compacted clay cover, which is comparable to thie @& percolation rates observed by Melchior
(1997). The high percolation rates obtained froma tompacted clay cover are attributed to
desiccation cracks that formed in the clay duringstruction and during subsequent dry periods,
which are common in Albuquerque.

Corser and Cranston (1991) describe another figidysthat illustrates how geomembranes in
composite covers protect the compacted clay layéey constructed three test pads at the
Kettleman Hills hazardous waste landfill in southeZalifornia, USA, which has a semi-arid
climate. One test pad simulated a compacted clagrcanother a composite cover, and the third a
compacted clay barrier covered only with a geomeambr The profile for the composite cover
consisted of 610 mm of vegetated fill, a 1.5-mnckhHDPE geomembrane, and 915 mm of
compacted highly plastic clay. The compacted clayec had the same profile without the
geomembrane.

After six months of exposure to ambient conditicereicks 2-6 mm wide and 25-100 mm deep
were found in the compacted clay layer. The watertent had also dropped 6% in the upper 100
mm of the clay. Cracks of similar size were alsonid in the compacted clay layer covered only
with a geomembrane. However, these cracks werdeldda isolated regions where a gap existed
between the geomembrane and the compacted cldgc#tions where the geomembrane and clay
were in firm contact, the clay was moist. Solartimepof the geomembrane caused water to
evaporate in regions where a gap existed betweeddly and geomembrane. This water condensed
on the underside of the geomembrane, and flowetyale surface of the geomembrane to regions
where the clay and geomembrane were in contacik&Jithe other two test pads, the compacted
clay barrier in the composite cover was devoidratks. The clay was moist, soft, and pliable as if
it had just been placed. Three years after consnycin the compacted clay cover and the
compacted clay overlain only with a geomembranacks existed that were 5-10 mm wide and
penetrated the entire thickness of the clay barmecontrast, the compacted clay in the composite
cover was still moist and un-cracked (Patrick Corgeersonal communication, Montgomery-
Watson, Steamboat Springs, Colorado, USA, 19978sé&liindings indicate that the geomembrane
in a composite cover is very effective in protegtithe clay from desiccation cracking, as was
reported by Melchior (1997). Without a geomembranepmpacted clay barrier is likely to crack
and become very permeable. Montgomery and Pa(d88€), Albrecht (1996), Benson and Khire
(1997), and Melchior (1997) have made similar osons. Simply covering the clay with a
geomembrane is inadequate. A surface layer muptadoed as soon as possible to ensure that firm
contact exists between the geomembrane and clay.
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3.2.2.2 Root Intrusion Through Geomembranes

Geomembranes are often assumed to be effectivmiitng intrusion of roots into underlying clay
barriers, but little field data exist to verify shassumption. For intact geomembranes, roots are
unlikely to penetrate through the polymer. HoweVaboratory experiments conducted by USEPA
suggest that holes in geomembranes quickly becamauits for root penetration.

3.2.3 Geosynthetic Clay Liners

Difficulty in compacting clay on compressible wastiee high cost of clay at some locations, and
the aforementioned problems with compacted clayewhas resulted in increasing use of
geosynthetic clay liners (GCLs) as a replacementdmpacted clay in covers.

3.2.3.1 Frost Damage

Kraus et al. (1997) conducted laboratory and fitladies to determine if freezing and thawing
affect the hydraulic conductivity of GCLs. Labomgtdests were conducted on 150-mm-diameter
specimens of three types of GCLs that were repBapetmeated, frozen, thawed, and then re-
permeated. Field tests were conducted in squaBenf{lx 1.3 m) HDPE test pans that contained a
double-ring drainage system beneath the GCL. Theraing of the drainage system was used to
check whether preferential flow occurred between@CL and the test pan. GCLs in the test pans
were overlain with a layer of gravel and exposedwo winters of weather. After the thaw each
spring, water was placed on top of the GCLs andahélow was measured to calculate the
hydraulic conductivity.

Typical results of the laboratory tests are sumrpeariin Figure 28. Essentially no change in
hydraulic conductivity occurred. Similar resultsre@btained for all but one of the field tests. The
field test that performed differently was for a G€antaining no additional bentonite in the seam.
The hydraulic conductivity of this GCL increased dyfactor of 25 and dye testing showed that
preferential flow through the seam was responginéhe increase in hydraulic conductivity rather
than damage to bentonite in the GCL. Nearly idahtiesults were obtained in a bench-scale study
conducted by Hewitt and Daniel (1997).

Kraus et al. (1997) indicate that GCLs are not dgadaby frost because the hydrated bentonite
is soft, and readily consolidates around ice leasesother defects during thawing. Their findings
along with those of others, suggest that GCLs agamaged by freeze-thaw cycling provided that
the seams contain additional bentonite. Howevewnoad of caution: no field tests have been
conducted to determirtae long-term performanaaf GCLs in cold regions.
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Figure 28. Hydraulic conductivity of GCLs vs freehaw cycling (lab tests; Kraus et al. 1997).
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3.2.3.2 Desiccation

GCLs have been suggested as a superior alternatoampacted clay because cracks that form in a
GCL during desiccation should swell shut during fayiwn due to the high swell potential of
bentonite. However, mixed results have been obdamgarding the effect of desiccation on the
hydraulic conductivity of GCLs.

Boardman and Daniel (1996) conducted large-scaler¢dory tests on a GCL placed on top of a
drainage layer and sealed against a tank, evengddrying. Gravel was placed on top of the GCL
to simulate a leachate collection layer. Pipes westalled in the gravel to route heated air for
drying the GCL. Electrical resistance probes wagtdlled in the GCL to determine when it ceased
losing water during drying.

Tap water was initially placed in the tank to hydréhe bentonite and to determine the initial
hydraulic conductivity of the GCL. Afterwards, theater was drained and hot air was circulated
through the gravel until probes in the GCL indichtke water content was no longer decreasing.
The tank was then re-filled with tap water for peation to define the hydraulic conductivity after
drying. Results of the tests showed that the G@itislly were very permeable, having a saturated
hydraulic conductivity of approximately P0m/s. However, the hydraulic conductivity gradually
dropped and after two days it returned to its véale®re drying (~19° m/s).

Melchior (1997) and James et al. (1997) descrilse dastories where GCLs apparently were
damaged by desiccation. In both cases, GCLs bunedovers began to leak excessively.
Exhumation revealed that the GCLs contained finacks that apparently formed during
desiccation. Tests on bentonite from the exhumed =showed that the exchange complex was
primarily calcium and magnesium, which are the premhant cations in natural pore waters.
Apparently sodium ions initially in the exchangengmex were replaced by calcium and
magnesium cations as pore water hydrated the biémtoks a result the swell potential of the
bentonite decreased. After calcium-for-sodium ergea cracks that formed in the bentonite during
dry periods did not swell shut when the bentonites wubsequently re-hydrated. Percolation from
the covers increased due to preferential flow thhoilnese cracks.

The findings of Melchior (1997) and James et a@9(@) prompted Lin and Benson (2000) to
conduct a series of laboratory tests under coetiatbnditions to assess how GCLs are affected by
desiccation and re-hydration with waters havingceortrations of divalent cations typical of humid
climates. Results of swell and hydraulic conduttivests they conducted are shown in Figure 29.
Bentonite subjected to wet-dry cycling using dezewi water (DI) as the hydrating liquid showed
no change in swell or hydraulic conductivity evdtelaseven wet-dry cycles. In contrast, swell
decreased when 0.0125 M Ca@&blution was used for re-hydration and, after faet-dry cycles,
the hydraulic conductivity increased by a factod000. In some cases the bentonite was hydrated
with DI water or tap water during the first wettimgcle to determine if a first exposure effect
would prevent damage to the bentonite. Howevesedtspecimens behaved in the same manner as
the other specimens hydrated with Gagdilution.

Desiccation cracks that did not close during reragidn were the cause of the increase in
hydraulic conductivity. Lin and Benson (2000) asmgest that Boardman and Daniel (1996) did
not see an increase in hydraulic conductivity sitiey conducted only a single drying cycle and
used water having a concentration of divalent aatioelow that typical of natural pore waters.

The results reported by Lin and Benson (2000) confhe case histories reported by Melchior
(1997) and James et al. (1997). That is, exchamng#valent cations in natural pore waters for
sodium in the bentonite ultimately results in tleatonite being unable to swell sufficiently to @os
cracks that form during desiccation. As a resutL&that are exposed to wet-dry cycling are likely
to fail in the long term unless cation exchange lmamprevented. From a practical perspective, these
findings suggest that GCLs should not be used wersounless they will be placed directly beneath
a geomembrane
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Figure 29. Swell (a) and hydraulic conductivity §)GCL subjected to wet-dry cycling using DI wateda
0.0125 M CaGl solution (adapted from Lin and Benson 2000).

A GCL employed in a cover over a fly ash landfillsouthwestern Wisconsin, USA recently failed
as a result of calcium for sodium exchange (Mamasseal., 2000). Percolation collected in two
lysimeters (BL1 and BL2) is shown in Figure 30. Essive percolation was first noticed during the
spring after construction. The following inspectisnggested that thinning of the GCL due to
pressure applied by gravel in the lysimeter wascthese for the failure, and the exchange complex
of the bentonite was not examined. A layer of saad added to the lysimeter above the gravel as a
cushion, a new GCL was placed, and the surfacedayere replaced. Percolation monitoring
continued after the lysimeters were re-built. Apgmoately 15 months after re-construction, the
leakage rate became excessive again (Figure 30Yhen&CL was exhumed. Inspection of the
interior of the GCL revealed that the bentonite wiag and cracked. Analysis of the exchange
complex of the bentonite showed that the bentarttdained approximately 14 calcium cations for
every sodium cation. In contrast, when the GCL wasv, the exchange complex contained
approximately 1 sodium cation per 1.4 calcium aeiol'he in-service hydraulic conductivity of the
GCL was estimated from the leakage rate and foongrge between 3 x20o 7 x10° m/s. A
specimen of the exhumed GCL was tested and fouhdwe very similar hydraulic conductivity (2
x10° m/s). Swelling of the exhumed bentonite was atsmmarable to that of calcium bentonite.
These findings suggest that calcium-for-sodium arge reduced the swelling capacity of the
bentonite, and prevented cracks in the bentonite fnealing after desiccation during the summer
months, as was observed by Melchior (1997) and Saal. (1997).
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Figure 30. Percolation rates recorded by two lysinsebeneath the GCL cover over a fly ash landfill in
Wisconsin, US (Manassero et al., 2000).

3.2.3.3 Gas Permeability and Diffusion

Although GCLs are usually installed to limit adveat of fluids (e.g., water through a cover
system) they may also serve an important role wrexoas a gas barrier. Recent work has shown
that the manufacturing process and the form ofdrete (powdered or granular) have a significant
effect on the gas permeability of GCLs (Didier &t 2000b; Bouazza and Vangpaisal, 2000;
Vangpaisal and Bouazza, 2001; 2004).

The movement of gases in porous media such a®isS@ICLs occurs by two major transport
mechanisms: advective flow and diffusive flow. kivactive flow, the gas moves in response to a
gradient in total pressure. To equalize pressairmass of gas travels from a region of higher
pressure to a lower one. In the context of largjfithe primary driving force for gas migration,
especially through cover systems, is pressurerdifteals due to natural fluctuations in atmospheric
pressure (barometric pumping). Falling pressuned te draw gas out of the landfill, increasing the
gas concentration near the surface layers. Corlyetsgh or increasing barometric pressure tends
to force atmospheric air into the landfill, diluginhe near surface soil-gas and driving gas deeper
into the landfill. A change in the leachate/watalé or temperature changes can also give rise to
pressure differences and lead to gas migratiomuber of recent events have brought the hazards
associated with landfill produced methane very muntb public view. The best known of these
were the Loscoe, U.K, (Williams and Aitkenhead, 19Skellingsted, Denmark, (Kjeldsen and
Fisher, 1995) and Masserano, Italy (Jarre et &97} incidents, which resulted in extensive
property damage and loss of lives. The Loscoe eiquioin the United Kingdom for example, took
place after atmospheric pressure dropped by 29 snlmarapproximately 7 hours. The same
phenomenon caused the Skellingsted and Massergios@ns. Another area of concern is the
presence of a geomembrane in a cover system, whare nominal amounts of gas can be
troublesome. One concern, amongst many othersieigpossibility of landfill gas accumulation,
which can gradually increase positive pressurehm landfill. This may induce geomembrane
extrusion in landfill composite covers at points inhdequate overburden (Sherman, 2000). In
addition, the positive gas pressure under the dralaiyers may induce the reduction of interface
shear strength between the geomembrane and thelyingdayer due to the insufficient normal
stress acting on the barrier layer which in thisecaan contribute to a slope failure (Koerner and
Daniel, 1997). Therefore, it is not surprisingtthawadays gas pressures have been recognized as
a design issue for landfill covers and a methodplbgs been put forward to address this issue
(Thiel, 1999). In this respect, the effectivene$ghe mineral barrier component to control gas
migration becomes of a paramount importance andsieebe addressed in much more detail.

Gas movement by diffusion occurs due to molecuideractions. When a gas is more
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concentrated in one region of a mixture than ampihes likely that this gas diffuses into the des
concentrated region. Thus the molecules move iporese to a partial pressure gradient or
concentration gradient of the gas. This is a keyas(diffusion) in the performance of cover
systems for milling wastes and mined rocks whehghsdic minerals should not come into contact
with atmospheric oxygen in order to prevent aaidifion of leachate. In this circumstance, the
oxygen diffusion coefficient is a critical paraneter designing the capping (Yanful, 1993; Shelp
and Yanful, 2000).
Mechanism of gas transport due to advection
Dullien (1975) pointed out that the flow of gasparous media has different characteristics from
the flow of liquids. First, the compressibility ghses has an important contributing factor to the
occurrence of unsteady state flow in porous me8etond, the velocity of gas flow at the pore
walls cannot generally be assumed to be zero. ®heeamo flow velocity at the pore walls is termed
“slip flow” or “drift flow”. This effect results ingreater flow than predicted by Darcy’s law, which
governs the viscous flow of liquids in porous medtzere the velocity along the pore walls is zero.
Third, the adsorption of gases on the pore surtacelead to large difference in gas permeability
when determined with highly adsorbing gases compario non-adsorbing gases. Flow
measurement performed by Alzaydi and Moore (19T@w&d that Darcy’s law could provide a
fair approximation of gas flow in a low permealyilmaterial. Furthermore, Izadi and Stephenson
(1992) confirmed that contrary to coarse grainssaihe gas slippage flow through clay soils
decreased as the degree of saturation decreasidinditates that the magnitude of slip flow is
very small relative to viscous flow. Brusseau (IP8lso indicated that slip flows are not observed
when the pressure difference is lower than 20 Isirailar to the one encountered in landfills) and
can, on this basis, be excluded from the modelimuggss for gas advective transport conditions.
The same study also stressed the fact that for poessure differences the assumption of
incompressible flow of gas in porous media is validus models developed for water flow can be
used for gas flow. Massmann (1989) indicated thatumgdwater flow model provided good
approximation for gas transport up to a differdrgi@ssure of 50 kPa.
Based on Darcy’s law, the one-dimensional volurdtow (Q) of gas in porous media is given as:
Q=- kK ad? (1)
m  dx
wherek is the intrinsic permeability of the porous madériK; is the relative permeability for the
permeant gasy is the dynamic viscosity of the ga#, is the cross section of the porous material,
anddP/dxis the pressure gradient. It is assumed thainthesic permeability is a function only of
the properties of the porous material, not the patng gas. To avoid the complex calculation of
K., Darcy’s law can be formulated using the gas pemitigaK as follow:
K .dP

Q=-—A— )
rg dx
whereg is the acceleration due to gravity afds given by:
kK="9kK 3)
m

For gases, the rate of flow changes from one goiahother point as the pressure decreases due to

their compressibility. However, it can be assuniet tandfill gases behave like ideal gases and the

continuity equation of ideal gas can be written as:
rolg _ rT
oo "~ (4)

P P

whereryis the gas density at standard pres®yand standard temperatufg ands is the gas

density at pressure and temperaturg@. Assuming the rate of mass flowQ) is constant and the

law of mass conservation is applied. A steady stawe (d(rQ)/dt=0) of gas can be written as:
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d

S (rQ)=0 (5)
From equations 2, 4, and 5, a linear differentgplagion for the one-dimensional steady state flow
in an isotropic homogeneous porous medium undénésmal conditions is obtained:

d2

W(PZ) =0 (6)
For a sample of length, the solution to equation 6 is subject to the loauy conditionsP = P; at
x =0andP = P, atx = L, hence:
P22 _ Pl2

P2 = P12 + X (7)
From equation 2 and 7 the volumetric flow of gasliatancex can be obtained from the following
equation:

KA  (F-R) (8)

ngL\/|312+(F)22' Hz)

Considering the volumetric flow of gas at a diswhcequation 8 becomes:

K (P2- F?)
=- —— A2z 17 9
Q Py 2R ) (

Q=

X

Gas Permeability

The variation of the gas permeability of partidilydrated GCLs has been investigated in detail by
Vangpaisal & Bouazza (2004). Their results showt ttiee decrease of gas permeability is
associated with the increase in gravimetric moéstaontent (Figure 31). For the range of
gravimetric moisture contents studied, a decrefaeonnd 5 to 7 and 4 to 6 orders of magnitude in
the gas permeability was observed for confined diyoin and free swell hydration, respectively. It
appears from Figure 31 that the gas permeabilitg©L-3 (granular bentonite) is more sensitive to
moisture variation than other GCLs. In the caseaffined hydration, a variation of 7 orders of
magnitude in the gas permeability of GCL-3 was mlgtd for a gravimetric moisture content
varying from 18% to 138%. This was due to the largéemnce in the bentonite form, which
changed from coarse bentonite grains with larger@ainnected voids in the dry state to soft
continuous bentonite gel at high gravimetric maistcontent.

Figure 31 also shows that the gas permeabilityhef ®CLs varies according to the mode of
sample hydration. The GCLs exposed to a surchangegl hydration tended to have lower gas
permeability than the GCLs hydrated under zero ioenfient, particularly at medium to high
gravimetric moisture content (>80%). This can beilaited to the fact that the application of a
surcharge limited the swelling of hydrated ben®ra@nd induced a more uniform distribution of
moisture content throughout the GCL specimens. fesalt, pore size and the interconnected voids
in the bentonite component were likely to redudesrefore, the lower gas permeability. This
implies that the GCL should be subjected to comfieet at time of installation or hydration.
Interestingly, the modes of sample hydration apgén have no effect on the gas permeability of
GCL-2 (NWGT impregnated bentonite). This was prdpablue to the effect of bentonite
impregnation into the non-woven geotextile in GCLThe presence of the surcharge during
hydration had less effect on the gas permeabilitpvaer gravimetric moisture content. A common
value of gas permeability was attained in the dates(gravimetric moisture content as received
from manufacturer).
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Figure 31. Relation between gas permeability andigretvic moisture content for 4 differe@®CLS.

The ability of GCLs to allow the flow of gas carsalbe expressed in terms of gas permittivity
(Y). The permittivity is defined as the cross plaeenpeability K) divided by the GCL thickness
(L), Y = K/L. The variation of the permittivity against gravimetmoisture content is plotted in
Figures 32 and 33 for the confined hydration arek fswell hydration, respectively. It can be
observed that the variation of permittivity follodv¢he same trend for both hydration conditions.
The higher permittivity values were obtained at éovgravimetric moisture content and lower
permittivity values were obtained at higher moistaontent.

The effect of the bonding mechanism of GCLs onghg permeability can be seen in the GCLs
containing powdered bentonite (GCL-1, 2 and 4)wiich GCL-4 (stitch bonded) tended to have
higher permittivity for the range of gravimetric isture contents investigated in the present study.
This difference is probably linked to the way thhhé GCLs are held together as a composite
material. Stitch bonding is used in GCL-4, whereaedle punching is used in GCL-1 and GCL-2.
As bentonite hydrates and swells GCL-4 tends tmfpillow like shapes. This results in zones (at
the stitch bonding level) with less bentonite tdigaite gas flow. In contrast, the bentonite tetods
swell uniformly in the needle punched GCLs. In tiese of dry GCLs, the effect of the holding
mechanisms is insignificant because the largedoterected air voids in dry bentonite overrides the
effect of needle punching and stitch bonding.

It can be seen that at the same level of gravimatoisture content, GCL-2 tends to have lower
permittivity than other GCLs for both hydration clitons. This may be a result of the
impregnation of bentonite in the non-woven geotextivhich induces an additional form of
confinement, from the non-woven fibres, to the layeld bentonite. The contribution of bentonite
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impregnation in lowering the gas permittivity wagrsficant, particularly in the case of free swell
hydration.

For the range of gravimetric moisture contents stigated, the variation of gas permittivity
between different types of GCLs is more than ordeioof magnitude, and varies up to 3 orders of
magnitude in the case of free swell hydration. I#oashows from Figures 32 and 33 that the
permittivity is leveling off at higher gravimetrimoisture contents, suggesting that gas advection
becomes less significant (the measured flow rapecgehes zero flow) and gas diffusion probably
becomes the governing transport mechanism. Thedaoyrof gravimetric moisture content, which
was attained for zero advective flow measuremepéedéded on the types of GCLs, i.e. gravimetric
moisture content higher than 120% for GCL-2, andhéighan 180% for GCL-4. At this level of
gravimetric moisture content, the measured flowe gproaches the lower limit of the measuring
technique and the advective flow is assumed asoapping zero flow rate. As expected, GCL-3
had an exceptionally high permittivity in the drgndition. This is because gas can easily flow
through the large pore spaces of dry granular InéetoThe effect of bentonite form on the gas
permeability of GCLs is clearer when the gas pdivity is plotted against volumetric water
content as shown in Figures 34 and 35. The vanatwf gas permittivity with volumetric water
content follow a similar trend as the plot with stare content, in other words the permittivity
decreases as the volumetric water content increases

Interestingly, among the needle punched GCLs (GC2-dnd 3) investigated, GCL-3 (bentonite
in granular form) tends to have higher permittiiitan GCL-1 (powdered bentonite) and 2. This is
due to the large difference in the nature of beitédiorm. The hydrated granular bentonite is stiffe
than the hydrated powdered bentonite, and it sriylevisible as soft grains particularly at the Ew
level of volumetric water content. This indicatég fpresence of larger inter-granular pore spaces,
which provide preferential gas flow paths. As iraded earlier, each bentonite grain is slowly
hydrated from the surface and as the volumetriewabntent increases the bentonite forms a gel
surface and becomes softer, hence, the intercathaatids are decreased, and as a result the
difference in the permittivity of GCL-3 to GCL-1 &6GCL-2 is lower.

For the conditions tested, the effect of stitchding (in GCL-4) and the form of bentonite (in
GCL-3) on gas permittivity are comparable at voltmcevater content greater than 50%. However,
the effect of the GCL structures and bentonite folwn gas permittivity tends to decrease as the
volumetric water content increases when the GCeshgdrated under a confining stress. In this
case the effect of the surcharge overrides thectetfethe differences between the GCLs, and a
common permittivity value can be obtained, for tgibes of GCLs tested, at volumetric water
content greater than 70%. At this level of voluntetwater content, the advective flow is
approaching a so-called zero advective flow coaditand diffusive flow probably becomes
significant. On the other hand, the gas permiiticif GCLs approaches the zero advective flow
condition at different volumetric water contentdés/for the free swell hydration.
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Diffusion

Knowledge of the gas diffusion coefficient is udafuanalysis of a variety of transport processes
such as oxygen movement through cover systems fhingnwastes and mined rocks where
sulphidic minerals should not come into contachveitmospheric oxygen to prevent acidification of
leachate, and radon or methane movement througbakement of new buildings. The diffusive
transport of gases in a GCL or in any porous media occur following two scenarios. 1) the
medium is partially saturated, in this case difbaswill occur mostly within the air filled pores) 2
the medium is fully saturated, in this case théudibn will occur partly in the gaseous phase and
partly in the liquid phase. Both mechanisms ofsgort are reviewed in detail in Aubertin et al.

(2000).

Fick’s first law states that the diffusive massxflof a chemical species across a unit area in an
isotropic, steady state of non-reactive solutes, without undergoing adsorption on to the solids,
precipitation and degradation is proportional t@ thegative concentration gradient measured
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normal to the area, and can be expressed in orendional form as:
3, =-nDC (10)
9z

where,Jq is the mass diffusive flux of a gas [MI, neis the soil porosity available for solute
diffusion (.e. effective porosity)c is the gas concentration in the gaseous phase’ Ml is the
effective diffusion coefficient of gas fIT], zis a distance (thickness, or height, etc.) Wd/ 1z is
the concentration gradient [ML. The minus sign in Equation 10 means that massster over
time occurs in the direction of decreasing conediun. It can be seen that Equation 10 holds a
linear relationship between the flux and the cotregion gradient but in reality diffusion is not a
function of concentration only and may be affedigdhe force fields around the molecules (Reid
et. al., 1977). Equation 10 is the fundamentabéqu for diffusion containing four variables. it
difficult to use the above equation in real diffusiproblems and a more simple equation is
required. The basic principle of Equation 10 canused for deducing a fundamental differential
equation for diffusion. Under one-dimensional tians conditions, the principle of conservation of
mass requires that the change in mass flux offagilify solute across an infinitesimal soil element
( J/ 2) must be equal to the time rate of change of aonagon within the element, i.e.,

E = neE (11)

9z It

Equation 11 assumes that there is no change irspypa the soil element with respect to time

(i.,e. n/ x=0). Equating 1 and 2 for the mass flux and elatingn. from both sides, gives:
2

fle_p,Te (12)

qt Iz
which is the well known equation for diffusion fapn-reactive solute under transient condition
(Fick’'s second law). Equations 10 and 12 can bel Use the determination of the effective
diffusion coefficientDe which is dependent on the pores and fluid charsties such as total
porosity, tortuosity, degree of saturation, molacwleight, etc.

Bouazza & Rahman (2004) showed that a decreaseooh@ 3 orders of magnitude in the
diffusion coefficient could occur if the degreesatturation increased from 40% to 97% (Figure 36).
Similar trends have been reported for other tydeseedle punched GCLs (Figure 37) and soils
(Figure 38). In the case of needle punched GCLs, difierences in GCL structures (i.e. bentonite
impregnation, bentonite mass per area, bentondilalition, needle punching) might explain the
differences observed in Figure 37.
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Figure 36. Effective diffusion coefficient of oxygea degree of saturation (Bouazza and Rahman, 2004)
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Soils on the other hand are different in textuned are heavily dependent on the way they are
packed. Soils data collected from several studipsnted in the literature seems to plot above the
GCL investigated by Bouazza & Rahman (2004) (Fig28e A larger difference in terms of,
noticed at the lower range of saturation wheresspi#r nature contain larger air filled pores.
Interestingly, at very high saturation @%) it seems that this difference is largely reduaad
there is not much variation between the two materidowever, more data need to be included
before a final conclusion can be made.
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Figure 37. Effective diffusion coefficient of oxyge's degree of saturation in different GCLs (Bowaaznd
Rahman, 2004)
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Figure 38. Effective diffusion coefficient of oxyigers degree of saturation: comparison between sandy
soils (Bouazza and Rahman, 2004)

3.2.3.4 Shear Strength and Stability

Covers employing GCLs are prone to instability heseathe drained friction angle of fully hydrated
sodium bentonite is approximately @lson, 1974). Consequently, reinforced GCLs aeduin
nearly all cover applications.

The internal shear strength of reinforced GCLsrgjlpdepends on the type of bonding (needled
or stitched fibers that penetrate through the tiegs of the GCL, or the adhesive to bond the clay
to the geotextiles). Figure 39a shows a comparigairess-strain behaviour for an unreinforced, a
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stitched and a needle-punched GCL; for displacesiests than 1 mm, each product show a similar
increase in shear stress with horizontal displacénter larger displacements, the curves diverge,
as after that displacement reinforcements stabetonobilised. After peak strength is reached, the
shear strength for all three specimens decrease@sidual values that essentially depend on
bentonite.

In general the Mohr-Coulomb envelope was found éd fit the experimental data (Figure 39b).
The different peak shear strengths are mainly dubé kind of reinforcement and manufacturing
which give different failure mechanisms: for unfeimced GCLs the failure occurs in the bentonite
layer or at the bentonite-woven geotextile intezfao the needle-punched GCLs, if the fibers are
thermally bonded to the carrier geotextile, theg laroken under a shear stress, whereas fibers tend
to be pull out from the woven geotextile if they @imply tangled with it; as far as stitched GCLs
are concerned, the peak strength of stitched G@hsstrongly depend on the direction of shear:
results by Fox et al. (1998) showed that when shieass is applied in the “standard” direction, the
stitches locked and failure occurred when the lfestitching ripped through the woven geotextile;
when shear stress was applied in the “reversettitmg, the stitches progressively unravelled and
the peak strength was strongly reduced, up to yewlf. Therefore, the in situ placement of
stitched GCLs also requires a more careful supervis

One of the key issue related to the internal skrangth of GCLs is the testing. The shear box,
which is the most common equipment, has great ddgan consisting in the possibility to control
testing conditions in terms of stress level andoinys hydration conditions, but these tests sutfier
important disadvantages to be expensive, to regxiperienced personnel to be properly performed
and they are complicated to set up. As a consegu@noper testing equipment are rarely available
and there is a great variability in the testingarpfus among laboratories. Moreover, when internal
shear strength of the GCL is high (reinforced GCrs)l a low normal stress is applied, difficulties
in testing are mainly due to the gripping surfaeat tdoes not always guarantee perfect bonding
with the GTs.

Considering the difficulties in testing the needl@ached GCLs, the proposal to use the peel test
as an indirect measure of the peak shear stremgtbedle-punched GCL (e.g. Heerten et al., 1996)
could be convenient for pre design assumption. déed test (recently standardised by ASTM and
used for manufacturing quality control) has theadage to be quick and easy to perform and it
can be appropriate considering that no signifiegaflttence of the shear rate was observes on the
peak shear strength of needle-punched GCLs (Fal, €i998).
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Figure 39. Shear strength of different types of G(fox et al., 1998)
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As GCLs are frequently placed beneath geomembramest as composite liners, the shear
strength at the interface can be critical for timer stability. Among the factors governing the
interface shear strength, the kind of polymer (bGM and GT) significantly affects the shear
strength at the interface.

In Figure 40, the internal shear strength of a leepdnched reinforced GCL is compared with
the interface shear strength between the same @@laamooth and a rough geomembrane. It is
evident that smooth GM-GCL interface gives very Isknear strength, generally found to be very
close and even less than internal shear strengtini@inforced GCLs. Therefore, a reinforced a
GCL should not be used with a smooth geomembrangh® other hand, it is generally found that
the use of rough or textured geomembranes assginerinterface shear strength, that can be very
close to the internal shear strength of GCLs.

As far as the influence of the type of GT is coneek, for textured geomembranes, the non-
woven side of GCL gives interface with higher shetength (Triplett & Fox, 2001). This
difference becomes much lower or even negligible §mooth geomembrane is used (Figure 41).
However, if a GCL is coupled to a geomembrane @ntim-woven site geotextile, the bentonite can
pass through the GT if the non woven GT is lowant200-220 g/m? (Rowe & Jones, 2000), and
this can reduce the shear strength at the inte(fégare 42).
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Figure 40. Comparison between peak shear strerigtmeedle-punched GCL and the shear strengtheat th
interface with a smooth and a rough geomembrane.
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Figure 41. Influence of the type of GM and GT oa #hear resistance at the interface between GM éxd G
(Triplett & Fox, 2001)
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Figure 42. Influence of the bentonite at the irsteefbetween geomembrane and GCL.

As far as the operative shear strength of GCLsnial covers is concerned, Daniel et al. (1998)
conducted a field study for USEPA using various G@hd arrangements of soil and geosynthetic
layers to construct fourteen test sections on Adl3al slopes. A schematic of a typical test sactio
is shown in Figure 43. After construction, the geubketics at the top of the slope were cut,
resulting in an infinite slope condition. The testctions were monitored for two years, during
which three test sections failed. None of the fatuwere due to internal failure of the GCL
reinforcement but on the geosynthetic interfaces.

Direct shear tests were conducted on all of therfiates in a large-scale (300 mm x 300 mm)
direct shear machine following methods in ASTM [253Friction angles corresponding to peak
shear strengtht {) and the shear strength at a large (50 mm) diepleat {,4) were used to back-
calculate factors of safety for each test sectisimgian infinite slope analysis. Eight of the test
sections that were stable hagbF1.3 based o, and k> 1.0 based ohtyg. All of the test sections
that failed had ££ 1.0 based oh, and k < 0.9 based ohy Based on these results, a reasonable
recommendation for design is to ensure that afiegdchave a static factor of safety greater than 1.3
based on peak strength and 1.0 based on the lagleabment strength measured using ASTM D
5321. However, some practitioners prefer that #utor of safety based on the large-displacement
strength be at least 1.3.

An important point is that the strength at largspthcement measured in ASTM D 5321 is not
the residual strength. Displacements greater tharate required to obtain fully residual conditions
in GCLs and for geosynthetic interfaces (Stark &uweppel, 1994; Eid et al., 1999); so large
Displacements cannot be induced using ASTM D 5321.

Subsoil

Geonet
Drainage

Material Geomembrane

GCL

Figure 43. Test section used to assess stabilfiglohstudy conducted by Daniel et al. (1998).

Chapter 3. Traditional and Innovative Barriers TecdtogiesandMaterials page 45



TC5 Report, September 2005

REFERENCES

Abichou T., Benson C. & Edil T. (2000) Foundry Sarets Hydraulic Barriers: Laboratory Studly, of
Geotech. and Geoenvir. EngASCE.

Acar Y.B. & Seals R.K.(1984) Clay Barrier Technology for Shallow Land \WWa®isposal Facilities.
Hazardous Wastel(2).

Albrecht B. (1996) Effect of Desiccation on Compadct€lay. MS Thesis, University of Wisconsin,
Madison, USA.

Alzaydi A.A. & Moore C.A. (1978). Combined pressuredaiffusional transition region flow of gases in
porous media AIChE JournglVol. 24, No.1, pp. 35-43.

Aubertin M., Aachib, M., Authier, K. (2000). Evaliian of diffusive gas flux through covers with a GCL.
Int. Journal of Geotextiles & Geomembran&pecial Issue on GCLs, Ed. A. Bouazza, Vol. 182N
pp. 215-233.

Benson C.H. & Daniel D.H1994a). Minimum Thickness of Compacted Soil LinersStbchastic Models.
Journal of Geotechnical EngineerindSCE, 120(1).

Benson C.H., Daniel D.1994b). Minimum Thickness of Compacted Soil Lindts:Analysis and Case
Histories.Journal of Geotechnical EngineeringSCE, 120(1).

Benson C.H., Hardianto F.S., Motan E.S. (1994).r&sgntative Specimen Size for Hydraulic Conductivity
Assessment of Compacted Soil Lingfydraulic Conductivity and Waste Contaminant Trasjn Soil,
ASTM STP n. 1142, Philadelphia.

Benson, C. and Khire, M. (1995). Earthen Covers Semi-Arid and Arid ClimatesLandfill Closures
ASCE, GSP No. 53, J. Dunn and U. Singh, Eds., 201-2

Benson, C. and Khire, M. (1997), Earthen Materials Surface BarriersBarrier Technologies for
Environmental Managemenlational Academy Press, National Research Councdshivigton, DC,
USA, D79-D89.

Benson, C. and Othman, M. (1993), Hydraulic Conditgtof Compacted Clay Frozen and Thawed In Situ,
J. of Geotech. EngrASCE, 119(2), 276-294.

Benson, C., Abichou, T., Olson, M., and Bossche|1B95). Winter Effects on the Hydraulic Condudiivi
of Compacted Clayl. of Geotech. EngrASCE, 121(1), 69-79.

Benson, C., Abichou, T., Wang, X., Gee, G., andright, W. (1999). Test Section Installation Instians
Alternative Cover Assessment Program, Environmei@aotechnics Report 99-3, University of
Wisconsin, Madison, USA.

Boardman, T. and Daniel, D. (1996). Hydraulic Caetduty of Desiccated Geosynthetic Clay Lineds.of
Geotech. and Geoenviron. EngASCE, 122(3), 204-208.

Bonaparte, R., Othman, M., Rad, N., Swan, R., aaddér Linde, D. (1996). Evaluation of Various Adgec
of GCL PerformanceReport of 1995 Workshop on Geosynthetic Clay LineSEPA Report No.
EPA/600/R-96/149, Washington, DC, USA, F1-F34

Bouazza, A. and Rahman, F. (2004) Experimental rmunaherical study of oxygen diffusion through a
partially hydrated needle punched geosynthetic diagr. Advances in Geosynthetic Clay Liner
Technology: #' SymposiumASTM STP 1456R.E. Mackey and K. Von Maubeuge, Eds., American
Society for Testing and Materials, West ConshohocReéy 2004.

Bouazza, A. and Vangpaisal, T. (2000). Advectias Glux Through Partially Saturated Geosynthetig Cla
Liners. Advances in Transportation and Geoenvironmental Bggjing Systems Using Geosynthetics,
Geotechnical Special Publication No 1@&3-67.

Bouazza, A. and Vangpaisal, T., (2003). An Apparatubleasure Gas Permeability of Geosynthetic Clay
Liners.Geotextiles and Geomembran2%(2): 85-101.

Bouazza, A., Pump, W. (1997). Settlement and tiseggdeof municipal solid waste landfillBroceedings %
ANZ Conference on Environmental Geotechriibslbourne, pp. 339-344.

Bowders J.J., Daniel D.E. (1987) Hydraulic conduttivvf compacted clay to dilute organic chemicals.
Journal of Geotechnical Engineering, Vol. 113, kd, 1432-1448.

Bowders J.J., Daniel D.E., Broderick G.P. LiljestteH.M. (1986) Methods for testing the compatibilaty
clay liners with landfill leachate. ASTM STP 886,32350.

Bowders J.J., Daniel D.E., Wellington J., Houssida§1®97) Managing desiccation cracking in compacted
clay liners beneath geomembranes. Proc. Geosyegh@d, Vol. 1, 527-540.

Bowders, J.J., Bouazza, A. , Loehr, E, Russel, 2000). Settlement of municipal solid waste landfills.

Chapter 3. Traditional and Innovative Barriers TecdtogiesandMaterials page 46



TC5 Report, September 2005

Creation of a New GeoenvironmeRburth Kansai Geotechnical Forum, Japanese GeatatiSociety,
pp.101-106.

Brusseau, M.L. (1991). Transport of organic chefsidgy gas advection in structured or heterogeneous
porous media: Development of a model and applicatiolumn experimentdVater Resources &
ResearchVol. 27, No.2, pp. 3189-3199.

Corser, P. and Cranston, M. (1991) ObservationshenPerformance of Composite Clay Liners and Covers.
Proc.Geosynthetic Design and Performandéancouver Geotechnical Society, British Columbia,
Canada, 1-16.

Daniel D.E. (1989). In Situ Hydraulic Conductivitye3ts for Compacted Clayournal of Geotechnical
Engineering ASCE, Vol. 115 (9), pp.1205-1226.

Daniel D.E. (1991). Compacted Clay Liners and Getistic Clay Linings. Proc.15th Conferences of
Geotechnics of Torindtaly.

Daniel D.E.(1993). “Clay Liners”. Chapter TGeotechnical Practice for Waste Dispgséahapman & Hall,
London.

Daniel D.E. (1995). Pollution prevention in landfilusing engineering final covers. Prdgreen ‘93,
Balkema, Rotterdam.

Daniel D.E. (1997). Critical Issues for Waste Contantrin Landfills and Contaminated Sites. Prody
ICSMFE Balkema, Rotterdam.

Daniel D.E. (1998). Landfills for solid and liquid stas. Proc.3® ICEG, Balkema, Rotterdam, pp. 1231-
1246.

Daniel D.E., Koerner R.M. (1995)Vaste Containment Facilities: Guidance for Consitigt Quality
Assurance and Quality Control of Liner and Cover 8&ystASCE, New York.

Daniel D.E., Trautwein S.J. (1994). Hydraulic Coniltity and Waste Contaminant Transport in Soil.
ASTM STP n. 1142, Philadelphia.

Daniel, D., Koerner, R., Bonaparte, R., Landreth,Garson, D., and Scranton, H. (1998). Slope Styloif
Geosynthetic Clay Liner Test Plots.of Geotech. and Geoenviron. EngkSCE, 124(7), 628-637.

Didier, G., Al Nassar, M., Plagne, V., Cazaux,(2000a). Evaluation of self healing ability of geo#etic
clay liners.Int. Conf. Geotech. & Geological EngngeoEng.2000, Melbourne, Australia

Didier, G., Bouazza, A., Cazaux, D. (2000b). Gasmmability of geosynthetic clay linerit. Journal of
Geotextiles & Geomembranedpecial Issue on GCLs, Ed. A. Bouazza, Vol. 182N pp. 235-250.

Doll P. (1996). Modelling of moisture movement undée influence of of temperature gradients:
desiccation of mineral liners below landfills. Phhesis, Technical University of Berlin, 251 p.

Dragun J,(1988). The Soil Chemistry of Hazardous Materidlse Hazardous Materials Control Research
Institute, Silver Spring, Maryland.

Drumm, E., Boles, D., and Wilson, G. (1997) DesiimmaCracks Result in Preferential Flo@eotechnical
News 15(2), 22-25.

Dullien, F.A.L., (1975). Single Phase Flow Throughrd®s Media and Pore Structur€hemical
Engineering Journall0, 1-34.

Dwyer, S. (1998), Alternative Landfill Covers Pa&lse TestCivil Engineering 68(9), 30-52.

Edil, T., Ranguette, V., and Wuellner, W. (1990}ti8ement of Municipal RefuseGeotechnics of Waste
Fills - Theory and PracticeSTP 1070, A. Landva and G. Knowles, Eds., ASTRS-239.

Eid, H., Stark, T., and Doerfler, C. (1999) Effe¢tShear Displacement Rate on Internal Shear Strepfgt
Reinforced Geosynthetic Clay Lin€&eosynthetics Internationab(3), 219-239.

Estornell, P. and Daniel, D. E. (1992) Hydraulicn@octivity of Three Geosynthetic Clay Linerk. of
Geotech. Engrg ASCE 118(10): 1592-1606.

ETC 8, European Technical Committee n. 8 (1993)t&hnics of landfill design and remedial works
technical recommendations-GLR" 2dition, Ernst & Sohn (Publ.).

Fernandez F., Quigley R.NM1985). Hydraulic Conductivity of Natural Clays Peritegbwith Simple Liquid
HydrocarbonsCanadian Geotechnical 22.

Fernandez F., Quigley R.M1989). Organic Liquids and the Hydraulic Condutyiwf Barrier Clays. Proc.
12th ICSMFE Rio de Janeiro, A.A.Balkema, Rotterdam.

Fernandez F., Quigley R.M1991). Controlling the Destructive Effects of Cl@yganic Liquid Interactions
by Application of Effective StresseSanadian Geotechnical 28.

Fuleihan N.F., Wissa A.E.Z. (1995). Discussion Mimimum Thickness of Compacted Soil Liners: Il.
Analysis and Case Histories by C.H. Benson and Ddhiel (J. of Geotech Engineering, ASCE, vol. 120

Chapter 3. Traditional and Innovative Barriers TecdtogiesandMaterials page 47



TC5 Report, September 2005

no. 1, 1994)J. of Geot. Engineering, vol 121(6) ASCE, pp. 508-

Giroud J.P., Badu-Tweneboah K., Bonapart¢1R92). Rate of Leakage through a Composite Linertdu
Geomembrane DeféctGeotextiles and Geomembrandd (1).

Giroud J.P., Bonaparte K1989a,b). Leakage through Liners Constructed withn@&obranes - Part I,
Geomembrane Liners; Part I, Composite Lin&sotextiles and Geomembran8sElsevier.

Giroud J.P., Soderman K.L., Khire M.V., Badu-Tweoab (1998). New developments in landfill liner
leakage evaluation. Prog" International Conference on Geosynthetitanta, IFAI:

Giroud, J., Gross, B., and Durasse, H. (1992) RFloweachate Collection LayerBesign and Performance
of Geosynthetic Lining Systems for Waste Containntfesit Publishers, St. Paul, MN.

Harpur, W.A., Wilson-Fahmy, R.F., Koerner, R.M. B) Evaluation of the Contact between Geosynthetic
Clay Liners and Geomembranes in Terms of TranswiigsiProceeding of the 7th GRI Seminar on
Geosynthetic Liner Systepthiladelphia, GRI.

Heibrock G. (1997). Desiccation Cracking of Minegaaling liners. Pro@nd Int. Landfill Symposiung.
Margherita di Pula, Cagliari, CISA.

Hohla M. (1995). Sealing of the Ash Landfill Kardexht Il, Voitsberg, Styria. Proc9th Young
Geotechnical Engineering Conferen&@hent, Belgian Member Society of ISSMFE.

Holzlohner U. (1989). Moisture behaviour of soildis and subsoil beneath landfills. Pr@€.International
Landfill SymposiumPorto Conte, 1, pp.X1-X11.

Holzlohner U. (1995). Moisture Balance, Risk of Deai@on in Earthen Liners. Chapter H of Site of the
Art Report: Landfill Liner Systemgds., Penshaw Press.

Izadi, M.T., Stephenson, R.W. (1992). Measuremdngas permeability through clay soil€urrent
Practices in Ground Water and Vadose Zone Invetigg ASTM STP 1118, pp.331-345.

James, A., Fullerton, D., and Drake, R. (1997),d~Rgrformance of GCL Under lon Exchange Conditions,
J. of Geotech. and Geoenviron. ERgkSCE, 123(10), 897-901.

Jarre, P., Mezzalama, R. and Luridiana, A. (1998ssbns to be Learned from a Fatal Landfill Gas
Explosion. Proceedings 8 International Landfill SymposiunCagliari, Italy, 497-506.

Jessberger H.L(1994). Emerging Problems and Practices in Envimmal Geotechnics. Prod.3th
ICSMFE, New Delhi, Oxford & IBH Publishing Co. Pvt. Ltd\New Delhi.

Jessberger H.L(1995). Waste Containment with Compacted Clay LinBrsec.The Geoenvironment 2000
ASCE, GSP n. 46, New York.

Jessberger H.L., Demmert S., Heibrock G. (1993et$&oncepts for Landfill Liners. Proc. Int. Cordace
The Environment and Geotechnifaris, Presses de L'Ecole Nationale des Ponthati<Sees.

Jessberger, H. and Stone, K. (1991) Subsidencet&fiecClay BarriersGéotechnique41(2), 185-194.

Jones R.M., Murray E.J., Rix D.W., Humphrey R.D94®). Selection of clays for use as landfill liners.
Proc.,Green '93 — Waste Disposal by Landfiiplton, UK, Balkema, Rotterdam.

Kaczmarek M., Hueckel T., Chawla V., Imperiali R997). Transport through a clay barrier with the
contaminant concentration depending permeabilitgnsport in Porous Medialuwer, Dordrecht, The
Netherlands, 29(2), 159-178.

Khire, M., Benson, C., and Bosscher, P. (1997) WBtdance Modeling of Earthen Landfill Coveus. of
Geotech. and Geoenviron. Engh$SCE, 123(8), 744-754.

Kjeldsen, P. and Fisher, E.V., (1995). Landfill G&gration - Field Investigations at Skellingsted L&hd
DenmarkJournal of Waste Management and Reseat@)467-484.

Koerner R.M., Lord A.E., Hsuan Y.K. (1993). Stresacking behaviour of HDPE geomembranes and its
prevention. GRI Report 9, 94 p.

Koerner, R.M. and Daniel, D.E. (1998inal Covers for Solid Waste Landfills and Abandbri2umps
ASCE Press, 256 pp.

Kraus, J., Benson, C., Erickson, A., and Chamberki (1997) Freeze-Thaw and Hydraulic Conductiuity
Bentonitic BarriersJ. of Geotech. and Geoenviron. EngfSCE, 123(3) 229-238.

LaGatta, M., Boardman, B., Cooley, B., and Daniel,(ID897) Geosynthetic Clay Liners Subjected to
Differential Settlementl. of Geotech. and Geoenviron. EngkSCE, 123(5), 402-410.

Lake, C.B., Rowe, R.K. (2000). Diffusion of SodiumdaChloride Through Geosynthetic Clay Liners.
Geotextiles and Geomembran&8 (2-4), 103-131.

Lin, L. and Benson, C. (2000) Effect of Wet-Dry Gpg on Swelling and Hydraulic Conductivity of
Geosynthetic Clay Linerd. of Geotech. and Geoenviron. EngtSCE, 126(1), 40-49.

Lo M.C. (1992). Development and Evaluation of Claydr Material for Hazardous Waste Sit&h.D.

Chapter 3. Traditional and Innovative Barriers TecdtogiesandMaterials page 48



TC5 Report, September 2005

Thesis University of Texas.

Manassero M. (1997). Pollutants Containment Viss®asBarriers. Procdl4th ICSMFE Discussion Session
6.1, Hamburg.

Manassero M., Benson C.H., Bouazza A. (2000) Seidte containment systems. Proc. GeoEng2000,
Melbourne, Australia.

Manassero M., Pasqualini E. (1993) Design and Cuoctibn of Barricalla Hazardous Waste Landfill.
Geotechnical New®iTech Publishers, Richmond, B.C., 11(4).

Manassero M., Pasqualini E., Sani D. (1998). PotasSorption Isotherms of a Natural Clayey-Silt for
Pollutant Containment. Proc* 8CEG, Lisbon, Balkema, Rotterdam.

Manassero M., Shackelford C.D. (1994a). Classificatid Industrial Wastes for Re-Use and Landfilling.
Proc.,1st ICEG Edmonton, BiTech Publishers, Richmond B.C.

Manassero M., Shackelford C.D. (1994b). “he Role d@fuBion in Contaminant Transport through Soil
Barriers.Rivista Italiana di GeotecnicaAGl, 28(1).

Manassero M., Van Impe W.F., Bouazza A. (1996). t&/@isposal and Containment. State of the Art
Report, Proc.2nd ICEG Osaka, A.A. Balkema, Rotterdam.

Manheim F.T. (1970). The Diffusion of lons in Uncolidated Sediments€arth and Planetary Science
Letters,North Holland Publishing Company, 9.

Massmann, J.W., (1989). Applying Groundwater Flowddls in Vapor Extraction System Desigournal
of Environmental Engineerind\SCE, 115(1), 129-149.

Mazzieri F. (1998) Hydraulic performance of GCLBIOPThesis, University of Ancona, Italy (in Italian).

Mazzieri F., Pasqualini E. (1997). The long termfgrenance of GCLs: a case study. Pr@epenvironment
'97, 1¥ International Australian New Zealand Conferenc&amironmental Geotechnics, Melbourne.

Mazzieri F., Pasqualini E., Van Impe W. (2000) Camimlity of GCLs with organic solutions. Proc.
GeoEng2000, Melbourne, Australia.

Mazzieri, F.P., Pasqualini, E., 2000. Permeabilitydaimaged geosynthetic clay lineGeosynthetics
International 7(2), 101-118.

Melchior, S. (1997). In Situ Studies on the Perfance of Landfills CapsProc. Intl Containment
Technology ConflJS Dept. of Energy, Germantown, Maryland, USA,-363.

Mesri G., Olson R.E(1971) Mechanisms Controlling the Permeability of Gla&lays and Clay Minerals
19.

Mitchell J.K., Bray J.D., Mitchell R.A. (1995). Matal Interactions in Solid Waste Landfills. Proc.,
International ConferencBhe Geoenvironment 200ASCE GSP n. 46, New York.

Mitchell J.K., Seed R.B., Seed H.B. (1990). Kettlenkills Waste Landfill Slope Failure. I: Liner Syste
PropertiesJournal of Geotechnical EngineeringSCE, 116(4).

Montgomery, R. and L. Parsons (1990), The Omegas Hilbver Test Plot Study: Fourth Year Data
Summary, Proc. 22nd Mid-Atlantic Industrial Waste CanfDrexel University, Philadelphia,
Pennsylvania, USA.

Olinic, E. (2000). Landfill bottom lining systemdaster of Science Thesis. Politecnico di Torino.

Olson, R. (1974), Shearing Strengths of Kaolinitite)] and Montmorillonite.J. of theGeotech. Engr.
Division, ASCE, 100(11), 1215-1229.

Othman M.A., Bonaparte R., Gross B.A. (1996). Prilary Results of Study of Composite Liner Field
Performance. Proc., 10th GRI Confereeeld Performance of Geosynthetics and Geosyrthidiated
Systems

Othman, M. and Benson, C. (1994) Effect of Freerawl on the Hydraulic Conductivity and Morphology
of Compacted ClayCanadian Geotech. J30(2), 236-246.

Othman, M., Benson, C., Chamberlain, E., and Zimiig,1994) Laboratory Testing to Evaluate Changes
in Hydraulic Conductivity Caused by Freeze-Thawi&ta-the-Art. Hydraulic Conductivity and Waste
Containment Transport in SoilSTP 1142, ASTM, S. Trautwein and D. Daniel, Eds7-224.

Pasqualini E. & Fratalocchi E. (2000). In situ anabbratory tests in environmental geotechnitalian
Geotechnical Journalin Italian) 34, n. 3 (suppl.), 17-37.

Pasqualini E. & Stella M. (1994). Le tensioni dntatto tra i singoli componenti strutturali e soyagti.
Proc. Updating Seminavleccanica dei rifiuti e analisi strutturale dei cponenti di una discarica
controllata, S. Margherita di Pula, CISA, Cagliari. (in Italian)

Pasqualini E., Fratalocchi E., Stella M. (2002) 8itgtof liners: some particular issues. Proc. iM.IConf.
Environmental Geotechnics, Rio de Janeiro, Brasil.

Chapter 3. Traditional and Innovative Barriers TecdtogiesandMaterials page 49



TC5 Report, September 2005

Petrov R.J., Rowe R.K., (1997). Geosynthetic Clayet Compatibility by Hydraulic Conductivity Testing:
Factors Impacting Performandganadian Geotechnical Journalol. 34(6).

Quigley R.M. Fernandez F., Rowe R.K. (1988). Clapayrier Assessment for Impoundment of Domestic
Waste Leachate (Southern Ontario) Including Clayehete Compatibility by Hydraulic Conductivity.
Canadian Geotechnical 25(8).

Quigley R.M., Fernandez F. (1989). Clay/Organic ratd@ons and their Effect on the Hydraulic
Conductivity of Barrier Clays. Proénternational Conferenc€ontaminant Transport in Groundwater
A.A. Balkema, Rotterdam.

Rabideau A., with contributions from Mercer J. &es co-leader), Andrews C., Chiang C., Grathwahl P
Hayworth J., Culligan-Hensley P., Manassero M., MbttSchroeder P., Shackelford C., Teutsch G., van
Meurs G., Wilhelm R. e Zheng €1996). Contaminant Transport Modelingternational Containment
Technology WorkshopSponsored by U.S. Department of Energy, U.S. Bnwirental Protection
Agency, DuPont Industries - Baltimore.

Reid R.C., Prausnitz, J. M. and Sheerwood, T. R7{} The Properties of Gases and Liqui(ﬁ edition,
New York: McGraw Hill.

Rowe R.K. (1988). Contaminant Migration through Grdwater: The Role of Modelling in the Design of
Barriers.Canadian Geotechnical ,.25(4).

Rowe R.K. (1998a). Geosynthetics and the Minimizatib@ontaminant Migration through Barrier Systems
Beneath Solid Waste. Keynote Lectud#) Int. Conf. on Geosynthetjdstlanta, IFAL.

Rowe R.K., Fleming I., Cullimore D.R., Kosaric N., iQiey R.M. (1995b). A Research Study of Clogging
and Incrustation in Leachate Collection SystemBlanicipal Solid Waste LandfillsRep.,Submitted to
Interim Waste Authority.

Rowe R.K., Quigley R.M., Booker J.R. (1995@)ayey Barrier Systems for Waste Disposal Facilites
FN Spon, London.

Rowe RK., Jones C.J.F.P.(2000) Geosynthetics: iativey materials and rational desidgfroc.GeoEng2000
Melbourne, Australia.

Seed R.B., Mitchell J.K., Seed H.B. (1990). Kettlentdills Waste Landfill Slope Failure. 1I: Stability
Analyses.Journal of Geotechnical EngineerindSCE, 116(4).

Shackelford C.D. (1991). Laboratory Diffusion Tegtirior Waste Disposal. a Reviewlournal of
Contaminant Hydrology, Elsevier(3).

Shackelford C.D(1994a). Critical Concepts for Column Testidgurnal of Geotechnical Engineering,
ASCE, 120(10).

Shackelford C.D.(1994b). Waste-Soil Interaction fTAléer Hydraulic ConductivityHydraulic Conductivity
and Waste Contaminant Transport in S&8TM STP n. 1142, Philadelphia.

Shackelford C.D., Benson C.H., Katsumi T., Edil TIBn L. (2000). Evaluating the hydraulic conductivity
of GCLs permeated with non-standards liqui@sotextiles and Geomembran#8, pp. 133-161.

Shackelford C.D., Daniel D. E. (1991a). DiffusienSaturated Soil. I: Backgroundburnal of Geotechnical
Engineering,117(3), ASCE New York.

Shackelford C.D., Daniel D. E. (1991b). Diffusian$aturated Soil. II: Results for Compacted Clmurnal
of Geotechnical Engineering17(3), ASCE New York.

Shackelford C.D., Nelson J.D. (1996). Geoenvironaedesign considerations for tailings dams. Proc.
Seismic and environmental design of earth damsretendams and tailings danfSantiago, Chile.

Shackelford C.D., Redmond P.{1995). Solute Breakthrough Curves for ProcesseoliKat Low Flow
Rates.Journal of Geotechnical EngineeringSCE, 121(1).

Shan H.Y., Daniel D.E. (1991). Results of laboratasts on a geotextile/bentonite liner material. Rroc.
Geosynthetics '91FAl, Saint Paul, MN, 2, pp. 517-535.

Shelp, M.L. and Yanful, E.K., (2000). Oxygen Diffas Coefficient of Soils at High Degrees of Satunatio
Geotechnical Testing Journét3(1), 36-44.

Sherman, V.W., (2000). GCL Durability and LifetimeA State's PerceptiorProceedings 14th GRI
conference: Hot Topics in Geosynthetics Las Vegas, USA,. 238-241.

Stark, T. and Poeppel, A. (1994) Landfill Linerdriace Strengths from Torsional-Ring-Shear Tektaf
Geotech. Engr.ASCE, 120(3), 597-615.

Stark, T.D., Arellano, d., Evans, W.D., Wilson, V.[Gonda, J.M. (1998). Unreinforced geosynthetiy cla
liners case historyGeosynthetics InternationaVol. 5 (5), pp. 521-544.

Stella M. (1998). Shear strength at interfaces ofipasite liners. PhD Thesis, University of Ancortaly

Chapter 3. Traditional and Innovative Barriers TecdtogiesandMaterials page 50



TC5 Report, September 2005

(in Italian).

Thiel R.S. (1999). Design of gas pressure relieéldyelow geomembrane landfill cover to improve slope
stability. Geosynthetics InternationaV/ol.5, No.6, pp.589-617

Trautwein S.J., Boutwell G.P. (1994). In Situ Hydra Conductivity Tests for Compacted Soil Linerslan
Caps.Hydraulic Conductivity and Waste Contaminant TranspoSoil, ASTM STP 1142.

UNESCO (1979) Map of the World Distribution of AriRlegions. MAB Technical Note 7, United Nations
Educational, Scientific, and Cultural OrganizatiBayis.

Vangpaisal, T. (2003pasPermeability of Geosynthetic Clay Liners under Vasi€€onditions. PhD Thesis,
Department of Civil Engineering. Monash Universitjelbourne.

Vangpaisal, T. and Bouazza, A. (2001). Gas Permbalof Three Needle Punched Geosynthetic Clay
Liners.Proceedings ¥ ANZ Conference on Environmental Geotechriisvcastle, Australia, 373-378.
Vangpaisal, T. and Bouazza, A. (2003). Gas leakagetineough a circular defect in a GM/GCL composite.

Proceedings'9International Waste Management and Landfill SympusiGagliari (CD Rom)

Vangpaisal, T. and Bouazza, A. (2004). Gas permigatuf partially hydrated geosynthetic clay liners.
Journal of Geotechnical and Geoenvironmental EngingeVol. 130 Nol.

Wagner J.F., Egloffstein Th., Czurda K.8990). The Pros and Cons of Different Suitabiligsts for Clay
Liners. Proc. 3rd International Conferen@ontaminated Soil ‘90 Karlsruhe, Kluwer Academic
Publishers, Dordrecht.

Williams, G.M. and Aitkenhead, N., (1991). Lessormi Loscoe: The Uncontrolled Migration of Landfill
Gas.Quarterly Journal Engineering Geolog#4,191-207

Yanful, E. (1993). Oxygen diffusion through soilvess on sulphidic mine tailings. of Geotech. Engng.,
Vol. 119, NO 8, pp. 1207-1228.

Zimmie T.F. & La Plante C. (1990) The effect ofdre-thaw cycles on the permeability of a fine-gzdin
soil. Proc. Mid-Atlantic Industrial waste Conferen®hiladelphia, Pennsylvania, USA.

Chapter 3. Traditional and Innovative Barriers TecdtogiesandMaterials page 51



TC5 Report, September 2005

PART Il — INNOVATIVE BARRIERS

3.1 INTRODUCTION

This report provides a brief overview of some cotrand promising technologies for waste
containment applications that are considered tmbevative from the viewpoint that their use has
not gained widespread acceptance at the preseatTine technologies discussed are classified into
two broad categories: (1) innovative covers anceconaterials, and (2) innovative liners and liner
materials.

Innovative covers and cover materials pertain éouse of covers (or caps) for final closure
of landfills or other waste disposal scenarioswadl as for use as horizontal surface barriers to
minimize the leaching of contaminants into the gwbuvater. With respect to waste disposal
scenarios, the purposes of the cover system iseteept the generation of leachate by minimizing
the amount of precipitation percolating through weeste during the inactive (post closure) period,
and to provide for containment and prevent physigspersion by wind and water. With respect to
applications involving remediation, a cover or aapy be considered as the only technology
needed in cases where the climate is arid, therviade is deep, and the site is relatively isalate
(Shackelford, 1999; Shackelford and Jefferis, 208@) example of this application is the Hanford
Barrier that has been designed to isolate singddl-&nk wastes and transuranic-contaminated soil
sites for a minimum of 1000 years at the U. S. Dmpant of Energy's Hanford site near Richland,
Washington, USA. A cover or cap also may be useshas situ barrier to prevent the potential for
overtopping of the contaminated ground water dueftliration within a vertically contained zone,
an occurrence known as the "bathtub effect" (SHemkk 1999; Shackelford and Jefferis, 2000).

Innovative liners and liner materials pertain tosteadisposal applications requiring the use
of liners to prevent leachate or a contaminant evastam resulting from a waste disposal practice
from migrating directly into the underlying soil dlng both the active disposal period as well as the
post-closure, or inactive, period of the containtfanility. The liner technologies described herein
are in contrast to the use of the more traditim@ahpacted clay and/or geosynthetic liners and
materials.

3.2 INNOVATIVE COVERS AND COVER MATERIALS

3.2.1 Alternative Earthen Final Covers (AEFCSs)

3.2.1.1Introduction

Alternative earthen final covers (AEFCs) are earthevers designed on water storage principles
that perform equally as well as their traditionalunterpart (i.e., composite or compacted clay
covers), have greater durability, or lower coshe high cost associated with composite final covers
(~$400,000US to $500,000US/ha) and the frequemiréiof compacted clay covers has led to
interest in alternative earthen final covers (AEF@s drier regions. In addition, AEFCs are
perceived to be more harmonious and congruent watture. AEFCs can be as simple as a
monolithic layer of vegetated finer-grained soilas complex as a multilayer anisotropic capillary
barrier (Benson and Khire, 1995; Stormont, 1995¢ @ad Ward, 1997). AEFCs currently are
receiving significant attention in North Americarpcularly in western regions that have semi-arid
and arid climates.
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AEFCs act like a sponge in several ways. First, @&Fstore water during periods of
elevated precipitation and limited evapotransporain the same way as a dry sponge stores water
that is wiped from a countertop. Subsequently, stered water in AEFCs is released to the
atmosphere during drier periods with higher evapwpiration just as a sponge when not in use.
Finally, deep percolation from an AEFC may occuiniérease in moisture storage takes place
within the cover. AEFCs are suitable in drier regiovhere potential evapotranspiration (PET) far
exceeds precipitation, and can be designed to siaffieient storage capacity to retain water during
wet periods without transmitting appreciable peatioh. Although a variety of design concepts
have been considered for AEFCs, the most commoigrde®ncepts can be classified as either
monolithic barriers or capillary barriers.

3.2.1.2 Monolithic or Evapotranspirative Covers

Monolithic covers (MCs) consist of a thick vegethtayer of comparatively fine-textured soil that
has high water storage capacity. Monolithic cowesalso referred in the literature as monocovers,
soil-plant covers, or evapotranspirative coverse Trminology "evapotranspirative cover”, results
from the fact that MCs are usually vegetated wititive plants that survive on the natural
precipitation.

The superior performance in arid climates of MQatree to conventional resistive covers
can be attributed to their comparatively low hydi@awonductivity under the unsaturated
conditions that prevail in arid areas. In additian, MC is made sufficiently thick so that water
contents near the base of the cover remain faosy | Under this condition, percolation from the
base of the cover can be small enough to meetttpageolation rates. Additional advantages of
MCs over typical clay barrier systems are that ttygycally are less vulnerable to desiccation and
cracking during and after installation, they arkatieely simple to construct, and they require low
post-closure maintenance. Also, MCs are economioalimplement since, as they can be
constructed of a reasonably broad range of sditsy aire typically constructed using soils from a
nearby area. Finally, MCs may represent a tecHygicaiperior alternative relative to traditional
covers if the cover design is governed by stabddpsiderations, as is the case for the desigmeat t
Oll Superfund landfill described herein.

The target percolation rate is selected based enp#rcolation rate associated with the
prescriptive cover that the monolithic cover is replace. The Alternative Cover Assessment
Program (ACAP) sponsored by the US Environmentatdetion Agency (EPA) has defined target
percolation rates for humid climates and semi-éoiddrier) climates that correspond to compacted
clay and composite covers. These percolation eresummarized in Table 1. A method to design
a monolithic cover using site-specific meteorolafjiclata and soil-water characteristic curves
(SWCCs) for the soil is described by Chen (1999).

Table 1. Equivalent percolation rates for prescrifimal covers (Benson, 1999; Manassero et al.0R00

Type of Maximum Annual Percolation (mm/y)
Prescriptive Semi-Arid and Drier Humid
Cover (P/PET 0.5) (P/PET >0.5)
Compacted Clay (or lesser) 10 30
Composite 3 3

P = precipitation; PET = potential evapotransjorat
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A rational basis for selection of parameters thategn the design of MCs, such as the
thickness of the soil cover layer and the rootiegttl of the vegetation, is provided by Zornberg et
al. (2003). A sensitivity analysis of the comporsent the water balance was performed using
unsaturated flow modeling of a generic MC system ieather conditions typical of southern
California. The parametric evaluation indicates tiaMC with a thickness as small as 600 mm in
the semi-arid climate of southern California s#&sfstringent percolation design criteria. Generic
cover evaluations can provide the basis for siee#ig unsaturated flow investigations, such as the
one undertaken for compilation of the design oéaapotranspirative cover system at the Operating
Industries, Inc. (OIll) Superfund landfill in southe California. In this case, equivalence
demonstration to evaluate compliance of the propadernative cover with the prescriptive cover
system was based on unsaturated flow analysesrpexfiofor both covers using site-specific
weather conditions and soil-specific hydraulic pudjes.

3.2.1.3 Capillary Barriers

A significant amount of study recently has beenotied to the use of capillary barrier covers
(CBCs) for waste disposal (e.g., Aubertin et 894; Khire et al., 1994; Benson and Khire, 1995;
Stormont et al., 1996; Watkins, 1996; Stormont &mdierson, 1999). A capillary barrier effect
results when unsaturated flow occurs through aivels fine layer of soil overlying a relatively
coarse layer of soil, as illustrated in Figure Tae fine layer does not have to be a fine-grairald s
but rather simply must be finer than the underlyoogrser soil. When the incipient wetting front
reaches the interface between the two soil laykeswetting front does not pass unabated into the
lower, coarser soil due to the residual suctionai@mng in the finer layer after passage of the
incipient front (Figure 1b), and the comparatividywer unsaturated hydraulic conductivity of the
coarser layer relative to that of the finer layathwincreasing matric suction (Figure 1c). As a
result, only a fraction of the incipient wettingufl is transmitted into the underlying coarser
material, and the infiltrated water begins tothié remaining air voids in the finer layer (Figdd).
Breakthrough occurs when the matric suction atitiberface between the layers reaches a value
corresponding to the sharp bend in the SWCC ottlaeser soil near residual water content (Khire
et al., 2000).

Saturation, Directi ;
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Figure 1. Conceptual layering in a capillary bargever: (a) cross-section; (b) wetting fronts; (c) ifrgv
forces; and (d) unsaturated hydraulic conductivetgtionships (Shackelford and Nelson, 1996).
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In general, the effectiveness of a CBC increasdh am increase in the contrast in soil
properties (e.g., unsaturated hydraulic condugjiwoetween the finer and coarser layers and when
the water storage capacity or the residual suctibrihe finer layer is maximized. Complete
saturation of the finer layer during migration bétincipient wetting front will destroy the capija
barrier effect, and the CBC will fail. Thus, a CB€nerally is considered plausible only in regions
with relatively small precipitation events, suchimsrid and semi-arid climates. However, even in
arid and semi-arid regions, provision must be mieadequate lateral drainage of infiltrating
water to minimize the potential for saturation lo¢ ffiner layer particularly when the finer layer is
relatively thin.

The thickness of the finer layerjlis sized to have sufficient water storage cagdoitstore
water during cooler and wetter months while lingtipercolation to below a prescribed threshold
(Stormont and Morris, 1998; Khire et al., 2000). eThmequired storage capacity can be
conservatively assumed to equal the amount of jpitation received outside the growing season
during the wettest year on record and the snowiest on record.

The thickness of the coarser layer is not nearlymgortant as that of the finer layer since
the coarser layer provides little storage capacliye coarser layer only needs to be thick enoagh t
provide a good working platform for placement oé thiner layer and, in some cases, adequate
lateral drainage capacity. A layer 300-mm thicgeserally adequate (Khire et al., 2000).

The major design considerations for CBCs can bensarized through theapillary barrier
pyramidshown in Figure 2. In general, an increase in @Bder correlates with an increase in the
contrast of the properties (e.g., unsaturated lidraonductivity) of the soils used in the capila
barrier. However, an increase in CBC order alsoetates with an increase in the potential for
piping (i.e., migration of finer soil particles tugh the coarser soil particles). Lateral drainage
through the top layer has been considered in soB€ @Gesigns to minimize the potential for
saturation of the top layer and subsequent faitdirdne CBC. In this regard, 1st order CBCs with
sand as the top layer usually are preferred. Howyekiess approach may require excessively thick
top layers to ensure that the water holding capakiting lateral drainage is not exceeded causing
failure of the CBC. An alternative approach is &sign a lateral drainage layer immediately above

Increasing Piping Potent

Figure 2. The capillary barrier pyramid (Shackelfardl Nelson, 1996)
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the top layer of a CBC to minimize the amount ohged water. As previously noted, lateral
drainage through the bottom layer is not a sigaificdesign consideration except in the case of
failure of the CBC in which case the lower draindager helps to minimize infiltration of water
into underlying waste. The design of liquid colleatlayers is provided by Giroud et al. (2000).

Another major factor governing the selection is ttoncern for desiccation of clays in arid
and semi-arid regions that typically plagues théqumance of the traditional, prescriptive covers.
In this regard, dry-side compaction of a fine-geairsoil used as the finer layer helps to reduce the
potential for desiccation while simultaneously #asing the water storage capacity (Shackelford
and Nelson, 1996). Also, CBCs that use a silt oidsas the finer layer also offer a measure of
protection against desiccation cracking. Thus, miak of the above design considerations, silt/sand
1st order, clay/sand 2nd order, or silt/gravel drmier CBCs probably offer the best potential CBC
profiles.

3.2.1.4 Site-Specific Design Considerations for AEs

An aspect of AEFC design that differs from the desof prescriptive covers is that the cover
profile is a function of meteorological conditioaad vegetation. Thus, the cover thickness varies
with location. For example, Winkler (1999) condutte modeling study evaluating how the
thickness of MC systems varies with location thtoug the western United States. He used site-
specific meteorological data and vegetative pragerin his analysis. A contour map of the
thickness of silt loam required to achieve an ahpeacolation rate of 10 mm/yr resulting from
WiQkIer's analysis is shown in Figure 3. The silah had a saturated hydraulic conductivity of
10" m/s.

The map in Figure 3 indicates that very thin cevemay be possible in the desert
southwestern United States (e.g., Arizona, Nevaiay Mexico) whereas much thicker covers
probably are required in the cool deserts wheraifsignt snowfall occurs (e.g., Montana,
Wyoming, North Dakota). Zornberg et al. (2003) eargike the need for site-specific weather and
soil-specific hydraulic input parameters for thsida of AEFCs. Such analyses provide insight into
design aspects such as the effect of irrigationgqams to sustain permanent vegetation, of
increased natural precipitation, of the initial stare content of the cover, and of the potential
increase in the hydraulic conductivity of coverlsanduced by root penetration.

Figure 3. Contour map of the western US showing ireduthickness (m) of silt loam monolithic cover
required to meet a target percolation rate of 10yn(adapted from Winkler, 1999).
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3.2.1.5 Suitable Soil Properties and Placement @Gitions for AEFCs

Vegetation plays an important role in the perforoearof AEFCs since vegetation facilitates
removal of stored water (Fayer et al. 1996). Algjoevaporation from the soil surface can remove
water, transpiration by plants is necessary irfballthe driest regions if percolation is to be texi

to very small amounts (e.g., less than 3 mm/yrngeguently, soils that are suitable for vegetation
should be used for the portion of AEFCs where \aggmi will be established. In addition, soils that
have low potential for desiccation cracking andsfrdamage should be used so that preferential
flow will not be problematic. Soils meeting theséaria normally classify as silty sands, siltdtysi
clayey sands, clayey silty sands, and similar nedter Erosion of these soils can be problematic in
some cases. Thus, vegetation should be establiseesoon as possible after construction is
complete and nurtured to maturity. Maturation nalfynrequires three to five years.

Since the soil is intended to be a medium for \vati@t growth, only modest compaction should
be used. This may lead to the use of stabilizati@thods other than high compaction in projects
involving steep cover systems. Compaction spetifina for AEFCs typically stipulate that the
finer layer be compacted to approximately 85 % anth@ast 90 % of maximum dry unit weight
based on standard Proctor (RMA, 1997; Benson g1889; Zornberg et al., 2003). This level of
compactive effort can usually be delivered usingber-tire construction equipment. Modest
compaction also ensures that the pore structutkeo§oil is not prone to large changes caused by
shrinking and swelling or frost action; i.e., thergs are reasonably large after compaction and thus
pedogenesis is unlikely to cause a major changepdre size. The use of geosynthetic
reinforcements to stabilize steep AEFCs is repdotedornberg et al. (2001).

3.2.1.6 A Case History

Results from a generic evaluation of a baselingetwanspirative cover (ETC), performed using
site-specific weather information for southern €@atia, were used as the basis for the design of
the cover system at the OIll Superfund site (Zorglzerd Caldwell, 1998; Zornberg et al., 2003).
The site is located in the city of Monterey Park]ifornia, approximately 16 km east of downtown
Los Angeles. Before implementation of the finalstlee system at the site, the refuse mass reached
over 76 m above grade with slopes as steep as IM3Hhe landfill, a former sand and gravel
quarry pit excavated up to &0 deep in places, was filled with solid and liqwestes over a 40-
year period. There is no evidence indicating thaigsade preparation or installation of a liner
system took place prior to the placement of solaste in the quarry. The maximum vertical
thickness of the solid waste in the landfill is eppmately 100 m. The landfill received waste until
1984, when an interim soil cover of variable thieka (1 to 5 m), consisting of silty clay to silty
sand, was placed on top of the landfill. The sés been undergoing final closure under the US
EPA Superfund program since 1986.

Selection of the final cover system at the site dr@gen by stability concerns, which led to
the identification of alternative covers such agaposed geomembrane cover and an ETC system.
Although an exposed geomembrane cover would béestmioler both static and seismic conditions,
evaluation of the uplift by wind of the geomembrdmeeomes a key design consideration (Zornberg
and Giroud, 1997). An ETC system then was seletiechuse of aesthetic, economical, and
technical considerations. This system constitutesfitst evapotranspirative cover approved by the
USEPA for construction at a Superfund site. Sadacof this system allowed use of geogrid
reinforcements on steep portions of the landfilhichh were designed to satisfy static and seismic
stability design criteria. The infiltration desigmiteria for the cover system at the OIl Superfund
site required that the percolation through the psepl alternative, ETC be less than the percolation
through the prescriptive, resistive cover. The qripsive cover consisted of a 1200-mm-thick
system, which included a 300-mm-thick vegetativgeta a 300-mm-thick clay layer having a
saturated hydraulic conductivity of 1 x 40n/s, and a 600-mm thick foundation layer. The
vegetative layer and the foundation layer were bassumed to have a saturated hydraulic
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conductivity of 1 x 10 m/s. Equivalence demonstration procedures usiregspiecific weather
conditions and soil-specific hydraulic propertiesrer developed to evaluate the compliance of the
proposed alternative cover with the prescriptiveecsystem.

Construction of an ETC at least 1200-mm thick restbn top of a 600-mm-thick foundation
layer was completed in April 2000. Performance rtaimig of the cover, consisting of a series of
time domain reflectometry probes, was implementading the three years following construction
to monitor moisture variations and percolation d®within the cover.

3.2.2 Exposed Geomembrane Covers

3.2.2.1 Introduction

Exposed geomembrane covers (EGCs) have been reesatlyzed, designed, and constructed to
provide temporary and final closure to waste camtgnt facilities. Significant cost savings may
result from elimination of topsoil, cover soil, drage, and vegetation components in typical cover
systems. Additional advantages include reduced anmperation and maintenance requirements,
increased landfill volume, easier access to laledfimaterials for future reclamation, and reduced
post-construction settlements. In addition, if taedfill slopes are steep, the use of EGCs may
provide solutions to erosion concerns and to stglproblems associated with comparatively low
interface shear strength of typical cover compahebisadvantages associated with the use of
EGCs include increased vulnerability to environmaéiamage, increased volume and velocity of
stormwater runoff, limited regulatory approval, aekthetics concerns. However, EGCs have been
particularly applicable to sites where the desifm of the cover is relatively short, when future
removal of the cover system may be required, whenlandfill side slopes are steep, when cover
soil materials are prohibitively expensive, or whke landfill is expected to be expanded vertically
in the future. Key aspects in the design of EGGs agsessment of the geomembrane stresses
induced by wind uplift and of the anchorage agawisd action.

3.2.2.2 Geomembrane Stresses Induced by Wind Uplif

The resistance to wind uplift of an EGC is a goumgnfactor in its design. Wind uplift of the
geomembrane is a function of the mechanical pregsedf the geomembrane, the landfill slope
geometry, and the design wind velocity. Procedémeshe analysis of geomembrane wind uplift
have been developed by Giroud et al. (1995) andk#yg and Giroud (1997). A number of EGCs
have been designed and constructed using theseduwes (Gleason et al., 2001; Bouazza et al.,
2002), particularly in the US.

Wind uplift design considerations involve assesgnoérihe maximum wind velocity that an
exposed geomembrane can withstand without beinfjagylof the required thickness of a protective
layer that would prevent the geomembrane from bepiidted, of the tension and strain induced in the
geomembrane by wind loads, and of the geometnhefuplifted geomembrane. The fundamental
relationship of the geomembrane uplift problemhis tuplift tension-strain relationship,” defined by
(Zornberg and Giroud, 1997):

- 2T sin! == -1 (1)
S.L

where g, = geomembrane strain component induced by winift,upl= total geomembrane tension,
S = effective wind-induced suction, ahd= length of geomembrane subjected to suction.réigu
shows a schematic representation of an upliftedngedbrane. It should be noted that the uplift
tension-strain relationship (Equation 1) relates dtrain induced only by the wine f with the total
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tension in the geomembrang) (nduced also by other sources like temperaturgravity. In other
words, Eqg. 1 is not a relationship between the vimadiced strain ) and the wind-induced tension

(Tw)-

Figure 4. Schematic representation of an uplifeseshgembrane (Zornberg and Giroud, 1997).

3.2.2.3 Anchorage Against Wind Action

A method for designing anchor benches and trenclsed to secure geomembranes exposed to
wind action is presented by Giroud et al. (1999)€eE potential failure mechanisms are identified:
() sliding of the anchor bench or trench in thevdslope direction; (ii) sliding of the anchor bench
or trench in the upslope direction; and (iii) ufi§ of the anchor bench or trench. It is showrt tha
the first mechanism is the most likely and that ttied mechanism is the least likely. Criteria are
provided by Giroud et al. (1999) to determine wisathe potential failure mechanism in each
specific situation. This is defined by the geometiryhe slope on which the geomembrane is resting
and the geomembrane tensions induced by wind adiiade also shown that a simple method,
consisting of only checking the resistance of andhenches and trenches against uplifting is
unconservative as lateral sliding is more likelyptzur than uplifting.

3.2.2.4 Case Histories

A number of EGCs have been recently designed usiagaforementioned procedures for wind

uplift analysis. Four of the recently constructe@Es in the US are listed below (Gleason et al.

2001; Bouazza et al. 2002). At each landfill, tlesign and operations criteria for the EGC, as well

as the rationale for constructing the EGC wereiBagmtly different. The sites are:

- Delaware Solid Waste Authority, Sussex County, idal@: an EGC was designed and installed
over a 17-ha landfill to provide a long-term coggstem (i.e. 10 to 20 years) over waste that
may be reclaimed at a later date.

Crossroads Landfill, Norridgewock, Maine: an EGCswdesigned and installed over a 2-ha
landfill that had reached its allowable interim dga based on site subsurface stability. With
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time, the subsurface strata of clay beneath thafilawill consolidate and gain shear strength,

thus allowing for additional waste placement.

Naples Landfill, Naples, Florida: an EGC was des@yto provide a temporary cover for a 9-ha

landfill for two purposes: (i) the EGC was constagta year prior to the planned construction

of a typical final cover system in order to contoolors associated with landfill gas; and (ii) on

two of these slopes, the EGC was installed ovexrsatteat will be overfilled in the near future.

Sabine Parish Landfill, Many, Louisiana: an EGC vagsigned and installed over a 6-ha

landfill that had severe erosion because of loegstside slopes that could not be reasonably

closed using conventional closure system technology

In addition, a feasibility evaluation of the usé an EGC was conducted for the Oll

Superfund landfill (see section on Alternative Bart Final Covers). The main reason for having
considered an exposed geomembrane cover at thig/a#t the difficulty in demonstrating adequate
slope stability, under static and seismic condgjom the case of conventional covers where
geosynthetics are overlain by soil layers. AlthoaghlC system was finally adopted at the site, an
EGC was also considered because it would have B&dre under both static and seismic
conditions.

3.2.3 Geochemical Covers

3.2.3.1 Introduction

Blowes et al. (1991) evaluated the formation of eetad (hardpan) layers near the surface of two
inactive sulfidic tailings impoundments in Canadavaluate the potential effect of hardpan layers
on reducing the rate and magnitude of sulfide diodeand H, F&*, and SG* production. Blowes

et al. (1991) found that the hardpan layer at dria@ sites consistently occurred at a depth where
there is an abrupt increase in the solid-phaseocate content.

3.2.3.2 Application in Acid Drainage Problems

For example, consider the problem of acid drainmagalting from the oxidation of sulfidic tailings,
such as pyrite (Feg), in accordance with the following chemical reant{e.g., Nicholson et al.,
1989; Evangelou and Zhang, 1995; Ribet et al., 1995

FeS(s)+ 3.50,+ H,0® 2SQ,” +2H" + F&* )

The result of this chemical reaction is the proguciof a low pH solution (e.g., pH < 6)
containing relatively high concentrations of potaly toxic heavy metals associated with the
tailings, such as E& In the presence of sulfate (§Q resulting from dissolution of pyritic tailings

(Eq. 1), calcite (CaC§)s) dissolves resulting in gypsum (Ca$ZH20(s)) precipitation as follows:
SO +CaCQyg*+2H" + H0® CasSQ@H;0(s) +CO, 3)

The ferrous iron (F&) resulting from dissolution of pyritic tailings ¢E 2) oxidizes to
ferric iron (F&*) in the presence dthiobacillus ferrooxidanss follows (Blowes et al., 1991):

F€" +0.250, +H' ® Fe¥* + 0.5H,0 (4)

The abundance of ferric iron from the reaction ig. B results in a hardpan layer of
precipitated iron oxyhydroxide (FeO(Qf}) and/or ferric hydroxides (Fe(Okt}) due to an

increase in pH (Egs. 3 and 4) as follows (Evangelod Zhang, 1995; Chermak and Runnells,
1996):
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Fe* + 2H,0® FeO(OH)g)+3H" ©
5
FE* + 3H,0® Fe(OH)s)+3H"

Thus, the existence of Ca@() (Eg. 3) results in an increase in pH and the camsey
precipitation of FeO(OHg)and/or Fe(OHys)

Based on their investigations, Blowes et al. (39®hcluded that the persistence of hardpan
layers near the surface of sulfidic tailings catuae substantially the rate of sulfide oxidation an
the generation of acid drainage. They also notatttie hardpan layer formation may be enhanced
by adding carbonate minerals to the tailings nieareind of disposal operations.

3.2.3.3 Creation of Geochemical Covers

Chermak and Runnells (1996) evaluated the potefatiatreating a low-permeability geochemical
cover by evaluating the effect of the additioniofd (CaQs)) and crushed limestone (Cagg) on
the hydraulic conductivity of an acidic sulfidefri@overburden material from a gold mine. The
measured hydraulic conductivity values for two oohs of overburden material without surface
amendment permeated with a simulated rainwater1.66 m HCI, pH = 5.80) were 1.4 x 0
m/s and 1.3 x 18 m/s. The measured hydraulic conductivity valuasviarious surface amended
columns ranged from 1.6 x ¥0m/s to 5.7 x 10 m/s as the result of the formation of hardpan
layers with hydraulic conductivity values rangimgrh 2.8 x 16° m/s and 7.8 x 18 m/s.

Chermak and Runnells (1996) also found that anomapt consideration in the
development of the hardpan layer is that the smlfigerburden and limestone and/or lime be in
direct contact to allow the chemical reactions ¢ow. Thus, the addition of solid-phase carbonate
minerals to acidic sulfide-bearing tailings showsrpise in terms of creating a low-permeability
geochemical cover. Also, the hardpan layer fornmatghould be self-perpetuating and self-
hardening provided sufficient amounts of carbomaiteerals are available.

Organic-rich materials, such as sewage sludge,posted municipal waste, peat, or
sawdust, also have been proposed as geochemical m@aterials. These material consume oxygen
and prevent or reduce the oxidation of the undeglysulfidic tailings (Ribet et al., 1995). The
major advantages of this approach are low cost avallability of materials. A potentially
significant disadvantage is that aerobic and araetnodegradation of the organic-rich waste can
release soluble organic compounds to percolatintewthat subsequently result in reductive
dissolution of ferric-bearing precipitates resudtin release of metals from the tailings.

3.2.4 Covers from Pulp and Paper Mill Sludge

3.2.4.1 Introduction
The pulp and paper industry generates large questif sludge from wastewater treatment. The
United States Department of Commerce estimatedinhd®74, 560 to 630 pounds of solid waste
was generated per ton of paper production (Sprint@86). More recent estimates indicate that
wastewater treatment is now more efficient in real@f solids, yielding about 1780 kN of paper
sludge (also referred in the literature as fibr@y®l, paper clay, paper residuals, paper biosolids,
and short paper fiber (spf®) per ton of paper poedu(Gregg et. al.,, 1997). This production
equates to a total of over 10.8 billion kg of pagkidge generated each year by the United States
paper industry alone (Springer, 1986; Gregg et1897).

Approximately 70-75 % of the paper sludge is diggbm landfills (Springer, 1986; Zander
et. al., 1996). Another 15-20 % is currently beimginerated for both power production and volume
reduction (Springer, 1986; Zander et. al., 1996jnéch smaller portion of the paper sludge stream
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is being disposed as soil amendments and as lomgadaility covers for landfills. With the
shrinkage of available landfill space, and theiciifity in locating and permitting new solid waste
landfills, an alternative is clearly needed to Hartie paper sludge that is still being placed into
landfills.

The high price of disposal has sparked intereshéindevelopment of alternative uses for
paper sludge. Numerous studies have been condtwtédd alternative uses for paper sludges
(Stoeffel and Ham, 1979; NCASI, 1984; NCASI, 1988ASI, 1989; NCASI, 1990; NCASI,
1992a; NCASI, 1992b; Floess et al., 1995, Moo-Yoand Zimmie, 1996a; 1997a; 1997b; Kraus et
al., 1997; Floess et al., 1998). Compacted clays baen widely used as the barrier layer in lahdfil
covers. However, when an abundant source of clayotsreadily available, the cost of landfill
closure is greatly increased. The elevated cosvadte disposal may be reduced by the use of
unconventional material in the construction of f@ied Moreover, since paper sludges are
considered a waste product, they are provided @édahdfill owner at little or no cost. This may
reduce the cost of construction by $50,000US t&EIOOUS per hectare.

3.2.4.2 Sludge Composition and Properties

The composition of paper sludges is a result oftyipe of paper produced and the wastewater
treatment system at the mill. In general, the papeking process is categorized as integrated (1),
non-integrated (N), or recycling (R). An integratedper mill makes magazine quality paper by
grinding fresh timber into ground wood, whereasoa-mtegrated plant purchases it as ground
wood.

The water treatment plant at the paper mill typycarovides primary and secondary
treatment for the wastewater. In a typical wastewdateatment scheme, tissues and fibers are
removed from the wastewater in the primary clarifléecondary treatment is employed to reduce
the BOD (Biochemical Oxygen Demand). Disinfectaate used to kill bacteria after secondary
treatment. Dewatering mechanisms such as beltggesentrifuges, and vacuum filters are used to
dewater the paper sludges. In general, paper sudge characterized as primary, secondary or
blended sludges. The differences in the paper rgakiocess combined with the variety of
wastewater treatment options have led to the recemdation of thoroughly characterizing paper
sludges prior to their utilization in environmentgéotechnics applications (Moo-Young and
Zimmie, 1997a).

3.2.4.3 Geotechnical Index Properties

Paper sludges consist of organic fibers and tissaied inorganic clay fillers. Organic material
generally consists of lignin and pulp fibers. Tracaterials can also be found in paper sludges such
as resins and starch for strengthening the papetupt, and pigments and chalk for coloring and
surface treating of the final paper. The inorgasomponent, also referred to as ash, can consist of
kaolinite, calcium carbonate, titanium oxide, onext materials used in pulp and paper production
(NCASI, 1989). Clay is usually the principal componhof the ash.

Geotechnical index properties, such as gravimeteter content, organic content, specific
gravity, and Atterberg limits, have been utilized dcompare paper sludges to natural soils (i.e.,
clays). Paper sludges are characterized by tygibagher gravimetric water contents (100 % to 250
%), organic content (30 % to 70 %), liquid limif2Q % to 300 %), and plastic limits (48 % to 130
%) relative to typical clay soils (Moo-Young andinie, 1996a; 1997d). Moreover, paper sludges
are characterized by a lower specific gravity (2.8} than typical clays. As a result of the high
organic matter in paper sludges, the oven temperatsed to dry samples must be lowered from

1050C to 700C to avoid burning off the organic matter (Alvi abewis, 1987; Moo-Young, 1992;
Moo-Young, 1995), a larger sample (200-300 gramsitiized (Moo-Young and Zimmie, 1996a),
and two to three days typically amequired to completely dry the specimen.
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3.2.4.4 Chemical Analysis

Chemical analysis using TCLP (Toxicity Leachate @hbterization Procedure) on paper sludges
has shown that they are non-toxic (Izu et al., J99Be chemical characteristics of the liquid phase
in paper sludge are related to the paper makingvaaslewater treatment processes. Trace metal
leachability from paper mill ashes and paper milldge, and the effects of a soil on their
leachability, were determined by leaching the nessdpacked on top of a soil in a column (Xiao
and Sarigumba, 1999). The results showed that argaatter enhances metal sorption when
present as a solid phase, but organic matter alseases metal leachability when present in
dissolved form under alkaline conditions.

3.2.4.5 Compaction

Laboratory compaction tests have been conductedwlsgerous researchers to determine the
relationship between dry unit weight and moldingevaontent (Moo-Young and Zimmie, 1996a;
Kraus et al., 1997; Izu et al., 1998). Becauséhefhigh water content, tests were conducted from
the wet side rather than from the dry side of tbengaction curve as stipulated by American
Society of Testing and Materials (ASTM) proceduré®3 (ASTM D 698). When water was added
to dry sludge, large clods formed, the clods wefecdlt to break apart, and the sludge lost its
initial plasticity. At higher water contents, theydlensity obtained from the compaction test fer th
various sludges is similar. At the optimum dengfy to 9.0 kN/r) and moisture content (40 % to
60 %), the sludge is dry, stiff, and unworkable.irQu and Zimmie (1999) suggested that paper
sludge be compacted at a dry density ranging betwekN/n? and 4.5 kN/m, which generally
corresponds to a water content ranging from 90 %6 %, respectively.

During the construction of the landfill cover systén Hubbardston, Massachusetts, USA, and
test plots in Erving, Massachusetts, USA, differgqges of equipment were used to place the
sludge cap. Four types of equipment were used:al ground pressure vibratory drum roller, a
vibrating plate compactor, a sheepsfoot roller, amow ground-pressure track dozer. The vibratory
methods did not provide homogeneous mixing andnaitlcompact the sludge effectively. The
small ground-pressure dozer provided the best ndefilvoplacement and compaction from the toe
of the landfill towards the top. This equipment cegsfully eliminated large voids from the sludge
material and kneaded the material homogeneously{¥mmng, 1998; Floess et al., 1998; Floess et
al., 1995).

3.2.4.6 Hydraulic Conductivity

Paper sludges generally have several characteritiiat make their use as hydraulic barriers
promising. Hydraulic conductivities in the rangel6@® m/s to 10°° m/s have been reported (Moo-
Young, 1995; Moo-Young and Zimmie, 1996a; Krausaét. 1997). The hydraulic conductivity of
paper sludge is a function of the organic contefigctive stress, and initial water content. As the
organic content of paper sludge decreases, theabljcrconductivity decreases. The following
relationship can be utilized to estimate the hylitaconductivity from the organic content (Moo-
Young, 1996d):

K = 10(0.0220C- 8.03) ©)

where k = hydraulic conductivity (cm/s) and OC gamic content (%).

Paper mill sludge can be compacted to a low hyidracdnductivity (<16 m/s) at water
contents 50 % to 100 % wet of the optimum watertexan At or near the optimum water content,
the hydraulic conductivity of paper sludge increa@doo-Young and Zimmie, 1996a; Kraus et al.,
1997). Studies also have shown that an increastantive stress on paper sludge corresponds to a
decrease in the hydraulic conductivity (Moo-Youmgl Zimmie, 1997a; Moo-Young and Zimmie,
19964a; Kraus et al., 1997).
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Some special precautions are required when meagsiménhydraulic conductivity of paper mill
sludges. For example, Kraus et al. (1997) pladedi#l cells in a refrigerator at 4°C to reduce the
production of gases from organic decomposition riearporous stone. Also, Zimmie and Moo-
Young (1995) suggest that the test specimen beepueyery twenty-four hours to reduce the
buildup of gases.

3.2.4.7 Compressibility

Paper mill sludges are highly compressible, andathter content and organic content are a useful
indicator of the consolidation characteristics. Mbaung and Zimmie (1996a; 1996d) present
relationships between the compression inde) &8d the initial water content %) and organic
content (OC, %) as follows:

Cc = 0.009(vg) (7)
and
Cc = 0.027(0C) (8)

Landva and LaRochelle (1983) established a relghipnbetween compression index and water
content for peats, which is similar to the one wietd for paper mill sludges.

3.2.4.8 Shear Strength

Laboratory undrained triaxial compression testsdooted on paper sludge indicate that the
effective angle of internal friction for paper sgigdvaries from 25° to 40° and the effective stress
cohesion ranges from 2.8 to 9.0 kPa (Moo-YoungZminie 1996a, 1997b). Field vane shear tests
conducted at the Montague Landfill in Montague, 8éahusetts, resulted in undrained shear
strength ranging from 2 to 35 kPa with a water enhtanging from 200 % to 122 %, respectively
(Quiroz and Zimmie, 1998).

3.2.4.9 Freeze and Thaw Susceptibility

Laboratory specimens frozen one-dimensionally tdeaired number of freeze-thaw cycles, and
subsequently permeated in a flexible-wall permearsett effective stresses of 34, 69, and 138 kPa
using a hydraulic gradient of 21 have shown thaeZmng and thawing increased the hydraulic
conductivity of paper sludge by one order of magiet (Moo-Young and Zimmie 1996b). The
change in hydraulic conductivity at lower effectisteesses due to freeze-thaw appears to be similar
to that for higher effective stresses. Similautsswere obtained by Kraus et al. (1997).

3.2.4.10 Case Histories

Since 1990, more than 14 landfills in the US (52e6tares total) and 10 landfills in Finland have
been covered using paper sludge as the barrietraotisn material (Maltby 1999, Saarela 1999).
The landfill closure projects in the US are summettiin Table 2.
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Table 2. Summary of full-scale closures using papiérsludges in the United States.

State Landfill Type Area | Barrier Thickness | Hydraulic Conductivity
(ha) (m) (m/s)
Alabama Industrial 0.76 0.61 <1010
Maine Municipal 0.076 0.76 1010. 1011
Maine Municipal 0.081 0.76 1011
Maine Municipal 0.038 0.76 109
Massachusetts Municipal 0.20 0.76 1012. 1013
Massachusetts Municipal 0.19 0.76 1012. 1013
Massachusetts Municipal 0.41 0.76 1012
Massachusetts Municipal 0.077 0.76 1012. 1013
Massachusetts Municipal 0.077, 0.76 1012. 1013
Massachusetts Municipal 0.41 0.76 1012. 1013
Michigan Industrial 0.23 0.81 1011
New Hampshire Municipal 0.077 0.76 1012. 1013
New York Municipal 0.33 1.2 1011
New York Municipal 0.30 0.61 1011

3.3 INNOVATIVE LINERS AND LINER MATERIALS
3.3.1 Reactive Liners and Barriers

3.3.1.1 Introduction

Attenuation refers to the reduction in the rate/andnagnitude of contaminant migration due to
physical, chemical, and/or biological reactions g&telford and Nelson, 1996). Geochemical
attenuation refers to attenuation that results frgaochemical interactions between natural
geological material and chemical constituents ie ffore water. Some possible geochemical
attenuation mechanisms include cation and aniohange with clays, adsorption of cations and
anions on hydrous metal oxides, such as iron anthargese, sorption on organic matter or organic
carbon, precipitation of metals from solution, acwtprecipitation by adsorption (Shackelford,

1999; Shackelford and Jefferis, 2000).

Although most low-permeability clay soil barrierave some intrinsic attenuation capacity,
the concept of designing liners or barriers withearhanced attenuation capacity, referred to as
reactive liners or barriers, recently has gainedneratum (Shackelford, 1999). For example, the use
of additive barrier materials, such as zeoliteghtgarbon fly ash, organically modified clays, and
tire chips, has been proposed to enhance the attenucapacity of waste containment liners
(Shackelford, 1999).
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3.3.1.2 Design Considerations
The design of reactive barriers requires knowleofgeot only the physical properties of the barrier
materials (e.g., hydraulic conductivity) but albe themical properties of the barrier material$ tha
will affect the migration rate of the contaminamsthe pore water. Thus, an understanding of the
potential attenuation mechanisms for the princgbemical species of interest is required. Thornton
et al. (1993) have identified the principal attaima mechanisms for many of the inorganic
chemical solutions of concern as ion exchange {®or) precipitation, dilution, and neutralization.
However, the two primary attenuation mechanismé wéispect to heavy metal migration are ion
exchange, or adsorption, and precipitation.
lon exchange or adsorption can be enhanced inrizibhy using additive materials that will

increase the overall cation exchange capacity (C&Cadsorption capacity of the liner. For
example, consideration of the use of zeolites W@ttC as high as 250 meq/100 g as a barrier
material recently has been described by Evans ¢1290) and Allerton et al. (1996). Zeolites are
hydrated alumino-silicates with a cage structued #tts as a sieve in that metal ions in solutions
that are passed through the structure are trapgemrbexchange reactions. Due to the cage
structure, the CEC of zeolites is very high at al#50 meq/100 g. As a result, zeolites can be used
to enhance the adsorption capacity of other clays.,(bentonite) with respect to heavy metal
cations.

The precipitation potential of a passive barrian ba enhanced by adding materials that will
increase the pH of the permeant liquid. For examible addition of quicklime [CaO], hydrated

high calcium lime [Ca(OH), dolomitic quicklime [Ca®MgO], or monohydrated dolomitic lime

[Ca(OH)R-MgO] may aid in increasing the pH of an acid santduring migration through the liner
to (a) neutralize the pore solution pH, (b) preeifg metals from solution, (c) clog the pores, and
(d) decrease the hydraulic conductivity therebyaseing the overall performance of the liner.
Processed clay soils, such as bentonite and agiggulay, that have been pre-treated to maintain a
relatively high pH (> 9) for stability considerati® (e.g., for use as drilling muds in high TDS
environments), also may be used to enhance theppagion capacity of the liner materials. In
most cases, laboratory column and/or batch equitibradsorption tests (BEATS) will be required
with barrier specific materials and site-specififtemical solutions to determine the viability and
optimum amounts of reactive materials being comeiéor use in reactive liners.

Adsorption of neutral, non-polar organic compouiiesg., benzene) is correlated directly
with the amount of organic carbon, OC, in the smibugh the well-known "hydrophobic effect".
Thus, increasing the amount of organic carbon énkiarrier, for example, by adding high carbon
fly ash, rubber tire chips, or granular activatadbon, may increase the attenuation capacity of the
barrier with respect to this important class ofamig compounds. Also, organically modified clays
may be used in the barrier to increase the adsorpfipacity of the barrier for organic compounds.
Organically modified clays, or organo-clays, aréuraly occurring clays in which a portion of the
inorganic exchangeable cations are exchanged vsthtable organic cation, such as the quaternary
ammonium organic cations benzyltriethylammonium &) bromide and dodecyl-
trimethylammonium (DDTMA) bromide (e.g., Evans &t 4990; Gray, 1995; Smith et al., 1995).
This substitution enhances the ability of the ctayadsorb organic chemicals (e.g., benzene,
dichlorobenzene, and perchloroethyleane) that negitrough the clay and also may enhance the
ability to achieve a low hydraulic conductivity (8met al., 1995).

The high organic content and low hydraulic condutitis associated with paper mill sludges
also make it an ideal candidate for a low perméghbieactive barrier. The organics within the
sludges potentially act as a carbon source foryheastal attenuation (Moo-Young and Gallagher
1998, Moo-Young et al. 2000). Work done by Moo-Yguand Gallagher (1997) showed that the
sorption capacity of the paper sludge was grehar that of kaolin clay.
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3.3.1.3 Benefits of Reactive Barriers

The potential benefits of reactive barriers withspect to attenuation of contaminants was
previously shown by Shackelford (1999) by consnigriiffusive transport with the potential for

sorption through the simplified barrier scenaricowh in Figure 5. This simplified scenario

obviates the need to consider the hydraulic comdticof the barrier, and represents the limiting
case of pure diffusion expected to govern miscitthbnsport of contaminants through low-

permeability barriers (e.g., Shackelford, 1988).

<>

w w
Barrier
c(0,t) = co\ c(L,t)
® O/
Polluted Clean
Zone Zone

Figure 5. Schematic cross-section of passive gunent barrier (Shackelford, 1999)

The analysis of the scenario depicted in Figurg Shackelford (1999) was presented in terms
the thickness of the barrier required for a givetardation factor, g representing the attenuation
capacity of the barrier, for a given containmemtetj or the required containment time as a function
of Rq for a given thickness, as illustrated in FigureT@e results shown in Fig. 6 are based on
limiting the concentration at the outer extent loé tbarrier, c(L,t), resulting from diffusion with
reaction to 10 percent of a constant source concentratignagsuming a representative value for
the effective diffusion coefficient of the contamint, D, as 5 x 18° m%s (see Shackelford, 1999).

10000 1 1 LI I LI 1 I 1 LI 1 I LI 1 1000 1 1 LI | 1 LI 1 | 1 LI ] I ] LI ] 3
(a) _ L=0.5m (b) 3

t =150 yrs S L=10m .

1000 N\ |----- t =100 yrs 5 = -
g —_ _t= S 100 =
5 t =200 yrs ® 3
(&) -
& 100 § ]
g ~ 5‘5 =7 -]
% . "~ S 10 8.16_, — ‘ _—-_:
£ 10 N~ g R s
g 4.08 \‘-“\ — |- ~
x T - ]

l 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 l 1 1 1 1 1 1 1 1 I 1 1 1 1
0 0.5 1 1.5 2 0 50 100 150 200
Barrier Thickness, L (m) Time (yrs)

Figure 6. Retardation factor (a) as a functiorh@fkness for a given containment time, and (b) fasmetion
of containment time for a given thickness for theecaf pure diffusion and a concentration at x =jua to
10 % of that relative to that at x = 0 (i.e,/C, = 0.1) (Shackelford, 1999).
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As illustrated in Figure 6, the barrier thickneas de halved by increasing the retardation factor
(i.e., attenuation capacity) by 4X for a given @ninent period or, conversely, the containment
period can be doubled for a barrier with a giveinkiness by doubling the retardation factor of the
barrier material. Thus, the potential benefits tiliaing the reactive nature of passive containment
barriers, particularly for long-term containment apparent.

3.3.2 Geochemical Barriers

Morrison et al. (1995) described the conceptuaigmesf a chemical barrier for retarding the
migration of §* from a uranium mill tailings impoundment. The @gsinvolves mixing a solution

of water and hydrous ferric chloride (F@®H20(s) and simply spraying the solution containing
dissolved FeGl on liner solids containing carbonate minerals .(eGaCQ(s) to cause
precipitation of amorphous ferric oxyhydroxide (K&Bi)2(s) that subsequently provides
exchange sites for adsorption of'lin leachate from the tailings. Modeling simulagquerformed
by Morrison et al. (1995) indicated that the cheshicarrier would be effective in limiting ¥
concentrations to 0.05 mg/L to within 27 m (88 ft) of the repositdopundary for a period of at
least 216 yrs, and that the effective performarioee tcould be increased by more efficient
distribution of the Fe@ solution.

3.3.3 Biobarriers

3.3.3.1 Introduction

The concept of using bacteria to form biobarriarstherwise highly permeable media (e.g., sands)
to contain or reduce the migration of contaminalhimes recently has gained attention (e.g.,
Mitchell, 1997). Biobarriers are created by redgcihe hydraulic conductivity of the porous
medium through particulate or pore clogging usiagtbrial cells, by the formation of biofilms that
develop over time thereby reducing the void spanéd/or by the filling of voids through the use of
viscous biopolymers (Bouazza et al, 2001). Reduostio the hydraulic conductivity from one to
three orders of magnitude have been reported fari@ty of porous media using many types of
bacteria and different treatment methods includisimulation of indigenous bacteria
(biostimulation), and injection of full-sized livjnand dead bacteria as well as ultramicrobacteria
(bioaugmentation) (Dennis and Turner, 1998).

3.3.3.2 Bacteria Induced Reductions in Hydraulim@ductivity

As shown in Figure 7, Shackelford (1999) and Shiaid and Jefferis (2000) summarized data
reported by Dennis and Turner (1998) on the refltseveral studies that showed the relative
decrease in hydraulic conductivity of different @as media resulting from treatment with bacteria.
All of the results shown in Figure 7 representdgsrformed on materials with high initial values
of k, ranging from 2.5 x 18to 2 x 167 m/s, and the results indicate that final valuegyafraulic
conductivity < 16° m/s generally were not achieved.

As shown in Table 3 and Fig. 8, Bouazza et al. 2@0so summarize the results of several
studies showing a decrease in the hydraulic condiycbf several different porous media using
several different types of treatment. The result$able 3 show that low hydraulic conductivities
(<10° m/s) can be achieved with clayey silts and saBasinis and Turner (1998) also report
results showing that the hydraulic conductivity aafcompacted silty sand (SM) decreased from
between ~ 1Gand108 m/s to ~ 160 m/s after treatment with the biofilm-producing kE&aim
Beijerinckia indicica In addition, they show that the hydraulic condiitt of ~ 1010 m/s for soil
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specimens with well-established biofilm barrierssvessentially unaffected after permeation with a
0.5 N saline solution, an acidic solution (pH 3)adasic solution (pH 11). Thus, the results ef th
studies by Dennis and Turner (1998) and Bouazzal.e2001) show promise for the use of
biobarriers for containment applications when tbi# sontains a sufficient amount of fines (silt or
clay).

The results in Figure 8 indicate the relative dffemess of three different types of
biopolymers -Xanthan GumSodium Alginateand Guar Gum As shown in Figure 8Xanthan
Gumwas more effective thaBodium AlginateandGuar Gumwas found to be the least efficient
biopolymer for the study by Bouazza et al. (20@dhiat 2 % biopolymer was required to reach the
target hydraulic conductivity of 19m/s.

The reduction of hydraulic conductivity has beeroveh to be dependant on the initial
porosity of the material, the mechanism of cloggithg@ concentration and variety of biosubstance
applied, the compaction (molded) moisture contand the curing time (Bouazza et al., 2001). In
general, the a greater reduction in hydraulic cotidity has been shown for a lower initial
hydraulic conductivity (lower initial porosity) athe medium, an increase in compaction water
content to several percentage points wet of optinamd a longer curing time.

(data from Dennis
and Turner 1998)

k of Treated Medium (m/s)

10° 107 10° 10° 10" 10° 10°
k of Untreated Medium (m/s)

Figure 7. Hydraulic conductivity (k) of porous mediefore and after treatment with bacteria (Shaoke|f
1999; Shackelford and Jefferis, 2000).
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Figure 8. Hydraulic conductivity of soil biopolymer rixes (Bouazza et al., 2001)
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Table 3. Summary of selected results indicatingucédn in hydraulic conductivity of porous media
(modified from Bouazza et al., 2001).

Matrix Hydraulic (m/s) Material added
Conductivity
Initial Final

Berea sandstone 1.3 x 106 5x 108 Bacillus subtilis(dead)
Sandstone cores 3 x 106 9 x 107 Klebsiella pneumoniae UMB
Sandstone cores 3 x 106 4 %108 Klebsiella pneumoniae UMBesuscitated)

Clayey silt 5x 108 8 x 1010 Xanthan Gun{1%) at 30% moisture content

Clayey silt 106 1x108 Xanthan Gun{1%) at 13.7% moisture content

Clayey silt 108 5x 1010  Xanthan Gun{1%) at 20% moisture content

Clayey sand 106 3 x 1010 Guar Gum(2%)

Clayey sand 106 2 x 1010 Sodium alginate (1%)

Clayey sand 106 1x 1010 IDPAC (1%)

Clayey sand 106 3x1011 Xanthan Gun{1%)

Silty sand 107to 108 1 x 1010 Beijerinckia indica

3.3.3.3 Increase in Material Strength

Due to the viscosity of the biopolymer and biofémd the adhesion to soil surfaces, it is reasonable
to expect that there may be an increase in shesargsh of soil due to the addition of biopolymers
or biofilms. Bouazza et al. (2001) summarize restaported by Martin et al. (1996) that show a
general increase in undrained strength of specint@aded with biopolymers or the growth of
biofilm.

3.3.4 Asphaltic Barriers

3.3.4.1 Introduction

Asphalt barriers have been used in containmentiGgijuns for more than 70 years. Prior to the
mid-1960s, asphalt barriers were primarily useddatrol water seepage from facilities such as
impoundments and earth dams (Sherard et al., M68jsmith and Creegan, 1996). Asphalt was
applied as hot-sprayed asphalt membranes and halaspncrete for the barrier layer. In the late
1960s and early 1970s, asphalt was on the waydontieg the state-of-the-practice landfill liner
(Asphalt Institute, 1976). Several US facilitiesreveonstructed using asphalt concrete (hot-mix
asphalt) liners that, in some cases, were combinigda sprayed-on fluid applied asphalt layer. The
petrol shortage of the 1970s along with the esthbient of rules for hazardous and solid waste
landfill designs that focused the industry towaothposite liners consisting of geomembranes and
compacted soil contributed to the decline of the afsasphalt for containment. Resurgence into the
use of asphalt for waste isolation was initiatedtiy US Department of Energy (DOE) in their
guest for very long-term hydraulic barriers (100@ears) for radioactive and mixed waste sites
(Wing and Gee, 1994a).
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3.3.4.2 Hydraulic Conductivity

Historical analog information collected by the U®P indicated that asphalt can have lifetimes of
greater than 1000 years. DOE developed performentsgia for a cover system that included an
asphalt barrier for mixed waste sites (Wing and,3884Db). A test cover including a fluid applied
asphalt (FAA) layer above the asphalt concrete emsstructed and evaluated. The initial results
indicated hydraulic conductivity of cores from tagphalt concrete layer ranging from 1.3 X1

1.2 x 10" m/s and field-measured conductivities ranging frbrh x 10° to 1.9 x 10" m/s. The
higher values in the field are likely attributed toeasuring techniques and may not be
representative of the asphalt conductivity. Thedeativity of the FAA was measured and reported
to be 1.8 x 18° m/s. The asphalt barrier looked very promising.

Results of laboratory and field efforts with asphaincrete and fluid applied asphalt have
illustrated that low hydraulic conductivities ca@ &chieved with these barriers given proper design
and high level construction quality control (Bowslext al. 2000, 2003). Several lessons learned
from the existing data include: the percentageiof@ds must be below 4 % (v/v) to achieve low
hydraulic conductivity, asphalt cement content nhesabove 6 % (w/w) to achieve low hydraulic
conductivity, fines content (fraction < 0.02 mm) shibe increased to 8 % - 15 % to ensure a dense
graded mixture, at least two layers of asphalt cetecshould be used with a minimum thickness of
50 mm/layer to minimize continuity of potential defs and lateral spreading of any seepage, an
asphalt cement tack coat should be applied betiegars, the joints should be staggered and
sloped for good compaction, the fluid asphalt agplayer should be between 1- and 3-mm thick,
and the subgrade must be stable and adequatehedrai

3.3.4.3 Case Histories

There are numerous citations for the use of asph&lydraulic containment structures (Monismith
and Creegan, 1996). Most of the citations, begigraround the 1940s, refer to the use of hot-
sprayed buried asphalt membranes (HSBAM) for cdiimigpseepage of water. In many instances
the HSBAM were used for potable water supplies. ha#fp concrete has also been used for
hydraulic barriers and in at least one case wad tmrethe low hydraulic conductivity liner for a
municipal waste landfill (Asphalt Institute, 197@)he literature cases with specific application to
waste isolation were summarized by Bowders eR80T), and are summarized in Table 4.

3.3.4.4 Recent Experience

In the US, several containment barriers incorpngatisphalt have been constructed primarily for
cover systems for existing landfills and contanmeédasites (Bowders et al., 2000; 2003). The
designs follow closely with the lessons learnedited above. Bowders et al. (2000; 2003) used a
systematic methodology to develop an asphalt mextiesign, and quality control-quality assurance
measures followed bin situ testing to document the field performance of gohakt barrier. The
program is described below.

An alternative barrier system was designed thabrpmrates 100 to 150 mm of asphalt
concrete overlain by a 2- to 3-mm-thick fluid appli asphalt/geotextile (FAA/GT). Hydraulic
conductivity tests were performed separately oodatory prepared FAA/GT and asphalt concrete
specimens. The FAA/GT specimens had measured Hidi@nductivities of less than 1 x 19
m/s. Conductivity tests on asphalt concrete spetsniedicated that specimens having 7 % or more
asphalt cement and unit weights of 22 kRifan more have conductivity of less than 1%i@n/s
(Bowders et al., 2002; 2003; Neupane et al., 2005))

A full-scale test pad (60 m x 18 m) was construeted tested for barrier performance. The
specification for the asphalt concrete was 7 topéfgent asphalt cement andiarsitu density 22
kN/m®. The top surface of the asphalt concrete was eprayith hot fluid applied asphalt and a
paving geotextile was applied followed by a surfaoating of hot fluid applied asphalt cement.
FAA/GT and asphalt concrete samples were retridk@u the test pad to measure the hydraulic
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conductivity. Measurements on field installed FAA/@nd asphalt concrete specimens revealed
conductivities comparable to that of the lab predaspecimens. Hydraulic conductivity of the
asphalt concrete cores was'i 10" m/s. The conductivity of the FAA/GT specimens was>

to 10" m/s. These values represent the lower limit farusately measuring conductivity using
standard procedures (ASTM D 5084).

Table 4. Asphalt concrete hydraulic barriers faste isolation (Bowders et al., 2001).

Project/Location

Application

Hydraulic conductivitlg)(

Status

Winnebago County
Landfill, Rockford
lllinois, 1972

-MSW liner

-50 mm asphalt concrete
-Tar emulsion surface
-150 mm sand layer LCS

None reported

-1972 receiving 50
metric tons of
waste/day

-Current status
unknown.

Liner Exposed to
Simulated Landfill
Leachate, 1976

-9 % asphalt cement
-60 mm asphalt concrete

-Water: 3 x 10" m/s
-Use >100 mm thick for
leachates

-Liner in good
condition after 4.6
years of exposure

Flue Gas Sludge
Leachate/Liner
Compatibility, 1977

-11 % wt basis asphalt
cement

-50 mm asphalt concrete

None reported

-Met k requirements

liner
Superfund site, -Cover for former surfacg -Lab: 7.5 % asphalt —2 X -Poor construction
Montana, 1985 impoundment 10% m/s quality control
-Lab: 8 % asphalt cement
<10 mi/s
-Field cores: 1 x 18 to
9 x 10 m/s

Western Processing
Company, Kent
Washington, 1987

-Cover for waste site
-6 % asphalt cement
-Hi-way paving mix

3x10°to 1 x 10* m/s
cores from cover

-12 to 17 % air voids
-Insufficient
compaction

Landfill Cover,

-Cover and roadway

-Field test: <1 x 18 m/s

-Sealed @uble_ing

1.9 x 10" m/s
FAA: 1.8 x 103 m/s

Oregon, 1990 (SDRI) infiltr. field test
Hanford Permanent -Prototype cap Asphalt concrete: -Variation in single
Isolation Barrier R -Field cores: ring k values likely
Program, Hanford, 7.5 % asphalt cement 1.3x 10" t0 1.2 x 10 | due to measuremen]
Washington, 1994 -Two 150-mm layers of m/s technique (SRI)
' asphalt concrete
P - Field SRls:
-FAA on surface 1.1x10° to

Rocky Flats, Denver,
Colorado, 1997

-Fluid gpplied asphalt
above the asphalt concre

-FAA: 1.0 x 10" m/s or

te lower

-Lower limit of k test
device.
-No effect on k of
gravel embedment.

Industrial waste, pulp
& paper ash landfill,
British Columbia,
Canada 1998

-Cover for landfill

-Asphalt cement included

petroleum contaminated
soils

-150 mm of AC

None reported

-1999, cover
performing well.

Port of Tacoma,

Washington, 1999

-Cover for a slag dump

<1x10°m/s

-Cover serves as a
parking lot
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In situ hydraulic conductivity measurements were alsoquaréd. Specially designed and
constructed sealed double-ring infiltrometers wesed to measure the infiltration in the field.
Hydraulic conductivity was calculated from the imfition rates. The averaga situ hydraulic
conductivity measured was 1 x fom/s. Thein situ value represents the lower limit for accurately
measuring field infiltrations. The hydraulic contiuities measured on the cores from the test pad
are thought to be more representative of the oveydraulic conductivity of the asphalt liner.

3.3.4.5 Summary

The asphalt barrier presents an alternative tdiegitiner technology for waste containment. Given
the longevity of buried asphalt and the high leskebarrier performance shown by lab and field
testing, asphalt-based liner materials are equiva@d in some regards superior to the present
prescriptive Subtitle-D liner. In addition, thepaslt liner is thinner than the conventional Sustit

D composite liner therefore saving valuable airspac

3.3.5 Glass Liners

3.3.5.1 Introduction

The high chemical resistance of glass offers fadirig advantages for structures serving technical
environmental protection. The development of théedmted-Glass-Sandwich-Sealing system
enables the use of those advantages for baseslységms for waste containment. In this sealing
system, flatglass-elements are integrated into rairayers so that the longlasting impermeability

of glass can be combined with the mechanical ptioteof the flatglass-elements. The feasibility of

the Integrated-Glass-Sandwich-Sealing has beereprby extensive experimental investigations
on its mechanical resistance, as reported by Katmdnand Weiler (1997).

3.3.5.2 System Properties

The sealing-system contains flatglass-elementsgiated into mineral sealing layers. The
properties of the mineral layers and the dimensafrihe flatglass-elements should be adapted to
site specific requirements. The cross joints betwibe flatglass-elements are about 10-mm wide
and can be sealed by natural and synthetic sealatgrials (bentonite, bentonite cement, silicon
etc.). The area of the joints is only about 0.5f%he waste site ground area.

Customary structural glass is used for the flatgkelements. It consists of silica (71-75 %),
soda (13-15 %) and lime (8-9 %). Since glass iaranrphous, homogenous, isotropic material, its
properties are independent of the direction, aeddhad-deformation behavior is linear-elastic. An
extensive overview of the mechanical propertiegglalss is given by Petzold et al. (1990) and
Wodrner and Sedlacek (1991).

The strength of glass is determined by the suréacelitions, especially macroscopic cracks.
Stresses on the surface lead to load concentratithe crack tip. If the load concentration exceeds
the molecular strength of glass, crack growth am@king will arise. This process is influenced by
water decreasing the bond energy of the atomseatréck tip. Water also reacts with glass under
stress and causes a time-dependent reduction efgsir. Further details of the mechanical
properties of glass are provided by Katzenbachvsader (1997).

Glass, especially glass with a high rate of silisaknown for its chemical inertness and
general resistance. The resistance of soda-lineagilass is affected by the electrolyte pH. A
summary of chemical reactions with glass is giversbholze (1988).

Contact of glass with water and acids leads tigidition of the alkali and alkaline earth
elements. This interaction results in an insolUbil@,-protective coat on the surface, which stops
further corrosion. The resistance against alkasimletions depends essentially on the temperature.
Hot alkaline solutions attack the [Sjenhetting resulting in dissolution of the glass.wyer, this
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effect is unlikely because the leachate at wastpadial sites typically is in the form of aqueous
solutions. As the rate of reaction in contact taiemys solutions is negligible, glass can be
considered as chemical resistant (Scholze, 1988)hér details regarding the chemical resistance
of glass are provided by Katzenbach and Weiler 7199
The hydraulic conductivity of the Integrated-Gl&sadwich-Sealing system is small (e.g.,

10"® m/s) compared to the standard design sealingragsbecause the possible water flow and
contaminant transport is reduced to the area ofdims. Also, the hydraulic conductivity of the
Integrated-Glass-Sandwich-Sealing system is lessegtible to incompatibility with the waste
leachate because of the resiliency of the glass.

3.3.5.3 Field Test

Katzenbach and Weiler (1997) report the results lairge-scale field test performed to evaluate the
ability of the flatglass-elements to withstand tbading that occurs during construction of the

Integrated-Glass-Sandwich-Sealing system. The teesudlicated that all flatglass elements were
placed without breaking, the covering layer was pacated to the required degree of compaction,
the construction of the sealing system did not keaksidual stresses in the flatglass elements, an
the horizontal position of the flatglass-elememéysd unchanged.

3.3.5.4 Summary

Based on their evaluation, Katzenbach and Weil&97] concluded that the use of flatglass
elements in waste containment liners elementsdbnieally feasible, the glass ensures a long-
lasting sealing system, and the Integrated-Glassh8ah-Sealing significantly reduces the
permeability compared to other standard Germarnngesystems.

3.3.6 Clay Membrane Barriers (CMBS)

3.3.6.1 Introduction

Clay membrane barriers, or CMBs, are clay bartieas exhibit membrane behavior by restricting
the passage of solutes (Malusis et al. 2001, Skac#teet al., 2001; 2003). Restricted movement of
charged solutes (ions) through the pores of a islagtributed to electrostatic repulsion of thesion
by electric fields associated with the diffuse deulyers (DDLs) or adsorbed layers of cations of
adjacent clay particles. Non-electrolyte solutescharged species) also may be restricted from
migrating through clays if the size of the solutel@ecule is greater than the pore size. This latter
type of restriction commonly is referred tosisric hindranceand occurs more often in the case of
relatively large organic molecules (i.e., aqueouscible organic compounds). The existence of
clay membrane behavior also results in chemico-sgnor the movement of liquid in response to
a solute concentration gradient. Chemico-osmossltiag from membrane behavior in clays has
been shown to (1) influence volume change, (2) eamparent deviations from Darcy’s law in
laboratory hydraulic conductivity testing, (3) résin anomalous pore-fluid pressures in low-
permeability geologic formations, and (4) affea tate of solute migration through aquitards.

3.3.6.2 Factors Affecting CMBs

The ability of clays to act as CMBs is affecteddayeral factors, including the state of stresshen t
soil, the types and amounts of clay minerals ingbié and the types (species) and concentrations
of the solutes in the pore water (Shackelford et 2003). In general, clay membrane behavior
increases with an increase in stress (lower pgpsih increase in the amount of high activity clay
minerals, and a decrease in the valence and caoatientof the solute. In particular, several stadie
indicate that membrane behavior is significant ley csoils containing an appreciable amount of
sodium montmorillonite, such as sodium bentonital{(Mis et al., 2001; Shackelford et al., 2001;
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2003). Clay soils containing a significant amoumtsodium montmorillonite, such as sodium
bentonite, also are frequently used in waste comtant applications (e.g., soil-bentonite cutoff
walls, geosynthetic clay liners, sand-bentonitert), due to the low hydraulic conductivity (e£g.
10° m/s) typically required in these applications. $htihe existence of clay membrane behavior in
such materials should not be surprising.

However, due to the reactive nature sodium montiooiie, any factor that causes a
compression of the DDLs will also result in a retitut in the efficiency of the membrane. Such
factors include an increase in salt concentratiothé pore liquid, an increase in the valence ef th
predominant cations in the pore liquid, a decr@asbe dielectric constant of the pore liquid, and
decrease in the pH of the pore liquid (Shackelfgrdl., 2003). For example, Shackelford and Lee
(2003) attributed a time-dependent decrease iroliserved membrane behavior of a 5-mm-thick
geosynthetic clay liner (GCL) due to diffusion cdCl, from a 5-mM source solution into the pore
liquid of the GCL such that all of the membrane debr was effectively destroyed after ~ 35 days
of diffusion. However, in general, the extent ofmi@ane degradation due to diffusion decreases
with decrease in salt concentration and/or saliocavalence (Shackelford et al., 2003). For
example, Malusis and Shackelford (2002) foundelittt no membrane GCL specimens ranging in
thickness from 8 to 13 mm when subjected to patasschloride (KCl)solutions with KCI
concentrations ranging from 3.9 to 47 mM.

3.3.6.3 Benefit of Clay Membrane Barriers
The potential benefit of membrane behavior is illated in Figure 9, where the solute mass flux at
steady state through a 1-m-thick clay barrier thetbaves as a semi-permeable membragg (J
relative to that which exists for non-membrane béra(Jhm) is plotted as a function a¥ and the
hydraulic gradient fj). The results shown in Figure 9 are based on sitiams using a coupled
solute transport model and measured values forffestive salt diffusion coefficient (Ip and
chemico-osmotic efficiency (i.e., reflection) caeiént () as described by Malusis and
Shackelford (2004). The chemico-osmotic efficienogfficient is a measure of the extent of solute
restriction or membrane efficiency and ranges fa®ro in the case of no membrane behavior to
unity in the case of an ideal or perfect semi-perioie membrane, whereby all solute migration is
restricted (O w 1). Of course, in the case of waste containmergadation barriersw = 1 is the
desired result.

As shown in Figure 9, in the absence of membrahawier, w = 0 such thatJ J,n. However,
as membrane behavior becomes more prevalentdse,increases), the solute mass flux exiting
the barrier is reduced increasingly such that J,n. For example, at a membrane efficiency of 60
% (w = 0.6), the exit solute mass flux at steady sgatmly about 30 % of that which would exist in
the absence of membrane behavior (i./ Jn 0.3). Inthe limitasw 1, J,/Jm O because,
by definition, there can be no solute mass traristiwough an ideal or perfect membrane. The
results for the two cases where a hydraulic gradermapplied (i.e.,H = 10 and ) = 100) are
essentially the same as the results for the pdiesiin case (§ = 0) because transport through the
barrier is controlled by diffusion due to the véoy hydraulic conductivity of the barrier material
(k 10™ m/s).

3.3.6.4 Summary

Clay membrane barriers are clay barriers that ble ta restrict passage of solutes (contaminants).
Although the existence of clay membrane behavisrlieen recognized for a long time, the use of
this behavior for containment applications has didgn proposed recently (e.g., see Malusis et al.,
2001; 2003, Shackelford et al., 2001; 2003).
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Figure 9. Effect of membrane behavior on solutesnilas at steady state through a 1-m-thick clay ibarr
(ih = hydraulic gradient;id = membrane steady-state solute fluxnd= non-membrane steady-state solute

flux) (results from Malusis 2001).

3.3.7 Residual Soil Liners

3.3.7.1 Introduction

In Brazil, practice in design and licensing of s underneath solid waste and other residues in
disposal areas still follows obedience to presms, instead of allowing sound discussions about
performance predictions based on behavior simulatidfrhe existence of imposed geometric
prescriptions, i.e. limit minimum dimensions in i@mbsal site, to which engineering features must
conform in order to be licensed by environmentakhduties, has also influenced Brazil. The
environmental protection agency for the State ob $aulo, CETESB, has led the process,
establishing minimum geometry for different claseéswastes since 1992; for municipal solid
waste (MSW), considerations on local meteorologieater balance, aquifer depth, and unsaturated
superficial natural hydraulic conductivity, allowrf4 categories of covers and bottom liners (de
Mello and Boscov, 1998). Practice has developesurh a way that many distinct liner concepts
based on specific technical concepts from arounel World have been used. CETESB's
prescriptions have flexibility, and design basegerformance criteria is being licensed.

3.3.7.2 General Characteristics of Lateritic Soils

The properties and behavior of tropical soils azeutiar relative to non-tropical (sedimentary and
temperate climate) soils, due to the presence ofog&al and pedological processes typical of
humid tropical regions. For a soil to be classifsdropical, therefore, it is not enough to hagerb
generated in the tropics or in a region with hurrapical climate since it also must show
peculiarities in its geotechnical behavior (Nogand Villibor, 1995), which are typical for each
family of tropical soils. Within the broad group @fopical soils, two big families are easily
identified: lateritic soils, and saprolites or safic soils.

A soil is considered to be lateritic when (a)Stgituated in the well-drained superficial
layers of a subsoil profile that have been devalojpea humid tropical climate, and (b) its clay
fraction is dominated by kaolinite clay mineralsdainon or aluminum hydroxides and oxides,
resulting in a peculiar porous structure and higbktgble concretions. Lateritic soils are not
necessarily residual soils in that transported digi@ layers may also be lateritic if the above
definition applies.

On the other hand, a soil is classified as sapralfit(a) routine classification soil tests can be
performed on it, (b) it clearly shows a relic sture of the matrix rock from which it originated,
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and (c) it has not been removed from its origloaehtion. Saprolitic soils are often simply refefre
to as residual soils.

Saprolitic soils can be very heterogeneous witlatimn to their basic geo-mechanical
behavior, which is highly influenced by matrix roekd degree of weathering, whereas lateritic
soils tend to allow for acceptance and behaviodipt®n, yielding compacted materials of low
hydraulic conductivity, as acknowledged from theiitization in conventional embankment dams
and documented by Cruz (1996), de Mello (1977) mady others. Lateritic soils can be found all
over Brazil.

In the silt and sand fractions of lateritic soigiartz usually predominates, together with lateriti
concretions and heavy minerals, such as magnititenite, rutile, tourmaline and zircon (Nogami
and Villibor, 1995). The clay fraction of lateritimils is mainly composed of kaolinite and hydrated
oxides of iron and/or aluminum due to the latef@atThe hydroxides and oxides precipitate on the
surface of clay particles and cement groups of gasticles, reducing their water adsorption
capacity and forming the so-called lateritic cotiores, that are stable in the presence of water
(Bernucci, 1995). The resulting microstructure neBkes popcorn grains in scanning electron
microscopy (SEM).

Because of the concretions, lateritic soils areops, with low natural density and high
natural hydraulic conductivity. They do not presentypical grain-size curve, since the quartz
percentage is variable and different deflocculatiggnts may interfere differently; however, a high
percentage of grains are smaller than 2 mm. High concentrations generate pebble like material
or layers in a subsoil profile. Even with SEM, stdifficult to distinguish individual grains, which
are linked by an apparently amorphous mass; theyotigpresent the typical plate-like shape, and
their apparent contours are rounded.

Lateritic soils may be residual or not, as theegenfactor does not predominate in a soil
mechanics perspective. They are usually red, yeltmange or brown, alone or with bands of each
of these colors, as imposed by iron and aluminums,igvhich are responsible for, respectively, red
and yellow tones.

3.3.7.3 Geotechnical Properties of Lateritic Soils

Lateritic soils show well-defined compaction curvesth a steep slope on the dry side, even for
clayey materials. These characteristics influemgld tompaction, as small water content variations
may generate significant changes of dry densities.

Although lateritic soils show high values of hydlia conductivity in their natural state,
these values are greatly reduced by compactionll $imenges in water content or dry density of
compacted lateritic soils can produce great chamgédsy/draulic conductivity, as observed from
permeability tests carried out at different relatdensities and molding water contents.

In general, lateritic soils, even if classifieddeys or very clayey soils, show small expansioemvh
compacted at the optimum water content, even ifrerged in water. Furthermore, expansion is
not dependent on the existing surcharge. The sailg when compacted wet of optimum may
show high expansion, above 1%.

3.3.7.4 Lateritic Soils as Clay Liners

Compacted lateritic clays with the typically low drgulic conductivity recommended by most
regulations for the construction of barriers at twadisposal sites are seldom found in Brazil.
Nonetheless, these soils have been used as boregeriah for liner construction and are being
more thoroughly researched for this purpose indbedecade. Other alternative materials that have
been considered are mixtures of natural soils, uneg of sandy soils with bentonite and rolled
concrete.
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Migration of pollutants through natural foundatisoils at disposal sites has also been
researched, such as the thick layers of soft ocgelay which occur along Brazilian coast, where
many big cities are located (Barbosa, 1994; Barleoséd, 1996).

Numerical modeling has been developed to contematticular issues of tropical soils, such as
unsaturated condition and other retention proce@samgas 1999, Queiroz 1999), and centrifuge
modeling has proven to be an interesting tool (Attaeand Gurung, 1999; Villar and Merrifield,
1992). In situ measurements and determination ohrpaters by back-analyses, or at least
published data from practical experience, arerstiided for further development in design of waste
disposal sites in Brazil.

3.3.7.5 Summary

Lateritic soils present unique properties and,dafee, potential problems with respect to their use

as waste containment barriers. Nonetheless, thedalbge of these soils in certain regions of the

World, such as Brazil, means that reliance on theé& for such purposes is required. As a result,
lateritic soils represent innovative barrier matksrin the sense that their use as waste containmen
barriers will require innovative design conceptss&arch to pursue the use of lateritic soils as cla

liners for waste containment currently is being bagized.

3.3.8 Chemically Stabilized Clay Liners

3.3.8.1 Introduction

Amended or chemically stabilized soils may be regfliwhen the unamended soil is a fine-grained
soil (e.g., a clay soil) with an unacceptably lafg@lraulic conductivity and/or is not compatible
with the liquid waste or leachate (Shackelford aldson, 1996). For example, soil-bentonite (SB)
slurry cutoff walls are constructed using a batkfiixture consisting of sodium bentonite slurry
mixed with soil excavated from slurry trenches.(iiestead of quarried soil). In addition, if ayla
soil is not suitably stabilized against attack Higaid waste the initially low hydraulic conducitly

of the clay soil permeated with water may incresigaificantly as the liquid waste permeates the
clay soil resulting in an unsuitable containmergtegn. In such cases, a stabilizing additive, ssch a
lime, cement, and/or attapulgite clay, may increthgecompatibility of the clay soil to the liquid
waste. For example, Broderick and Daniel (1990)luatad the use of attapulgite clay as a
stabilizing additive in terms of compacted clayl.soi

3.3.8.2 Cement Stabilized Clay Liners

Cement-modified soils are mixtures of granularittrcday soils with a small percentage of cement
used primarily to reduce plasticity and improvessgth. Plastic soil-cement is a thorough mixture
of soil and Portland cement combined with suffitieater to produce a consistency similar to that
of plasticizing mortar. Soil cement has a highanest content to produce a concrete-like material
providing strength and durability. In general, cetreeated soils will exhibit a reduction in
plasticity, an increase in strength, a decreadgydraulic conductivity, and a reduction in volume
change (Broderick, 1987).

3.3.8.3 Fly Ash Liners and Fly Ash Stabilized Clajners

Coal fly ash from electrical power plants has beensidered for use as both a liner material and a
stabilizer for soil liners in waste containmentilities (Vesperman et al., 1985; Edil et al., 1987;
Bowders, 1988; Bowders et al., 1987; 1990; UsmehBowders, 1990; Almes and Bowders, 1991;
Creek and Shackelford, 1992; Bowders et al., 188dmer et al., 2000). For example, Vesperman
et al. (1985) and Edil et al. (1987) report k valuel .0 x 10% m/s for fly ash/quartz sand mixtures,
whereas Bowders et al. (1987) report k ~ 8.5 ®0m/s for a fly ash sample stabilized with 10
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percent bentonite. Fly ash particles (typically .7 mm) fill the pores between the larger sand
particles to reduce the hydraulic conductivity bé tmixture. The leaching of toxic heavy metal
species associated with fly ash represents a paitépit-fall’ in the use of fly ash as a liner
material (e.g., Creek and Shackelford, 1992).

3.3.8.4 Lime Stabilized Clay Liners

The addition of lime to fine-grained soils initiatseveral physico-chemical reactions that are not
fully understood. However, improvements in the gmies and characteristics of lime-treated soils
include an increase in strength, a reduction in pre@ssibility, and a decrease in hydraulic
conductivity. Lime has been used to stabilize ther&ulic conductivity of clays against chemical
attack by organic solutions (Broderick and Darl€I90), and as an additive to reduce the hydraulic
conductivity of fly ash (Bowders et al., 1987).

3.3.8.5 Other Stabilizers

Other materials, such as synthetically produced/pets, also can be added to clay soils to
decrease the hydraulic conductivity of the soil.r Example, Haug and Bolt-Leppin (1994)
evaluated the effect of the addition of a specifdiynulated commercial polymer on the hydraulic
conductivity, k, of sand/bentonite mixtures conitain8 percent (dry wt.) of a "marginal quality”
powdered bentonite. An anionic polyacrylamide patyrspecifically designed to improve the low k
nature of bentonite was used in the study. Thelteesd flexible-wall (triaxial-cell) hydraulic
conductivity tests using distilled water (DW) a thbermeant liquid indicated that a polymer
addition of only 0.05 percent was sufficient toued the hydraulic conductivity of the unamended
sand-bentonite specimen by as much as 4 ordersghitnde to a value of 1.5 x & m/s, which
was identical to the measured hydraulic condugtigitan unamended high quality bentonite-sand
mixture. Thus, the potential effect of polymer mmateaddition on the hydraulic conductivity of
otherwise poor quality clay soils may be significan

3.3.9 Polymer Gel Barriers

The potential use of polymers gels as barrierdherform of a grout or slurry has recently
been proposed (Darwish et al., 2004). As describe®arwish et al. (2004), polymer chains are
macromolecules consisting of a high number of unitsnomers), either charged or neutral, that are
bonded together. The charged polymers, referrext tpolyelectrolytes, can be either negatively or
positively charged, with the magnitude of the cleadgpending on the number of charged units. A
gel is formed when water-soluble polymers are dvgsbin water to form a polymer solution that
contains polymer chains that are subsequently cieddogether at a number of points after the
addition of a specific chemical referred to as@sstlinker. This process results in the formatibn o
a three-dimensional polymer chain network analogoua porous medium with pores containing
the water used in the process. In the case of |ealiyelyte solutions, the charges are neutralized b
counter-ions in the pores with charges oppositth& of the polyelectrolytes, in much the same
way as cations balance the net negative chargekpfparticles via cation exchange. Preliminary
results show that polymer gels may have hydradidactivities that are as low, if not lower, than
many natural clays (e.g., as low as 2 X4@/s), diffusion coefficients similar to that ofropacted
clay, and sorption capacities greater than tha tfpical compacted clay (Darwish et al., 2004).
However, these results are preliminary and moreare$ is required to confirm the viability of the
use of polymer gels as containment barriers.
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ABSTRACT: Underwater geoenvironmental issues include a wariet aspects in
Environmental Geotechnics. Waste sludge and drgdgianagement and utilization are the
focus of this report. Some recent developments refiging operations and containment
techniques are also described. Waste and dredgegestontamination can still be a daunting
problem from a technical and regulatory standpdifany utilization techniques are available
under carefully controlled operation systems. Irtipalar, beneficial use of dredged materials
as reclamation is introduced along with case stufdieland use.
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4.1 GENERAL VIEW OF UNDERWATER PROBLEMS

Dredged material or waste sludge is discharged fdoedging undertaken for cleanup of
sediments in rivers and lakes and for maintainimg tavigation depth in ports, as well as
from the process of installing foundations, suchcast-in-place concrete piles, continuous
diaphragm walls, shield tunnels, etc. The quamtitgome forms of waste sludge is increasing,
which can lead to an increased frequency of illeymhping of waste sludges. The quality of
waste sludge varies, depending on the types an@e&®d contamination by toxic substances.
Further, disposal sites are being filled fastentbaginally predicted such that the original
disposal life and integrity of the disposal systemeds to be confirmed to avoid
contamination of the surrounding ground and growater (Kamon et al. 1998).

In the 1970s, protocols for the control of dredgeaterial were set up, two of which are the
London (Dumping) Convention and the Oslo and P&@vention. They were set up
primarily to regulate the disposal of noxious sahsgs into the oceans, but they included the
regulation of dredged sediment as well. The inoluof contaminated dredged materials
within this report is to be expected, given tha éimnual volume of dredged material disposed
at sea greatly exceeds any other material.

Within the United States, about 500 millior3 mf sludge is dredged annually (US Army
Corps of Engineers: COE, 1987). Throughout the Grakes, about 5 million of sludge
is dredged annually to maintain navigation in cl@s@nd harbors for commercial, military,
and recreational users, and for environmental réatied projects (EPA 1990). About one
half of the total sludge dredged in the Great Lalessufficiently contaminated to be
problematic sludge and require placement in a oedfidisposal facility (CDF). The
contaminated sludge requires special consideratisimg dredging and disposal operations
because of the potentially adverse impact on watelity and local organisms. As for
European countries, the amounts of sludge dredgedadly in millions ni are as follows:
France: 50 (among which 75 % are silt); England:@&many: 50; and Netherlands: 45. The
largest volumes are concentrated in the major pafrthese countries such as: Rotterdam,
Hamburg, Antwerp, Portsmouth, Le Havre, and Male{|Alzieu et al. 1991).

In the northeastern Atlantic/North Sea regions,raximately 150 million M of dredged
material were disposed of in 1990 compared withriion m3 of sewage sludge and less
than 2 million n? of chemical waste. In Japan in 1995, waste slashgeunting to 30 million
m3 was generated from dredging works and 10 millichwas generated from construction
works. However, the contamination level of the wasludge in Japan is rather low and
almost all pf the dredged materials were reclaimedetlands. About 90 % of waste sludge
from construction works was disposed because 6€difies associated with reuse.

Recognizing that dredged material consists maihlyatural sediment and that only a small
proportion of the total volume dredged is contartédaa number of organizations launched a
campaign to change the perception of this matewgh that the term gradually dredged
"spoil" has been substituted for the term dredgedtérial”. This substituted term is now
embedded in convention and has been a contributogetting dredged material treated as a
special case.

4.2 BASIC CHARACTERISTICS OF THE UNDERWATER MATERIA LS
Properties of waste sludges vary greatly due téerdihces in origin, sedimented area,

dredging and excavation methods employed, addithagerials, etc. One of the main
characteristics of sludges is a high water contenparticular, sedimented sludges in lakes,
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rivers or seas, have extremely high gravimetricewabntents on the order of 200 - 250%.
The unit densities of sludges also are closelytedldo their water contents, as shown in
Figure 1. The upper part of sedimented sludgesery goft. The sludges also have high
organic contents. The ignition-loss of most dredgeaterials ranges from 5 to 15 %. In
particular, paper sludges in Japan have a highhargantent with ignition losses on the order
of 45 %. Figure 2 shows the relationship betweenitimn loss of paper sludge and the
chemical oxygen demand (COD).

Some discharged sludges with high water contenbeatneated by dehydration resulting in
volume decrease. Many types of inorganic or orgfloicculants have been developed and
utilized in many dehydration plants.

Figure 1. Physical properties of dredged sludges
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Figure 2. Chemical properties of dredgedghs

Chapter 4. Underwater Geoenvironmental Issues page 3



TC5 Report, September 2005

In addition to water content and organic matteg ¢nain-size distributions for dredged
sludges typically correspond to those for clayeg aiity soils. For example, ~ 90 % of the
sludges from La Seine and La Loire estuaries cbosislay- and silt-sized particles (< 75 or
63 mm), whereas dredged materials in France are nogmall5 % fines, while the fines
content of the dredged materials from Hamburg Haroonly ~50 %. The grain-size
distribution can not only influence the mechanibahavior (i.e. shear strength) but also
control the interaction between the sediment arel gbllutants. Thus, if the sediment is
contaminated, the pollutants (i.e., heavy metais)liiely to concentrate in the fine fraction,
as for a case in which 99 % of mercury was repadideoe contained in particles less than 75
mm in size (Tsunoda, 1998). Nevertheless, many relsess have pointed out that
contamination could be present over a wide ranggaih sizes up to the sand sizes.

As remediation strategies, such as capping or alahurial for the contaminated sludge,
develop, the strength and compressibility of thetemi@s become important. There are a
number of laboratory and in situ tests that havenbdeveloped for soft aquatic sludge,
including the vane shear, static and cone penetratevices to measure the undrained shear
strength.

Usually, characterization of the contamination otdfjed materials focuses only on
chemical pollution. However, due to sewage watemfrurban areas, these materials could
contain another type of pollution, i.e. bacteria arus, which may be transmitted to humans
via shells and swimming. Alzieu et al. (1999) r¢pibat particle size, organic matter content,
and temperature have a great influence on microbmtamination, quantitatively and
qualitatively. Fine sediments that offer a highface area for colonization can be considered
as shelters for bacteria. While fixated on pagticlbacteria appear to have more metabolic
activities than those in a free form, and are rasjide for degradation of a great part of
organic matter and for production of 90 % of theboa. Viruses are also abundant in the
environment. In sediments, viruses are essenta$prbed with cations (NaC&") onto clay
particles in suspension in water. In this stateytlre relatively protected from external
chemical attack. Furthermore, high pH enhancess\étution while with low pH viruses are
more adsorbed. However, soluble organic matter ed@spwith viruses for adsorption on clay
particles. Dredging and disposal of dredged mdsetaing changes to the phenomena of
dilution, resuspension, and sedimentation thatcaffee growing behavior of bacteria and
viruses. Figure 3 describes the main interactibas @accur in a dredged material among solid
particles, water, suspended particles and inorgaomtaminants.

4.3 DREDGING OPERATIONS

Operation systems are designed in such a way thaspillage occurs during dredging
operations. Dredging technology exists that is bblpaf greatly reducing turbidity and
resuspension during the dredging of bottom sedinfewever, special equipment has to be
deployed and modified operational methods must &ed uHerbich, 1992 and 1995). It
became obvious that dredging would be the mostieffi and cost-effective way to cleanup
contaminated sediment. A number of appropriate gingd methods have been developed,
principally in Italy, the Netherlands and Japanedé include the Pneuma pump (available in
Italy), the Oozer dredge, the Cleanup dredge arfte&eer system (available in Japan), and
the Dutch-designed "Matchbox-head" dredge (availablthe United States). A combination
dredge employing mechanical, hydraulic, and pnelemaincepts has been developed in
Japan.
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Figure 3. Behavior of heavy metals spilled in Weter-sediment system (Robbe et al. 1985)

One example of the dredging machine "Cleanup Sysienshown in Figure 4. It was
developed for dredging highly contaminated sedintemeduce or minimize resuspension of
the sediment (Sato 1984). The Cleanup head comdiatshielded auger that collects sediment
when the dredge swings back and forth; the augeleguhe sediment toward the suction of a
submerged centrifugal pump. The auger is shielshedaamovable wing covers the sediment
as it is being collected by the auger. Cleanupgiedave been used for excavating soft mud
and sand containing various contaminants such asunye cadmium, PCB, oily and organic
substances.

Figure 4. The "cleanup system" developed in Japan
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Table 1 summarizes the dredging equipment capabilin removal of contaminated
sediment. The resuspension of sediments while drgdgsults in from 2 to 1600 mg/L total
suspended solids (TSS). Consequently, the mostriargofactors for preventing negative
environmental impact include a low rate of sedinm@suspension by dredging equipment to
prevent secondary contamination and low water curite dredged sediment to reduce the
volume of slurry to be treated. Since there areyrates where contaminated sediment will
have to be removed, refinement in design of dregflgiguipment and removal methods is
necessary.

4.4 DREDGING AND CLEAN-UP UNDERWATER MATERIALS

During the last two centuries, industrial acti\stigenerated pollutants substances that were
discharged in air, water, soils and marine sedimebata from the Environment Agency of
Japan (1972), for example, indicate that sedimamsnuch more contaminated than seawater.
This contamination has a serious effect on fissulteng in malformed fish and shells.

Because the concentration levels of contaminamsabjected to variations from place to
place, and because of the degree of pollutionish@angerous for living organisms, definition
of background levels may be the best way to eséintia¢ dangerous level of hazardous
substances (Fukue et al., 2000). Such backgroundoofaminants in sediments can be
determined from the profile of a heavy metal (eappper) concentration in the different
layers, as shown in Figure 5.

Table 1. Dredging capabilities used for remoyadlantaminated sediment

Type Production Depth limitation, m (ftResuspension Comments
Mechanical
Open clamshell watertight Low 9.1-12.2(30-40) High
Watertight clamshell bucket Low 9.1-12.2(30-40) Low Experiments conducted in
St-Johns River
Cable-arm bucket Low 9.1-12.2(30-40) Experiments conducted in
Canada
Mechanical-Hydraulic
"Mud Cat" Moderate 4.6-7.6(15-25) Low to Extensively used
moderate
"Mud Cat ENV" Moderate Low Experiments conducted in
Canada
Remotely controlled "Mud Low 4.6 (15) Low to New development
Cat" moderate
"Cleanup system" Moderate 21.3 (70) Low to Extensively used in Japan
moderate Pilot study in New Bedford,
Cutter head Moderate to high 12.2 (40) Low Massachusetts
Hydraulic-Suction
"Refresher" Moderate to high  18.2-35.0(60-115) Low Extensively used in Japan
"Matchbox" Moderate to high 25.9 (85) Low to Experiments conducted at
moderate Calumet Harbor
"Wide Sweeper" Moderate 30.5 (100) Low Used in Japan
Pneumatic Evaluated by USAE
"Pneuma” Low to moderate 60.9 (200) Low Waterways Exper. Station
"Oozer" Moderate to high 18.0 (59) Low Used extensively in Japan
Mechanical-Hydraulic-
Pneumatic
Screw-impeller Low to high 6.1 (20) Low Used in Japan (high density)
Airtight bucket wheel Low to moderate 4.6 (15) Low Used in Japan (high density)
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Figure 5. Concentration profile contaminated byavy metal and determination of the background

Since the background depends on soil type, it $sipte to establish a relationship between
the background and the soil properties such usngsae and Atterberg limits. If the
background is well-known (significant number ofesitand results), then the degree of
pollution (R) can be defined by the following relation (Fukaeal, 1999):

aP (G-By)/Byg (1)

where G is the concentration of the element in the sedin@w B is the background
concentration.

The concentration profiles show also that the petitthickness is usually limited to 1 m in
the Japanese bays, with an average thickness ohOlb order to prevent living organisms
from contacting the polluted sediment, several tsmhs may adopted. The first solution
consists of dredging the polluted layer. Howevarg @annot just use any technique of
dredging for this purpose. Grab dredging, for exi@mnis preferred to pumping. The latter
technique results in a large quantity of muddy watkich cannot be treated properly.
Another solution involves covering the polluted tbat sediments with a clean material.
Nevertheless, the cover could be subjected to @aroand removal due to marine current
action.

Considering dredging of polluted sediment, scaroftyand disposal prompts the reduction
in volume and/or the reusing of polluted sedimert, at same time, the reduction of harmful
potential. Utilization of dredged materials dependsainly on their geotechnical
characteristics and their level of contaminatiofead dredged sediments can be used either
as construction materials in the case of sand araay liner for muddy sediment due to their
high capacity of sorption. One method for the clgarof contaminated sediment is
solidification as described by Yamasaki et al. @)9&nd Fukue et al. (2000). The objectives
of the solidification method are (1) to decrease ¥olume and to solidify the high water
content of the dredged sediment (water contené8ftd 279 %) and (2) to ensure a leachate
water quality that satisfies the level of standamddapan. This is achieved by adding agents
to solidify the sediment and then extracting wated compressing the solidified sediment.

Chapter 4. Underwater Geoenvironmental Issues page 7



TC5 Report, September 2005

Agents
Sediments 9

) D

1 TETENTETETETE TR THA |
\| e | ]
1 = * ? = Released water
U | Released water |
Presser Mixer pH  controller
and adjustment

Treated sediment Disposal site,
reclamation, fertilizer

0%

Figure 6. Scheme of the solidification plant (Yaaa et al. 1995)

As shown in Figure 6, the solidification system sists mainly of a mixer, presser with
water extractor and pH controller. For the solmhifion and mixing phase, several
solidification agents mixed into the sediments wevaluated, including slaked lime (1.3 or
5% by wet weight), Portland cement (1.3 or 5%)yratlsetic resin called UKC-H (1.3 or 5%),
polyaluminum chloride (PAC) (0.5, 0.75 or 1.5%) aratural polymer called L-fresh (0.1%).
The mixing was carried out using vanes that rotébed 0 min. In the next phase, the mix is
brought into the press chamber where it is subjetbewater extraction and compression
under a filter pressure of 600 to 630 kPa. Theteceaediment is then routed to site disposal
or used as reclamation material. The performandaeofechnique was assessed on the basis
of the following indicators:

1- decreasing rate of water content
2- compressive strength
3- water quality

The results are summarized in Table 2. After apsad time of 40 minutes, the lowest
water content (38%) was obtained with the PAC dmlhighest for the polymer (L-fresh).
The latter result is the effect of increasing tiszwosity of the pore water that makes the water
hard to extract. The results of compressive stretegts show that the best value (1.4 MPa)
was obtained with the resin UKC-H that was desigtedtrengthen soft soil. Cement and
slaked lime treated sediments indicated similaueslof 400 kPa. Furthermore, although the
mixture prepared with 1.5 PAC had the lowest watertent, it was too soft to measure the
compressive strength. As regards the water quahgypH was either higher or lower than the
original sediment pH of 6.3, depending on the typadded agent.

Therefore, lime, Portland cement and the resin WK{Dcreased the pH to greater than 12,
while the PAC and the polymer L-fresh decreasedptieo 5.5. Hence, the extracted water
was neutralized and pH adjusted to meet the stdrfdadischarge (7.2 to 7.7). The TSS and
dissolved oxygen (DO) values were found to satibfy standard for discharge, whereas the
biological oxygen demand (BOD) was unsatisfactaguiting in the need for a second
treatment.
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Table 2. Results of the assessment of the treaididhent (Yamasaki et al. 1995)

Agen® Without Slaked Portland Resin PAC Polymer
Properties agents lime cement UKC-H L-fresh
Adding level (%) - 3.0 3.0 3.0 0.75 0.1
Poured volume (i) 0.69 1.04 1.01 1.03 0.969 0.633

Treated sediment
Water content (%) 82 45 44.8 48.1 37.8 77.0
UCS (kPa) - 400 450 1420 - -
pH 6.3 11.2 11.8 11.4 7.14 7.2
Density (g/cm) 1.39 1.73 1.7 1.73 181 1.54
Leachate water

Leachate pH 6.3 12.6 12.6 12.0 5.4 5.6
Neutralized pH 7.2 7.3 7.7 7.3 5.4 7.3
SS (mg/l) 5.0 6.3 6.0 6.3 5.6 6.3
DO (mg/l) 8.5 6.3 7.5 6.3 5.6 6.3
BOD (mg/l) 15.7 16.7 16.2 16.4 16.2 16.4

Concerning the mechanisms and efficiency of cerbased solidification towards heavy
metals, immobilization occurs principally by two ams: physical and chemical. Physical
immobilization results from the formation of a sbihatrix while chemical stabilization refers
to changes in the chemical forms of contaminamshfless stable and more soluble forms to
more stable and less soluble forms. The major ibratnechanisms include 1) hydroxide
precipitation 2) substitution reactions and incaogbion of metals in the hydrated products
and 3) adsorption. The major parameters that cbnivese mechanisms are pH, redox
potential and pore-water composition. When many leotgric heavy metals are present in
sludge (e.g., Cd and Cr(lll) are less soluble &edint pH, respectively, 11-11.5 and 8.5),
adjustment of pH (by addition of cement for exampheay not achieve an efficient
immobilization. The degree of stabilization depemdiso on the form of the metal in the
cement matrix. For example, mercury which is botmdhe crystalline structure of cement
and substituted to Al and $6hould not be easily released, whereas precipitayddoxide
mercury should be more sensitive to the externak@mmental conditions such as pH. On the
other hand, th&/SEPA (1990)ndicated that, although hydroxides of cadmium kxadl have
comparable and weak solubilities, leaching tesimvfsolidified/stabilized wastes by cement
showed different stabilization degrees, i.e., Cabwnore stabilized than Pb. The tentative
explanation for this behavior is that the cement&dtem enhances rapid formation of
Cd(OH), that is incorporated in the nucleation site of C&ttl, thus, is protected with an
impermeable envelope. As for Pb, precipitation tieas are complicated such that
precipitants are in form of salts containing hyddex sulfate and nitrate ions, and these salts
retard cement hydration by forming an envelope rdoanhydrous cement grains. As the pH
of pore-water solution varies during hydration, Bhlts undergo solubilization and
precipitation that result in their precipitation thre surface of hydrated cement particles and,
therefore, become more accessible for leaching.

4.5 SPILLAGE WATER TREATMENT

Spillage water from highly organic sludge contag@hsvated concentrations of ammonia and
soluble BOD and chemical oxygen demand (COD) sanbstathat result from the anaerobic
decomposition of organic matter in the bottom sexlite and concentrate in the pore water.
Changes in flow rate, in water quality and in waemnperature make biological treatment
hard to realize. Thus, Tsunoda (1998) reports asipbychemical treatment which is
described hereafter as an alternative. To decomgdsel,, sodium hypochlorite is used and
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residual C} is measured to control the efficiency of the meat. According to the results
shown in Figure 7, NN decreases rapidly with an increase in sodiumoblyforite
concentration and variation in residual, @dicates a break point at which,Ghcreases
abruptly. The method using this control point idocime treatment is known as a break point
method. Before releasing the treated water, rekichlarine is removed by activated carbon

adsorption.
Cl, Conc. (ppm

Residual

NacCl dosage

Figure 7. Breakpoint chlorination (Tsunoda, 1998)

4.6 ODOR CONTROL

Under anaerobic conditions, organic sludge producedodorous substances such as
hydrogen sulfide and ammonia. Tsunoda (1998) inelitthat this secondary pollution can be
treated with ferric chloride and slaked lime asatralizer. The suggested method is based on
the relationships between the total sulfide contdnthe sludge (related to the malodorous
compounds) and the required amount of ferric ctiorand between the amount of added
ferric chloride and the quantity of slaked limentutralize the former. Figures 8 and 9 show
these relationships.

Figure 8. Amount of ferric chloride in relationttee total sulfide content.
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Figure 9. Amount of lime required for neutralizatiof ferric chloride.

4.7 CONTAINMENT AND ISOLATION

4.7.1 Confined disposal facility

The regulatory requirements for the disposal ofigeel material are determined by both the
type and level of the contaminants associated thighdredged material. Based on the degree
of contaminant partitioning to the water associatéti the sludge, there are three conceptual
categories under which sludge disposal can occtlr agsociated disposal regulations. These
three approaches to sludge disposal are labeletfio@l use or open water disposal,” "solids
retention,” and "hydraulic isolation." The confinglisposal facility (CDF) design criteria
based on contaminated level and pathway is showigure 10 (Richardson et al. 1995).

Uncontaminated Highly
waste Significant cont\;avrgé?:ted
Partitioning partitioning
Minor Problematic waste
contamination ,
minimal . . Moderate Extensive Toxic
partitioning Minor partitioning partitioning partitionig waste
Beneficial use Solids retention Hybrid approach | Hydraulic isolation Hydraulic
or open water approach approach isolation CDF
disposal
Increasing degree of Hydraulic ;
o g aeg isol )t/ o Increasing degree| permit for a point
waste isolation Isolation during f hydraul ;
Certification for ; ot hydrauhc discharge
. waste disposal isolati ¢}
waste discharge only isolation
Filter intake CDFs
e . Certification for Certification f
Certification for diffuse oint or diffuse eruncation ror
discharge poin point discharge Conformance
discharge ’ L
with minimum
technology
guidance
~<—— SHORELINE AND IN-LAKE DESIGNS —— >
< UPLAND CDF DESIGNS
INCREASING DEGREE OF WASTE CONTAMINATION

Figure 10. CDF design criteria based on contantilesel and pathway
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The CDF should be used for containing contaminabedge that cannot be released without
control to the environment. CDFs can be locatdab#t upland and in-lake sites depending on
the level of isolation that the sludge under coaisation warrants. Contaminants within the
CDF can be discharged to the environment via sigrg@l pathways (Richardson et al. 1995).
These pathways are shown in Figure 11 and include twaterborne pathways, two pathways
related to the direct uptake of the contaminantplbyts or animals, and an airborne emission
of contaminants.

The methods for limiting contaminant pathways frédDFs for problematic dredged
materials include the addition of engineered bamigd/or water-balance components in the
dikes, basin, and cover. The operational altereatior establishing the pathway barriers are
also important. Thus, the basin of the CDF couldited using and engineered compacted
clay liner (CCL) or it could be sealed by placing iaitial layer of clean fine-grain dredged
material in the CDF. Either barrier layer could &iéective in limiting the movement of
leachate from the dredged material into the gromatkr beneath the CDF.

A highly watertight revetment (CDF) was used in eardo contain dredged materials
contaminated by methyl mercury (Yoshinaga, 199%)o# 1,000,000 fof contaminated
sludge were removed from Minamata Bay (Japan) usingion dredges, and they were
disposed along the shoreline area. After aboutyéars, the effort to remediate the mercury
contaminated sludge that caused the Minamata sgas completed in 1990 with the final
surface covering by soils, and no outbreak of piolifuor related disease has occurred since
then.

In the area of seabed designated for contaminatedl disposal, the sand capping method
where the bottom mud is covered with a thin sangerlais applied as a solution of
environmental preservation. Brand et al. (1994pregal a typical section of the contaminated
mud pit (CMP). The pits are dredged as deep asbeareadily achieved. For example, in
Hong Kong, this means that the pits are dredgeithédbase of soft Holocene (post-glacial)
marine deposits, commonly about 15 m below the exbalm order to prevent diffusion of
contaminants to the open area, a 2-m-thick mudaapchosen. To facilitate placement of the
mud cap onto the semi-fluid contaminated mud, a-thick layer of sand is first sprinkled
onto the surface of the contaminated mud. This samks differentially into the surface, and
so thickens and strengthens the mud surface mriplacement of the clean capping mud. The
full cap design, therefore, comprises a 1-mr-thsekd layer followed by 2 m or more of
uncontaminated mud to reinstate the seabed taigsal level. Gomyoh et al. (1994) also
investigated the shear strength of typical bottomd nmeasured by vane shear and cone
penetration tests together with the procedure feasuring the thickness of the thin sand layer
for capping.

Volatilization
Precipitai Surface
recipitaion runoff

Bioturbation

Cover soil

Barrier
dike

Y
Seepage Infiltration WASTE

<

> IS 7 S S SYSTSYSSS

Leachate

Figure 11. Example of the contaminant pathway
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4.7.2 Sludge containment structure

Waste disposal facilities are facing various diffiees such as increasing volume of wastes
and inherent problems (noise transportation, baellseiust, and potential pollution risk for
underground water). Disposal sites in sea areadbe@reming more important to discharge
hazardous wastes. Concerning the containment stejcthe barrier used to prevent
hazardous waste leaching into the open sea, is made safely and must be doubled based
on failsafe concept. The impermeable soil layethi sea is defined as "clay layer of more
than 5 m thickness whose permeability is less ft@ttm/s". Tsuchida et al. (2000) reported
the design and the construction of a new seawalttsire which has been constructed in
Tachibana Port and which complies with the newsedistandard. The related disposal site
has a capacity of 630,000°nncluding domestic wastes (290,00¢)mindustrial wastes
(178,000 m), waste soil (90,000 thand dredging (72,000 In In this project, a seawall of
600-m length was constructed and the barrier ctsnefspolyvinyl chloride (PVC) sheets and
cement treated soil. The cross section of the dean@ the barrier is shown in Figure 12.

Using sand compaction piles to improve the clayl wa@sult in an increase in the
permeability. This increase was numerically asskedse means of analyses based on the
boundary element method. It was found that, in otdénsure a permeability less than10
cm/s and considering the construction practice adgfehe sand replacement ration (defined
as an area ratio) should be less than 50 %. Theotiime utilization of cement treated soil
was to relieve the stress on the PVC sheet andetept leakage in case of damage of sheet.
Consequently, the treated soils should have dusttigss-strain properties, and the minimum
shear strength necessary to keep the designed simmpdower permeability. Results of
consolidation and permeability tests show that, thee same consolidation pressure, the
permeability of treated soil was greater than tifahe untreated soil. On the other hand, for
the same void ratio, the permeability of the trdageil was lower than that of the untreated
soil. Hydrated products are assumed to clog thdsvand, thus, prevent water flow. The role
played by the cement treated soil became more etvidleen seepage through the barrier was
analyzed (modeled) and compared to the case otaitdn of a sand layer. Overall, the
analyzed (predicted) seepage of water was significgreater in case of the sand layer (1100
m?/year) relative to the case of treated soil onl@43 nf/year). The barrier composed of two
PVC sheets and an intermediate cement treatednithila seepage of 0.241°%year was
considered to be safe towards leakage.

Based on finite element analysis, the settlemedt the deformation of clay layer were
investigated. Results indicate that the PVC sheets the cement treated soil will have
maximum deformations about 2 and 0.7 % respectiv&bgordingly, it is considered that
PVC sheets and cement treated soil will be staibotba long term.

In terms of the construction of underwater workse hew technique of on-ship heat
bonding the PVC sheets is noteworthy, which is debegd prior to laying the PVC sheets in a
single piece on the seawall. Cement treated soilldhbe stable on slopes of from 1:3 to 1:8
and should possess non brittle but deformable cterstics. According to the shear strength
results, the initial water content of the soil veetermined to be about W4 and the cement
content is 50 kg/fh The total volume of treated soil was 63,000and the cement treatment
was carried out on a special vessel with a 280 capacity.
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Figure 12. Cross section of the seawall and tinedna

4.7.3 Environmental impact from CDF

The main issue with dredged materials pertainsghéoenvironmental impact when dealing
with dredging and reclamation. In terms of the aggn and phosphorus present in the
sediments, Tsunoda (1998) noticed that the dredgingess has an effect on the release of
these two species to water. The given example atescthat, after dredging and assuming that
total nitrogen content is 2-2.5 g/kg and the rede@te is in proportion to nitrogen content in
the bottom sediment, the released nitrogen willdakiced by ~40 % by removal of sediment.
As for phosphorus, the amount released by dredgix) estimated to be ~ 50 % assuming
phosphorus content of 0.5-0.9 g/kg. However, aerobnditions enhance soluble phosphorus
such that the released amount increased to ~90 %.

An in-situ treatment of contaminated sediment cstssdf a sand covering or capping where
the contaminated layer is covered with a 30 to mOlayer of clean sand. Hence, the release
of COD substances, such as nitrogen and phospherdecreased by the chemical and
biological processes that take place in the pofehe sand layer, as shown in Figure 13.
Experiments on capping show that, immediately afpglication of a sand layer, reduction of
about 80-90 % in the amount of N and P releasedolvasrved. However, although the sand
layer seemed to be effective over a period of @syethe amount of released phosphorus
appears to increase, probably due to new sedimémgeck.

In the case of heavy metals release, Kamon eR@0Q) conducted an experimental study
on heavy metal leaching from Zn contaminated clayrg that simulates the dredged
sediment characterized in Table 3. In this study, types of leaching tests were performed:
batch leaching test (BLT) and consolidation leaghtest (CLT). The first test aims at
determining the adsorbed mass of Zn on the claylewhe second one was proposed to
reveal the leaching mechanism in the dehydrati@hcamsolidation processes.
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Figure 13. Effect of sand capping on N and P selea

According to the results from the batch leachirgi€BLT), Zn adsorption appeared to be
dependent on the liquid-to-solid (L/S) ratio. Theeaer the L/S ratio, the higher the
concentration of adsorbed Zn and the higher thdiequm concentration (Figure 14).

To explain the involved immobilization mechanismgrion et al. (2000) suggested cation
exchange as the dominant mechanism. Calcium andesagn ions, which initially adsorbed
to the clay particles, have been changed By Enwater. Formation of insoluble compounds
(carbonate, hydroxide) and adsorption onto orgaratter are unlikely to occur.

By adding several amounts of Zn to the clay sluang measuring the adsorbed Zn, a
relationship between to the two amounts was estadydi. Zn adsorption is dependent on Zn
addition according to the following relationship:

Ma = 0.403- Mp254° (2)

where M is adsorbed Zn on 1 g soil (mg/g) and M doped Zn per 1 g soil (mg/g). In
general, 10 % of dosed Zn is adsorbed on clay a8rfid @emains in water.

Table 3. Properties of Fukakusa clay (undemr$

Solid density 2.72 glcm
Liquid limit 47.4%
Plastic limit 26.0 %
Grain size

Silt fraction (5-75mm) 38.2 %

Clay fraction (< 5mm) 61.8 %
CEC 23.6 meq/100g
Exchangeable cations

Na 0.01 meq/100g

Mg 13.5 meq/100g
Al 1.4 meq/100g
K 0.06 meq/100g
Ca 8.7 meqg/100g
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Figure 14. Zinc (Zn) adsorption versus equilibriconcentration for different liquid-to-solids (L/S)
ratios based on batch leaching tests (BLT).

The consolidation leaching tests (CLT) were runZondoped clay at 100 % water content,
using an oedometer cell with vertical pressure irapfrom 1.48 to 90.16 kPa. Results, shown
in Figure 15, indicate that leaching concentraticm® almost equal to equilibrium
concentrations and so for the adsorbed Zn amotuns$. ghenomenon could be explained by
the fact that the equilibrium constant K shouldKegt constant by increasing adsorbed Zn
concentration while the exchangeable ions concemtrare extracted from soil-water system
with the drained water. Furthermore, the concetnatof leached Zn appear to be the same
at the beginning and at the end of the consolidafitiese results suggest that the leached and
adsorbed amount of Zn from the consolidation precesmn be predicted from the batch
leaching test with the same value of L/S as inniteal condition prior to the consolidation.

It is of some importance to estimate the massaxfiied heavy metal during the successive
steps of treatment such as: dredging, dehydratemfgamation and consequent consolidation.
During all these steps, the water content decreases the concentration of heavy metal
remains the same as after dredging. Accordinggeitperimental results, dehydration has no
effect on the concentration of leached heavy metals

Figure 15. Zn adsorption in CLT and BLT
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As for the mass of heavy metals, it decreases d#hydration and reclamation because
some amount of heavy metals are drained out witlerw8ased on this process (Figure 16),
the estimated mass of leached heavy metal cangressed as:

ML = Mz — Mz = [(W2 — wg) « Wolwy] « Co (€))

where M is mass of heavy metal, w is water conéat C is concentration of heavy metal.
The meaning of suffix is as follows; O: initial, dredging, 2: dehydration, 3: reclamation.

Figure 17 shows the results of calculated masgsaxdhed heavy metal. It can be seen that
the last amount is related to both water contetetr afredging and water content achieved by
dehydration. To achieve the same mass of leachadyhmetal, for example 10 mg/kg dry
soil, the dredged sediment has to be dehydratéowtovater content of 40 % if the water
content after dredging is only 100 %, while in ca$&ater content after dredging of 500 %,
the sediment has to be dehydrated at a water doottemly 80 %. Therefore, to reduce the
mass of leached heavy metal, either an effort shbalmade to dredge the sediment with a
relatively low water content and also to achieveva water content after dehydration, or the
sediment should be dredged at a high water canktmiever, this latter option may be
technically unsuitable.

The aforementioned results are valid under theodolg assumptions: results were
obtained for Zn only and effects of chemical coiodis (Eh, pH) and sediment components
(organic matters) were not taken into account.tifeurhore, interaction between heavy metals
(e.g., only ion exchange mechanism is considered) eatment cost of contaminated
dehydrated water was omitted.

= / I\
| I I | |
2R
Initial condition Dredging Dehydration Reclamation
W W < W, W, < W, W3 < W,
Co Ci= WoCo C=C C=C=C
Mo Wo M,<M, Ms< M,

Figure 16. Mass of heavy metal existing in the medits during dredging, dehydration and
reclamation.
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Figure 17. Calculated mass of leached heavy raéiel reclamation.

4.8 REMEDIATION OF CONTAMINATED SLUDGE

Soils and sediments in Japan contaminated withchtdyinated biphenyls (PCBs) have been
treated primarily by the addition of cement andpodsed in landfills. However, the landfill
sites containing the treated sediments must betanagd safe for a long-term period and the
environmental impact has to be monitored. Hosomialet (2000) reported innovative
technologies to treat and to decompose PCB andndomataminated soils and sediments.

For example, a technology referred to as Gas-plhsemal Reduction was used by Eco
logic International (1992) to treat sediment sarmmpleéhe sediment was pretreated in a°@00
thermal desorption unit prior to injection into tgas-phase thermal reduction chamber at
90C°C. Efficiency results (Table 4), based on dioxind &urans analysis before treatment and
in the residual solid, show that the thermal desompwas not very efficient in reducing the
concentrations of 2,3,7,8-TCCD and total dioxinghie feed sample.

Solvent extraction has been used in a bench-sesied treat dioxin-contaminated sediment.
This technology, which is referred to as BEST (BdSktractive Sludge Treatment), uses
triethylamine to extract the contaminants. A segakmxtraction process was used with 6
extractions. Results show that the efficiency igdveghan for gas-phase thermal reduction. It
should be noted that the extraction removes théaotinant and concentrates them in a small
volume of liquid (oil) which should be treated sefsently.

Base-Catalyzed Decomposition (BCD) mixes the diaxantaminated sediment with two
mixtures. The first mixture is comprised of watssdium hydroxide, tetraethylene glycol and
a proprietary catalyst. This sediment mixture isthd to 320-34%C for 90 minutes. The
second mixture contains sodium hydroxide, highibgipoint hydrocarbon oil and USEPA
propriety catalysts, and is heated to same temyer&tr a period of 4 h. Both mixtures result
in a non-detectable level of dioxin in the treatesidues (Table 4).

Small-scale incineration tests were performed ooxidicontaminated sediment. The
destruction and removal efficiency were calculdig@&ombining sediment feed rates and flue
gas discharge flow rates with the reported sedinagit flue gas concentrations. Removal
efficiency results indicated very high percentadgéswever, due to the low concentrations of
dioxins in the feed sample, the measured flue gasfaund to be typical for the incineration
of any wastes containing chlorine compounds.

For the above-mentioned treatment technologies, bdwed-catalyzed dechlorination and
incineration are the most efficient in destroyinrgeducing dioxins to below detection limits.
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The BCD process was developed by the USEPA to datiypidecompose PCBs in a liquid-
liquid phase reactor (Rogers et al. 1991). Thegs®consists of desorption and recovery of
PCBs in a soil reactor (300-3%D) and the decomposition of recovered PCBs in itnad
phase reactor and removal efficiency of PCBs arakids from the PCB-contaminated
bottom sediments and the dioxin-contaminated $gilseated soil reactor.

Table 4. Results from bench-scale tests of diowimtaminated sediments (Hosomi et al. 2000).

Process 2,3,7,8-TCDD (pptr) Total TCDD (pptr)
Feed Product Efficiency (%) Feed Product Efficie(fb)
Gas-Phase 159 99.7 37.3 193 144 25.4
Thermal Reduction 130 50 61.5 130 50 61.5
Solvent Extraction 119 16.5 86.1 136 21.3 84.3
B.E.S.T 217 15 93.1 276 15 94.6
Based-Catalyzed 268 <1.¢9 >99.3 30¢ <11.1 >96.4
Dechlorination 1 67.5 <0.996 >98.5 83.7 <0.30t >99.6
Based-Catalyzed 268 <33.1 >87.7 309 <47.8 >84.5
Dechlorination 1 67.5 11.0 >83.7 83.7 <11.¢ >86.9
Incineration 185 <0.81 >96.7 252 <12 >99.5

1: Analysis performed by technology developer

2: Not detected, reported as analysis detectiom lim

3: % efficiency = (Feed Con. — Product Conc.)*1004-€enc.
4: Average of 2 samples.

4.9 BENEFICIAL USES OF DREDGED MATERIALS

4.9.1 Case study of land use 1: Dewatering methd@torizontal drainage and floating
PBD)

A new accelerated consolidation method combiniregdbwatering and Plastic board Drain
by Floating system (PDF) is described by Kiyamale{2000). This method was designed to
improve the consolidation process of dredged clspased at a reclamation coastal site
without using pre-loading weights. The PDF systewvigles the possibility to increase the
volume of dredged clay that can be accommodatébeasite, thereby extending its service
life. The principal of this method is based on @aging the effective stress in the case of the
use of dewatering combined with vertical drainssla@wn in Figure 18. Therefore, the degree
of consolidation settlement is greater than indage of the self-weight process.

Figure 18. Principals of the dewatering method ianteasing the effective consolidation load.
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As for the implementation of the installation, hlastic board drains were installed through
the dredged clay using a pile driving device whiglassembled on a new designed floating
vessel (Figure 19). The advantage of this systdta @ossible utilization on muddy ground or
through shallow water which has proved difficulttie past. The implementation steps are as
follows:

1- The vessel is fixed in position using 4 winches.

2- The equipment is positioned for drain installation.

3- A vertical drain is installed: penetration, withda and cutting-off.

4- The installation is shifted laterally and reposied for the next drain installation. Steps 3
and 4 are repeated.

5- Then, the vessel is repositioned.

6- After installing plastic drains, the pumps weregein the sand mat.

It has to be noticed that the plastic board drennst reach the sand mat to create continuity
to the water flow that is draw down by the plasib@ard. The water is than drawn out from the
sand mat by activating pumps. The flow water diagra shown in Figure 20. Furthermore,
the drainage channels at the top of the drains Ineiealed so as to prevent the seawater
permeating the upper layers of the dredged claypanétrating the drains.

Laboratory tests including consolidation propert{ssttlement and pore pressure) were
carried out on samples taken from the dredgedinolélye improved area by plastic drains and
also in the unimproved ground (Figure 21). Monigriresults of the settlement show that,
after 8 months of activating the drainage, groumgrovement was evident. Indeed, more
than 4 m of consolidation settlement was recordeithé improved area, while only about 50
cm of settlement was observed in the unimprovedrgio It can be seen that the calculated
settlement values match the average of measurads/alen if they are slightly higher. If we
focus on the point T-11, we can note that the coifhis point is the most representative of
the improvement brought by the plastic drains. Pdoirll is in the center of the
implementation area (Figure 22) and is less aftetig the boundary with the unimproved
ground than the other points.

Figure 19. PDF implementation assembly.
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Figure 20. Ground Improvement concept diagram.
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Figure 21. Site tests survey plan.

Figure 22. Measured and calculated settlement.
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4.9.2 Case study of land use 2: Ketelmeer Project

A large-scale dredging project in the Ketelmeer d_ak the Netherlands was undertaken
(IADC. 1999). It involves the construction withilne Ketelmeer of a storage depot for
contaminated silt dredged from the lake itself. Ratelmeer, which is located at the mouth
of the River IJssel, has become polluted over tedenades as a result of discharges from
factories along the Rhine and IJssel rivers. Adargmber of pollutants have entered the river.
These substances have attached themselves toltthehish is carried downstream by the
river, and have ultimately ended up in the Ketelm&ée result is that, of the total of 3,800
hectares of the lake bed, 2,800 hectares are abwera layer of highly polluted silt 50 cm
thick. The clean-up project must be carried outagtordance with strict environmental
standards. It was decided to construct a depdhenlake itself, primarily in order to avoid
high transport costs. In the centre of the Ketehmae45-m-deep circular basin is being
constructed, measuring more than one km acrosgeavater line. The surrounding ring dike
will stand 10 m above sea level, as measured bynidb Amsterdam Level (NAP). A
circular shape of the depot was adopted becaussutfece contact between the polluted silt
and the surroundings is minimized. The result Wwdl a basin with a capacity to store 23
million m® of polluted silt. The construction phases arestfated in Figure 23.

Before construction of the depot started, a shidedl pvall was built along the boundary of
the working area, over a length of 8.5 km, to prev@deaned areas within the construction
site from being recontaminated by polluted watet sift from the Ketelmeer. With the piling
complete, the contaminated silt from the enclosesh a& a total of 2 million th— was
removed and then stored in the temporary depots.

Special environmental dredgers have been builcleaning up the construction site. The
latest technology and most advanced software haea incorporated into the design. The
number and variety of dredgers make this projemuen They include:

- an auger dredger;
- an environmental disc cutter;
- a slice cutter suction dredger

(a) Phase 1 (1996) (b) Phase 2 (1997) ¢) Rhase 3 (1998)

Figure 23. The construction phases of KetelmeeePBtro
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All of the environmental dredgers have the abildydredge to within an accuracy of one
cm. This level of accuracy is important to ensurat theither too much nor too little silt is
removed. Too much removal leads to wastage of ggoasd processing capacity, while too
little removal means that the lake bed is not ehticlean. A cm of dredging can have major
consequences. The extreme accuracy of the dredgiaation is achieved using satellite-
based positioning. The new technique limits the imar deviation to only 1 or 2 cm, both
horizontally and vertically. During dredging acties, it is normal for silt to be disturbed and
to mix with the surrounding water (clouding), bhietmost modern techniques can avoid
almost entirely. Spillage of contaminated silt isoareduced to a minimum with these
environmental suction dredgers. Moreover, the egait can remove high silt concentrations.
This is important because it avoids water being gennin the depot along with the silt.

After the dredging of the contaminated silt, theatl clay and sand from the storage basin
and from under the proposed ring dike, port arehsmtondary bank, were dredged out and
used for the dike construction. The ring desigthefdike demands a special working method,
with the sand being deposited layer by layer. Tgnes the underlying material sufficient
time to settle. Depositing the sand will take altnmse and a half years, but because of the
process of settlement, the construction of the dikketake almost two years. The bottom of
the fully excavated depot is sealed with a non-gatnte layer. Since the water levels of the
Flevopolder, the Ketelmeer and the depot all diffeepage could occur as the water tries to
reach the lower area. In order to prevent this ipdgg and, thus, reduce the risk that
contaminated material could escape from the depatdnwith water, pumps will be installed
to maintain the water level in the depot. The depdtbe filled by the contaminated silt. It is
anticipated that the depot will be full in 20 yeaaswhich time it will be covered with a clean
layer of clay or sand. The three islands which Haeen constructed as nature reserves and for
recreation will by that time be covered with esisti®d reeds and marshland vegetation, and
the area around the depot will have become filléth wndergrowth. It will then be a small
paradise for water and marshland birds.

4.9.3 Reuse of dredged materials

Reuse of dredged materials (contaminated or nobeisg increasingly considered as new
methods and techniques evolve. From this point iefvy dredged materials are being
recognized as a significant, cost effective andtasngble natural resource. Up to now,
applications and beneficial uses of treated dredgedterials that show promise to meet
environmental and materials standards are typisalbwn in Figure 24:

- Fill, structural and non- structural, from seugnacesses

- Bricks, load and non-load bearing

- Solidified and stabilized materials for cappipgrking lots, walkways...

- Manufactured soils for golf courses, parks, laagéng...

- Wetland for multiple purposes, including to sgfeltering runoff

- Molded objects, including statuary from glasdonding additives

- Aggregates for concrete, asphalt and road barrier

- Pre-cast infrastructure, including road barriers

- Retaining walls and other cement-like materials

Concerning specific reuse of contaminated sedimeid,believed that the intended use is

determined by the degree of contamination suchttiefull range of dredged sediment can
be considered. For example, cleanliness criteriployygrounds are likely to differ from those
for surface-mine reclamation material. This implieat, besides decontamination techniques,
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increasing interest is given on processes that medataminated dredged materials
environmentally safe by preventing leaching andatiitation of contaminants above
acceptable levels. The above mentioned treatmehnigues and underwater environmental
issues are closely related to reuse of dredgedrialate

Safe, treated dredged materials can also help ¢ccome environmental problems. Some
examples of projects are as follows: preventingl-agine drainage into groundwater by
injecting treated sediment (with binders and addg) into abandoned mines, capping
contaminated soils on brownfields to prevent leaghiengineering wetlands to filter
leachates from landfills on waterways, and produy@ediment based materials that control
riparian erosion (PIANC. 1996 and 1997).

4.10 CONCLUSIONS

Underwater geoenvironmental issues were descrilzsgdoon waste sludge and dredging
management and utilization. Dredging operationstaaccontainment techniques are the most
important issues. Waste and dredged sludge congéiorinare widely distributed in urban
areas and, thus, the careful treatment is requivithy utilization techniques are available
under carefully controlled operation systems. Irtipalar, beneficial use of dredged materials
as reclamation is also an effective issue with stisgies supporting this approach for land use.

Agencies at various levels, including industriesl ahe public, have made progress in
developing regulatory and technical approachebéacteanup of the most contaminated sites
and to identify sites that require the most rapition. However, no single regulatory or
technical approach will work in all situations. Acding to a variety of authorities, additional
resources and new approaches that are being appheall fronts, the possibility of
environmentally friendly reclamation is proposednder to solve the problems concerning a
contaminated environment and waste management.
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Figure 24. Range of ways to reuse dredged magerial
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ABSTRACT: The performance of solid waste landfilad lining systems during earthquakes is
addressed. Analysis of solid waste landfill stapitiuring earthquakes is presented. Experimental
methods and the mathematical methods are refeBadction of design earthquakes is presented.
Also, determination of material properties for dyma analysis is treated. The seismic response
analysis is discussed. The assessment of liquefiapbtential of landfills or foundation is referred
The dynamic response of geomembranes liners iessiell. Some case histories to illustrate the
performance of solid waste landfills during eariékps are presented. The monitoring and safety
control of landfills are analysed. Risk analysid aafety are addressed.
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5.1 INTRODUCTION

In this chapter, the seismic behaviour of solidte/dendfills is considered. This behaviour is asety
by experimental and mathematical methods. The ctaization of material properties for seismic
design is difficult due the heterogeneity of theiemal, requiring the procurement of large samples.
Analysis of the seismic performance of solid waatelfill follows generally the same procedures
for the design of embankment dams, but the methndsafety requirements differ. Nonetheless, both
pseudo-static and deformational analysis methoelsised for solid waste landfills as well as dams.
An assessment of the behaviour of the geosyntbtioents used in the cover systems and bottom
lining systems of landfills with respect to the grtial for seismic induced permanent displacemients
important. The monitoring tasks and the safety robrif landfills are analysed. Risk analysis and
safety are addressed.

5.2 PERFORMANCE OF SOLID WASTE LANDFILLS DURING EAR THQUAKES

From the lessons learned from past earthquakeds asuicoma Prieta earthquake (Johnson et al., 1991,
Buranek and Prasad, 1991; Sharma and Goyal, 198i)Narthridge earthquake (Matasovic et
al.,1995; Stewart et al., 1994; Augello, 1995) modsolid waste landfills have generally shown a
good ability to withstand strong earthquakes withdemages to human health and the environment.
Experience has shown that well-built waste larglftdn withstand moderate peak accelerations up
to at least 0.2g with no harmful effects. Nonetbgleghe integrity of solid waste landfills during
strong earthquakes to achieve environmental anlicghézlth objectives deserves more consideration.

From well documented case histories, the failueelmnisms for landfills under earthquake loadins
are as follows:

- Sliding or shear distortion of landfill or foundati or both;
Landfill settlement;

- Transverse and longitudinal cracks of coverssoill

- Cracking of the landfill slopes;

- Damage to the gas system header pipes;

- Tears in the geomembrane liners;

- Disruption of the landfill by major fault moveman foundation;

- Differential tectonic ground movements;

- Cracks through the contact between refuse lhadfl canyon; and

- Liquefaction of landfill or foundation.
These failure mechanisms are not necessarily imaipe: of each other.

5.3 ANALYSIS OF SOLID WASTE LANDFILLS STABILITY DUR ING EARTHQUAKES

5.3.1 Introduction

The stability analysis of solid waste landfills daa established by following the procedures outline
in the flow chart presented in Figure 1. In gendita behaviour of solid waste landfills during the
occurrence of earthquakes can be analysed by exg@al methods or mathematical methods.
Seismic design of solid waste landfills uses thmesarinciples of seismic design of embankment
dams (Séco e Pint0,1993). The capabilities anddirons of these methods are briefly discussed.
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5.3.2 Experimental Methods

Experimental methods are used to test predictieertas and to verify mathematical models.

The most popular techniques for solid waste lalsddite the shaking table and centrifuge models.
Yegian et al (1995) conducted shaking table tasty based on the results, concluded that: (i)

relative displacement (slip) at the geosynthetierface may reduce the level of the acceleratidsegu

of the ground motion; and (ii) the geosynthetieifdce acts as base isolator absorbing the wave

energy through interface slig@entrifuge model tests have been carried out tenstahd the principle

of waste-structure interaction and to investigafonation induced stress redistributions withia th

waste body near a structure (Kockel et al., 1997).

DYNAMIC RESPONSE OF
GEOMEMBRANE BASE AND
COVER LINERS

T

STABILITY

MONITORING SOIL PROPERTIES
SAFETY AND RISK |« ANALYSIS SWL » PENETROMETER TESTS
ANALYSIS GEOPHYSICAL TEST
G versug
| versusy
EXPERIMENTAL SELECTION OF DESIG! MATHEMATICAL
METHODS  [% EARTHQUAKE > METHODS
NEOTECTONICS
LIQEFACTION
POST-LIQUEFACTION
STRENGTH
SHAKING | | CENTRIFUGE PSEUDO- | |SIMPLIFIED| | DYNAMIC
TABLE TESTS STATIC METHOD | [ANALYSIS
ANALY SIS 1D, 2D, 3D
v EQUIVALENT|| NON
CASE HISTORIES LINEAR LINEAR

FAILURE MECHANISMS
RECENT EARTHQUAKES

Figure 1. Flowchart for solid waste landfills

5.3.3 Mathematical Methods

The following methods for dynamic analysis of embmaent dams are also used in landfill
engineering (Séco e Pinto et al., 1995):

i) pseudo-static analyses;

i) simplified procedures to assess deformations; and

iii) dynamic analysis.
The slope stability of waste landfills is generadlyaluated by limit equilibrium slope stabilility
analyses.

For the pseudostatic analyses, a seismic coefficialue equivalent to the peak ground
acceleration divided by 1.5 can be considered (®€emto et al., 1998). For solid waste landfills,
an acceptable seismic behaviour is antecipatdgeitalculated pseudo-static factor of safety ranges
from 1.3 to 1.5.
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Simplified procedures to assess landfills deforomst were proposed by Newmark (1965),
Sarma (1975) and Makdisi and Seed (1977) and hiae® geasonable answers in areas of low to
medium seismicity. Newmark’s original sliding blogtodel that considered only the longitudinal
component was extended by Elms (2000) to include Itteral and vertical components of
earthquake motion. The use of dynamic pore pressagHicients along with limit equilibrium and
sliding block approaches for assessment of stabilitearth structures during earthquakes was
demonstrated by Sarma and Chowdhury (1996).

Several finite element computer programs assum@mngquivalent linear model in total stress have
been developed for 1D (Schanabel et al., 197%ddmd Sun, 1992), 2D (Idriss et al., 1973; Lysmer
et al., 1974) and pseudo 3D (Lysmer et al., 19i8)yais. Since these models are essentially elastic
the permanent deformations cannot be computed ibytyhe of analysis and are estimated from
static and seismic stresses with the aid of swaba from laboratory tests (cyclic triaxial tests o
cyclic simple shear tests).

To overcome these limitations, nonlinear hystenetdels with pore water pressure generation and
dissipation have been developed using incremelaisti@or plasticity theory. The incremental elasti
models have assumed a nonlinear and hysteretivioeHar soil, and the unloading-reloading has
been modeled using the Masing criterion incorpogatihe effect of both transient and residual
pore-water pressures generated by seismic loadiag et al., 1978; Finn, 1987).

5.3.4 Selection of Design Earthquakes

5.3.4.1. The design earthquake

The Code of Federal Regulations (United States )1@@fLiires new municipal solid waste landfills to
be designed either for a maximum horizontal acagter taken from a published seismic map for a 10
percent probability of exceedance (90 percent foidityaof non exceedance) in a 250-year exposure
period or on the basis of a site specific analy$ise related return period for the map-based
acceleration is 2375 years. The criterion of aspecific analysis is not specified in the regolatibut
rather is left up to the individual states and rbayprobabilistic or deterministic. Because of thedr
uncertainty, the return period for a site speafialysis may be less than 2375 years. For compariso
EC8 (1995) recommends a return period of 475 yéargshe seismic design of buildings and
bridges.

The selection of seismic design parameters foricipal solid waste landfills, following the
procedures used for dam projects, depends on thiegije and tectonic conditions at and in the
vicinity of the site. Attenuation relations can $eparated into 3 main tectonics classification¥: (1
shallow crustal earthquakes in active tectonictorey (2) regions subduction earthquakes, and (3)
shallow crustal earthquakes in stable contineefgibns.

In terms of attenuation relations, the Idriss mdii895) and the Sadigh et al. model (1997) have
only horizontal components, and Abrahamson andaSil@97) relation has been used for vertical
component. Overall, directivity has a significaffeet on long-period ground motions for sites in
the near-fault region.

5.3.4.2 Neotectonics
The tectonic conditions should include tectonic haegsms, location and description of faults
(normal, stryke and reverse) and estimation oftfadlivity (average slip rate, slip per event, time
interval between large earthquake, length, dirégteffects, etc). All of these factors are impaoita
to assess the involved risk.

Determination of neotectonic activity implies fitke qualitative geomorphologic analysis based
on air photos and topographic maps. The globalipossatellite (GPS) system is another powerful
means of monitoring crustal mobility.
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Cluff et al.(1982) have proposed the followingsslidication for slip rates: extremely low to low
for 0.001 mm/yr to 0.01 mm/yr, medium to high fod Gnm/yr to 1 mm/yr and very high to
extremely high for 10 mm/yr to 200 mm/yr.

The most dangerous manifestation concerning Ihrsdéibility and integrity is the surface fault
breaking, and intersecting the landfill site. Instimegard, the current practice is a deterministic
approach in which the seismic evaluation paramedeesascertained by identifying the critical
active faults which show evidence of movements rat®rnary time. As per ICOLD (1989), an
active fault is a fault, reasonably identified dodated, known to have produced historical fault
movements or showing geologic evidence of Holocgie 000years) displacements and which,
because of its present tectonic sitting, can uralergvements during the anticipated life of man-
made structures.

Recently, a fault investigation method other thr@mching has been developed, called the long
Geo-slicer method in which long, iron, sheet piketh a flat U-shaped cross section are driven into
an unconsolidated bed, iron plate shutters aretetéo face these iron sheet piles and the pilds a
shutters are pulled out to take undisturbed samplestrata of a certain specified width. This
method is advantageous in regard to the ease afrisgcland for conducting investigations
compared with trenching, and the ease of bringhmg dtrata samples back to the laboratory for
detailed observations (Tamura et. al, 2000).

When active faults are covered with alluvium, degical explorations such as the seismic
reflection method, sonic prospecting, electric pexting, electromagnetic prospecting, gravity
prospecting and radioactive prospecting can be (lBakahashi et al.,1997). Of these methods, the
seismic reflection method can locate faults if ggadal conditions are favourable, and confirm the
accumulation of fault displacements based on theuamnof displacements in the strata, which
increases with strata age. However, even if thengéy and the position of the fault is known at
bedrock level, you cannot know in advance whetherahere the rupture plane will emerge at the
ground surface, as well as what is the differengi@und displacements that will develop. This
problem can be approached either numerically (with Finite Element and the Finite Difference
method) or experimentally (with the aid of centgéutests or shaking table tests).

5.3.5 Selection of Soil Properties for Dynamic Angkis

The shear strength properties of waste landfille aot easily determined since the physical
composition of the mixture makes it unsuitable tfee conventional laboratory strength testing. The
size of testing equipment is too small relativetite normal size of the refuse. To overcome this
situation, the waste properties are establisheeldbas the type of waste, the waste processingrend t
placement procedures.

Some properties are measured directly, such aslelngity and water contents, whereas other
properties, due the difficulties related with saimgpl are obtained from indirect methods combining
with the existent knowledge of waste propertiex¢S€ Pinto, 1997). A state-of-art on the evaluation
of MSW properties using field measurements is glweKavazanjian (2003).

Total unit weights of the material are determirfiesin in-place testing or laboratory compaction
tests. Kavazanjian (1995, 2003) presents a unighwverofile with depth (Figure 2). From a litersgu
survey, the particle-size distribution of municipsdlid waste is shown in Figure 3 (Jessberg4)19
From results of laboratory and field tests the shm@rameters of municipal waste exhibits a
differentiation between fresh and old waste (JegskE996) (Figure 4). This differentiation is not
guoted by some other Authors (Kavazanjian, 200lyaKanjian et al., 2001). A wide range of
reported Vs values for MSW compiled by Kavazangaal.(1996) is shown in Figure 5.

To characterize the strength of solid waste, dyngmenetrometer tests were performed at the
Grandola landfill and the obtained results are shimFigure 6.
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The measurement of the shear wave velocity (VErtgs-hole and down-hole techniques requires
drilling boreholes in landfills. Spectral analysisrface waves (SASW) provide relatively accurate Vs
profiles without the need for drilling and samplitige landfill material. Limitations in these
measurement approaches include health and safetyraimts on sampling and testing of solid waste,
and the small size of test specimens relativedsite of the waste constituents.

Taking this into consideration, geophysical meagsients to estimate dynamic strain-dependent
materials of solid wastes of Grandola landfill werglemented, and a values of Vs between 330 -
350 m/ s were obtained (Figure 7) (Séco e Pintl.£1999). The obtained results have not shown a
variation of Vs with depth, probably because thigtiteof landfill is only 12m, and are in reasonable
agreement with the results reported by Kavazasjiaah. (1995).

Figure 2. Unit weight of MSW (U.C. Berkeley, 2003)

Figure 3. Particle size distribution of waste favdratory tests (Jessberg, 1994)
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Figure 4. Shear parameters of municipal solid wisssberg, 1996)

Figure 5. Shear wave velocity of MSW (Kavanzangaal., 1996)

Figure 6. Dynamic penetrometer tests (Séco e Birab, 1999)
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Figure 7. Shear wave velocities of Grandola sobdtes (Séco e Pinto et al., 1999)

The variation of shear modulus G and damping rhtiwaith shear strain can be derived by
laboratory tests (Séco e Pinto, 1990). For theatian of shear modulus and damping characteristics
of waste materials with shear strain for sandynsdterials and silty materials, some curves prapose
by Vucetic and and Dobry (1991) or by Matasovic &adazanjian (1998) are presented in Figure 8.
When solid waste landfills incorporate constructid@molition debris the curves proposed for
rockfill and gravel materials can be used.

The shear interface resistance for liner and ceystems in landfills has deserved increasing
attention and will be treated in section 5.4.2. idagand Kadakal (1998) developed a method where
the dynamic properties of the geosynthetic liner ba replaced by the dynamic properties of an
equivalent soil layer based upon shaking tablestddorizontal geosynthetic interfaces have the
potential effect of modifying the seismic responsk overlying material. Smooth HDPE
geomembrane/geotextile liners reduce significattitéy accelerations and shear stresses transmitted
through the landfill profile, especially when thase acceleration exceeds 0.2g, as pointed by
Yegian and Kadakal (1998). These effects shouldtaben into account to avoid unrealistic
estimates of seismic acceleration, shear stressegaamanent deformations in a landfill.

Figure 8. Waste modulus degradation and dampinglatfrom field measurements (Matasovic and
Kavazanjian, 1998)
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5.3.6 Seismic response analysis

The seismic responses obtained by computer filgt@ent 1D programs are considered reasonable.
These analyses are based on the solution of theti@quof motion considering a homogenous and
continuous soil deposit composed of horizontal kyiers and assuming a vertical propagation of
shear waves. Since the slopes of landfills arellysilatter than slopes of earth dams, and landfill
decks are larger than dam crests, two-dimensioegponse effects in landfills should be less
significant than in earth dams. For the soil betxawvithe equivalent linear method is used and the
shear modulus and damping ratio are adjusted imigg@tion until convergence has occurred. Due to
the uncertainties related to the material propeidied the foundation geometry, the influence of the
seismic action generally is evaluated via paramatrd sensitivity studies.

The shear stress distribution and the acceleraismbution for the solid waste at the Grandola
solid waste landfill (SWL) for three foundation geetries are presented in Figures 9 and 10 (Séco e
Pinto et al., 1999). The basic data for the Graa@&WL are reported by Séco e Pinto et al. (1999).
Due to the geometry of the Ilandfill (height and psls), the effect of the HDPE
geomembrane/geotextile liner was ignored; i.e.dyr@amic properties of the geosynthetic liner was
not replaced by the dynamic properties of the exdent soil layer.

A comparison the results of the analyses perforoye8HAKE 91 and QUAD 4M codes Rathe and
Bray (1999) have concluded that: (i) the maximumsrs& loading for base sliding within a landfill
can be estimated conservatively with 1D analysiy;tlie 1D analysis underpredicts the surface
maximum horizontal acceleration (MHA) along thepglaf a landfill by 10% on average, and by as
much as 40 %; (iii) at the crest, 1D analysis csiesily under predicts the MHA by about 25%; (iv)
along the deck, the analysis is only moderatelyngservative and the effect of base rock topography
is not captured with 1D analysis.

It is important to stress that the dynamic charistics of solid waste materials play an important
role on the seismic response of landfill, and #nesa deserves more consideration (Séco e Pintg et a
1998). It also is important to assess the dynamsaisstrengths of liner materials due the effect of
inertial forces in the refuse mass.

5.3.7 Liquefaction assessment

The methods available for evaluating the cycliadifpction potential of landfills or foundation are
based on laboratory tests and field tests. In génlee following laboratory tests are used: (i)licyc
triaxial test, (ii) cyclic simple shear tests, )(itorsional cyclic shear tests. Due the difficidti@
obtaining high quality undisturbed samples, fi@ddttsuch as SPT tests, CPT tests, seismic cone,
flat dilatometer and methods based on electriagbgnties of soil are used.

To estimate liquefaction resistance from shear waslecity, there are two approaches: (i)
methods based on a combination of in situ sheaewalocity measurements and laboratory tests
on undisturbed tube and in situ freezing sampledeasribed by Tokimatsu et al. (1991); and (ii)
methods based on in situ shear wave velocity measnt and a correlation between liquefaction
resistance and shear wave velocity deduced frondéigeee of liquefaction in the field based on
Stokoe et al.(1999). The assessment of liquefactiesistance from shear wave crosshole
tomography was proposed by Furuta and Yamamotd}200

Liquefaction resistance of silty sands during sasiiquefaction conditions for various silt
contents and confining pressures was investigayednini and Qi (2000). The post-liquefaction
strength of loose silty sediments is commonly kess that of sands, but moderately dense silts at
shallow depths are generally dilative, makingemi more resistant to ground deformation than
cleaner sands (Youd and Gilstrap, 1999). A proksigilmethod considering the uncertainty in the
liquefaction criterion was proposed by Todorovshd @rifunac (1999).
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Figure 9. Shear stresses distribution (Séco e Birab, 1999)

Figure 10. Acceleration distribution (Séco e Pettal., 1999)

5.4 DYNAMIC RESPONSE OF GEOMEMBRANE LINERS

5.4.1. Introduction

Geomembrane liners are widely used in waste ldsdifikinly as part of a base liner or a cover liner
to avoid groundwater impacts and environmental amimation. The key aspect of the response of
geomembrane liners to earthquakes is the behawbgeosynthetic interfaces. Slippage along

interface may produce attenuation of earthquakeded acceleration to the cove liner, but also may
cause some stability problems during and aftehgagke loading.

5.4.2. Dynamic Geosynthetic Interface Behaviour

The use of geosynthetics in landfills, such as timeo civil engineering applications, causes the
presence of potentially week continuous surfadest, must be carefully investigated to guarantee
the static and dynamic stability of the entire f@hdystem. The main failure mechanism, which
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occurs along these discontinuities, is slippageavad this phenomenon, it is necessary to control
the interface strength or the limiting value of 8teear stress available along the interface imcstat

and cyclic/dynamic condition, considering the diffiet geosynthetic/geosynthetic and

geosynthetic/soil combinations that can be useharfield.

As far as the static interface strength analysisoncerned (Martin et al., 1984; Williams and
Houlihan, 1986; Negussey et al., 1989; Mitchelbkt 1990), the interface friction angle between
the geosynthetic and soil is lower than the intefriation angle for the soil itself. Also, the
interface friction angle between two geosynthetisssometimes lower than that between a
geosynthetic and soil. Moreover, the residual fater strength may be completely mobilised at very
low strain levels. Finally, the static interfaceeahstrength is influenced by several differentdes;
such as the moisture content at the interface ditygosition of the geosynthetics relative to the
loading direction, the polishing grade in case ebmgembranes, the geosynthetic structure, the
surface roughness, and the nature of the soil (Jel®90; Stark and Poeppel, 1992R0ourke et
al., 1990).

From comparison between the static and the cggi@mic conditions, considerable divergences
in the interface shear strength occur, even if staors, such as the moisture content, have simila
effects. For dynamic loads, the difference in theas strength from the static to the dynamic
condition is due to the inertial and viscous effelihked to the load velocity and to its time
variation (Carrubba and Massimino, 1998).

In particular, the most common device used towatal the frictional properties of the typical
landfill interfaces is the shaking table (Hushmamtl Martin, 1990; Yegian and Lahlaf, 1992;
Strano, 2000). The normal stress on the considetedace is generated by means of a concrete
block. No relative displacement occurs betweenhtloek and the material being tested until the
dynamic force reaches the interface limiting shieace, at which point a relative displacement
occurs reflected by a clear break in the block lecagon/table acceleration curve.. Considering the
limiting condition and assuming a Mohr-Coulumb diad criterion, it is possible to evaluate the
friction anglefq, as follows:

f, =tan*(a,/g) (1)

whereay, is the block acceleration aigds the acceleration due to gravity.

With regard to the other widely used cyclic/dynani@boratory tests to check the
geosynthetic/geosynthetic or geosynthetic/soilrfates, cyclic direct shear tests (Pasqualini et al
1995; De, 1996) and shaking table tests on geoieahrentrifuge (Zimmie et al., 1994) have been
used. The type of test to apply depends on thd tisk and the nature of the considered interface.
For example, De and Zimmie (1998) suggest thatyibc direct shear devise be used for seismic
event problems, because the first 5-30 cycles laeentost important for this event. Table 1
summarizes the tests recommended for eight tygjeabynthetic/geosynthetic interfaces (De and
Zimmie, 1998).

In performing direct shear tests, shaking tabster tests in the geotechnical centrifuge to
evaluate interface shear strength, applying theesstness levels as in the prototypes is an impbortan
consideration. In landfill applications, for exampla bottom liner system may be subjected to
normal stresses variable between 100 and 800 kRaidesing a waste height of from 8 to 60 m,
respectively.
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Table 1. Tests for estimating geosynthetic intexfalynamic friction angles (De and Zimmie, 1998).

Recommended testing procedures to estimate
Interface description dynamic friction angle
Seismic excitatio®” | Machine foundatio?
. ST or CDS consider ST or CDS consider
Nonwowen geotextile over smooth geomembraneg o T
reduction inf reduction inf
Smooth geomembrane over geonet CDS ST or CST
(oriented transversely) at propels at propels
Smooth_geomembr_ane_ over geonet CDS ST or CST
(oriented longitudinally)
Smooth ge_omembr_ane over geonet CDS ST or CDS
(oriented aligned)
Nonwowen geotextile over geonet CDS ST or CST
(oriented transversely) at propels andf at propels andf
Nonwowen geotextile over geonet CDS ST or CST
(oriented longitudinally) at propels andf at propels andf
Nonwower_1 geotext_ne over geonet cDS ST or CDS
(oriented aligned)
Smooth geomembrane over smooth geomembrane CDS ST/CST
at propelf
Notes: f =friction angle; s = normal stressf = frequency;PSeismic excitation = small number of cyc
(@Machine excitation = lgre number of cycles; CDS = cyclic direct sheargeosynthetics; ST = shaking tg
test; CST = centrifuge shaking table.

Table 2 shows the average values of the peakommi@ngle for different geosynthetics interface
and different tests in static and dynamic condgion Analysing some typical
geosynthetic/geosynthetic interfaces, the followabhgervations can be made (Elgamal et al., 1990;
Carrubba and Massimino, 1998).

1) The initial values of friction angle in statindadynamic conditions are very similar, evenuéd

to though the dynamic shear strength of the saiérface is influenced by the strain rate. Thisi$ea
to slightly higher values of the friction angledgnamic conditions than in static conditions.

2) For geotextile/smooth geomembrane inter-fades peak dynamic friction angle decreases with
increase of the number of excitation cycles, eglgcfor low values of the number of cycles
(Pasqualini et al., 1995; De and Zimmie, 1998). Thtuction is very probably due to a polishing
action. The polishing effect increases with theitald of moisture, which is common in landfill
liners and covers because of the presence of lEaohather fluids (Von Pein and Lewis, 1991).0n
the contrary, for smooth geomembrane/geonet irdesfaand smooth geomembrane/smooth
geomembrane interfaces, a significant increaséhefpeak dynamic friction angle with cycle
numbers is possible.

In the first case, the increase in peak dynanmtidn can be due to a possible increased roughness
of geomembrane caused by the geonet. In the semmel the increase in peak dynamic friction
could be due to the occurrence of abrasion aloegsttaking direction (De and Zimmie, 1998).
Finally, for goetextile/geonet interfaces, the pegkamic friction angle appears independent from
the number of excitation cycles.

3) The magnitude of the normal stress is not ingrdrfor geotextile/smooth geomembrane and
smooth geomembrane/smooth geomembrane interfacéghé magnitude of the normal stress
influences significantly the behaviour of smoothogembrane/geonet and geotextile/geonet
interfaces. In the latter case, the lower the nbstrass, the higher the peak dynamic friction angl
The reason of the normal stress influence is motiv not completely understood, but in some cases
the reason could be related to the high defornmtglufinon woven geotextiles. The normal stress in
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relation to the material hardness can produce atpion effect of one material to the other. This
last phenomenon causes a significantly non-lineahabiour of interfaces (Carrubba and
Massimino, 1998).
4) For interfaces including geonets, the mesh taten can affect greatly the results. Of course, th
lower interface shear strength occurs when the ddrame aligned in the same direction of the
motion.
5) As in static conditions, an increase in moisatréhe interface has the effect to reduce thedrict
angle.
6) Tests performed on HDPE geomembrane-nonwovenexfdet interface showed that the
maximum slip displacement is higher than the peenanone.
Thus, for a safe design of landfill liners and leate collection systems, it is important to estamat
not only the permanent slip displacement, as veeguently happens, but also the maximum
dynamic displacement resulting from the displacamersus time history.

Lai et al. (1998) have performed cyclic shear tesissamples of a geomembrane supported
geosynthetic clay liner. The dry material showen degradation in shear strength during cyclic
loading, but the hydrated material was found taicedhe shear strength by cyclic loading.

Table 2. Average peak friction angle of the irdeds (De and Zimmie, 1998)

Static friction angle Dynamic friction angle
Interface Tilt Shaking
Description table Direct shear tests Direct shear tests table test
test 19 109 to 40g
Nonwowen geo-textile over o o Decreases from o o
smooth geomembraane 11.8 12 12.5°to0 10.5° 12 11

Increases from 11f
10.1° 11.3° to 18° (for lows) 12° 7°
or 14° (at higts)

Increases from 10P
9.8° 11.3° to 18° (for lows) 12° 11°
Or 16.5° (at higts)

Increases from 99

Smooth geo-membrane over
geonet (transverse)

Smooth geo-membrane over
geonet (longitudinal)

Smooth geo-membrane over

eonet (aligned) 8.1° 8.1° To 18° (for bothow|  ---
g g and highs)
Nonwowen geo-textile over - | Ranges from 22° (at loy Rar;ges from 2? o o
eonet (transverse) 245 s) to 14.5° (at lows) (at OWTS) to 17 24 8
g ' at highs)
Nonwowen gedextile over geong - | Ranges from 17° (at loy o o o
(longitudinal) 13:9° 1 5y to 14° (at lows) 15 19 11
Nonwowen ge.otexnle over geor 4 5o 10.5° 11° to 10°
(aligned)
Smooth geomembrane over . o Increases from o o
smooth geomembrane 13.1 8.8 10.3°to 19.5° 19 13
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5.4.3. Predicting Landfill Response

To predict landfill response, knowledge of the loeir motion and duration and the dynamic
property of waste materials is required. In the a#skandfills resting on soft clay (Figure 11a) or
alluvial soil (Figure 11b), the site amplificatiogffect must be considered to select a design
earthquake (see section 5.3.4).

Figure 12 shows the potential failure mechanism®raaeg to different soil foundations. The
failure mechanism for waste fill resting on sotiyckoil is controlled by foundation-soil failure.
Because of large deformations for geomembrane liases in static (Figure 12a) and dynamic
(Figure 12b) conditions, a failure of the geomembrhase liner can occur resulting in pollution of
underground water.

In the case of landfills resting on alluvial spilse potential mechanism of failure is linked e t
translation of the side base liner system (Fig.) 1Rib is not well anchored. For landfill restiran
rock foundations, a translation of waste fill dughe seismic loading can occur producing damages
to both the base and the cover of landfill systefiitee cover landfill system will be damaged
regardless of the potential failure mechanism.

The performance of solid waste landfills during recearthquakes (see section 5.5) shows that
the cover system has been damaged. In regard tovdbe material characterisation according to
section 3.5, knowledge of the the unit weight, shegave velocity, shear modulus and damping
ratio, dynamic shear strength of waste material @yrthmic geosynthetic interfaces behaviour is
required (see section 5.4.2). Selecting a desigtncpsake (see section 5.3.4) and evaluating the
dynamic soil waste landfill properties (sectior8.5) and geosynthetic interface properties (section
4.2), the seismic response of solid waste landtds be performed by experimental methods
(section 5.3.2) and mathematical methods (secti®3p

The primary concern pertaining to seismic respoofssolid waste landfills is the dynamic
response of geomembranes liners, because the al/éuture of the base liner and the cover liner
systems causes the loss of landfill serviceabiibd creates the potential for environmental
damages due to water and air pollution.

\\/Aact

\A/acte

b)

) refuse
bedrock
7

T 7

Figure 11. Types of waste landfill resting on diffiet soil: a) soft clay, b) alluvial soil, c) rock.
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b)

c)

Figure 12. Potential failure mechanism accordingdid foundation: a) failure of soft soil, b) tidation of
linear component, c) lateral translation of wadte f

5.4.4. Dynamic Response of Geomembrane Base Liner

The dynamic response of geomembrane base linersecdetermined by numerical analysis based
on FEM modelling or by numerical analysis based ewiark sliding block model (1965). Using
the computer code Shake91l (Idriss & Sun 1992), Bxiawl. (1995) found that the maximum
horizontal earthquake acceleration (MHEA) for bds#irgy depends primarily on the fundamental
period of the waste fill and on the maximum horiabmcceleration and predominant period of the
input earthquake rock motion. Bray & Rathje (1998king into account the non linear response of
solid waste material and considering the mean gesfoearthquake loading (leg) instead of the
predominant period, reviewed the response of o0@8rt8/pothetical landfill profiles resting on rock
sites to provide a better representation of thealvgequency content of a ground motion

The normalised response factor (NRF=Mg@MHA (oci) is reported versus the ratiQ-Jast Tm-
eq in Figure 13. The scatter in Figure 13 is primadlye to the non linear solid waste behaviour.
For the same ratio, the lower values of MktA(up to about 0.3g) tend to induce amplification or
less attenuation (NRF>1), while for higher value MHAx (more than about 0.5g) more
attenuation takes place (NRF<1).

As shown in Figure 13, there is a dispersion ef thsponse factor values near the resonance
condition where strain levels are higher. This situmalso must be checked for the evaluation of
the permanent dynamic displacements. The permageatrdc displacement can be evaluated from
the displacement time history by a numerical amalipmsed on Newmask sliding block model
(Newmark 1965).

Considering a possible failure mechanism shownigaré 12¢, the normalised base liner sliding
displacement versus the ratio between the criacakleration K over the maximum earthquake
acceleration Kax(evaluated as the MHA from Figure 13) is reportedrigure 14. Figure 14 allows
for the evaluation of a average permanent base displacement U, normalised tg.k and to the
significant duration Rgs of the input motion. From a theoretical point aéw, when k/Kmax is
equal to unity, no seismic displacement can oclkawever, since average values are used, base
liner sliding displacement appears to be greatan #ero for kkmax=1.
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5.4.5. Dynamic Response of Geomembrane Cover Liner

As the dynamic response of the geomembrane base(Baction 5.4.4), the dynamic response of
the geomembrane cover liner can be performed by RHiMerical analysis or Newmasksliding
block model (Newmark 1965).

Using the computer code Shake 91 (Idriss & Sun )1,9BPay & Rathje (1998) found the
normalised cover liner acceleration versus norredliRindamental period reported in Figure 15,
similar to the normalise base liner acceleratiggored by Bray et al. (1995).

The results reported in Figure 15 clearly show tf@tcover liner system, the amplification of
the rock motion is higher than the amplification lbase liner system, causing a possible failure due
to the translation cover liner component.

As shown in Figure 15, such as in the case of basg there is a dispersion of the response
factor for a given period ratio due primarily tomlnear effects. The evaluation of the strain level
and permanent dynamic displacement is a key porrddsign of the cover liner system.

Figure 13. Normalised base liner acceleration versurmalised fundamental period (Bray & Rathje,&8)99

Figure 14. Normalised base liner displacement venabsed critical acceleration (Bray & Rathje, 1998
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The cover liner displacement versus the normalisiétal acceleration, evaluated similarly to
the normalised base liner displacement, is repariedigure 16. As can be seen by comparing
Figure 14 with Figure 16, the cover liner displaeeis are higher than the base liner displacements.
Bray et al (1998) report that cover displacements w@sually significantly greater than those
calculated for the base liner due to the highesmsigi loading acting at the cover of the landfill.

Figure 14 allows for the evaluation of an averagen@anent displacement U of the base liner,
normalised to kax and to the significant durationsgs of the input motion.

However, the dynamic geosynthetic interface behavidepends on the maximum dynamic
displacement, as reported in section 5.4.2, rathan an average permanent displacement.
Consequently the maximum dynamic displacement @&rctiner, must be carefully evaluated as
reported in the following section.

Figure 15. Normalised cover liner acceleration @smalised fundamental period (Bray & Rathje, 1998).

Figure 16. Normalised cover liner displacementasnalised critical acceleration (Bray & Rathje, 899
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5.4.6. Stability Analysis During and After Seismid_oading

Stability analysis during and after seismic loadmg key point for design of solid waste landfifis
seismic areas. The seismic response of municipal s@ste (MSW) landfills are regulated in the
USA by the Resource Conservation and Recovery RG&RA) Subtitle D regulation (US-EPA,
1994). According to this regulation, requirements fiting, design criteria, ground water
monitoring, and closure/post closure maintenanc&wdfill facilities are established. It must be
clearly demonstrated that all structures, includdage and cover liner systems, leachate collection
systems and surface water control systems, areyrosbito resist to the maximum horizontal
acceleration. However, what constitutes “resistithgg’ earthquake is not defined (e.g., no damage or
release of contaminants). The siting restrictioreioide the location of new MSW landfills within
60 m of a fault areas, unless it is clearly demaistl that an alternative setback distance of less
than 60 m will prevent damages to the structurtdgnty of the MSW and will be protective of
human health and environment. Siting restrictiomglude also requirements for detailed
engineering analyses in areas susceptible to kgtieh, induced instability and other modes of
seismically induced displacement of natural slap®s$foundation soils.

The waste containment regulations in most, if nhtElropean countries do not give specific
requirements about the design of landfill in sesmeas, because the seismicity is moderate in
most European countries, especially in the nortlard in the central Europe. In Italy, where
seismicity is moderate in the north and relativabh in the south, no restrictions are stipulated f
MSW landfills, whereas the noxious and toxic (hdpais) waste landfills are forbidden in seismic
areas with maximum horizontal acceleration equalrtgreater than 0.1g.

The maximum cover liner displacement can be evaluaye=EM 1-D displacement time history
analysis or by Newmaik sliding block model (Newmark 1965).

Figure 17 shows the results of a 1-D non-linearysma of the Lentini (Sicily, Italy) MWS
landfill performed using the GEODIN code (Frenna &uderi 1995). The results obtained with
this code have been validated (Frenna & Mauge®02by back analysis of the behaviour of Oll
landfill impacted by the 1987 Whittier Narrows émiake and by the 1994 Northridge earthquake.
From Figure 17, it is possible to see that a slygpaf the geomembrane cover interface occurs
because of insufficient shear strength due to thmted normal stress level provided by the
vegetative cover soil. The slippage of geomembraoeerc produces the positive effect of
decreasing the seismic acceleration at the cawver siystem, but it may also have the negative effec
of increasing the horizontal maximum displacement.

Alternatively to FEM analysis, the time historys#ismic displacement also can be evaluated by
a numerical analysis based on Newmark sliding bracklel (1965). This model has been modified
by Matasovic et al.(1997), to take into account-tmay sliding, vertical motion and shear strength
reduction from peak to residual at large displaggsmeMaugeri & Motta (1986) extend Newmark’s
block model to the case of circular slip failureasCone et al. (1998) also takes into account shear
strength reduction due to cyclic loading for a wiac slip failure. Figure 18 shows a comparison
between the results of classical and modified Navik's analysis performed taking into account
the shear strength degradation. From Figure 1@8geérly can be seen that the classical Newmark
analysis performed using peak parameter valueshierwaste can be conservative, while the
modified analysis gives more realistic values ofmpenent displacements. A modified Newmark
sliding block model has been proposed by Biondi Biadigeri (2002) and applied to the dynamic
stability analysis of the cover system, taking iat@ount cyclic shear strength degradation.

The acceptable displacements reported by Seed &dotea(1992) are 150 mm and 300 mm for
design of the geosynthetic base and cover systempgectively, as will better described in the
following section 5.6.
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Figure 17. Non linear seismic response of Ledéndfill in terms of displacements and accelerat{en-]
Northridge (1994) earthquake¥a] Sortino (1990) earthquake (normalised to Nortipeidmaximum
acceleration).

5.5 MONITORING AND SAFETY CONTROL OF LANDFILLS

Landfill behaviour during construction and operatie monitored to check methods and the results
of analyses and model tests, and to analyse fetysafjainst deterioration or failure. Seismic down-
hole array data provide a unique source of infoionabn actual soil behaviour over a wide range of
loading conditions. Correlation and spectral aredysre performed to evaluate shear wave
propagation characteristics, variation of shear evaselocity with depth, and site resonant
frequencies and modal configurations (Elgamal ¢t1805).

With regard to seismic instrumentation of the resgoof landfills to such seismic activity, the
type of instruments currently designated includersg - motion accelerographs, peak recording
accelerographs and seismoscopes.

In comparison with manual readings, the automadia @écquisition systems allow for rapid data
processing of results for a great number of insemtst Once in operation, an automatic system
allows a reduction of personal, both in the fietdl affice. The automatic system and central data
processing allow a quicker updating of the infonorat An automatic system implies an increase of
complexity, with electronic equipment to be insdlin the unfavourable environment of low (e.g.,
below freezing) or high temperatures and high hitsidrhe seismic instrumentation and its
maintenance, mandatory for dams, may be too expefsi landfills. However, the Oll landfill has
been instrumented with two accelerometers; oneeglat the top of the landfill and another placed
outside the landfill (Anderson et al., 1992).

For data validation, a preliminary check on the namues (following functionality tests on
measurement equipment) by comparing the actualesafoom the sensor readings with the
established limits and data reduction (computatibengineering quantities) is performed. For the
interpretation of the measurements, it is necesagstablish a mathematic model that can be a
statistical model a deterministic model or a hylmiddel.

Safety control refers to the group of measuresnakerder to have an up-to-date knowledge of
the condition of the landfill and to detect in diime the occurrence of any anomalies to define
actions to correct the situation or, at leastMoidiserious consequences.

Chapter 5. Seismic Design of Solid Waste Landfilid Lining Systems page 19



TC5 Report, September 2005

Figure 18. Cover liner permanent seismic displacdrbg modified Newmark analysis (Matasovic et al.,
1998).

5.6 SAFETY AND RISK ANALYSES

Safety analysis for geotechnical structures, swglslapes, retaining walls, piles and shallow
foundations implies the verification of limit stateultimate limit states and serviceability limit
states. For dams, two levels of safety @s® considered, depending of whether they correspmn
normal conditions for use of the structures (cursaenario) or are associated with an exceptional
occurrence (failure scenarios). Based on the abomsiderations, a level of damage for solid waste
landfills apparently can be accepted provided themo harmful discharge of contaminants to the
environment.

The allowable value for the calculated permanerdnse displacement of geosynthetic liner
systems is typically 150 to 300mm.

The upper value of 300 mm is generally considepgaiapriate for simplified analyses which use
upper bound displacement curves for generic Newrdedacement charts, residual shear strength
and/or simplified seismic analyses (KavazanjiarQ8)9 The lower value of 150 mm is usually
considered more appropriate for more sophisticatealyses and formal Newmark displacement
analyses.
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For cover systems, large displacements can bgwcteaking into consideration that most cover
failures can be detected and repaired at reasonabis.

The allowable values for deformation of landfillstsms depend on several factors related to
geosynthetic liner systems and gas recovery system.

Municipality waste landfills owners, regulatory hatities and consultants typically are
interested in carrying out a risk analysis. The paepof this analysis is to identify the main risks
associated with each type and height of landfilldib circumstances.

Such analyses can be conducted: (i) as extensske amalysis of very large landfills, to
substantiate reliably the probabilities chosenviant trees; (ii) as simplified risk analysis of sima
landfills, to focus low-cost risk analysis on a fevain risks; or (iii) for identifying possibilitieor
reducing these risks through low-cost structurai@ar-structural measures.

Consideration of human behaviour is essential vdssessing the consequence of failures. Since
well organized emergency planning and early warsiygiems can decrease the number of victims,
the study of human behaviour plays an importam molassessment of risk analysis.

The results of a risk analysis can be used toegfidure investigations and studies, and to
supplement conventional analyses in making deds@n safety improvements for waste landfills.
With increasing confidence in the results of riskalgises, the level of risk may become the basis for
safety decisions.

5.7 FINAL REMARKS

In the preceding sections, the different methodartalyse solid waste landfills and the stability of
lining systems during earthquakes were presented.

The tools described are very important to asistdesign engineer in incorporating adequate
design measures to prevent deleterious effectartifquake shaking.

All the essential steps of good analyses, whatgyper of material or type of analysis are involved,
shall be performed with a sufficient degree of aacy that the overall results can be extremelyulisef
in guiding the engineer in the final assessmese@mic stability.

This final assessment is not made by numericaltegedut shall be made by experienced engineers
who are familiar with the difficulties in definirttpe design earthquake and the material charaaterist
who are familiar with the strengths and limitatiook analytical procedures, and who have the
necessary experience gained from studies of padfillgperformance.
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ABBREVIATIONS AND ACRONYMS

ASCE:American Society of Civil Engineers

CGJ : Canadian Geotechnical Journal

EERC:Earthquake Engineering Research Center

EESD:Earthquake Engineering and Soil Dynamics

ICCHGE:International Conference on Case HistongSeotechnical Engineering

ICNMG: International Conference on Numerical Methad Geomechanics

ICOLD: International Conference on Large Dams ¢ermational Committee on Large Dams

ICRAGEESD: International Conference on Recent Adearin Geotechnical Earthquake Engineering
and Soil Dynamics

ICSMFE: International Conference on Soil Mechaicd Foundation Engineering

JGED: Journal of the Geotechnical Engineering owvis

JSMFD: Journal of the Soil Mechanics and Founddiimmsion

LNEC: Laboratério Nacional de Engenharia Civil

PACSMFE: Pan American Conference on Soil MechaamcsFoundation Engineering

SF: Soils and Foundations

WCEE: World Conference on Earthquake Engineering
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ABSTRACT: The paper begins by considering varioos{s of view expressed by outstanding
geotechnical engineers and professors, on the itepdi traditional and advanced geotechnics.
Thereafter, a case is developed by comparison lafere studies and publications with the key
thoughts of these geotechnicians that proposesnaistent layout for teaching environmental
geotechnics concepts. A revised version of Burlar{i987) triangle is proposed that includes the
new elements. From this structure, example envieorial geotechnics course structures are
proposed. A summary of observations from an ingatbn of the primary features of

undergraduate and graduate education programs nongber of European and United States
universities is presented, in order to frame thenrtrands arising from the different basic schools.
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6.1 INTRODUCTION

Before discussing environmental geotechnics edueati is worthwhile to keep in mind the basic
principles leading to a solid traditional geotedahi education. This can be summarised by
following quotes from some of the outstanding fegiof our discipline.

An overview of their thoughts can help us in order frame, within the main aims of
environmental engineering education, the role ofirenmental geotechnics and, thereafter, to
address the disclosure and teaching of this speiasubject. In particular, this inspirational sx@u
can help us to define, in the most appropriate wihg, basic geotechnical elements that are
necessary for dealing with the specialised togias tomprise environmental geotechnics.

As a first step, it is important to realise thengexity of the behaviour of the multiphase
system forming soil and its pedagogic function feany other advanced engineering topics. In
consideration of these aspects, the following sex@e are enlightening:

“l believe that in many ways soil mechanics leridslf splendidly to the correct training of the
minds of engineers-to-be. It lifts them to a |dvein where they can see the subject of mechanics,
theory of elasticity, the properties of materiafs their true and very interesting relationships.
Especially the nature of “stress and strain” in figsll meaning can be more fully understood from
the study of materials with so wide range of pdesitbmbination, as is the case with soil”
Casagrande (1958).

Burland (1987) is in the habit of introducing thestures in Soil Mechanics for undergraduate
students with the following sentences:

“In soil mechanics we are dealing with a highly qdex and variable material. In the first
place we have the challenge of geology. Unlike rotyetr construction materials the geotechnical
engineer has to make do with what he finds anditbething he has to do is to find, or deduce,
what is there. Nature is seldom straightforward anhaften requires a considerable amount of
detective work coupled with an understanding ofl@gioal process to unravel the geological and
groundwater complexities of a site and, aboveagdpreciate their engineering significance”

Referring to mechanical soil behaviour, Burlan@81) also points out thatWe are dealing
primarily with particulate material having an exwedinarily wide range of particles sizes and
shapes with an enormous variety of gradings, packmangements and stress histories. Moreover,
being particulate materials, soils are very difficto sample and test without influencing their
properties. Hence great ingenuity is required tovide appropriate sampling and testing
techniques.”Moreover “... lecause of their particulate nature, the developnoninathematical
models to describe and predict the behaviour déssia formidable task which must rank with any
of the most esoteric sciences”.

Apart from the aforementioned difficulties, conueag the characterization of soils and the
idealization of their behaviour through theoreticalodels, Burland found an illuminating
comparison between the skills of the geotechnicgjireeer and those necessary to be a good
craftsman: A distinct feature of a craftsmaftarpenter, blacksmith or stonemasdam)that he
‘knows’ his material. He may not be able to quaseYoung’s modulus, yield strength, degree of
anisotropy or homogeneity but he knows from hagdiirand working it far more about its likely
behaviour than would be revealed by measuring @ulalzfferent properties”

This last sentence leads to the following conciughy Peck (1960):The application of soil
mechanics in practice requires knowledge in thregegseparate areas. These are a thorough
grounding in the theoretical and experimental cqiseof soil behaviour; a thorough knowledge of
the accumulated experience of our contemporarieb @redecessors in the field; and a working
knowledge and appreciation of aspects of geolodsted to soil materials. Not one of these
fundamental aspects could be eliminated from caining without serious damage”.
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6.2 FROM TRADITIONAL SOIL MECHANICS TO ENVIRONMENT AL
GEOTECHNICS EDUCATION

Among others, these concepts, expressed by Peskgired Burland’s triangle (1987) which
summarizes the key aspects of a correct and apat®@mpproach to a traditional soil mechanics
and geotechnics education, as follows:

0] the ground profile;

(i) soil behaviour;

(i)  applied mechanics, which are at the apexes ofidmegte; and

(iv)  empiricism occupying the centre with the functioh limking and synthesising the

information and the idealization schemes arisiogifthe other points.

With reference to the Burland triangle, the TechhiCommittee on Education (TC31) of the
ISSMGE discussed and studied the aspects of “Gauiteal engineering education toward 2000”,
with the aim of establishing a starting point for etroduction to environmental geotechnics
education. The main conclusions of the study atedias follows:

() Generally, undergraduate educational programs irctwbne or more courses in geotechnics
would be given include:

- civil engineering, specialising in geotechnical ieegring (CEGE);

- general civil engineering not specialising in gebtacal engineering (CE);

- mining engineering (ME); and

- environmental engineering (EE).

(i) The amount and nature of geotechnical coursesgeitierally differ in each case; however,
there will nevertheless be a series of desirablectibes, which will include the following
(Poulos, 1999):

- a proper understanding of the principles of soithamics, and in particular of the effective
stress principles;

- an appreciation of the process of application ebtl to practice;

- an understanding of the shortcomings of both thealeand practical design methods; and

- an appreciation of the means by which soil pararsetay be assessed, such as laboratory
tests, in-situ tests and empirical correlations.

(iilt has been suggested by TC31 that each of fthe different undergraduate educational
programs should ideally contain at least two amtmg following courses in geotechnical
engineering:

- basic soil mechanics (SM);

- soil and foundation engineering (SFE);

- applied geotechnical engineering (AGE);

- mining geotechnical engineering (MGE); and
- environmental geotechnics (EG).

(iv) The distribution scheme of the basic geotechnicalrses among typical undergraduate
education programs should be as follows:

- CEGE SM, SFE, AGE;
- CE SM, SFE;

- ME SM, MGE; and
- EE SM, EG

(v) From the point of view of TC31, basic soil mecharsbould be considered a mandatory course
for all of the education programs listed above. Tim@n course topics forming a basic soil
mechanics course are presented in Table 1.
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Table 1: Basic Soil Mechanics — Main Course TofiRsulos, 1998)

Lecture and Tutorial

- Soil formation and Geomorphology

- Phase relationship and basic definitions
- Soil classification

- Effective stress principle

- Soil permeability

- Seepage analysis

- Stress path, Mohr circles

- In-situ stress, pre-consolidation pressure
- Soil compressibility and stress-strain

- Soil strength

- Critical state concepts

- Undrained and drained strength

Demonstrations and Laboratory work
- Effective stress principle (Demo)
- Seepage/quicksand (Demo)

- Soil classification (Lab)

- Seepage model (Lab)

- Direct shear test on sand (Lab)

- Direct shear test on clay (Lab)

From a review of the course topics presented Iviel'4, it is immediately apparent that it is not
possible to properly address education in envirarialegeotechnics, without first ensuring a
sufficient level of basic understanding of the s$rstrain behaviour of soils, solid skeleton ana:po
fluids interaction, soil testing and the interptieta of soil characteristics.

Postgraduate education courses can vary widelythé authors© opinion, it is generally
necessary to increase the level of knowledge amigrstanding of the basic principles governing
the behaviour of micro, macro and mega structufesoils as well as the modern theories and
numerical tools for modelling complex soil behavio®nce these principles and theories are
understood, it is possible to introduce new topiReferring, for example, to environmental
geotechnics, new topics could include the chemltgsigal interaction of mineral barriers and
pollutants and the electro-kinetic remediation olffyted soil.

From the previous statements delineating the ISEM@Bproach to geotechnical engineering
education, it is possible to define the requiresr@quisite subjects that would provide post graaguat
students with the necessary background, prior pdicgtion for entry to specialized environmental
geotechnics courses. In particular, the followingjects should be considered mandatory:

- Advanced Soil Mechanics integrated with coursesluting Laboratory and Field
Investigation, Slope stability, Retaining struesiand Foundation design, Dewatering and
Groundwater control, and Soil improvement;

- basic Chemistry, Physics and Thermodynamics;

- Continuous Mechanics of Solids;

- Mixture Theories and Multiphase Fluid Dynamics;

- Bonding, Crystal Structure and Surface Charactesisif Soils and Soil Mineralogy; and

- Soil Formation and Geological Aspects.

Moreover, it is useful to be able to deal withfeliéntial analysis and numerical modelling.
Finally, as complementary matter, a basic knowlededustrial, agricultural, waste and water
treatment processes and plants can be considengdmaropriate (see Table 2).
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Table 2: Basic Knowledge for Environmental Geotexdbgists (Fang, 1997)

Bacteriology, Biology
Chemical Engineering
Climatology, Geohydrology
Geophysics, Geochemistry
Hydrogeology, Mechanics
Micro geology, Physico-Chemistry
Soil Science, Soil Engineering
Toxicology
Statistics
Legislation

6.3 BASIC CONTENTS OF ENVIRONMENTAL GEOTECHNICS

"Environmental Geotechnics", in the broadest sefiske word, can include topics that range from
the prevention and minimization of natural hazamslsch as floods, earthquakes and slides, to
landfill design and in situ confinement for pollaotacontrol, remediation of contaminated sites and
re-use of by-products for civil works (Brumund, B99Carrier et al., 1989; Daniel, 1993;
Morgenstern, 1985; Sembenelli & Ueshita, 1981).

Some of the aforementioned topics belong to thditiomal geotechnical field (e.g. slope
stability), which deals with mechanical and hydmatlehaviour of particulate media; others, such
as pollutant control via mineral barriers, are tgbiexamples of recent developments within the
emerging area of environmental geotechnics. Environmental geotechnology, as defined by
Fang (1997), is ahinterdisciplinary science which covers soil anctkoand their interaction with
the various environmental cycles, including the agphere, biosphere, hydrosphere and
lithosphere".

Environmental geotechnology can be considereddigie environmental geotechnics and to be
an emerging science, as illustrated in Figure lereslthe contribution of geotechnics and other
disciplines are listed together with the time higtof the main developments.

There are two major reasons for the developmenEmfironmental Geotechnology as an
engineering discipline (Fang, 1997): (i) the adeesavironmental conditions due to soil pollution
created by industrial activity and (ii) the decee@s available landfill areas and locations duéht®
increase in areas used for residential housingather construction projects. To cope with soil
pollution and adverse environmental conditions,nvemtional construction technology must, by
necessity, take a new direction.

In consideration of these factors, the assessniesttiicshould not be based on a mechanical and
hydraulic approach alone (see Figure 2). Other pmema in the chemical, biological, electrical,
magnetic and thermal fields must be taken into actdor a comprehensive assessment of soil
behaviour (Manassero & Shackelford, 1994).
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Figure 2. Multiphase particulate porous media syqféanassero, 1998)
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Considering the complex interactions within thel smid the factors requiring assessment, the
following subjects pertinent to environmental gebtdcs, in terms of investigation, design and
construction control activities (in some cases ¢tbatribution of other disciplines is obviously
necessary) can be proposed:

- landslide and subsiding areas;
solid and liquid waste landfills;
polluted subsoil and abandoned landfills;
re-use of by-products; and
- in situ improvement of the mechanical behaviouwvasétes.

With the exception of the first point related taditional landslide, subsidence and erosion
problems, the subsequent points have been incluadie first report of TC5 (1998). The index of
this document is presented in Table 3.

Table 3. Index of the first report of Technical Guittee N.5 of the International Society of Soil Maaics
and Geotechnical Engineering (ISSMGE) on Environiale@eotechnics

Sub-

. Title
Committee

TC5-SC1| Monitoring system for:

- performance assessment of landfill liners

- containment of polluted areas

- pollutant extraction in contaminated soils

- mechanical behaviour of landfilled waste and embsaks of by-products

TC5-SC2 | Contaminant migration - test methods, méidgland monitoring

TC5-SC3 | Waste stability
- waste classification and characterization
- stability and bearing capacity of solid waste ldiglf

TC5-SC4 | Controlled landfills

- design of lining systems

- capping systems and sealing barriers

- regulatory aspects and quality assurance

- leachate collection and leak detection systems

TC5-SC5| Contaminated land reclamation (design,tcactson and management)

TC5-SC6 | Assessment of geo-environmental hazards dredging materials

TC5-SC7 | Assessment of geo-environmental hazarda fiontraditional geotechnical constructi
materials

TC5-SC8| Long term behaviour of containment systerisiding risk assessment

TC5-SC9 | Landfill behaviour under extreme loadinge@sment of possible scenarios

From a consideration of the pertinent factors aunbject areas covered by environmental
geotechnics, the Burland (1987) triangle, origmaléveloped to frame and address the traditional
aspects of a geotechnical engineering educationbeamodified to include additional elements
that together provide the key components of anrenmental geotechnics education. The modified
Burland triangle detailing these elements is preskm Figure 3.

From a review of Figure 3, it can be seen thatestwsic topics of soil mechanics have been
developed toward a more general and some towardrea comprehensive approach. This approach
is necessary due to the complicating factors intced by multiphase fluid-dynamics, electro-
chemical surface forces, coupled flows, etc. Treegeects of education can be generally neglected
in traditional geotechnical problems, but are venportant when dealing with environmental
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geotechnics applications.

the

It is important to note that almost all of the ittsplisted in Figure 3 are direct developments of
basic geotechnical aspects listed in Burlandginal triangle. We can observe, for example,

that the phenomena of diffusive-dispersive migratid pollutants can be described by the basic
theory that is formally the same as the theory dsedhodelling fine grained soil consolidation, as
taught within basic soil mechanics undergraduatersss. Moreover, it is interesting to observe
how two apparently very different phenomena haweramon theoretical background that can be
exploited to improve student comprehension and etemze in dealing with both elements.

Given the previously delineated background frondergraduate courses, a well stated

environmental geotechnics postgraduate programliéielude the following specialized subjects:

Advanced Environmental Geotechnics;
Identification and Characterization of Subsoil, Grdwater and Contamination Phenomena
via Field and Laboratory Tests;
Landfill Design and Management;
Subsoil Remediation Technologies;
Geo-Environmental Utilization of Industrial By-Pnacts; and
Surveying and Monitoring Systems for Geotechnica &eo-environmental Applications.
If one goes into further detail, it is possilib propose the basic contents of some of the

aforementioned subjects.
The content for the course on “Advanced Environmler@eotechnics” could include the
following topics:

- principles and modelling of contaminant transpadvection, dispersion, diffusion);

- principles and modelling of contaminant interactwith solid, liquid and gas phases in
soils;

- systems for waste and pollutant control;

- mechanics applied to complex particulate media;

- waste classification;

- improvement of waste behaviour;

- principles of remedial works for polluted sites;

- Iinvestigation and monitoring; and

- overview of environmental legislation, regulatiarsd recommendations.

The course for "Landfill Design and Management"ldanclude:

- waste type and relevant regulations;

- basic elements for sitting;

- hydrological balance;

- design procedures for key landfill components (ngr systems, see Figure 4, leachate
detection and collection systems, gas extracti@tesy, capping system, geotechnical
stability issues);

- construction specifications and quality control,

- surveying and monitoring systems; and

- waste management (Figure 5).
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Mineralogy
Groundwater

Bonding, crystal structure and surface charactesisif soils

Sub-soil vulnerability
Potential pollutant migration and distribution
Chemico-physical properties of soils and by-proguct

EXAMPLES OF PRACTICAL APPLICATION

Procedures for compacted clay barriers
construction

Compatibility evaluation of mineral barrierg
via classification indexes

Barriers hydraulic conductivity evaluation
via in-situ tests

Electro-kinetic remediation

Soil venting and air sparging remedizyt'?

CHEMICAL
PHYSICAL

U

GROUND
PROFILE

SOIL
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Particulate

Unsaturated porous media
Surface tension and capillarity
Effective stress

Role of fabric and structure in
particulate media behaviour
Clay-water electrolyte system
Grain surface and pore fluids
interaction

Modification of mechanical and
hydraulic behaviour due to electro
chemical actions

APPLIED
MECHANICS
AND THERMO

DYNAMICS

Dynamics of multiphase fluids
Consolidation and diffusion-
dispersion theories

Elasto-plastic work hardening
models of frictional and/or cohesive
materials
Brittle-ductile-softening-hardening
models of frictional-cohesive
materials

Theories of multiphase mixtures
Conduction phenomena and couple
flows

Continuous mechanics and distinct
element theories

j®N

Figure 3: The Burland’s triangle, modified for emrimental geotechnics education.
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Figure 4. Advective transport through mineral anthposite barriers (Demmert, 1993)

[ Final unit weight
(a) of wostes

o =0.60t/m*

(a) Thick horizontal layers
(b) Sloping layers
(c) Thin horizontal layers
Figure 5. Solid waste emplacement and compactiderf\&r, 1982)

Courses on "Subsoil Remediation Techniques" coaitdain the following basic topics:
- multi phase multi component subsurface transpaxtgsses;
- coupled flow theory and applications;
- non-agueous-phase contaminant distribution in tihsail;
- containment technologies (e.g. diaphragm wallspvery wells, bottom barriers,
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capping systems);

extraction systems (e.g. pump & treat, reactivei®ay, electro kinetics, air stripping,
air sparging, steam extraction, use of co solventssurfactants); and

in situ attenuation, degradation, and immobilizaife.g. bio-remediation, vitrification,
stabilization and solidification by soil mixing angections).

Courses on "Geo-Environmental Utilization of Indigdt By-Products" could contain the
following basic topics:

constitutive models for the mechanical behaviour fo€tional and cemented
particulate media (see, for example, Figure 6);

chemical, biological, mechanical and hydraulic eletaristics of process by-products
(fly-ash, saw dust, mine spoil, furnace slag, pabaige);

assessment of contaminant release characterisfics poocess by-products via
laboratory and in situ tests; and

geotechnical and geo-environmental applications.

In addition to the mandatory subjects taught in iie@n environmental geotechnics education
programs, some elective courses should be includedder to provide the opportunity to develop
specialist knowledge on specific topics.

Figure 6. Conceptual modelling of the mechanicdiav®ur of frictional-cemented particulate matevial
(Manassero and Shackelford, 1994)
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An example of such a course is the following onaiCLiners and Covers for Waste Disposal
Facilities" (Daniel & Trautwein, 1991), the contemf which include the following topics:

- nature of clay, classification, crystal structuimegr and cover systems, composite liners,
leak rates through soil, geomembranes, and coneplosétrs;

- leachate collection and removal systems, matefaalslay liners, bentonite-soil blends,
factors affecting permeability, influence of overtben stress, desiccation, frost action,
required thickness of soail liners;

- manufactured clay liners i.e. geosynthetic clagn)

- construction of clay liners and covers, conceptpjiment; pre-processing of saill,
moisture control, sieving, clod control, crushipglverization, compaction, test pads;

- quality assurance, tests, frequency tests, samphutigrns, criteria for water contents -
density acceptability, outliners, checklist;

- laboratory permeability testing, equipment, testongcedures, testing errors, variables
that influence results, standardization, keys todgiesting protocol;

- field permeability tests, infiltration tests, sehldouble ring infiltrometer, installation
monitoring and field data interpretation, borehtdsts and porous probes, Boutwell
permeameter, constant-head borehole tests, Guephepmeter, BAT permeameter,
lysimeter pans;

- effects of chemicals on clay, acid, base, metaisgible organics, immiscible organics,
diluted versus concentrated liquids, reagent-gnaelsus real-world chemical wastes
and leachates, stabilization of soils from chemattck;

- transport of chemicals through clay, attenuatiomcesses, advection, diffusion,
effective porosity, batch adsorption tests, coluasts;

- cover systems, settlement, special problems;

- water balance calculations by hand and via Compatet

- documented case histories.

6.4 UNIVERSITY EDUCATIONAL PROGRAMS IN ENVIRONMENTA L GEOTECHNICS

This section presents the results of a surveyeadhmout in the period 2000 to 2002 to assess the
status and content of graduate educational programesvironmental geotechnics within Europe
(EV), the United States (US) and Southern Amer{&#) universities.

In order to assess the developments in graduateagdn in environmental geotechnics, a
specific questionnaire was developed and dissesdnat email to universities in Europe and in
North and South America.

The questionnaire takes into account two degreeldeand is divided into two parts concerning
undergraduate programs and postgraduate programs.

The first two questions refer to the structurehs academic year: quarters, semesters, annual or
other; and if the education system is parallek toe ladder, as indicated by Manoliu (1998) and
presented in Figure 7.

The participants were asked to specify the duratfostudies (years), the number of credit hours
required for undergraduate or postgraduate degréespecific requirements for graduation: thesis,
research, practical stages or other.
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Figure 7. Different types of university educatiystems

Most of the European and North American universitiaclude the specialty areas of
Environmental Geotechnics within the Civil Enginiagrand/or the Environmental Engineering
curricula as reported by Shackelford (1998), andddsero & Spanna (2000).

The questionnaire included the following possibhsvaers in order to assess civil engineering
programs within the different universities:

- geotechnics courses are present;
- aspecialty area in geotechnics is present;
- environmental geotechnics courses are preseneigabtechnics specialty area; and
- aspecialty area in environmental geotechnicsasent;
- For environmental engineering programs the ansy&oms were:
- geotechnics courses are present;
- environmental geotechnics courses are present; and
- aspecialty area in environmental geotechnicsasent;
A flow chart for the questionnaire is presenteéFigure 8.

avL. ENVIRONVENTAL
ENGNEERING ENGINEERNG

Geaedics
oourse

CGEOTEGNGS ENVIRCNVENTAL
SPEOATY AREA CEOTECHNGS
SPEOALTY AREA

Figure 8. Flow chart of the questionnaire

The questionnaire included a list of compulsory atettive courses dealing with geotechnics
and environmental geotechnics, with a short desoripof contents and an indication, for each
course, of the semester and number of hours pét,weasidering lecture, laboratory work and the
relative credits.

If no specific environmental geotechnics coursesevpeesent, the participants were required to
indicate if some of the following topics were dengd in other more general geotechnics courses:

- landfills for solid and liquid waste;
- containment barriers for subsoil pollutants;
- remediation for polluted sub soils and abandonedfibs;
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- re-use of by-products for structural or otherirfdl; and
- mechanical behaviour, settlement and stability aste deposits.

The participants were required to list any othmmplementary courses within the geotechnical
engineering specialty area (or program) and withenenvironmental geotechnics specialty area (or
program). A total number of 45 questionnaires waast by e-mail. A total of 12 responses were
received from the universities listed in Table AeTesults of the survey are summarized in Table 4
and Figure 9.

Table 4: Universities Responding to the Survey owil®nmental Geotechnics Education

5
— 2 L =
g 2 £ 3
vers 2 |52 |52 5%
University te £ ¢ g S S ° 8
bs |58 |24% 25
—— = .= © = © °
558|588 [385 |88
n
Aachen University of Technology (Germany) X X 2+3 2 semesters
ladder
Ancona University X X 5 2 semesters
(Italy) ladder
Bergische University-Wuppertal (Germany) X 4+1 2 semesters
tree
Colorado State University (USA) X 4 2 semesters
Darmstadt University of Technology (Germany) X 3tree 2 semesters
Hannover University (Germany) X 3+2 tree-laddersePesters
Joseph Fourier University Grenoble 1 (France) X 3 parallel 2 semesters
Ghent University (Belgium) X X 3+2+1 2 semesters
Monash University (Australia) X X 4 2 semesters
Munchen Technische Universitat (Germany) X / 2 s&t\rs
Pontificia Universidad Catolica de Chile X 5.5 diad 2 semesters
Torino Polytechnic (ltaly) X X 3+2 ladder 2 semeste

It is necessary to point out that different unsiees organize courses on a semester or quarter
system. Moreover, a very different amount of matecan be supplied by different courses. For
example, the credit hours per course reporteddamtiestionnaire range from a minimum of 1.5 to a
maximum of 12. In order to give some consistencyh® investigation results, the number of
courses has been evaluated with reference to dasthgourse of 6 credit hours (e.g. courses of 3
and 12 credit hours correspond to 0.5 and 2 couespectively, in the tables of Figure 9).

From a review of the survey results, the followoizservations can be made:

all the universities offer civil engineering eduoatl programs for post graduates and, within

these programs, 58% of the universities offer aigfty area in geotechnical engineering. Only

one university offers a specialty area in geotexdinéngineering for undergraduate education.

Although this percentage seems low, all the @aineering curricula include courses dealing

with geotechnics. Furthermore, compulsory geota@inengineering courses for all civil

engineering students are available in 83% of theeusities for undergraduate programs and in

58% of the universities for postgraduate programs;

environmental geotechnics courses are availabl®0inr% and 58% of the universities in

undergraduate and postgraduate civil engineeriagrams, respectively;

as far as the geotechnical contribution to envirental engineering is concerned, only one

university provides an undergraduate program, andinfversities provide postgraduate
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programs. Geotechnical engineering courses ardabiaiin all universities. Environmental
geotechnics courses are present in 80% of thegranas, whilst only one university provides a
specialty area in environmental geotechnics;

it is positive to observe that the geotechnicalimggying course, within the environmental
engineering programs, consist of at least a nurabsubjects, the first of which is devoted to
the introduction of the basic soil mechanics pples as suggested by the TC31 guidelines on
geotechnical education; and

as far as the course contents summarized in the&tigoeaire by the participants, the following
primary areas are covered: soil and rock mechasa@bdynamics, foundations and retaining
structures, slope stability, soil improvementsldfiand laboratory investigations, principles of
environmental geotechnics, contaminant migratiammugdwater flow and seepage, landfills
and containment, remediation principles and teatgies and geosynthetics.

6.4.1 University education programs in North Ameri@a

A detailed survey carried out by Shackelford (1988)second-level degree programs from 30
different universities in the United States (USH @anada has indicated that geo-environmental
engineering/environmental geotechnics represent)e majority of cases a specialty area within
traditional geotechnical engineering programs.
Of the several points investigated by Shackelfdrds interesting to note the answers of the
different universities to the questions that astetist: (i) the traditional geotechnical coursés,
the environmental geotechnics courses, and (i@)dburses related to environmental geotechnics
but taught outside the geotechnical engineeringraras.
The subjects related to the aforementioned groupgpesented in Tables 5, 6 and 7. From a
careful examination of the lists, the following corents can be made:
most of the contents of the subjects taught inggnaechnical engineering programs in the US
and Canadian universities can be found within thleuBiversities programs. It is important to
observe that, in general, the US and Canadian rsiyesubjects consist of 3 credit hours
instead of the 6 credit hours established by thendol echnical University (PdT). This is the
main reason why the headline definitions of EU emity subjects are on average more
comprehensive and less detailed than those of d¥anadian universities;
in general, education programs in US and Canadminetsities are very updated and
specialized; therefore, adaptation to professiomalket requirements is faster than in Europe.
Moreover, this flexibility is also due to the faittat the students can choose and combine a
large number of subjects thereby establishing specific education pathways;
on the other hand, European universities (e.g. Pdy)more attention to the basic contents and
to the consistency of the education curricula. $hbjects are therefore set up to provide the
fundamentals of different physico-chemical phenoaeleaving the task of updating the
application state of the art to specialized poatigate courses and to the professional practice;
the differing characteristics between US and Caradiersus European university education
programs, outlined in the previous points, are eogwmg due to the increasing attention that
European universities are paying to the markedseAt the same time, some US universities
are reconsidering, particularly at the undergraglimtel, the importance of a strong theoretical
basis in a multidisciplinary field such as tha&sfvironmental Engineering.
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Table 5. Subjects related to traditional geoteckinengineering in some US and Canadian universities
(Shackelford, 1998)

Category Subject
Elementary soil mechanics
Soil mechanics Soil mechanics

Shear strength and soil behaviour
Advanced soil mechanics
Foundations Foundation engineering
Advanced foundation engineering
Engineering properties of soils
Experimentamethods Engineering soil tests
Experimental methods in soil behaviour
Experimental methods in soil mechanics
Experimental soil mechanics
Laboratory characterization of geomaterials
Geotechnical engineering

Geotechnical engineering Advanced geotechnicabdesi
Advanced geotechnical engineering
Earth pressure Earth and earth retaining structures

Earth retaining structures
Air photo interpretation
Other Engineering geology
Ground improvement
Highway design
In situ testing/Site characterization of geomaieri
Numerical groundwater monitoring
Numerical methods in geomechanics
Seepage and drainage

6.5 SUMMARY

Environmental geotechnics is generally consideodoet that branch of technology dealing with the
application and adaptation of geotechnical engingerprinciples and expertise to land
environmental engineering problems and situatiofeng, 1997). As such, the list of problems
include those disasters associated with naturasesadi.e. natural disaster) and those disasters
resulting principally from anthropogenic activitigkods, earthquakes, landslides, land disposal of
waste, in situ confinements for pollutant controlaemediation of contaminated sites (Brumund,
1995; Carrier et al., 1989; Daniel, 1993; Morgenst&985; Sembenelli & Ueshita, 1981).
Typical situations or activities which have beemsidered as common practice in geotechnical
engineering (i.e. design and construction measagemst landslides) are generally not viewed as
part of environmental geotechnics because they bageme common activities in geotechnical
engineering practice. Therefore, environmental ggutics issues involve engineering activities
and processes related to the pollution of engirkgods, namely:

solid and liquid waste landfills;

polluted subsoil and abandoned landfills;

re-use of by-products; and

in situ improvement of the mechanical behaviouwvastes.
Environmental geotechnics can be considered aptiiseithat moves from traditional geotechnics.

Classical concepts and principles of geotechnicealdail when applied to soil-waste systems;
however, they must be applied with the understanpdiat concurrent processes and interactions
must be taken into account. It is the reactionsiatetactions among materials that most complicate
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analyses and that introduce the greatest uncertaitat results.

Education in environmental geotechnics must comgide aforementioned aspects, in order to
provide to engineers the necessary knowledge tfoepiypaddress and solve soil pollution problems.

From a consideration of the pertinent factors anbjest areas covered by environmental
geotechnics, the Burland triangle, originally deyeld to frame and address the traditional aspects
of a geotechnical engineering education, has beedified to include additional elements that
together provide the key components of an envirariaigeotechnics education.

On the basis of the previous considerations andidering the environmental problems common
to most industrialised countries, a complete emritental geotechnics education program, with the
specification of the courses and their contents degen presented.

In order to assess the "state of the art" of emwirental geotechnics education in European, North
American, and South America universities, a suivay been conducted. The survey consisted of a
guestionnaire disseminated via email to Universitiehe results of this work are encouraging; in
fact they show the relevant presence of geotecluuasses in civil and environmental engineering
university programs. Although only one EU universiamong the surveyed, provide a specialty
area in environmental geotechnics, neverthelessamental geotechnics courses are available in
all of these university programs, with an averagenber of 4 courses in civil engineering
postgraduate programs and 3 in environmental eagimg postgraduate programs.

Finally, on the basis of a previous survey condiidte in the US, it was observed that education
programs in the US are regularly updated and sl whilst EU university programs pay more
attention to the basic contents and to the comaigtef education curricula.

Table 6. Geoenvironmental engineering subjectshiaugthin the Geotechnical Engineering programs of
some US universities (Shackelford, 1998)

Category Subject
Groundwater hydrology/Modelling
Groundwater flow and seepage Groundwater and seepag
Hydrogeology
Landfill design
Landfill and containment Waste containment
Waste management
Generakourse Environmental geotechnics
Geoenvironmental engineering
In situapplications Soil improvement/Ground modification
In situ testing
Contaminant migration Contaminant transport/Modellor hydrogeology
Geosynthetics Geosynthetics
Remediation technologies Remediation
Geology Geophysics
Engineering soil properties
Other Filtration and drainage
geotechnical angeology Soil behaviour
Unsaturated soils
Applied geotechnical analysis
Industrial by-product utilization
Intermediate soil mechanics
Stability of waste fills
Uncertainty in geologic environment
Environmental engineering
Other Soil physics laboratory
Surface water
Water in the environment
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Table 7. Geoenvironmental engineering subjectshiaag some US universities outside the Geotechnical
Engineering program (Shackelford, 1998)

Category Subject
Hazardous, industrial municipal or solid wastes
Aqueous or environmental chemistry
Microbiology, biological processes, bioremediation
Environmental laboratory
Treatment and separation

Environmental or Unit operation and processes
Chemical Remediation
Engineering Sanitary/Environmental analysis

Transport/Reaction analysis
Environmental behaviour organic pollutants
Environmental monitoring and sampling
Environmental toxicology
Contaminant transport (Migration)
Groundwater hydrology/Hydraulics/Modelling
Surface water hydrology

Hydraulics
Hydrology and Fate and contaminant in subsurface
Hydraulics Karst hydrology

Non-point pollution
Stochastic hydrology
Water resources systems
Hydrogeology
Geophysiscs
Engineering geology
Geology Geochemistry/Groundwater chemistry
Geomorphology
Glacial geology
Environmental geology
Soil chemistry

Soil sciences Soil physiscs
Soil microbiology
Chemistry Organic chemistry

Thermodynamics
Finite element methods (FEM)

Analysis Geographic information systems (GIS)
Satellite imagery

Probability and Risk assessment

statistics Applied probability

Marine pollution
Physicochemical processes
Other Soil classification
Soil and groundwater pollution

Waste containment
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UNDERGRADUATE EDUCATION
PROGRAMS CIVIL ENGINEERING
6/12 (50%

SPECIALTY AREA IN GEOTECHNICAL GEOTECHNICAL ENGINEERING ENVIRONMENTAL GEOTECHNICS
ENGINEERING COMPULSORY COURSES FOR ALL COURSES
available in 1/6 (16%) CIVIL ENGINEERING STUDENTS available in 3/6 (50%)
available in 5/6 (83%)

Total number of available Geotechnical Engineedagrses for each education program

Min: 2 Max 6
Total number of available Environmental Geotechiriagineering courses for each education program
Min: O Max 2

POSTGRADUATE EDUCATION
PROGRAMS CIVIL ENGINEERING
12/12 (100%

SPECIALTY AREA IN GEOTECHNICAL GEOTECHNICAL ENGINEERING ENVIRONMENTAL GEOTECHNICS
ENGINEERING COMPULSORY COURSES FOR ALL COURSES
available in 7/12 (58%) CIVIL ENGINEERING STUDENTS available in 9/12 (75%)
available in 7/12 (58%)

Total number of available Geotechnical Engineedagrses for each education program
Min: 3 Max 12
Total number of available Environmental Geotechritxgineering courses for each education progfam
Min: 0 Max &

UNDERGRADUATE EDUCATION
PROGRAMS ENVIRONMENTAL
ENGINEERING 1/12 (8%)

GEOTECHNICAL ENGINEERING SPECIALTY AREA IN ENVIRONMENTAL GEOTECHNICS
COURSES ENVIRONMENTAL GEOTECHNICS COURSES
available in 1 University not available not available

Total number of available Geotechnical Engineedagrses for each education program

Min: O Max 3
Total number of available Environmental Geotechriaggineering courses for each education progfam
Min: O Max C

POST GRADUATE EDUCATION
PROGRAMS ENVIRONMENTAL
ENGINEERING 5/12 (42%)

GEOTECHNICAL ENGINEERING SPECIALTY AREA IN ENVIRONMENTAL GEOTECHNICS
COURSES ENVIRONMENTAL GEOTECHNICS COURSES
available in 5/5 (100%) available in 2/5 (40%) available in 4/5 (80%)

Total number of available Geotechnical Engineedagrses for each education program

Min: 2 Max 7
Total number of available Environmental Geotechiriagineering courses for each education program
Min- 1 Max &

Figure 9. Results of the survey questionnaire
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7.1 INTRODUCTION

Issues relating to nuclear waste disposal are @myrmvays, similar to those associated with theatiap

of more conventional waste. The amount of nucleastes is in fact small when compared with the
existing quantities of all other wastes. It is alage, however, that nuclear waste has some phaticu
features that may possibly require specific sohgid he following can be mentioned:

- the number of relevant interacting phenomena i$,higsulting in the need of considering

systems of high complexity

- there is little chance of remedial actions, solfiesign concepts should be established with a

high degree of confidence

- the long design life of the disposal schemes (tnbousands of years and more) is well beyond

most projects in conventional civil or geoenviroramengineering
Disposal of radioactive waste has become a cootenpublic issue and this fact places the technical
problems in a context somewhat different form tho$eother areas of environmental engineering.
Perhaps partly due to this, there has been a Ergmunt of international research carried out i thi
area. In fact, in many ways, scientific knowledgéated to this waste disposal topic has outstripped
advances in other waste disposal fields. It hasetoms been argued that many of the approaches now
prevalent in the nuclear waste field should beulgefransferred to the management of other tydes o
toxic and dangerous wastes.

The solution of the problems involved in nuclearsteadisposal often requires strong geotechnical
input. Much of the geotechnical work in this fief application is disseminated in publications exu
by the National Agencies for Nuclear Waste and bjerhational Organisations such as the
International Atomic Energy Agency (United Nation#)e Nuclear Energy Agency (OECD) and the
European Commission. There are also specific Cenfers and Symposia devoted to nuclear waste
disposal that also present interesting geotechmicak (American Nuclear Society, 1998; Materials
Research Society, 1997; Canadian Nuclear Soci@86)1

The Chapter starts considering the specific featwé nuclear waste and available disposal
strategies. Then the main issues associated witp deological disposal of radioactive waste are
discussed with special attention to topics reldatedonstruction, the effects of excavation on the
surrounding rock and safety assessment analyses.clilapter closes outlining the procedures for the
disposal of intermediate and low level nuclear wastd the remediation of uranium mining sites.

7.2 NUCLEAR PROCESSES AND NUCLEAR WASTE

7.2.1 Nuclear processes and radioactivity

The two main nuclear processes that may give gsenergy production are fission and fusion. In
nuclear fission, a heavy nucleus captures a newnah) as a consequence, splits in two releasing a
number of additional neutrons and large amounter@rgy. The use of this chain reaction in a
controlled manner is the basis for energy productio nuclear fusion, two light nuclei join togethe
form a heavier helium nucleus and a large amourgnefgy is released. However, and in spite of a
large research effort invested in fusion, nucleaergy production must rely on fission for the
foreseeable future.

According to the IAEA (International Atomic Energdgency), at the end of 2005 there were 443
operating nuclear reactors (total power 369,552 MAW) 24 under construction. The latest available
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figures (2003) show that nuclear power accountedafoelectricity production of 2525 TWh, about
16 % of the total electricity generated in the widdnd about 24% in OECD countries). This propartio
has remained basically constant since the latdiegyhThe increased nuclear power output has krgel
arisen from enhanced plant productivity rather thram new facilities coming into operation. Conter
about climate change associated with the emisdidgreenhouse” gasses has recently brought back
nuclear power as a potentially valuable energy®tor the future (NEA, 2002a).

Radioactivity is often associated with the use wélear power but it is also a natural phenomenon
arising from the instability of the nuclei of soreements in the earth crust and from the effects of
cosmic rays on the atmosphere and solid earth.eTtadionuclides will spontaneously transform to
other nuclides that, in turn, may or may not bélstaThe transformation involves radiation emission
and, sometimes, fission of the nucleus. The mamegyof radiation emitted ara: (helium nuclei)b
(electrons),b+ (positrons), n (neutrons) argl(high-energy electromagnetic radiation). Radiaacti
substances decay over periods of time that may eaoymously depending on the type of element,
some are extremely short lived (halftimes of theeorof less than a millionth of a second) and ather
are very long lived (halftimes of the order of maifls of years). In the last sixty years or so, huma
activity has added radioactive sources to the dyrexisting natural ones. They range from falloabf
explosions of nuclear weapons to more mundane Ggijghs such as energy production or medical
exploration and treatments.

There are a number of units and parameters thabearsed to measure variables associated with
radioactive phenomena. For instance, the ‘activgtyneasured in Bequerel (Bq). One Bq corresponds
to one disintegration or decay event per seconat. pFactical purposes, however, the most important
variables are related to the effects of radioactagiation on living bodies. The amount of ionising
radiation (or ‘dose’) received by a person is meadun terms of energy absorbed in the body tissue
and is expressed in Gray (1 Gray is one joule deggbper kilogram of mass). However, equal
exposure to different types of radiation does netessarily produce equal biological effects (for
instancea and neutron radiation are considered to be twéntgs more damaging tham or g
radiation). Generally, those effects are expressadrms of “effective dose equivalent” measured in
Sievert (Sv). To provide an order of magnitudeymdal annual effective dose equivalent from ndtura
sources of radiation lies in the range of 1.5 -@viyear although there are very large differences f
one location to another; some sites exhibiting rettadiation of 40 mSv/year and more. At sea level
about 0.3 mSv/year dose comes from cosmic raystlisdvalue roughly doubles every time that
elevation increases by 1,500 m. Also, the averageal effective dose equivalent arising from meldica
sources is reckoned to be around 0.4 mSv (UNERR)198e Sievert has replaced the former dose unit,
the rem (radiation equivalent man), 1Sv equalsr&at

7.2.2 Sources and types of nuclear waste

The main source of nuclear waste is the produatioelectricity power by means of nuclear fission.
Nuclear power generation must not be considerésbiation but as part of the entire nuclear cybbs t
involves, at least, the following operations:

- extraction of mineral ores containing suitable ilgssnaterials, the most common by far is

uranium

- chemical purification, isotope enrichment and fmeinufacturing

- reactor operation

- spent fuel management.
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All those activities give rise to radioactive wastbat must be disposed in an adequate way. Perhaps
the most difficult problem is concerned with spérel management and disposal. Countries adopt a
variety of nuclear fuel management strategiesdhatbe grouped in three different cycles (Figure 1)

Open cycle. Spent irradiated fuel is considerediaste and is not subject to reprocessing. Spent
fuel is disposed of directly. Before disposal, hoere spent fuel must be stored in temporary
facilities during 40-50 years in order to achiekie tequired cooling of the irradiated fuel and,
also, to allow time to build the final repositoiyome countries plan to increase the period of
temporary storage to longer terms (50-100 years).

Present closed cycle. In this case the spent @rediifuel is not considered as waste, spent fuel is
reprocessed to utilize part of its radioactive eatitfundamentally uranium and plutonium. The
resulting fuel (MOX) is then used again in nuclesactors for power generation. Reprocessing
produces large volumes of waste. Some of this wiaséehighly radioactive liquid that must be
properly conditioned before disposal. Vitrificatignthe favoured conditioning method.

Advanced closed cycle. In this case not only unanaund plutonium are separated but the rest of
long-lived fission products as well. The idea isuge transmutation to transform the long lived
and highly toxic radionuclides into new ones of éswnass and shorter lifetimes, reducing in this
way their toxicity. Advanced closed cycle strategae currently in a research phase and no
industrial-scale facility is operational at present

Significant amounts of radioactive waste also afieen dismantling nuclear reactors, an activityttha
will increase sharply in coming years due to thei@ement of the planned lifetimes of power plants.
Additional sources of nuclear waste are militaryclear activities and the use of radionuclides in
medicine, research and industry. These types ofewar® not that dissimilar from those arising from
electrical power generation and the planned didposthods are in fact the same. In contrast, the
treatment of uranium mine waste is quite specifid & discussed at the end of the chapter.

For waste management purposes, it is usual tondigsh three different waste types:

High Level Waste (HLW). High activity wastes thafy addition to many short half-life
radionuclides, also contain large amounts of lowgd radionuclides. They are also strong heat
emitters. Usually they are constituted by spent fods or solidified high-level waste from
reprocessing. Although they contain most of theaaativity (over 95 % of the total), the waste
guantities are relatively low, of the order of 1@)Qonnes per year at present (Mc Combie et al.,
2000). As indicated above, HLW waste is generafy to cool off before disposal for a number
of years. After 40 years, the level of radioactivijoes down to about one thousandth its initial
value.

Medium or Intermediate Level Waste (MLW or ILW). i§hs an intermediate class of waste that
contains non-negligible amounts of radioactivitydarormally requires shielding. They usually
result from enrichment and fuel fabrication, reaatperation, reprocessing, and nuclear plant
decommissioning. Heat emissions are low. A spdgiaé of intermediate level waste is that
containing Long-Lived radionuclides (LL-ILW). Theyrise mainly from reactor operations, from
reprocessing spent fuel and from decommissioniradeau facilities. LL-ILW is also a product of
producing and dismantling nuclear weapons. Becanisthe long lives of the radionuclides
involved, disposal of II-ILW will be generally sitar to that of HLW.

Low Level Waste (LLW). Low activity waste is normahssociated with radionuclides of short
half-life and comprises the bulk of waste of thelear fuel cycle. In fact, all nuclear activities,
not only power generation, generate amounts of LitMsignificant quantities. Also, wastes
resulting from mining and ore processing norma#jong to this category. Worldwide they make
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up 90% of the waste volume but contain only 1% haf total radioactivity of all radioactive
wastes.
It should be stressed that there is no internatipagreed standard about classification of wastehis
very small number of categories. Often this clasaiion is associated with the type of disposahpéad
(or even with national legal provisions) and, sqyumber of differences between various countries
arise. Having said that, the above classificattonseful as a ready way to relate a waste to tbafgp
problems arising from their disposal and the gatlie definitions given above are sufficient foisth
purpose.

Figure 1. Nuclear fuel cycles and disposal requénets (adapted from Astudillo, 2001).

7.3 DISPOSAL OF HIGH LEVEL NUCLEAR WASTE

7.3.1 Disposal strategies

Generally the management or disposal of high leualear waste (HLW) involves issues quite
different from those associated with the storagentérmediate level (ILW) and low level waste
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(LLW), so they are considered separately in thagptr. Although some countries are planning toestor
together all waste types, most policies envisadetisas for HLW different from those adopted for
LLW and ILW. An exception is LL-ILW that tends telassimilated to HLW for disposal purposes.

As for any other waste management problem, theréwar basic strategies to approach the problem:

- Dilution/dispersion of contaminants

- Concentration and isolation of contaminants
Both strategies have been considered althoughieaept, the second one is dominant. A role for the
dilution/dispersion case is, however, also envidagspecially for the long-lived radionuclides for
which a sufficiently long period of isolation mag bmpossible to ensure.

Any disposal system should in principle guaraniex: t

- the waste is removed from the human environment,

- the waste is isolated and contained over long gerid time (depending on waste type),

- only small release rates will occur once the cotepilolation period is over.

A variety of procedures have been put forward eesthe problem of radioactive waste disposal (e.g.
BNWL, 1974): a) space disposal, b) ice sheet depa3 ocean bed disposal, d) disposal beneath the
seabed, e) nuclear transmutation, and f) geolodispbsal

Currently, only options €) and f) are the subjecintense research activity. Transmutation of the
most harmful long-lived radionuclides does offez gossibility to reduce the requirements applied to
long-term disposal facility. This approach requicasrying out chemical separation of very radioati
materials, going well beyond present reprocessatigies. Whatever the result of this researcleyeh
will always remain significant quantities of wasbebe disposed of in some other fashion.

Geological disposal was proposed nearly 50 yeaos(HéS, 1957) as the most suitable technical
solution to ensure satisfactory environmental mtote@ and it is still widely recognized as the only
viable approach for an ultimate solution that agdike need of ensuring a permanent safe managed
storage (NEA, 1999; NRC, 2001). Naturally, geolagjidisposal requires the strongest geotechnical,
input.

7.3.2 Fundamentals of deep geological disposal

The aim of geological disposal of radioactive wastéo remove it from human environment and to
ensure that any radionuclide release rates renmg&owbprescribed limits (Chapman and Mc Kinley,
1987). As indicated above, some countries are @ssidering deep geological disposal of all waste
types, including LLW, because they consider theitadhl cost involved is compensated by the
perceived enhanced safety of deep geological didpos

Two types of deep geological disposal have beeridered for nuclear waste, mined repositories or
deep boreholes drilled from the surface. The mimgubsitory will be considered here. It is by fae th
possibility most likely to be implemented althoughme countries have undertaken some research on
the borehole alternative. In any case, the phenartfeat occur and that must be examined are similar
for the two cases.

Figure 2 shows a typical scheme for an undergraumd repository. It involves the sinking of
deep shafts down to a depth of several hundredrenditee depth will, of course, be controlled bydloc
geological conditions. The shafts provide accesa teetwork of horizontal drifts that constitute the
main repository area. Part of those drifts willdoeess tunnels and part will be devoted to nueleate
disposal. As Figure 3 shows, many options are ooplEgted regarding canister emplacement. A
possibility is to place them in the horizontal ditself but other options put them inside borebole
drilled from the main access tunnels. The borehwiag be vertical or horizontal.
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To provide more detail, Figure 4 shows a schenmg disposal drift in the present Spanish reference
system for disposal in granite. A concrete plugasates the disposal area from the access tunnel. Th
space between canisters and the host rock is ngrifiid by a suitable material to constitute an
engineered barrier. The material most usually atemed is compacted swelling clay, normally some
kind of bentonite on its own or mixed with otherteréals like sand. However, cement-based materials
(special concretes) and crushed salt (for repasgan salt rock) are also being considered foresom
specific applications.

Figure 2. Conceptual scheme of a deep geologipakitory for nuclear waste

Figure 3. Options for emplacement of canistersdie@p underground repository
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Figure 4. Longitudinal section of a disposal drifthe Spanish reference concept for a deep gexbgpository
in granite

7.3.3 Multi-barrier concept

All designs for deep geological disposal of HLW aidihye multi-barrier concept to achieve the required
degree of waste isolation. There are two main compiznof the multi-barrier system:

- the engineered barrier system (EBS) comprising ttiel svaste matrix, the container and the

backfill. Sometimes the EBS name is reserved exalysfor the backfill surrounding the waste

- the natural barrier, i.e. the host rock and grouastdwsystem surrounding the repository.

Each one of the elements in the multi-barrier scheitiecontribute to the safety of the overall disab
system. Originally it was thought that each barséould be designed in such a way to provide
sufficient isolation on its own, so that a simubtans failure of all barriers would be required for
significant radioactive releases to occur. In f#tf is too restrictive and, in cases involvingddived
wastes, possibly impossible to achieve. It is nresdistic to consider all the barriers acting tbgetin

a single repository system.

Figure 5 shows a scheme of the multi-barrier systema deep repository of HLW waste using a
bentonite barrier as backfill. Ideally, each barskould provide favourable conditions for isolatiand
controlled release of radionuclides. Thus, in theecof vitrified HLW waste, the glass should exhibit
low corrosion rates and a high resistance to ratiiga action. It should also ensure a homogeneous
distribution of radionuclides. If the waste is camapd of spent fuel rods, the UO2 should have a low
solution rate and high stability in front of raditi@e and thermal effects. The next barrier isrietal
waste container. It should guarantee isolatioraféew thousand years and, also, the corrosion ptsedu
should provide a favourable chemical environmemttfee waste. In some designs, very long-lived
canisters (often copper or titanium based) aresagéd that could prolong the isolation period teste
of thousands of years.

The bentonite barrier fulfils several important étions. In the first instance, a very low hydraulic
conductivity restricts water penetration and rezasignificantly solute transport due to its lowfagion
coefficient and to additional sorption effectsshiould also provide a favourable chemical enviramme
and be able to self-heal if subjected to physieslysbation such as cracking and fissuring events.

Regarding the geological barrier, it is convenientistinguish between the host rock itself, where
the repository is located, from the rest of thegpé@re. The host rock should guarantee a favourable
geochemistry, that there is only a limited supdiyvater, and should provide, in addition, mechahnica
and geological stability. The geosphere, in turousthideally ensure long flow times to the biosgher
additional retardation and dilution of radioactivaterial (via sorption and matrix diffusion) anahdp
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term stability of hydrogeological conditions. Itaahd be remembered that any delay in radionuclide
transport reduces the problem because of radi@adtcay.

Vitrified
HLW waste . .
Bentonite barrier

Spent fuel

Geosphere
Metal canister
Host rock Repostory

Figure 5. Multi-barrier concept for a deep geolajiepository for HLW

7.3.4 Host rocks

The safety of a nuclear waste repository is closgligted to the characteristics of the host rocknetit
is built. An important feature of the geologicalrfier is that, while the engineered barrier can be
designed and manufactured to specifications, nioracs possible (except in a very limited sense) on
the geological barrier; so selection and charazdtdn are of paramount importance. The main
functional requirements for the geological bareieg:
- to protect the various engineered barriers, engugiable hydraulic, mechanical and geochemical
conditions
- to achieve a small, slow and stable water flowhmicinity of the repository
- toretard as much as possible the migration ofdd@nuclides
- to permit the construction and operation of theos#fpry
- to protect the repository against human intrusion
To achieve those requirements, the geologicalfoostations should ideally exhibit:
- sufficient thickness, depth and extension to isoldite repository from potentially disruptive
natural processes or undesired human activities
- tectonic stability (absence of active faults) am keismic activity
- small structural complexity
- lithological homogeneity
- low permeability and hydraulic gradient
- adequate retention properties for radionuclides
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The range of rock types that meet those conditi®nery wide. The most extended ones are crystallin
rocks, argillaceous rocks (plastic clays and inturaudrocks) and rock salt. All of them are cursent
being investigated in this context.

Crystalline rocks have the important advantagededfibiting low permeability (if the fracture
frequency is low), high chemical stability and l@eonomic value. In addition, they are high strength
rocks; therefore excavation should be relativetgightforward with only a limited amount of support
required. It must be said, however, that sometithese rocks are located in tectonic zones andhbat
material is brittle, so they sustain fractures tbanstitute the main pathways for water flow and
radionuclide transport. Characterizing the fractoetwork and its interconnectivity may be a very
tough challenge. Excavation may cause additionaturas that have no capacity for self-healing. This
type of rock is being considered by many countimeEurope (i.e. Czech Republic, Finland, Sweden,
France, Spain, Sweden, Switzerland, Ukraine) aselndiere (i.e. Canada, China, India).

Argillaceous rocks may be plastic clays or induwlateudrocks. As a matter of fact, their behaviour
concerning possible radionuclide transport is qdifeerent. Thus, plastic clays may tend to selélhe
discontinuities that may appear during construc{Barnichon and Volckaert, 2002) or at other stages
of the repository whereas indurate mudrocks matagufractures that remain open for long periods of
time. In any case, argillaceous rocks have a vewy permeability and, in addition, significant
retardation properties for solute transport. Anaadsage is that argillaceous rocks have no economic
value. Often their strength is not high; therefsignificant amounts of support may be requiredrdyri
excavation and construction. It is expected thattfires will be rare in plastic clays as they have
significant self-healing properties. Indurated eclagre more likely to undergo fracturing during
excavation. Their capacity for self-healing is uta@; it probably depends on the amount of swegllin
minerals that they contain and on their degree eshentation. Argillaceous rocks are also more
sensitive to chemical changes of various types.idportant one is oxidation occurring during the
ventilation period of the repository. Argillaceouscks are being investigated in Belarus, Belgium,
France, Hungary, Spain and Switzerland.

Finally, salt rock has also a very low permeabibtyd, because of its very high creep rate, the
material is largely self-healing. Salt rock has sa@uonomic value but it is not high. A repositouylt
in salt rock would be vulnerable to fresh watemrgand openings may require some support. Countries
exploring this possibility are: Belarus, Denmarler@any, Netherlands, and Ukraine.

There are other types of rock that have also beasidered at some point. The most important case
is unsaturated tuff, the rock at the proposed US HEeWbsitory in Yucca Mountain, Nevada. The lists
of countries considering the various host rock $ypas been taken from Whiterspoon (1996) modified
with more recent information. It should be stateowever, that this is an area of public policy veher
priorities and objectives are prone to abrupt cleandgherefore that information should be taken as
provisional and subject to modification.

7.4 CONSTRUCTION OF A DEEP GEOLOGICAL REPOSITORY

7.4.1 Site investigation and construction

The site investigation for a repository will try tmnfirm the characteristics required for a suiabl
geological host formation listed in 7.3.4. Althouttiere will probably be larger latitude in the adwbf
location than in an ordinary engineering projettalf selection criteria will certainly include strg
political and social considerations as well as mézdd input.
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Site investigation carried out from the surface ddw depths of several hundred meters has strong
similarities to investigations carried out for nmigi and resource location. Here, however, the main
emphasis is on the detailed characterization ofrtfod structure and its permeability. Mechanical
properties, though significant, have a lower ptiorGround investigation will continue throughohet
construction stages where advantage will be takéimeopossibility of direct access to the rock aepith,
so a close and detailed geological characterizasimuld be incorporated in the construction plagnin
During construction, reconnaissance methods tleanat intrusive will be strongly favoured to avoid
the possibility of opening new preferential pathwdgr radionuclide migration by site investigation
activities. In this context, geophysical techniqeegh as georadar, seismic tomography, electrical
conductivity probes and others are being pursudid same success.

Generally, the construction of a repository wiNatve the sinking of a number of access shafts, the
excavation of a network of horizontal access tunaeld the drilling of vertical boreholes or excéwat
of additional horizontal drifts for waste emplacemeilthough the considerable depth of the repogito
is a significant issue, the underground constructimrk required is well within the capabilities of
conventional civil and geotechnical engineeringwdwer, the design and construction of a HLW
repository will exhibit a number of specific featgrnot usually encountered in other conventional
projects.

For instance, the excavation method to be used lmagontrolled by the need to minimise the
disturbance and fracturing that occurs around Koeawation. There are a number of ways that can be
used to try to minimize those effects: i) the u@mpropriate excavation techniques such as TBM or
road header rather than blasting, ii) the early langment of rock support systems, iii) effectively
repressurising the excavation by use of expansekft or by mechanical means.

Some construction procedures can also be affectethd final objective for the repository. For
instance, some types of reinforcement materialshiviig proscribed so that they do not eventually
interfere with the geochemistry of the site or heseathey liberate too much gas when subject to-long
term corrosion. Stress relief elements in groungpsu components have been advocated to
accommodate the thermally induced deformation efrtitk on hot repository areas (Figure 6).

Figure 6. Lining systems incorporating stress falements (Sun et al. 1999)

Desaturation of the rock may be an issue as it ange the structure of the host rock, lead to
cracking and a permeability increase. It may be tlueconventional ventilation effects during
construction but, also, to the effect of high sutsi in the backfill materials of engineered basriand
seals. The need for control of ventilation duringcavation and construction must therefore be
recognized. Ventilation may also give rise to cheahchanges in some rocks due to oxidation. As an
example of this type of phenomena, Figure 7 shdwsarea where a number of gypsum spots have
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been observed during the excavation of niches imliGys clay in the Mont Terri underground
laboratory (Bossart et al., 2002). The highest rensifare found in the first 70 cm. This finding &sb
interpreted as an oxidation phenomenon in an ioterected fracture network in the first 70 cm of the
tunnel wall. The fractures in this zone are cone@db the tunnel and are filled with air, suppartin
chemical oxidation reactions, namely oxidation gfite. At larger distances, from 70 cm to 2 m, the
unloading fractures are only partially interconeecand possibly partially saturated with porewatet
only very limited oxidation reactions are possible.

Figure 7. Fracture frequencies from the side walihe newly excavated niches. The area where gygsum
spots have been observed is indicated (Bossakt 2082).

Prior to closure, it will be necessary to seal hadkfill access tunnels and shafts so that theyado
become preferential radionuclide migration pathwdayse main purposes of seals and backfill are to
provide: i) low permeability plugs ii) long term gieanical support for the underground openings, iii)
additional locations for radionuclide sorption, amdsome protection against human intrusion. Fegair
shows a typical scheme for a seal. It can be obdetivat the seal is keyed into the rock in order to
intercept (at least partially) potential flow thgiuthe zone affected by the excavation. The issues
concerning seal behaviour are similar to thosenrayi;h the design of engineered barriers, with the
important difference that no high temperatureseaqgected. Bentonite seals are at present the prdfer
option because of their high sealing capacity lbi¢lomaterials (e.g. concrete, bitumen, pulverised
ash) are also considered. An optimal solution fridw® cost point of view is to try to incorporate
excavation debris in the seal design.

Until relatively recently, the generally acceptedw was that closure of a deep repository, after
sealing is finished, should be regarded as a facalwithout further operations on site. No rational
purpose could be assigned to any long term mongaoof the site. However, in recent times, the issue
of retrievability has become very topical. The ideao allow for a certain period (long in terms of
human activities) during which the radioactive weasould be recovered if a decision to do so were
adopted. In some senses, this is an attractiveopitign because it combines the advantages ofg lon
term intermediate storage with the much higher riahtesafety of a deep geological repository. Ibals
adds flexibility to the process with opportunities review, taking account of both unforeseen técdin
advances and public interest matters (NEA, 2001hieMing a deep nuclear waste storage where the
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waste remains retrievable for a long period, howepeses serious challenges to the conception,
design, construction, operation and long term naoomg of the repository. Some of the geotechnical
considerations associated with the retrievabilfifian are discussed in Tanious et al. (1987).

Another issue that has also emerged fairly recdatthe possibility of performance confirmation.
The purpose is to confirm that the behaviour of thpository, at the beginning of its lifetime,
corresponds closely to what had been predicteddVtarace. A good correspondence of observations
with predictions would enhance the feeling thabadyunderstanding of the problem has been reached
and that closure of the repository could be unétertawith more confidence. A period of performance
confirmation would set strict requirements for thality and precision of modelling and would imply
period of strong monitoring of the repository. Thiontrast with the classical approach where ¢osu
would be achieved as soon as possible and the desigild not consider any maintenance of
monitoring afterwards.

Figure 8. Scheme of a generic conceptual designsefal of a horizontal access drift.

7.4.2 Excavation damaged zone and excavated distadbzone

An important consideration during the constructadran underground repository for nuclear waste is
the final state of the rock affected by the exdawatThis is again an area in which the specifi¢uess

of nuclear waste disposal are evident. In conveatienderground excavations for civil engineering

purposes, the state of the rock immediately adjaiethe tunnel surface is not a major concerntapar
from its possible role in local instabilities. Irortrast, the presence of a fractured zone close to
underground openings may provide a preferentidh pat radionuclide migration and is, therefore, a

matter of obvious relevance.

In an effort for clarifying the issues involved, tine recent Luxembourg Conference on this topic
(European Commission, 2004), it was proposed tondisish between the excavation disturbed zone
(EdZ) and the excavation damaged zone (EDZ). The Bdzpdses all the rock affected in some way
by the excavation whereas in the EDZ the modificetiof the hydromechanical and geochemical
properties are sufficiently important to potentiadiffect the repository functionality. It is diffitt to
propose precise general definitions valid for altk types and it has proved preferable to limit the
definition to each specific rock type, as indicated able 1.
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Tablel. Proposed definitions of EDZ and EdZ for itreein four rock types (Tsang et al., 2005).

Crystalline rock Rock Salt Indurated clay Plastiy
Excavation Region where only Region with change  Region where only ~ Zone with significant
disturbed reversible of stress relative to  reversible processes modification of state
zone (EdZ) (recoverable) elastic initial state. (elastic strain, pore  (pore pressures,

deformation has pressure changes, stresses, etc.); no

occurred. etc.) take place; not negative effects on

relevant to creation of safety.
preferential pathways

for radionuclide

migration.

Note: It is Note: Outer boundary
theoretically not clearly delineated,;
impossible to define effects of EdZ at great
the outer limits of the depths not likely to be
Edz important over
operation period, but
may be significant for

long-term
performance.
Excavation Region of irreversible Region of Micro-cracked zone  An evolving zone
damaged deformation with considerable property with damage and with geomechanical
zone (EDZ) fracture propagation change by failure, and with and geochemical
and/or development microfracturing; weakly connected modifications of state
of new fractures. significantly changed micro-cracks. A zone and material

hydraulic properties. in which permeability properties, which
increases by several might have a negative
orders of magnitude, effect on operational
owing to newly and long-term safety.
formed connected
porosity—may
become an issue in
safety assessment.

Note: Strong transient Note: Extent and Note: EDZ is not the
behaviour; depends quality of EDZ may  same as plastic or
on construction change over time, yielded zone.

methods, as well as  depending on stress—
stress redistribution.  strain conditions.

During construction, the EDZ is influenced by theaxation method, stress changes due to the
formation of the opening and by the emplacementok support. There is already a fair amount of
data regarding the possible extent and charadtsrist the EDZ in different rock types gathered from
intense observations during the excavation of wrdend laboratories. For instance, in crystalline
rock, excavation method appears to have a domietiatt. Observations obtained in the ZEDEX
project (Figure 9) performed in hard crystallinek@t Aspo research laboratory (Emsley et al., 1997)
showed that the EDZ had a thickness of 0.3-0.8 mvthe drift was excavated by blasting. In contrast
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the thickness of the EDZ reduced to only 0.03 m wifienexcavation was achieved using a TBM. No
significant self-sealing of fractures is expectedhis rock type.

Figure 9. Features of the EDZ in granite observéter? EDEX projec{Emsley et al., 1997)

A recent example of EDZ characterization has beeaorithesl in Bossart et al. (2002) in relation
with the excavation of a new gallery in the MontriT&Rock Laboratory using blasting, pneumatic
hammering and road header techniques. The rockpadifiis clay, an indurated mudrock with a very
strong bedding anisotropy. To measure the extemthgdraulic properties of the rock adjacent to the
tunnel opening, pneumatic tests involving nitrog@ection or air extraction were used. The teses ar
performed at 10 cm intervals using single or, moften, double packer systems (Figure 10). The
measured permeability distributions are shown gufé 11, where it can be observed that variations
ranging between two and four orders of magnitude aotained. Quite high permeability zones are
observed within the 10-20 cm from the rock/shoteiaterface. The EDZ zone is thicker at the top of
the gallery compared with that at the lateral watllgdraulic testing was completed by hydraulic sros
hole testing that basically confirmed the abovelltss The investigation also included the analydis
resin-injected overcores that allow the direct obestion of fracture orientations and frequencies.

As a result of this work, it was possible to busicconceptual model of the EDZ made up of two
zones: an inner zone and an outer zone. The inoree I up to 1 m thick and consists of an
interconnected and air filled fracture network ealismainly by unloading with quite high
permeabilities and transmissivities. The outer zisnémited to a zone of 2 m around the tunnel and
consists of mostly saturated and isolated fraciumdsch exhibit lower transmissivities. In any case
detailed examination of the EDZ has generally reacé@ highly heterogeneous system. The extent of
the EDZ tends to be somewhat smaller in the seetimavated with road header techniques but it is
always substantial as it is mainly controlled byoaning and rock structure.

Further investigations tried to determine the beldling capacity of the EDZ in Opalinus clay
(Meier et al., 2002). Two sites were examined; firg one contained a high transmissive single
fracture at a depth of about 70 cm from the turmweface and the second one involved a fracture
network contained in the first 80 cm of rock. Aftaeasuring their initial transmissivities, the traes
were saturated injecting water through a singlekpacystem. Additional water injections were
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performed to ensure saturated conditions duringotie year experimental period. The variations of
transmissivities with time are shown in Figure ds clear that self healing occurs but, at thd eh
the experimental period, initial conditions (i.eeftre excavation) have not been recovered and the

continuation of the decreasing transmissivity trendifficult to predict.

Figure 10. Permeability determination in the EDAeBmatic testing procedure for nitrogen injectiod air
extraction (Brossart et al., 2002).

Figure 11. Permeability distribution at differeatétions around a gallery excavated in Opalinug @aossart et
al., 2002).
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Figure 12. Variation of transmissivities with tinmethe EDZ set up excavatingn Opalinus clay. Theeng-igure
concerns a single fracture and the lower Figurersetio a fracture network (Meier et al., 2002).

Contrary to some expectations, fractures havelssn observed in excavations performed at depth
in plastic lays. Figure 13 sows the pattern oftirees found during the excavation of a tunnel 230 m
deep in Boom clay in the Mol underground laboratdiyere is no information on whether permeability
is significantly affected but the presence of thbbeetures and the question of self-healing witheti
remains an open issue.

Figure 13. Fracture pattern observed in the extavaff a tunnel in Boom plastic clay (Bernier, 2004
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The EDZ in salt rock has also different featuresie®a investigations have been carried out in the
Asse salt mine showing that there is generally rarease of permeability of several orders of
magnitude close to the tunnel walls (Wieczorec amdmer, 1998). The main reason underlying this
increase in permeability is the dilatancy of thekrgalt when subjected to high shear stressesein th
region close to the drift opening. Typical thickees of the EDZ are in the order of 1 to 1.5 m. Bseau
of the high ductility of the rock salt, it would lexpected that there will be a tendency for the E®Z
self-heal and reduce its permeability with time.s@ts so far have not proved conclusive in this
respect, although it seems that self-healing ogareferentially in backfilled or supported openiragsl
not so much in open drifts.

From the information available, it is clear tha¢ fhresence of the EDZ is an important issue with
regard to the design and construction of the répgsiHowever some uncertainties remain regarding
matters such as the influence of rock type, rookctiire, method of excavation and support, capacity
and time required for self-healing. A tentative semsus has been put forward in NEA (2002b)
summarised in Table 2. The low relative importaattebuted to the EDZ in plastic clays and rock salt
relies on their presumed self-healing capacitgadure that has yet to be reliably confirmed infiblel.

Table 2. A summary of the general level of sigrifice and understanding of different aspects ofED& in
various rock types (NEA, 2002b).

Rock type Difficulty of Level of Difficulty of Relative
characterisation understanding modelling importance of EDZ
Crystalline high high high medium
Rock salt high high high low
Plastic clays high high high low
Indurated clays medium medium medium high but dusth
tend to medium

7.5 PERFORMANCE AND SAFETY ASSESSMENT

7.5.1 Quantitative safety demonstration

A safety assessment of a deep geological repositepfves a systematic analysis of the behaviour of
the repository to check that it meets the legadialelished safety criteria throughout its wholedris
A synthesis document based on the analyses of &éntlg conducted Safety or Performance
Assessments has been put forward by NEA (1997)hdn document, it is suggested that the term
Safety Assessment should be applied to the wholesitory system whereas Performance Assessment
should be used when only a part of the repositsrgonsidered. However, there is not a commonly
agreed usage of those two terms yet

A safety or performance assessment requires theidsmation of all processes and phenomena ha
may affect the performance of the repository inignificant manner. This involves combining
experimental and field data with scientific undansting and qualitative observations to construct
models of the possible future behaviour of the aligh system (Figure 14). This safety evaluatioa is
complex process because of the variety of mateaiats components of a repository and to the large
number of interacting processes that may play e. ol addition, the performance assessment must
consider extremely long periods of time in order dncompass the interval during which the
radionuclides are potentially dangerous.
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Figure 14. Interaction scheme of safety and peréoree assessment with technical information andasgy
requirements (Chapman and Mc Combie, 2003)

It should be understood, however, that a safetpesformance assessment does not require the
comprehensive description of all processes andactions that can take place in a repository system
Only conditions that may or may be thought to ingginon safety require description. Simplified
models and assumptions can be made provided tleegranwn to be conservative. Simplifications,
however, should be made from sound bases thatlysequire a thorough examination of the problem;
well beyond what is required by the strict safetga

A typical performance assessment exercise contagm$otiowing steps: i) definition of reference
safety criteria, ii) description of the repositatgsign, iii) definition of scenarios covering thaespible
future evolutions of the system, iv) analysis o thehaviour of the various system barriers, v) autp
computation vi) examination of the outcome incluggensitivity analysis and uncertainty assessment.

The definition of scenarios involves the identifioa of all factors likely to influence significdmt
the long term evolution of the system. Factorsudel properties (e.g. rock permeability), processes
(e.g. gas generation by canister corrosion) andteVe.g. failure to seal the repository). The ende
of selected factors and their interactions constitbe “reference system” and its evolution contai
the “reference scenario”. External factors origimautside the system (e.g. climate change, human
intrusion) must also be considered. Combinatioextérnal factors with the reference system leads to
other scenarios that have to be evaluated as @etitechnical input is, of course, crucial in thegaiss
of identification of the various factors and thidiely significance.

The next step is the analysis of the behaviouhefMarious barriers constituting the deep geoldgica
disposal concept. In this phase, the contributio@eotechnical Engineering is pervasive. To carry out
this task in an effective way, it is convenientidentify a number of subsystems that are analyzed
separately. An example of a first-level subsystdasdification is depicted in Figure 15. It can be
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observed that the output of a subsystem constitheesnput of the next one. A conceptual model is
built for each subsystem that includes the mostvesit processes, the main parameters and the
interaction between phenomena. The subsystemnsoih@ntitatively analysed by means of appropriate
numerical models. Finally the result of each sutesysis integrated in the description of the overall
behaviour of the entire system.

This division between different subsystems musinaele considering what are the phenomena and
time scales relevant to each particular compon@&fien there are large differences between the
processes that operate in the various subsysterasefl conceptual distinction refers to the disisi
between near field and far field. In a rough wag thear field may be defined as the part of theadial
system that is directly affected by the presencthefwaste. It usually includes the canister, thigel
or barrier and the adjacent rock. The far fielceags from the boundary of the near field (not &igee
location) to the region near the surface that mégract with the biosphere. In this respect, themal
contribution of geotechnical engineering is esgicirong in the analyses affecting the near fi€hd
course, it is always possible to divide each subsysinto other items in a hierarchical manner.
However, there are clear limit to this process wvbdivision set by the degree of coupling and
interaction of different phenomena.

Near field Far field

Buffer

Transport i | Transport Transport
|| Canister Host rock in ] in in
\ / near field | ii| far field biosphere
Near field Fi| Localand

Waste hidrogeology [ regional

i:| hidrogeology

THMC behaviour

Figure 15. Example of performance assessment divisy subsystems

7.5.2 Processes in the engineered barrier and nefeeld

The near field is an area of complex phenomenaimtedactions. Here attention is focussed on the
description of the behaviour of the backfill barrgurrounding the canister and of the immediate
adjacent host rock. Although the near field alsdudes the canisters and waste matrices, theyhare t
concern of materials science. To make the discnssiore specific, it is assumed that the backfill is
bentonite-based, the most common case.

Considering the thermo-hydro-mechanical (THM) bébaw of the bentonite barrier first, it is
important to realize that the barrier material, pacted clay, is initially in an unsaturated statethere
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will be a solid phase, a liquid phase and a gasehbatake into account. The main actions thatcaffe
the bentonite barrier (at least in the short tersnthe heating arising from the canisters and the
hydration from the surrounding rock. Figure 16 shpwn a schematic way, some of the thermo-
hydraulic processes occurring in the barrier anthédiate adjacent rock. At the inner boundary, the
barrier receives a very strong heat flux from tlamister. The dominant heat transfer mechanism is
conduction that occurs through the three phasékseofaterial. A temperature gradient will therefore
develop in the near field and heat dissipation béllbasically controlled by the thermal conducyivit

the barrier and host rock. Maximum temperaturedseged in repository design can be quite high.
Some designs limit the maximum temperature to 0O@t other concepts may allow temperatures as
high as 200é C.

In the inner zone of the barrier, the heat supgiedhe heater results in a temperature increade an
in strong water evaporation that induces dryingthe bentonite. Degree of saturation and water
pressure will reduce significantly in this regioviapour arising from bentonite drying will diffuse
outwards until finding a cooler region where vapauill condense, causing a local increase in water
saturation. Vapour diffusion is a significant megisan of water transfer mechanism and, to a much
lesser extent, of heat transport.

Due to low water pressures existing initially ire thnsaturated material that constitutes the b#ckfil
hydration will take place with water moving fromethost rock to the barrier. The distribution of evat
potential is also perturbed by the phenomena otdmite drying and vapour transport as described
above. Hydration will eventually lead to saturatafrthe barrier, but saturation times can oftervéxgy
long due to the low permeability of the bentonitel/ar host rock.

- Heat out
= o -
» » Solid »
= - -

Solid Heat flux (conduction)
= - i
Heat flux (conduction) Water e

Bentonite barrier Host rock

Figure 16. Scheme of thermo-hydraulic process#isamear field

In addition to the thermo-hydraulic behaviour, there also important mechanical phenomena
occurring. Drying of the bentonite will cause shiirg of the material whereas hydration will produce
swelling that may be quite strong in bentonite ieast Because the barrier is largely confined betwe
canister and rock, the main result of hydratiothis development of swelling pressures, in a process
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quite akin to a swelling pressure test. The mageitof the stresses developed is critically depenoien
the emplacement density of the bentonite and maghrealues of several MPa.

The crucial feature of the THM behaviour describedthat all those phenomena are strongly
coupled, interacting with each other in a compleanner. As an example, Figure 17 shows the
phenomenon of vapour transport. Evaporation and exsation depend on the value of suction
(hydraulic variable) and temperature (thermal \@epn Transport itself is a mixture of advectiordan
diffusion that is influenced by temperature (thel)mdegree of saturation (hydraulic) and porosity
(mechanical). In fact, vapour transport can notbesidered on its own, but as a branch of a cycle
closed by the movement in opposite direction dfitigwater. The flow of liquid water also depends on
temperature (water viscosity), degree of saturafiaiative permeability) and porosity (intrinsic
permeability). Another example of interaction i thmain heat transfer mechanism, heat conduction.
This is basically controlled by thermal conducivihat, in turn, it depends on degree of saturation
(hydraulic effect) and porosity (mechanical effedhere are many other cases that could also be
described. When the barrier and rock involve sahaerial the additional effects of dissolution and
precipitation are also very significant (Olivellaad., 1996a; Gens and Olivella, 2000a).
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Figure 17. Coupled phenomena in vapour transport

The complexity of THM behaviour increases furthdrew the interaction of the bentonite barrier
with the host rock is taken into account. In Figlife the rock is depicted as saturated, but, ity fhe
zone close to the barrier may desaturate due toetteet of strong suctions in the backfill. The
desaturation of a zone around the engineered bhagea large effect on important behaviour feature
such as the rate and duration of the process atebaaturation (Gens et al., 1998).

The analysis and prediction of the performance wflear waste repositories require adequate
numerical modelling. From the geotechnical poinviefv, the most characteristic advance has been the
development of formulations and computer codes ldapaf performing coupled thermo-hydro-
mechanical analyses (Gawin et al., 1995; Olivetlale 1994; 1996b; Thomas and He, 1995). They
involve the simultaneous solution of the equatioh$) water mass balance, ii) air mass balancg, iii
energy balance, and iv) equilibrium (momentum baddnThe formulations must be based on sound
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physical principles, as applications to very lopgst predictions, well beyond any empirical
experience, are required. The formulations and &ssaccomputer codes must also account for all the
relevant phenomena discussed above and their atitama. This is achieved by the development and
selection of adequate constitutive laws. The caypadithis type of formulation to reproduce thelrea
THM behaviour of a repository has been demonstr@Bems and Olivella, 2000b; Gens et al, 2002a).

The overall behaviour of the barrier and adjacenkprovides the background environment for the
radionuclide transport in the near field. The migatures of this transport are strongly influenbgd
the geochemistry characteristics of the medium.cBemistry is initially controlled by the chemical
characteristics of the bentonite and water usecbimpaction. This geochemistry is later modified by
the groundwater penetrating the backfill, by thestedorm itself, and, potentially, by radiolysis.

When the waste form finally breaks down, radiordedi are dissolved or mobilized as particles and
may start to migrate. The breakdown rate of thetevasatrix and its solubility control the rate of
release of the radionuclides. Two main mechanisfmsnigration exist: advection and diffusion.
Because of the very low hydraulic conductivity cgnonite, advection is likely to be negligible.
Migration rates are also influenced by geochemigifiects such as retardation due to sorption,
precipitation and other processes.

To account for these phenomena, it is necessagyaluate the geochemistry evolution throughout
the lifetime of the repository. A first approachtes perform chemical thermodynamic calculations. If
chemical equilibrium can be assumed (a reasonapt®thesis for the vast majority of chemical
processes considered), the main difficulty lieghie scarcity of data for some reactions and species
Further developments in this area have include@mnthc the coupling of geochemistry models to
transport equations and, finally, to THM formulaiso(Guimaraes et al., 1999; Gens et al., 2002b;
Thomas et al., 2002). The eventual outcome of fielar study must be the prediction of radionuclide
releases with time. They constitute the source ferrthe far field analyses.

7.5.3 Processes in the natural (geological) barrier

The features of the far field that are relevarthimisolation problem are those controlling theatan
with time of the concentration of the various raliolides reaching the biosphere. Basically they are

- Path-length and water velocity of radionuclide ratgn trough the rock

- Physical and chemical interaction between rockteartsported radionuclides.

In this area, it is difficult to make general stagnts; many characteristics are bound to be rgo&-ty
dependent and site specific.

Radionuclides may be in solution in the groundwaiteparticulate form (colloids) or attached to
other suspended material. Similarly to the nedd fithe main transport mechanisms will be advection
and diffusion. Diffusion will only be significantlven water flow is very slow.

In any case, migration will be controlled by thedhggeological features of the geological medium.
The most important properties in this respect aydrdulic conductivity, available porosity and
piezometric gradients. However, one of the mostortgnt facts is the possible presence of geological
features that may provide preferential flow patlms.many natural systems the existence of those
features totally controls the rates of radionuclidigration. The hydrogeological characterisationhef
relevant geological body is thus an important @raje for any siting decision.

Once the water flow characteristics are establisre@dionuclide migration is further modified by
physical dispersion and retardation. The magnitwdephysical dispersion varies substantially
depending on the type of rock and on whether flesuos mainly along fissures or through the rock
matrix. Predominant fracture flow tends to resultow dispersion.
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Hydrodynamic dispersion is further modified by mattiffusion and physico-chemical retardation.
The first phenomenon refers to the diffusion ofuged from the liquid circulating in the water flow
features towards the interior of the rock matrixaisT obviously will delay the arrival of the
radionuclides to the biosphere. Only when concénotia in the flowing water eventually reduce, the
mechanism will reverse. Physico-chemical retardgati@y be due to a variety of causes resulting from
the interaction between rock surfaces and radiahesas illustrated in Figure 18.

7.5.4 Safety assessment result

The output of the performance or safety assessivegiicise may be expressed in different ways,
depending on the selected performance measure If@mpnd Mc Combie, 2003). The most usual
performance measures are the effective individoaédr the risk, in which the dose is factoredHey t
probability of its occurrence and the probabilityat a given dose will lead to a health effect. picgl
output example, in terms of the computed individidade, is presented in Figure 19 for the reference
scenario of the Spanish reference concept for lleigil nuclear waste (Astudillo, 2001). It can béedb
that not only the total dose is given but also itidividual contributions of each radionuclide. Two
immediate observations can be made: i) computatioesextended to extremely long times? g@ars

in this case, and ii) the maximum doses obtainedvary low compared with the typical natural
radiation figures given in the Introduction and aso well below the specified limit value of
10“ Sv/year. Naturally, the computed doses increasenvaoasidering the effect of external factors.
Figure 15 is also useful to indicate that the @@mhenomenon to be examined is the transporteof th
radionuclides to the biosphere and that the analgé¢he large variety of phenomena involved should
be performed with this final aim in mind. Naturalomplexity and uncertainty in many areas prevent
exact predictions. This difficulty, however, may lb@ercome (at least partially) by the use of
conservative hypothesis and by the consideratioa sftifficiently wide range of possible scenarios.
Often, probabilistic approaches are incorporateshiiety evaluation procedures. The complexity ef th
system and relevant processes implies that pros@bhssessments are normally based on Monte Carlo
methods.

Figure 18. Schematic representation of possibkrdation mechanisms (Chapman and Mc Kinley, 1987)

The final performance assessment requires detddtad of the specific design of the repository and
its geological setting. Although some site-speaiépository analyses have been performed (Vieno et
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al., 1996), as, generally, the various countriegeh#ot made yet a decision on a final locationtfar
repository, most performance assessments are d¢auieat present using generic design and generic
rock properties (although often based on specifolggical frameworks). These generic safety
evaluations are very useful to identify possiblesigle improvements and the areas in which more
research is required. The design can then be g@irto improve safety. Safety evaluation is theeefo
an iterative process that continuously integrabesihcrease of knowledge on the behaviour of the
various system components. Geotechnical input esaantial part of this continuing task.

Figure 19. Mean annual individual dose computedHerreference scenario of the Spanish referenceeqd for
high level nuclear waste (Astudillo, 2001)

7.5 DISPOSAL OF LOW AND INTERMEDIATE LEVEL NUCLEAR WASTE

The issues associated with the disposal of low Ightd/) and intermediate level (ILW) nuclear waste
are quite different from those concerning the désph@f high level nuclear waste (HLW). LLW has a
low activity caused by short lived radionuclidds may contain some longer lived radionuclides but
their activity is still modest. In any case theg &@asically not heat emitting. As indicated abduay
and ILW arise from a variety of sources, the volumhdLW and LLW is orders of magnitude larger
than that of HLW. Fortunately the requirements figpdsal are much easier to meet.

The most characteristic method of ILW and LLW dispasadlacing it either in shallow trenches or
directly on the (suitable conditioned) ground. Mnaste is subsequently protected with an adequately
designed cover. In this respect, disposal of ILW BbW has many points in common with the usual
disposal strategies of more conventional hazard@sse.

Shallow ILW and LLW waste disposal also employs atibdrrier concept. Both compacted and
uncompacted LLW are often placed in simple steel drulidiW generally receives a more careful
treatment being encapsulated in cement, resin yn@os before being placed in steel or concrete
containers. The containers are then placed in traget units and, generally, mortar is injectedilto f
the space between the individual containers. Thadoanade up by the primary containers and the
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storage unit is sometimes called the physico-chainfiarrier. The storage units are then stacked on
storage cells made of concrete that constitutesetiggneered barrier. Finally, the storage cells are
covered by a cap made of a number of soil layens. dap and the underlying and surrounding ground
are the geological barrier. A conventional mujtileed cap is generally envisaged with topsoil at th
surface, a drainage made of rockfill and sand kyerthe middle and a layer of compacted clay
adjacent to the storage cell.

Often the waste is placed above the water tabléndgaknto consideration possible seasonal
fluctuations with especial attention to the podibof extreme events of water table rise. Theirdes
water flow is via surface infiltration, downwardgtahe trench, through the unsaturated zone and int
the water table. Possibilities for contaminatioe @irereby minimised. When disposing the waste above
the water table, it is better if the host groundas too impermeable to avoid ponding in the trexscim
case the cover cap fails. The underlying ground Ishbe able to drain percolating waters away from
the trench. Drainage should be provided to collent water that percolates from the ground into the
waste emplacement. The multi-barrier philosophyhwiaste being placed above the water table is the
approach adopted in the modern disposal facildifeAube in France and El Cabril in Spain (Figure
20).

It is also possible to place the waste below théemwtable if the host ground has a very low
permeability so that advection will be negligibledaransport will occur via diffusion. The intermeig
case, placing the waste where seasonal movemdwmplace, is to be avoided, as it would lead to
sequential flooding and drying of the trenches ileggrobably to its rapid degradation.

LLW and ILW are likely to produce much larger volunwsgas than HLW. The main sources are
biogenic gas from organic matter and gases (méiptirogen) arising from the corrosion of metals in
the waste and metal containers. For some wasts,tyiperefore, it may be necessary to install vents
trench caps or use backfills with high gas permigbln any case, post closure maintenance during
the early life of the disposal facility may well bequired.

Figure 20a. El Cabril disposal facility for Figure 20b. Experimental cover at Aube disposalifador
medium and low level waste medium and low level waste

From the geotechnical point of view the main issiweaddress are the hydrogeology of the site and
a good design of the cap and any associated deaiggsiem. It is necessary to achieve a good
knowledge and understanding of the local hydrogpolto ensure that favourable conditions will
prevail not only at present but in the foreseediblare as well. The design of the cap and the waste
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drainage system is likely to require multiphasevflmodelling that includes not only the ground the t
various barrier components. Mechanical aspectganerally limited to ensure the overall stabilify o
the site, admissible settlements and adequatenigeesipacity. Generally those conditions are easy to
achieve. Naturally, thermal problems are absettiigicase.

Some countries (Sweden, Germany, Switzerland) bhesen deep disposal for ILW and even (at
least partially) LLW. They consider that the addiibrrost involved is compensated by the higher
degree of safety of a disposal at depth. The isasgsciated with this decision are therefore simda
those already discussed in the context of HLW diahas<cept for the absence of heat emission and
transport. Sometimes the disposal facility is eated relatively near the surface whereas, on other
occasions, quite deep mine galleries are used fKacinyg the waste. As mentioned earlier, gas
production may be significantly higher in this typlewaste and a suitable solution for gas evacnasio
harder to achieve in a deep repository. When a fihlatk used around the waste, cement-based
materials are preferred to bentonite-based onabelfrepository is in rock salt, crushed salt iaiag
used as backfill.

7.6 REMEDIATION OF URANIUM MINING SITES

The nuclear fuel cycle always starts at uraniumimginsites and mills. In some respects, the
environmental aspects of a uranium mine are theesasthose from metalliferous mining but the
radioactivity associated with the uranium ore reggisome special management. The uranium itself has
a very low level of radioactivity but uranium mimads are always associated with more radioactive
elements such as radium and radon in the ore.allytall the radioactive material from the assasiat
minerals ends up in the tailings dam. Process wiaten the mills also contains radium and other
metals and must be treated accordingly. Currentigut 36,000 tonnes of uranium are extracted
annually from mines worldwide, the main produces @anada and Australia. Significant amounts of
uranium are also produced in Europe, especiallyussi and the Czech Republic.

The present worldwide production of uranium millitgs exceeds 20 million tonnes annually. It is
therefore necessary that environmental and heigkl from these materials are reduced to acceptable
levels (Matthews, 1986). Such large volumes prexkmphisticated disposal options and, generaky, th
tailings must be treated in place. It should be $hat many of the worst problems requiring solutio
arise from older mining activities when regulatiansre not as strict as nowadays.

In principle the treatment for uranium tailings maany features in common with the solutions used
for other tailings containing hazardous waste. ilnigs remedial project must achieve:

- reduction and control of water infiltration and ypeat the risk of dispersing polluting materials
ensure an adequate long term stability of the slope
avoid significant erosion.
minimize gamma radiation out put and radon emission
The latter must be especially considered when degjgcover systems (Almeida et al., 2002). A time
between 20 and 1000 years is usually specifiediferremedial measures to remain effective. The
International Atomic Energy Agency has publishedseful summary of current practices for managing
and confining this type of tailings (IAEA, 1992). dlgeotechnical analysis of the problem must
include:

- short term and long term stability analysis of thidngs heap slopes with a conservative estimate

of pore pressure distribution,
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- multiphase flow analysis of infiltration into andund the tailings,

- transport analysis of contaminants into the undeglhaquifers,

- estimation of radon releases.
An example of the remedial measures adopted redetse rehabilitation of the Andudjar Uranium Mill
(FUA) work in Southern Spain. The Andujar Mill pessed uranium ore from a variety of sources in
Spain from 1959 to 1981. At the time, no speciacputions were taken to manage the resulting
tailings. From 1987, a sustained effort has beedenta analyze the problem, and to design and to
implement remedial measures. Simultaneously, thistieg mill facilities were also dismantled.
Computations showed that it was necessary to rethedeight of the tailings and simultaneously
reduce the slopes to around 12é to ensure longdidoility. Figure 21 shows the solution adopted
where it can be seen that the tailings taken frbentbp and the available demolition rubble were
incorporated into the design. Some bulky dismagtfnoducts were also encapsulated in the finished
dyke.

Figure 21. Cross section of the tailings dyke beefand after remediation works. Final cover is aven.

The cover finally selected, shown in Figure 22, haguite complex structure. The most important
components are: a 30 cm layer of rockfill, grainesil00-300 mm, for erosion protection, a 50 cm
mantle, suitable for plant development using swilf nearby areas, a biointrusion barrier made wp of
30 cm layer of rockfill, 50-100 mm particle size2& cm layer of gravel providing drainage and an
impervious 60 cm layer of compacted clay actingasier for infiltration and radon emission.

Often, there has been significant aquifer contatimnaduring the time in which tailings were sitting
without protection. This was the case in the Andijédl. On other occasions, aquifer contamination
arises from the method that has been used to extrmaranium mineral from the ground. At present,
about 19% of total uranium mining is performed bysitu leaching. In situ leaching has the advantage
that it involves less exposure for workers, nodatajling piles are generated, and, often, the isdsss.
However, it is sometimes difficult, or even impdmsj to restore the original conditions in the ldag
zone and here is the risk of the leaching fluichgdieyond the uranium zone and contaminate adjacent
groundwater bodies. In that case, remedial measueaequired. Kazda et al. (1997) have presented a
interesting case in Northern Bohemia (Czech Republihere deep mining was combined with
leaching technology to extract the uranium. Assaltearound 200 million cubic meter of groundwater
became contaminated. Pump and treat remediationochetas selected as the most suitable one. It is
envisaged that the remediation process will lass&veral decades during which the concentration of
pollutants in the aquifer will gradually decrease.
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Figure 22. Scheme of the selected cover for thiadai dyke of the Andajar Uranium Mill

7.7 FINAL REMARKS

In some respects the issues associated with nueieste are very similar to those concerning more
conventional toxic and dangerous waste. Howeveioaativity involves a series of additional
conditions that have been discussed in this chaNigclear waste is best considered in the context o
the entire nuclear cycle, from uranium mining, tigh power generation, potential fuel reprocessing
and radioactive waste disposal. The environmentallpms and potential solutions are quite different
in the case of uranium tailings, low and intermezliavel waste and high level waste. They have been
treated separately in this chapter.

Although there are a number of novel featureshia problems associated with nuclear waste
management, the general pattern of topics (timduédwea, generalised behaviour of multiphase
materials, coupled approaches, scale effects) iy ebaracteristic of the classical geotechnical
approach understood in a generalized way. Forrd@ason, Geotechnical Engineering, working in an
interdisciplinary context, is ideally positioned fmrovide effective responses to the demanding
challenges set by this field of application.
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ABBREVIATIONS AND ACRONYMS

ADS: Accelerator driven system

ANDRA: Agence nationale pour la gestion des déctad®actifs
EBS: Engineered barrier system

ENRESA: Empresa Navioanl de Residuos S.A.

EDZ: Excavation damaged zone

EdZ: Excavation disturbed zone

HLW: High level waste

IAEA: International Atomic Energy Agency

ILW: Intermediate level waste

LL-ILW: Long lived intermediate level waste

MLW: Medium level waste

MOX: Mixed uranium-plutonium oxide fuel

NAS: National Academy of Sciences

NEA: OECD Nuclear Energy Agency

NRC: National Research Council

OECD: Organisation for Economic Cooperation and Diwvalent
UNEP: United Nations Environment Programme

URL: Underground Research Laboratory

SKB: Svensk Karnbranslehantering AB (Swedish Nudresel and Waste Management Co.)
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