SITE CONTAINMENT

-
Z
L
=
n
w
Ll
72
V)
<
L
I
e
(4
O
L
74
L
Z
el
Ll
Q
-
O

OF CONTAMINATED SOIL

September 1999

OF ON

"TIONNOD NOLLVAYISNOD ANV INHANNOUYUIANH
| ANVTVHZ MEN ANV NVITVILSNV







| AUSTRALIAN AND NEW ZEALAND
ENVIRONMENT AND CONSERVATION COUNCIL
(ANZECC)

GUIDELINES FOR THE ASSESSMENT OF ON-SITE
'CONTAINMENT OF CONTAMINATED SOIL

SEPTEMBER 1999



o ey

e s Anandn Pl : ! £ g o ted b nd P ot ek : K
L. . %..,..‘.»E A1 i ki 1 -




TABLE OF CONTENTS

SECTION PAGE
1. INTRODUCTION 1
2. LEGISLATIVE CONTEXT 2
= . 3.SITE SELECTION 3
3.1 General Principles : . B 3
3.2 Assessing Site Suitability for On-site Containment 5
‘ 3.2.1 Setbacks and Surrounding Land Uses 5
~ 3.2.2 Topography ) 8
- 3.2.3 Subsurface Conditions 9
: 4. ENVIRONMENTAL BEHAVIOUR OF CONTAMINANTS ) 14
5. CONTAINMENT OBJECTIVES 18
5.1 General ” - 18
5.2 Link Between Waste Group and Hazard Exposure . ' 18
5.3 Link Between Containment Function and Hazard Exposure 19
6. CONTAINMENT TECHNOLOGIES 21
6.1 Function of Containment System Components 21
6.2 Physical Separation by Covering , : C 24
6.3 Water Exclusion ' 25
6.3.1 Surface Drainage 27
o 6.3.2 Water Retention and Evapotranspiration 27
W . 6.3.3 Sub-Soil Drainage _ ' 27
& 6.3.4 Low Permeability Barriers 29
6.3.5 Capillary Break Covers and Monolayer Covers 33
6.4 Isolation Using Linings 35
6.4.1 Purpose of Lining . 35
6.4.2 Constraints Imposed by Lining _ 35
6.4.3 Liner Systéem Components 36
6.5 Leachate Detection and Collectionr | ) 39
6.6 Gas Collection and Removal ' 40
6.7 Vertical Barriers - _ 41
6.7.1 Resistive Barriers 41
6.7.2 Reactive Barriers 43

6.8 Construction Quality Assurance 45



7. SELECTION OF AN APPROPRIATE CONTAINMENT SYSTEM

8. OPERATIONAL CONSIDERATIONS
8.1 Post-closure repository management
8.2 Design Life of Soil Containment Facilities

8.3 Post-closure Land Use
9. BIBLIOGRAPHY

10. REFERENCES

it

46

50
51
53

54

56

59

grEein

[

[ criasd
KT



il

Table 1
Table 2
Table 3
Table 4
Table 5

Table 6
Table 7

Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 7A

Appendix A
Appendix B
Appendix C
Appendix D
Appendix E
Appendix F

TABLES

Contaminant Groupings By Environmental Behaviour .........oeeeeveeocrereescarreessanenns i6
Contaminant Groups - Linkage to Hazards and Exposure Routes..........cccocevveerane- 20
Effect of Drainage Installed above a Low Permeability Barrier.....cveervvereersrerensns 28
Advantages and Disadvantages of Alternative Barrier Materials..........cccereeeecnnanes 30
Minimum Criteria Selection and Placement of Clay Used in

Compacted Clay Barriers ........ eheeerees e ettt At Sos e sa S bt s b RS e e s b ees 31
Effect of Clay Barrier Permeability On Infiltration of Preciptation ..........cueuunan. 31
Estimated Service Life of Containment System Components. ...........cccoerreieneen, 54

FIGURES

Containment System Components........... Fvesteseentrrressterasaaseaeeteaseaerr s reeabiaaabensrat 23
Water EXCIUSION PrOCESSES. . cuvereeerereevecoraremrmescaereesrmerercos seemeare ser e e sccnsseemenas 26
Examples of Low Permeability Barrier Cover SYSEmMS ..o rvvvieereeerrerereenceeneenens 29
Examples of Single and Double Liner Systems. .. ....coveveineceirarisiarneeens i 37
Examples of Vertical Cut-0ff ApplCations ......c..eeecrerereeeererienerereerererneesnsncaceneene 42
Examples of Reactive Wall APpliCHONS ....ccvevveverneerreressansrssssesssssesssssessessssasens 43
Selection of Appropriate Containment SYStem. .. ..o oot 48
Containment System DESIZN......ccecercrsrnminirs s sircssssssssssssrssessssrssscssassssassres 49

APPENDICES

. Regulatory Context

Overview of Existing Waste Classification Systems
Contaminants Grouped By Environmental Behaviour
Construction Materials

Design and Construction of Resistive Barriers

Water Balance Modelling



iv

'LIST OF ABBREVIATIONS

ANZECC - Australia and New Zealand
Environment and Conservation
Council

BC - British Columbia (Canada)

BTEX - Benzene, toluene, ethylbenzene and

xylene

CL - clay, low plasticity

CH - clay, high to medium plasticity

CQA - construction quality assurance

: GC - clayey gravel

GCL - geosynthetic clay liner

GM - silty gravel

GP - poorly graded (one size, uniform) gravel

GW - well graded gravel

Ksat - coefficient of hydraulic conductivity
MEK - methyl ethyl ketone

mg/kg - milligrams per kilogram

MH silt, high plasticity

ML - silt, low plaSticit_y

MWLP - meteoric water leachate procedure

NEHF - National Environmental Health Forum

OC - organochlorine {pesticides)

QL - organic soils, high plasticity

PAH - polycyclic aromatic hydrocarbons

PCB - polychlorinated biphenyl

PCP - pentachlorophenol

SC - clayey sand

SM - silty sand

SP - poorly graded (uniform) sand

SPLP - synthetic precipitation leachate

o procedurre

SW - well graded sand

TCLP - toxicity characteristic leachate procedure

UDL - unsaturated drainage layer

USEPA. - United States Environmental Protection
Agency _ _ :
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GLOSSARY OF TERMS

Adsorption - to retain by chemical interaction at the surface of a solid. (Contrast with absorption - to
physically retain within a porous matrix.)

Aquifer - 2 saturated geologic unit which is sufficiently permeable to transmit significant quantities of
water under normal hydraulic gradients.

Attenuation - the effect of reducing contaminant concentration through a combination of physical and
chemical interactions, including sorption and dispersion.

Bentonite - a type of clay mineral with a high capacity for retaining positively charged chemical
species. Typically found in “expansive” or “reactive” clays.

Bioaccumulation - the property of being stored in biological tissue, rather than being progrcsswely
metabolised or excreted.

Capillary break cover - a combination of fine grained soil layer over a coarser soil layer, used for
temporary containment of precipitation above a waste storage cell.

Carcinogenic - cancer causing.

Composite liner - describes two liners in intimate contact with each other {eg, a geomembrane placed
on top of a clay liner) '

Diffusion - spreading of contaminants in response o very short range concentration gradients, rather
than by movement of the water in which they are dissolved or mixed.

Double liner - describes two liners separated by a penmneable dramage layer (eg, a geosynthetic clay
liner above a geodrain, above a clay liner).

Geosynthetic clay barrier - a man-made barrier typically comprising a layer of bentonite sandwiched
between two layers of geotextile.

Geotextile - a permeable man-made fabric commonly made of polypropylene or other inert polymers.
Hydraﬁlic conductivity - a coefficient used to describe the ease with which water can move through a
saturated porous medium (commonly expressed in metres per second or metres per day). Loosely
referred to as “permeability”.

In-gradient containment - a method of limiting contaminant migration by actively controlling
hydraulic gradients near the waste cell so that flow of groundwater or leachate is inwards towards the

centre of the cell.

Monofi]l - a cell or repository used for the dlsposal or storage of a single typc of waste (eg
contaminated soil). .

Mouolayer cover - a fine gramed soil layer used for temporary storage of precipitation above a waste -
storage cell.

Organoleptlc - having the property of being readily detected by taste or odour at very low
concentrations (eg, hydrogen sulphide).

Phytotoxic - toxic to plants. : ' - -



GLOSSARY OF TERMS (Continued)

Resistive barrier - a layer which controls contaminant movement thi'ough its low physical
permeability. ' :

Reactive barrier - a layer which controls contaminant movement by chemically reacting with the
contaminant species (causing neutralisation, precipitation, etc).

Sesquioxide - descriptive of a group of iron or aluminium compounds, common in highly weathered
clay soils, with a relatively high capacity for retention of negatively charged chemical species.
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1. INTRODUCTION

These guidelines have been prepared to assist governments, industry, developers and consultants
considering on-site containment options for sites affected by contaminated soils. The guidelines are
intended to complement existing environmental policy documents on the general issue of waste

management, They differ to existing waste guideline documents in several particulars:

. They are concerned with a single type of waste: contamninated soil. The guidelines are not

applicable to process wastes, effluents, municipal rubbish, demolition debris, etc.

. The guidelines are only applicable in cases where the contaminated seil originates from the
same site at which the waste is to be disposed. The guidelines are not intended for landfills

receiving wastes from other sites.

The guidelines describe general environmental protection objectives and approaches to contaminated
soil containment to support those objectives. However the information presented in these gﬁidelmes is
not intended to take the place of detailed; site specific design for actual waste containment facilities.

The general aims of the approaches described in these guidelines for on-site containment are:

. to protect environmental quality and amenity and to protéct public health

. to promote appropriate and consistent environmental exposure standards
. to minimise the amount of waste being disposed of unnecessarily in public landfills.

In preparing these guidelines, it has been necessary to review a wide body of technical information and
numercus environmental legislation and policy documents. The principal sources of information

considered were:

-®  Avstralian and overseas documents concerning waste classification systems

. Australian and overseas documents concerning the degree and nature of ha.zards posed by
 different types of contaminated 5011 _
. Australian and overseas documents concerning the location, design, construction, operation
and closure of waste disposal facilities
o recent technical literature on engineering aspects of containment systems, including the

i:»roperties and environmental performance of various geotextiles.

References to sources of more detailed information are provided throughout the body of these

guidelines, and listed in a bibliography at the end of this document.



2. LEGISLATIVE CONTEXT

Section 2 Summary
In Australia, regulations governing the approval of on-site containment for the remediation of
contaminated soil is generally controlled by individual State environmental protection authorities. To
date, regulations for on-site soil containment have not been prescriptive, although the design and
siting of such facilities must be demonstrated to comply with environmental objectives described in

States’ policy documents.

In Australia, waste classification and development of waste management policies are usually carried out
by the state environmental regulatory body. This same body is generally the authority responsible for
licensing of waste transport, approval of waste disposal facilities. and for the review and approval of

specific landfill proposals.

State environmenta! regulatory bodies also act as the lead agencies in reviewing and/or approving
contaminated land management proposals (sometimes in consultation with the state bealth authority).
In most states, different sections of the state environmental agency deal with waste disposal and
contaminated land management, which has sometimes complicated the process for. administering

projects involving the disposal of contaminated soil.

Local government authorities and state planning authorities typically participate in regulation of wastes
(including contaminated soil) through their role in defining land use zomes. In most states, local

municipalities also operate some landfill disposal facilities.

In contrast to the well-established regulatory framework for regulation of landfills and other waste
disposal facilities, the regulation of remedial works effected for the purpose of managing contaminated
sites is not dealt with by a formal assessment procedure in all states. Some states, such as Queensland,
have implemenied a process wbércby the use of burial or containment as a remedial option must be
formally justified before gaining Department of Environment approv;al. In other states, such as
Western Australia, a formal.euvironmental impact assessment may be required for remedial works.
However, in many jurisdictions the review, assessment and approval of remedial works are carried out

on an ad hoc, case-by-case basis (particularly in the case of smaller scale site clean-ups).

Appendix A of these guidelines presents an ovemew of the regulatory and administrative arrangements
currently in place in Australia for managing contaminated soils, with partlcular reference to
_management options which involve on-site containment of the soils. Details of relevant states

legislation and policy documents are also prdvided in Appendix A.
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3. SITE SELECTION

Section 3 Summary .
Site character_istics and surroundings exert a major influence on the potential long-term environmental
impact of on-site waste containment Sacilities. For this reason, careful site investigation is at least as
important, if not more important, than the selection and design of engineered components of a
containment system. Assessments of sites nominated for use as on-site containment facilities must
address: |
o Set backs, exclusion zones and buffer zones to protect and accommodate surrounding land uses

and environmental values

e  Topography and surface characteristics

o Subsurface conditions

3.1 General Principles

The decision to employ on-site containment as the remedial method of choice on any given site
involves a decision process which differs fundamentally from the decision p'rocess used for selecting
new landfill sites. The obvious difference between the two decision processes is that in the case of on-
site containment of contaminated soils, the site under consideration is already, by definition, affected
by contamination. This will in some circumstances result in a decision to retain contaminated soil on
site at a location which. would not normally be considered as highly suitable for landfilling. For
example, in cases where excavation of the soil at a site located in a residential ncighbourhood will -
result in serious health risks to surrounding land occupiers, it may be necessary to consider containment
options. In other cases, there may be no landfill available to accommodate the quantity of material
requiring remediation, without seriously compromising the management of other waste streams. Thus,
the decision process for choosing on-site containment involves optimising some risk factors which

would typically not exist at a “greenfields” site being considered fbr'development as a landfill.

In determining suitability of a site for on-site containmeiit of contaminated soil the following principles
should be considered. '

Principle I, In considering whether to employ on-site containment as a means of managing
contaminated soil the primary objective of the decision making process must be to

protect the health and safety of human and environmental receptors.

Both short term and long term impacts of alternative management options must be considered. Short
term risks include exposure of workers and neighbours during remedial activities. Short term risks to

the environment include the effects of accidental or deliberate transfer of contaminants between



environmental compartménts. The degree of uncertainty associated with any given management

strategy or remedial process should be taken into account when comparing alternative approaches.

The Australia and New Zealand Environment and Conservation Council bave recommended a
hierarchy of remedial approaches for managing contaminated soils. In the ANZECC hierarchy, on-site
contaiﬁment is generally regarded as a less desirable remedial solution than options involving treatment
of the contaminated soil. The prf:ferencc for options involving treatment does not mean that treatment
options are necessarily “safer” than are containment options. The preference for treatment options

arises from two general principles of resource management:

Principle 2. " Remedial options should minimise the need for on-going management and regulatory
scrutiny of the site.

Principle 3. Remedial options should minimise constraints on reasonable and usual use of the
land.

o

In seeking to adopt the ANZECC hierarchy of site remediation approaches, many municipalities and
waste authorities have been faced with the difficulty of deciding whether the soil wastes can justifiably
" be allocated an increasing proportion of valuable land fill space. It is important to recognise and
add.ress‘ this potential tension between local (site) impacts and more global {comrunity) impacts early

in the decision-making process when reviewing possible remedial options.

- Principle 4.  The preferred rem'edial strategy should support the best use of available waste
treatment and disposal facilities (and other public resources) while providing an

agreed, appropriate level of safety and environmental protection.

The four principles listed- above should be included in any assessment of a proposal for on-site
containment of contaminated soil. Other factors influencing the choice of on-site containment as a
remedial approach include the time required to implement the remedial measures, the cost to implement

and operate the remedial system, and the acceptance by other stakeholders of the remedial strategy

(public perception). Public perceptioxi issues in particular are diverse and difficult to deal with except

on a case-by-case basis. They may include aesthetic concerns, concerns surrounding ligbility of future
site occupiers, perceived risks to local amenity, health or to the environment, concerns for impact on

property'values at the site or surrounding the site, cultural responses to “polluted™ land, etc.
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3.2 Assessing Site Suitability for On-site Containment

However sophisticated the engineered components of an on-site containment system, they must be
regarded as a secondary system, which supplements the natural containment of contaminants afforded
by site topography and subsurface conditions. In the long term, and in the case of unexpected failures

in management systems or physical controls, the site characteristics will determine the likelihood of an

~ adverse impact on safety or the environment. Therefore, a detailed appraisal of site conditions is at

least as important, if not more important, than the design of engineered containment system
components. Hydrogeological and geotechnical assessment is required for any site proposed for
containment of contaminated soil. Often this is performed as part of the contamination assessment and
remedial design.

3.2.1 Setbacks and Surrounding Land Uses

Set backs, buffer distances and exclusion zones between the containment structure and existing natural

or built features may serve three purposes:

. The set back protects the containment structure from mechanical damage or other disturbance

by outside agents, for example encroachment of flood waters from a nearby watercourse.

. The buffer zone provides a volume of soil which may serve to attenuate, disperse or

temporarily store contaminants accidentally released from the containment facility.

. An exclusion zone serves to prevent coexistence of two land uses which aré considered
fundamentally incompatible, or which would require excessive engineering and management

effort to ensure mutually compatible and safe conditions at a site.

Set backs

It is a matter of common sense that containment structures should not be built in areas susceptible to
flooding, landslip, or excessive erosion, particularly if other more suitable disposal sites are available.
The actual sensitivity of containment facilities to disturbance by flooding, ground movements or
erosion will depend upon the physical and chemical étl:ributes of the waste contained in the system, and
the engineering characteristics of the containment system. Certain synthetic liners, for examplé, are
better able to accommodate differential settlements or other ground movements which would cause

liners to stretch (refer Section 6). However, the tolerance of commonly available membt*anes, modified

-earthen seals and flexible pavements would not usually be sufficient to justify the installation of a



containment structure in an area with 2 high likelihood of wave erosion, landslip, or other disturbance
resulting in loss of mechanical support or large scale differential settlements.’ '
,

Various states have stipulated minimum set backs from a iandﬁﬂ to the 1 in 100 year flood level.
Typically the minimum set back is in the order of 100m. For specific containment proposals, the waste
soil contaminant characteristics (especially water solubility) should be cons.idered when selecting an
appropriate set back from flooding or other high water levels. The susceptibility of the containment
system to the mechanical forces imposed by flooding would also have to be taken into account.

Buffer zones

In establishing a waste repository, it is necessary to consider the proximity of the repository to
surrounding receptors. “Receptors” may include environmental media used fqr ecosystem support
(soil, air, water), structures, people or other biota. In some cases, intangible components of the
environment (such as a culturally significant “sense of place” or “neighbourhood”) might also be
considered potential receptors. The function of the buffer zone is to protect these potential receptors by
absorbing, dispersing, arresting, or screening contammants in such a way that rcceptors are not exposed

to contaminants above an agreed tolerable exposure level.

The size of the buffer zone must necessarily be linked to its capacity to contain or otherwise attenuate
any contaminants of éonceﬁ. There are many factors which determine the capacity of a volume of soil
to contain or attenuate contaminants, They include: soil porosity, clay content, exchange capacity,
organic matter content, moisture content at the time that contaminants are introduced, particle size
distribution, mineralogy, contaminant physico-chemical characieristics, etc. [Refer additional

discussion in Section 3.2.3.]

The size of the buffer zone must also reflect the proposed site monitoring and maintenance systems,

and the feasible engineering actions that could be undertaken to respgnd to loss of containment. For -

example, the distance from the containment structure to the recéptor must, as a minimum, be greater
than the greatest likely travel distance of a contaminaht of concern over an interval corresponding to
the time between monitoring events. In certain cases the size of the buffer zone may depend upon the
geographic relationship (eg up-wind or down-wind, up- or down- hydraulic gradient) between the
repository (contaminant source) and the potential réceptor.

Various states have established generic guidelines on buffer distances (horizontal or vertical) separating
landfills from specified natural or built features, such as surface water bodies, seasonal high watertable

! There are nonetheless cases of substantial landfill structures being engineered on difﬁc'ult sites - for example, the
Toyon Canyon municipal landfili, which serves the city of Los Angeles is a 36 hectare landfill, with an average
waste depth of 88m. It has been bmlt in a seismically active area, and has cover slopes of 1 vertical in 2
horizontal. .
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levels, residential dwellings, etc. However, a rigorous site specific assessment would involve at least a
semi-quantitative analysis of the likely rates and magnitude of contaminant migration in the event of
ioss of containment, and an assessment of the possible consequences if the contaminant release results
in exposure of a given receptor. In the first instance, these assessments should be carried out assuming
that both the containment systems and the monitoring systems are ineffective (worst case scenario). A
more realistic assessment may then be barried out by conducting a probabilistic analysis of the
engineered components of containment system, including estimating the likelihood of various modes of
containment failure, assessing the likelihood that monitoring systems will detect a loss of containment,

and assessing the feasibility of remedial response in the event of loss of containment

The ultimate choice of buffer distance will depend upon the risk management strategy adopted by the
regulatory authority, and by other stakeholders involved in the approvals process.

Exclusion Zones

Virtually all jurisdictions have defined a set of land uses which they consider to be fundamentally
incompaﬁ'ble wn.h the establishment of a contaminated waste landfill. Land uses which are considered
to warrant special consideration and a high level of protection are treated as exclusion zones within
which landfilling activities are prohibited. Many, but not all, exclusion zones are cdnsidered

incompatible with waste disposal or containment operations because the act of constructing the

containment facility could in itself result in unacceptable impact on the protected land use. Typlcal .

examples would include areas of special cultural s1gmﬁcance nafure reserves, scenic areas, ete.

‘Water catchment areas and areas underlain by high quality water resources are often’treated as
exclusion zones because the attainment of the level of certainty required of engineered systems and

monitoring systems would be virtually impossible to demonstrate in practice.

In the case of existing contaminated sites discovered in such sensitive areas, it is unlikely that approvals
would be granted for the construction of a containment facility except as a temporary management

measure.



3.2.2 Topography
Site topography influences at least four aspects of containment system design and performance:

. " local slope characteristics may determine the susceptibility of the area to inétability

. local relief may influence the choice of containment structure design (for example, below '

ground or above ground) and degree of engineéred containment that 'must bé provided

. local relief will influence the choice of materials used in constructing barrier layers and will
determine the relative ease with which barrier layers and other containment system

components may be constructed and installed

. position in the landscape may affect the level of engineering effort required to exclude water

from the containment structure.

To date, fegulatory authorities have generally not been prescriptive concerning siting of contaimment
facilities on sloping terrain, although the draft Interim Criteria for Major Landfill Depots in South
Australia recommended that “major landfills” should not be sited in areas with ground siopes
nominally greater than 10% (1 vertical in 10 horizontal). From a practical perspective it is possible to
engineer containment structures, espécially thosé for sdil monofills, on substantially steeper sldpes.
Site specific assessment of slope stability factors must be carried out to determine the maximum safe

slope on which a soil monofill may be founded.

Whether located on flat terrain or on sfoping ground, the stability of a large waste mass contained
within a repository could constitute a risk under certain conditions. waeve; the opportunities for
improving the waste mass stability through appropriate waste placement techniques are much greater
for soil monofill repositories than would be the case for municipal _wéste landfills or other containment

structures used for mixed waste streams.

On a smaller scale, the slope of the surface and sides of the containment structure will influence the
design and maintenance requirements of the repdsitory. Stcéper slopes may be necessary to limit the
lateral extent of the repository, and are'desirable to extent that they help prevent ponding of rajnfa?ll or
other water impinging on the repository cover layer. However, there are severat disadvantages to very
steep slopes including increased erosion potential, difficulties in achieving satisfactory compaction of
clay capping layers, risk of soil creep or poor adhesion between consecutive layers of synthetic barrier
materials, difficulties in maintaining surface vegetation on very steep slopes.

In some juﬁsdjctions (eg, Province of Quebec, Canada) the maximum elevation of contaminated soils

contained in the waste repository may not exceed the surfacé level of the surrounding natural ground.
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This effectively means that the finished surface level of the waste repository will be at, or slightly

- above, the natural surface level of the surrounding ground. This is not generally the case in Australia

(ie, mounded repositories are permitted), although there is usually a requirement to take into account

local landscapes and to seek to have the final contours of the repository configured so as to blend in

-sympathetically with the natural topography. From an engineering perspective, it is usual to require 2

minimum siope of 2% on surface capping and drainage layers, and to allow a maximum side slope of

about 1 vertical in 3 horizontal, or other slopes as determined from a site specific stability analysis.
3.2.3 Subsurface Conditions

Subsurface conditions have the potential to influence at least four key aspects of the design and

operation of containment systems. These include:

. they determine the level of mechanical support available for the repository structure
. " they define a set of environmental receptors (soil and groundwater)
. they determine the nature, rate and magnitude contaminant migration from the repository, in

the event of loss of containment

. they influence the contaminant attenuation capacity of any buffer zones.

Mechanical Support of Repository

For substantial soil waste repositories, as for any major engineered structure, the site assessment must

. include a geotechnical evaluation of the engineering suitability of subsurface conditions for support of

the proposed structure. A geotechnical appraisal would typically address issues including the bearing

~ capacity of the subsurface soil or rock, estimates of total and differential settlements, lateral earth

pressures, uplift forces due to groundwater (if present), slope angles which may be safety maintained
without addiﬁonal ground support. In certain environments, such as in areas of carbonate sands or
limestone, it may be necessary to consider the possibility of loss of mechanical support if loss of
containment were to allow migration of acidic Jeachate, with consequent dissolution of the soil or rock
mass. In some situations, small scale loads, such as point loads imposed on liners by rough récky

substrates may also need to be considered.

As a general rule, sites characterised by soft or loose or compressible soils are considered less suitable

for the mechanical support of waste repositories than are sites underlain by stiff or very stiff soils or

. weathered roclk
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Although it is possible to construct repositories entirely above ground, it is often cheaper or simpler to

satisfy mechanical support requirements by constructing below ground repositories, or above ground

repositories which make use of existing relief to provide lateral support (eg, by filling in a natural
~ guily).

Environmental receptors

In considering the suitability of a site for use as an on-site waste soil repository, a key consideration is
the potential for loss of containment to have a harmful impact ‘on nearby receptors. Generally,
groundwater is viewed as the most sensitive subsurface environmental receptor, although in special
cases subsurface soils or rock could suffer harm as a result of loss of containment. (For example, there
are cases in which the leakage of acidic wastes has given rise to serious erosion of limestone, with the

resulting possibility of damage to nearby building footings supported on the limestone.)

Most Australian states have recommended minimum vertical separation distances between seasonal
high groundwater levels and the base of a landfill or waste repository. In 2 number of states, the
minimum separation distance has ‘r,;een 1ink§d to water quality and/or aquifer yield characteristics. This
amounts to a graded scale of protection of existing or potential beneficial uses. That is, water judged to
have high potential as a large scale drinking %ter supply is protected to a more stringent standard than
water which is saline and useful for fewer beneficial uses.

This approach to site seleéﬁon must be adopted with caution, as it can overlook the role of a
groundwater as a transporter of contaminants. That is, while a low yielding, saline wafer layer may not
be considered valuable as an environmental receptor, it may nonetheless serve as an effective conduit
for contaminants to other locations, thereby exposing more sensitive receptors (eg, a.quati'c‘bioté) to the
transported contaminants. In some jurisdictions, this issue has been addressed by applying ANZECC
water quality criteria for surface waters (ecosystem support) as the default gfoundwater protection level
in areas where water is not suitable for drinking. This 1s a simple, but perhaps overly conservative
method of evaluating the level of containment required to protect environmental receptors. [Refer
further discussion in following section headed “Contaminant transport™.] ‘

It is generally agreed in Australia that waste containment repositories should not be built in a way that

would aliow seasonal high water tables to contact the base or sides of the repository. Typical minimmsm
sebaration distances between the base of the repository and the highest seasonal water table level are in
the order of 2m to 5m for a lined waste containment cells. Unlined waste cells would need to be further
still from the seasonal high water level, in order to make allowance for a soil buffer zone which would
serve to attenuate any contaminants migrating from the waste mass. Contaminated sites with very
shallow depths to a seasonal water table would therefore be unlikely to be considered suitable for
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remedial options involving below ground containment of wastes.” Such sites are judged to carry an
unacceptably high risk of exposing an environmental receptor (groundwater) to contaminants, in the
event of loss of containment. An above ground containment may still be considered possible if

appropriate environmental protection measures have been included.

Contaminant transport

Assessment of the suitability of subsurface conditions at a site for establishment of an on-site
containment facility requires careful consideration of contaminant transport characteristics of the
subsurface soil or rock layers. In most cases, .the site assessment involves an evaluation of the potential .
for transport of contaminants in water, either in solution, as a separate immiscible phase entrained with
water, Or in association with colloidal particles. In some cases vapour phase transport of contaminants
must also be considered (eg some forms of mercury, benzene, MEK, etc). For sites proposed for the
construction of soil monofills, it would not normally be necessary to consider subsurface pérmeability
to liquids other than water, as the soil repositories would typically only be used for soils containing
levels of liquid contaminants (such as oils or solvents) at a concentration considerably below the

residual saturation content of the soil.

The permeability of subsurface materials to water is normally described in terms of the coefficient of
hydraulic conductivity, or the Darcy coefficient of permeability, k.,,. Subsurface materials with high k
sa: Values are considered less suitable than those with Jow k o, wvalues, In the event of loss of

containment, more permeable soils or rocks will allow more rapid migration of contaminants

~ (particularly in the case of water soluble or highly volatile contaminants). In assessing the potential for

contaminant transport through subsurface materials it is particularly important not to overlook the
presence of highly permeable layers such as sandy lenses or fractured rock layers, which may make a
disproportionate contribution to contaminant transport (relative to the thickness of the layer).

Regulatory bodies occasionally stipulate maximum recommended in-situ k,,, values for subsurface
soils or rock swrrounding waste repositories, sometimes including the requirement that the layer having
the specified k,,, value be demonsirated to have some minirmum thicknéss. For example, a typical
requirement would be that soils surrounding the repository have a maximum hydraulic conductivity of
_1x10'7 m/s, and that this condition should extend to a level no less than 5m below the base of the
repository.

2 In some circumstances, there may be few alternatives to on-site waste contaimment despite the

presence of a relatively shallow water table (eg, where there are no facilities for treating or disposing of
the waste, or where the act of disturbing the contaminated soil is judged to be a greater threat to public
safety or the environment than the alternative of leaving the material on site). In such cases, the
containment system must be designed to minimise the risk of contact between the soil waste and the
groundwater. Vertical barriers and/ or active hydraulic control of groundwater flow directions may be
used for this purpose (refer Section 6.7).
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The test conditions under which soil or rock permeability testing are carried out must be clearly
specified, as the representativeness of the test result is very sensitive to test methods, and can vary by
one or more orders of magnitude depending upon the method of testing adopted.

Contaminant Attenuation

Sites characterised by cohesive (clayey) soils are commonly regarded as more suitable for siting of on-
: site containment facilities than are sites underlain by granular (sandy or gravelly) soil or by rock. The
‘ preference for cohesive soils relates in part to ease of construction considerations, and to the potential
for contaminant transport through subsurface media. It also relates to the ability of subsurface

materials to physically filter or to chemicaily interact with and retain contaminants.

" For many positively charged inorganics, esﬁecially metallic contaminants, cohesive soils offer decided
advantages over sandy soils because of the ability of ciay minerals to chemically bond to the
contaminant species. This is also the case for certain negatively charged inorganics, such as phosphate,.
and certain types of clay (those with a high sesquioxide content). '

In most cases, chemical retention of organic contaminants is more dependent upon the organic matier
content of the soil, rather than on scil clay content. Pore size dism'bution, soil particle surface area and
initial séturatcd porosity of soils exert a strong influence on the guantity of organic-contaminant
(especially non-polar organic content) that will be retained at residual saturation in an undisturbed soil
mass (Initially wet soils will tend to retain less chemical than initially -dry ones.) n general clayey.
soils and fine sands are able to retain a larger mass of organic contaminant per volume of soil than are

coarse sands or sand/gravel mixtures.

Although it is generally true that clayey soils offer greater ability to sorb or temporarily retain
contaminants than do granular soils, the magnitude of the difference in attenuation capacity will depend
- very much upon contaminant chemistry and soil mineralogy. For example, the level of retention of

certain negatively charged inorganic contaminants such as nitrate or chloride is relatively low in both
sands and clays, although the rate of transport will naturally be much faster in sandy soils.

Subsurface conditions comprising predominantly rock matetials are considered to offer little capacity
for contaminant atienuation. This is related to the low surface area per mass of material, the low
surface charge of the rock material (relative to a clay mineral), and to the (usvally) low organic content
of the rock mass. In some cases rock masses may have sufficient porosity or vesicularity fo retain
relatively large quantities of organic contaminants. This chambterist_ic of rock materials makes them

particularly difficult to manage in cases where they become contaminated and begin to act as secondary
sources of contamination. '
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As a general rule of thumb, the order of preference for subsurface conditions relating to the capacity of

soils or rock to retain or attenuate contaminants is as follows:

Highest attenuation capacity

1

e i el

2

Lowest attenuation capacity

Mediurh to high plasticity clays and silts (CH, OH)

Medium plasticity clays with high sesquioxide content (CL/CH)
Low plasticity clays and inorganic silts (CL, MH )

Highly organic sands or silts or silty/clayey sards (OL, SC, SM)
Sands and low piasﬁcity inorganic silts (SW, 5P, SM, ML)

. Sand/gravel mixtures (GC, GM, GW, GP)

Fractured, relatively unweathered rock

{(Letters in parentheses refer to soil designations in accordance with the Australian Standard for
Geotechnical Site Investigations, AS 1726 - 1993).
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4. ENVIRONMENTAL BEHAVIOUR OF CONTAM]i‘{ANTS

Section 4 Summary
Effective containment of soil affected by chemical contaminants requires an understanding of the
environmental behaviour of the contaminants. The key contaminant attributes which influence the
environmental fate of contaminants are:
e Physicdl characreristics (particle size, viscosity, etc)
o Water solubi!iaz
e * Volatility
o Chemical persistance

e Affinity for organic matter (including fats)

The issue of waste characteristics is central to the design of an appropriate containment system. Two
important cbnsiderations in the construction of on-site soil waste monofills are “What is the maximum
level of contamination permissible in soils placed in the monofill?”, “What environmental behaviours
do the contaminants in the waste soil exhibit?” In preparing this guidéline document, it has been
assumed that the system allowing on-site containment of some ébiI wastes should not extend to soils
which present levels of risk normally associated with “hazardous” or “intractable” process wastes.
Neither should the levéls of liquid contaminants in the soils be so high that they cannot be held at
residual saturation in the soil pore space. Soils affected by radioactive or biomedical contamination

were also excluded from the on-site containment system.

An overview of existing waste classification systems curréntly applied to contaminated soil proposed
for landfill disposal is presented in Appendix B. Tables Al and A2 (in Appendix A) present a

summary comparison of various Australian and North American soil waste classification criteria.

It is not within the scope of this document to reconcile the soil waste classification systems currently in
use in each state. However, for the purpose of designing on-site containment systems, it is helpful to
have a systernatic framework which relates containment requirements to waste characteristics (potential
hazards and environmental behaviours) of broad classes of chemical contaminants.

Preliminary assessment of contaminated soil containment requirements, is facilitat_ed by describing the
soil waste in terms of a simple classification system comprising ten main classes of contaminants.
Table 1 presents a summary of the contaminant groupings. The groupings have been delineated on the
basis of physical and chemical ‘con‘uaminant characteristics which affect the environmental behaviour of
the contaminants. To some degree, the waste groupings are also characterised by type of hazard (for '
example, many Group 3 contaminants are carcinogenic; many Gfoup 9 and Group 10 contaminants
have a high potential for bioaccumulation). Additional description of the contaminant groupings is

presented in Appendix C. These groupihgs can be used to provide an indication of the waste
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characteristics and hence the form of containment that may be suitable for isolating and confining the

waste.

The groupings suggested for the purpose of identifying required containment system components do
not generally rely on laboratory estimates of “environmental leachability”. Leachability testing may be

required to provide a basis for assessment of potential environmental impacts.

In th_e case of inorganic contaminants, there is little option but to make some use of leaching tests, as a
means of estimating the environmental behaviour of the contaminant (and the resulting containment
requirements). This is because usual laboratory analytical methods for many inorganic contaminants
do not provide sufficient information on the form of the chemical to allow solubilities to be predicted.
For example, lead sulphate (PbSO4), is about forty times more soluble than lead carbonate (PbCO3),
but about two hundred times less soluble than lead chloride (PbCL). Lead oxide (Pby0,) is essentially
insoluble in water. Determinations of total lead content of a contaminated soil sample do not specify

-which species of lead is present in the soil.”

Although most existing waste classification systems make use of the Toxicity Characteristic Leachate
Procedure, other procedures may be more relevant and appropriaté when assessing dedicated soil waste |
monofills. For example, USEPA method SW846-1312, the “synthetic precipitation leaching
procedure” uses an unbuffered dilute mixed inorganic acid extractant {sulphuric and nitric acid solution
at approximately pH 5) to mimic the effect of rainfall percolating through waste soil. The method
technique is essentially identical to the TCLP test, but does not used an organic acid. The use of an
organic acid would be more appropriate in cases where co-disposal of soil waste and municipal rubbish

is proposed.
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5. CONTAINMENT OBJECTIVES

Section 5 Summary
The minimum functional components of a contaminated soil containment facility must be determined
on a case-by-case basis. The design of any.given soil containment facility must take into account:
o Waste characteristics (hazardous properties, environmental behaviour, contamiﬁant
concentration)
s Potential exposure pathways (based upon a site investigation)

e  Potential receptors (based upon a site investigation)

5.1 General

The containment technologies selected for an on-site disposal facility depend upon a pumber of factors
(ease and cost of implementation, leve! of on-going management required, etc.). The principal factor to
be considered in selecting a containment technology is the containment objective. The containment
* objective must relate to the type and degree of hazard potentially associated with the waste type. For
example, if the waste is a volatile chemical with the potential to cause cancer when inhaled, a key
containment objeétive is to control the release of soil gas to atmosphere. It may equally be necessary to

control the subsurface migration of soil gases. -

Tmplementation of risk control by means of containment typically requires the identification of

. Exposure pathways
. Hazardous properties of the waste
. _Potential receptors

| 5.2 Link Between Waste Group and Hazard Exposure

Section 4 outlined a framework for describing soil contaminants by allocating them to one of ten main
groupings, defined on the basis of environmental behaviours. The environmental behaviour of a
contaminant (especially its volatility, water solubility and affinity for fats or other organic matter) will
determine which exposure pathways are potentially of concern. These exposure pathways will in turn

dictate the containment requirements applicable to the waste on a particular site.

To some extent, the contaminants within each of the groupings shown in Table 1 also share certain
hazard characteristics. For example, virtually all of the Group 3. contaminants listed in Table 1 are
suspected or confirmed carcinogens (by inhalation). Table 1 also provides an overview of the hazards

associated with each of the contaminant groupings with an indication of major risk drivers, secondary
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drivers and- low risk exposures. As an exan;ple, Group 6 contaminants, such as benzene, are
predominantly toxic or carcinogenic by an inhalation exposure route. Because they are also highly
water soluble, they may also be harmful if ingested in drinking water, or through indiréct inhalation of
water vapour during showering, etc. The relative contribution of dermal exposure to overall risk

presented by benzene contaminated soil is low to negligible in most circumstances.

Table 1 is divided into two main receptor classes: human receptors and environmental receptors.
Under “environmental receptors” there are three examples of receptors directly affected by soil
contamination, and two examples of receptors which are indirectly affected by soil contamination. The

“direct” environmental receptors are

. plants or animals which may be harmed through contact with or uptake of contaminated soil

. microbiological systems which may be disrupted or impaired in the presence of soil
contaminants

. terrestrial vertebrates (such as birds or grazing animals) which may be harmed through

ingestion of soil.
The “indirect” receptors include

. aquatic biota which may be harmed by contaminants leached out of the contaminated soil and
transferred to surface waters

. animals at higher trophic levels in a food chain which may be harmed by the ingestion of
i)lapts or animals which have bioaccumulated, and possibly - bioconcentrated, soil

contaminants.
5.3 Link Between Containment Function and Hazard Exposure

The linkage between containment system functional componeﬁt_s and hazard exposures is readily
appafent. Volatile contaminants which are harmful when inhaled may require a containment system
incorporating the capacity to collect gases and to direct them to an appropriate treatment or discharge
point. Repositories proposed to hold contaminants which are toxic by ingestion of water or by contact
. with water, or which othen:rise have the potential for environmental harm when present in water (eg.
aesthetic impacts such as foaming or discolouration) must incorporaté provisions for excluding rainfali,
' sﬁrface water and groundwater from the contained waste soil mass. The repository wquld normally
also incorporate functional elements for controlling the movement of leachate. Contaminants which are

principally of concemn only when ingested by humans may only require containment which provides for
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elimination or control of dust which may settle and be ingested, and for physical separation between §
' human receptors and the soil waste. An example of containment satisfying this functional requirement p
is the placement of a surface pavement over the contaminated soil. Table 2 presents a matrix showing

the minimum functional requirements of a containment system for different hazard exposure routes.

e

TABLE 2
MINIMUM CONTAINMENT FUNCTIONS
FOR SPECIFIED HAZARDS / EXFOSURE ROUTES

=
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Hazard / exposure route 73
Toxic/Carcinogenic by X g
Inhalation of Vapour %‘K
Toxic/Carcinogenic by X
Inbalation of dust .
Toxic/Carcinogenic by Ingestion X
of soil i <
Toxic/Carcinogenic by Ingestion ’
of Water . X X 0 o X N
Toxic/Carcinogenic/ Irritant by x
Dermal Contact
Toxic to Plants or Soil
Invertebrates (uptake / contact / X X X X
inhalation) -
Impairs Microbial Function
(contact) X X X o 0 P
Toxic to Tervestrial Vertebrates X X .
(ingestion) 3.
Toxic to Aquatic Biota (contact /
Jingestion) : X X o ] X .
?
Bioaccumualation L
(ingestion/contact) ) - X X 0 0 X [y

X = Required containment system component
0O = Recommended component (may be achieved by using one or more of the options marked "0O").
(X) = May be required for some contaminants
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6. CONTA]NMENT TECHNOLOGIES

Section 6 Summary
A range of technical options is available to satisfy -theﬁnctional requirements involved in providing
secure containment of contaminated soils. Increasing the complexity of a containment system does
not necessarily result in a higher level of protection. The choice of a preferred design may be
heavily influenced by site specific constraints on construction methods. Flaws. arising during
" construction can have an overriding iriffluence on the effectiveness and reliability of a containment

system.

6.1 Function of Containment System Components

Containment systems generally comprise several components each performing its own function, but
generally interacting with other components. It is convenient to describe these components under the

following six categories of purpose:

. physical separation by simply covering

. water exclusion 7

» isolation using bottom linings

.  leachate detection, collection and removal

. isolation using vertical barriefs

. gas collection and extraction (may be required in somé cases).

Figure 1 illustrates some of the basic functions of soil containment systems. Appendix D provides a

discussion on various natural and synthetic materials used in the construction of containment systems.

Physical separation of contaminated soil from humans and animals in many cases is 2ll that needs to be
achieved. A layer of uncontaminated soil, a pavement or a building floor may provide sufficient

protection to potential receptors.

Water exclusion is often the most important objective of containment works, either for the purpose of
eliminating leachate generation, or for the purpose of reducing it to a level that makes it economicaily
viable to collect, to remove and to treat iﬁ Water exclusion may be achieved by combinations of
surface drainage to prevent ponding, placement of soils to store water for subsequent removal by
evapotranspiration, subsoil drainage and the instaliation of barrier layers to retard vertical percolation.
The most common form of water exclusion is covering or capping over a contamimated area. Qxygen
exclusion may be a second function, or even a prime function, for barrier layers, for example in the

containment of acid sulphate soils or of sulphide bearing mine wastes.
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Isolation using linings may be used to retard flows of liquid or dissolved contaminants and/or gases or
dissolved gases from contaminated soil. The linings comprise layers of compacted clay and/or
synthetic sheet. Composite liners employ two liners in direct contact, with each tending to seal any
defects in the other. Double liners employ two liners separated by a drainage layer which enables the
detection and removal of any leakage from the upper liner. The drainage layer sometimes is used for

flushing, or for producing inward gradient conditions for the upper liner.

Leachate detection,_collection and removal is usually provided in lined containments. Build up of

accumulated leachate is prevented, and leachate depths (pressure heads) above the liner are kept small,
$0 as to reduce the flow of leachate through the liner. '

Isolation using vertical barriers may be effective where ﬂ:;e site overlies soils of low pefmeability at
relatively shallow depths. Vertical cut-offs can be kéyed into the low permeability base to isolate the

contaminated soil mass. Alternatively cut-offs can be installed to make inward gradient containment

practicable, ie pumping of water from inside the containment ensures that only inward flow of |

groundwater occurs. In this case the cut-off reduces the quantity of water that must be pumped.
Barriers can also be sited up-gradient to divert groundwater that might otherwise flow through a body
of contaminated soil. Such barriers may be kejred into a low permeability formation below the aquifér,

or be sited only to intercept the upper portion of the aquifer if that will adequately divert flow.

Reactive barriers react with or adsorb contaminants from outward seeping leachate. They are placed
down gradient from a contaminant source to treat water as it passes through the wall (or a “gate” in the
) - . _

- Gas extraction if needed can be i)rovidcd via a permeable gas collection blanket, installed below a gas
barrier (usually the barter installed to serve as a water exclusion barrier), and/or h‘orz;zor:tal wells

' (trenches with permeable backfill and collector pipes), and/or vertical wells (bored holes provided with
collector pipes in permeable backfill).
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FIGURE 1
" CONTAINMENT SYSTEM COMPONENTS
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. Other components commonly included in contamment systems are provided not for the direct purpose
of effecting containment, but rather to support and protect other system components. For example:

Plant growth medium. Topsoil is needed to maintain healthy vegetation. A topsoil thickness of 0.10m
"to 0.15m is commonly specified. Thicker layers would function satisfactorily but cost more.
Uncompacted soil is required below the topsoil layer to provide root support and to provide additional
water storage. A n:ummum thickness of 0.2m is considered to be adequate for grass cover, and Q.?m

for (appropriate) trees and shrubs,

Mechanical protection of geosynthetics. If a géosynthetic barrier is used, with no drainage layer, ‘the

thickness of loose (uncompacted) subsoil beneath the topsoil layer should be increased to 0.5m
minimum, to ensure that a total cover of 0.6m is provided above the geosynthetic layer. This is the
minimum depth of soil considered necessary to protect the geosynthetic barrier layer from damage from
vehicular traffic and other post-construction surface loads. .

Protection from biological disturbance. A compacted clay layer may be provided above any shallow
drainage or barrier layers as a means of controlling biological disturbance. Even tree roots have been
found to be deflected by a compacted clay surface. The compacted clay layer might also offer soﬁe
protéction from bumrowing animals.

The remainder of Section 6 describes in more detail several key components of soil containment
systems including separation layers, water exclusion and drainage layers (alsé known as capj:ing ot
cover layers), Iiﬁjng and leachate management systems, vertical barriers for control of groundwater or
leachate, and reactive barriers for control of contaminant migration. The section concludes with a brief

discussion of quality assurance in construction of containment systeﬁls. ‘More detailed technical

discussion or background information on a number of these topics is provided in appendices to this-

report. References to this additional information are presented in the relevant sections below,
6.2 Physical Separation by Covering
If all contaminants are effectively immobile (e.g. Group 2 and possibly Groups 5 and 10 contaminants

in Section 4 of this guideline) and only physical separation is required, it may be sufficient to provide a
- thickness of soil that is unlikely to be penetrated by likely future users of the site.> A minimum soil

cover thickness of about 0.5m is commonly adopted, but thicker layers may be required where there is

* In some Jurisdictions regulators may be willing to dispense with even the need for a covering layér,
providing soils are mixed to attain an average condition of “minimal contamination” throughout the
accessible soil mass. However, this “disperse and dilute™ approach is not universally accepted.
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high risk of penetration or little opportunity for effective institutional management controls®, such as in
residential situations where gardening activities are expected. The soil separation layer may be
underlain by a layer of “ma.fker meéh” to serve as a visual signal that a potentialty hazardous material
exists below the mesh layer. Thinner soil cover or no soil cover is often considered acceptable where
cover is provided by a permanent concrete floor slab, or a permanent concrete or ésphalt surfaced

pavement.
6.3 Water Exclusion

Water exclusion is an important function in the design of many soil containment facilities. The
exclusion of water helps to prevent mobilisation of contaminants and can be achieved in part through
use of covering or capping layers over the contaminated soil. This section presents an overview of a

number components of water exclusion systems, including:

. surface drainage

. water retention and evapotranspiration
. subsoil drainage

. barrier layers.

Additional information on some of these system components is presented in Appendix D. Figure 2

illustrates the water exclusion processes which may be incorporated in a soil containment system.

A substantial portion of the discussion in this section and in the supporting appendices centres on
barrier layers, which play an important fol_e n water éxcl_usion systems. Most of the barrier layers
installed to date c.ould be classed as Jow peﬁneability barriers. However there is growing interest in
the potentiél for use of capillary break covers and monolayer .covers, which do not rely on low water

permeability. These altematives are described in this section.

In this guideline document the term “barrier layer” has been used to describe a near surface layer
constructed over contiminated soil which is either undisturbed or placed in a purpose-built repository.

“Liners” are discussed separately to “barrier layers” (refer Section 6.4 for a discussion of liners).

4 Although the use of caveats on individual residential titles is sometimes suggested as an institutional
control to prevent inappropriate uses of land with subsurface conta.mmatlon, it is doubtful whether such
controls would prove truly effective in the long run.
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FIGURE 2
WATER EXCLUSION PROCESSES
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6.3.1 Surface Drainage

Good surface drainage is an essential feature of water exclusion systems. The effect of good drainage
is not so much to increase run-off (which changes little with increases in slope for a vegetated surface)
but to eliminate ponding which will result in infiltration. Minimum surface slopes ranging from 1% to
5% may be specified for soil containment cells, depending on the intended final use of the land, the
quality of surface finish, the likelihood of later rutting and the amount of localised settlement of the soil
filt that should be allowed for. Surface water collector drains should be lined along the invert and
 should slope sufficiently to ensure drainage despite any seﬁlements of fill that might oceur.

6.3.2 Water Retention and Evapotranspiration

Layers of .uﬁcontaminated soil will usually be installed over the containment cell to serve a variety of
purposes including landscaping, support of vegetation, physical separation and protection of underlying
layers from surface wheel loads, excavations, penetration (eg, by pickets, tree robts, animals). A less
obvious but usually very important function of the surficial soil layers is the storage of water which
otherwise would percolate downwards into ﬁe contained soils. In warm climates, much of the stored
water will in time be removed by evaporation and transpiration. If the system is well designed, the
water percolating to lov#er layers will be greatly reduced, and sufficient water will be stored to keep

surface vegetation healthy.
Infiltration modelling can be used to assess the balance between infiltration and evapotranspiration.
Computer programs are available and are routinely used (see Appendix F for a brief discussion of
- . common water balance models). These models enable the water storage ﬁmction of the cover soils to
be analysed and optimised.

6.33 Sub-Soil Drainage

Once water reaches the top of a barrier layer it will be divided between:

a) stored free water
b) lateral drainage, downslope over the barrier surface
c) watéij percolation through the barrier.

The installation of an efficient drainage layer above the barrier will promote lateral drainage, thus
reducing the head of stored water and minimising percolation through the barrier. The effectiveness of
the drainage layer will depend on the materials used, layer thickness, barrier surface slope and distance
between water sheids and collector drains (drainage path length). Modelling can be performed to adjust
these parameters in order to optimise drainage slopes. Slopes of less than 2% are unlikely to be
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acceptable (5% if there is a likelihood of differential settlement). Drainage path lengths in the range.

25m to 100m are common.

Drainage is commonly provided by geonets or geodrains, sand, thick geotextiles or by the cover soils

Le. no supplementary drainage is provided. The efficiencies of these options differ greatly. (Refer
Table 3 for additional detail.}
TABLE 3

EFFECT OF DRAINAGE :
INSTALLED ABOVE A LOW PERMEABILITY BARRIER

Percolation as a percentage of precipitation percolating through a low permeability barrier

{Long Term Average)
With a peonet With a sand With a geotextile . With no
drainage layer drainage layer drainage layer drainage layer
Compacted Clay Barrier 1.0 10.8 10.5 15.6
‘Weli Constructed 0.0 1.1 2.7 5.0
Geomembrane Barrier
Poorly Constructed 14 17.9 174 19.8
Geomembrane Barrier :

Netes: - The data presented in Table 5 are.drawn from a recent computer simulation completed by °

Golder Associates for a site in Queensland (Golder Associates Pty Ltd, 1997). Mandeville and Tomlin
(1997} report even more striking differences, e.g. approximately 94 and 23 kilolitres of percolation
per month per hectare, through a geomembrane barrier on 4% and 25% slopes, using a sand drainage
layer, compared with (.17 and 0.017 kilolitres per month per hectare respectively using a
geocomposite drain. In both cases the striking improvement in water exclusion is achieved due to the
reduction in average head of ponded water above the barrier - in Mandeville and Tomlin’s analyses,
from 540mm to 0.4mm

Ifa sﬁbsoil draina;gc laver is pfovided, its presence will effectively diminish the capacity of thé sols
above to store water. To couutefact this effect a layer of compacted claj/ey soil can be installed above
the drainage layer. A layer thickness of 0.15m is suitable, providing this is enough to ensure that no
lower layers are damaged during construction of the compacted layer. If lower layers may be damaged,
the thickness of the clay layer may need to be increased to at 'least 0.3m and 'compaction should be
modest and be performed only at the surface of the clayey soil. Compaction trials can be conducted to
confirm that no damage will be done.

Subsoil drains for side slopes need to be carefuily chosen. There sometimes is an ad&itional need for
drainage on slopes to safeguard against seepage forces which may destabilise the cover soils. On
slopes steeper than about 25%, the installation of a sand drainage layer is difficult. "A geodrain is
preferred in such cases. Geodrains used over geomembrane.s on slopes must also be carefully selected
to ensure adequaté friction between geodrain and geomembrane. Even using a textured (rough)
geomembrane, the friction angle for some geodrains is as low as 11 degrees (19%), i.e. the geodrain
could slipona 1 in 5 (V:H) slope. Other geodrains however provide much higher friction angles, up to
25 degrees (47%), which is nearly twice the friction néeded on & 25% slope. .
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6.3.4 Low Permeability Barriers

Low permeability barriers in current use include compacted clay barriers, geomembrane barriers, and
geosynthetic clay liners (GCLs), either used alone or paired to provide composite barriers. Figure 3

illustrates a number of possible configurations of cover systems incorporating low permeability

barriers.
FIGURE 3
EXAMPLES OF LOW PERMEABILITY BARRIER COVER SYSTEMS
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There are advantages and disadvantages with all of the common liner/barrier materials available. Table
‘4 summarises the advantages and disadvantages for compacted clay liners, geomembranes and

geosynthetic clay liners. This table is based on a similar table by Daniel (1995).
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TABLE 4
ADVANTAGES AND DISADVANTAGES OF ALTERNATIVE BARRIER MATERIALS
(Based on Daniel, 1995}

MATERIAL ADVANTAGES DISADVANTAGES
1. Long history of use. 1. Difficult and slow to construct
COMPACTED 2. Regulatory approval is virtually 2. Soil can desiccate and crack.
CLAY BARRIERS assured. 3. Closing of cracks is likely to be slow compared with
3. Large thickness ensures that layer storm duration.
will not be breached by puncturing. | 4. Low resistance to cracking from differential
4. Large thickness provides physical settlement,
separation between waste and surface | 5. It is difficult to compact soil above poorly
environment. compacted fill.
5. Cost is low if material is ]ocally 6. Suitable soils are not always locally available and
available. may not be available at needed times.
7. Difficult to repair if damaged.
8. Slow construction
Note: 2 and 4 may be over-rated in the literature
GEOMEMBRANE | 1. Rapid installation. 1. Potential friction problems at interfaces with other
BARRIERS 2. Virtually impermeable to water if materials but textured versions are less restricting.
properly installed. ‘ 2. Geomembranes can be punctured during or after
3. Not vulnerable to desiccation. installation, and careful consideration must be given
4. Can withstand differential settlement. to protective measures.
5. Not dependant on availability of
Tocal soils, and usually available at
short notice.
6. Low weight reduces settlement.
7. Easy to repair.
" | Plant roots probably will not penetrate.
GCL BARRIERS 1. Rapid installation. 1. Low shear strength of hydrated bentonite, but
2. Very low hydraulic conductivity te needle punched versions have adequate shear
water if properly installed. strength in usual situations.
3. Can withstand large differential 2. GCLs can be punctured during or after installation.
settlement. '| 3. Potential strength problems at interfaces with other
4. Self-healing characteristics. materials.
5. Not-dependent on availability of 4. Erosion via dispersion may occur of bentonite from

local soils, and usually available at
short notice.
Low weight reduces settlement.

Very easy to repair.

Note : 4 has been challenged in some

recent literature.

GCLs below a water drainage layer - not proven.
It may be that a GCL can bulge into an overlying
drainage layer. Careful selection is needed and
maybe the addition of a suitable geotextile.
Needleé-punched GCLs require protective cover

equal to at least twice the width of loaded areas, eg

tyres. Non-nzedle punched GCLs require more.
It is suspected that plants may be able to penetrate :
into the GCL.

GCLs must be protected from severe desnccatlon :
GCLs may function poorly, in some chemical -
environments: ‘waste specific and site-speciﬁc o
consideration is needed. ‘
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Compacted Clay de Permeability Barriers

Compacted clay barriers offer the advantage that they provide both a resistance to water flow and the
ability to limit diffusive migration of some contaminants. However they are susceptible to damage as a
result of desiccation and may be damaged if underlying waste soil layers undergo differential settlement

and cause the clay barrier to crack.

The availability of a sufficient quantity of suitable clay and the availability of suitable construction
plant and experienced operators/supervisors are important factors to be considered when considering
the suitability of a compacted clay barrier. Table 5 summarises minimum selection and placement

criteria for clays used in compacted clay barriers.

TABLE S
MINIMUM CRITERIA:SELECTION AND PLACEMENT
OF CLAY USED IN COMPACTED CLAY BARRIERS

Parameter Criterion
1 Plasticity index 10% - 30%
% < 75 micron >30%
% < 2 micron . ) > 15%
Compaction moisture content Optimum to optimum +6%

Compaction density > 94% Standard dry density

If the quality of available soil or the quality of construction is such that the barrier cannot _attain a field
permeability of 1x 10 m/s or less, there is very little advantage in providing the clay barrier, as it will
provide little reduction in water infiltration (Refer data presented in Table 6).

EFFECT OF CLAY BARRIER PERMEA]:’.I‘]?JBI'II'JX]’E(G)N INFILTRATION OF PRECIPITATION
Coefficient of Permeability " Percolation as Percentage of Precipitation
of Barrier Layer m/s (long term average) '
With no Subsoil Drainage * ' With 0.15m thick Sand
_ Drainage Layer
No Barrier 222 , ' -
1E-8 16.7 84
3E9 ' 9.7 ' 34
1E-9 3.7 14

Notes: Results in Table 8 are based upon a recent study computer simulation (Golder Associates
1997) of percolation through a compacted clay barrier 0.6m thick Such results are typical
and underlie the common requirement for a coefficient of permeability not exceeding 1 E-

9mfs. Permeabilities much below 1 E-9 m/s are difficult to produce in the field.
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To a minor degree, providing a thicker liner can reduce the amount of water that will penetrate a
compacted clay layer. However recent research suggests that merely providing a large thickmess of
clay will not compensate for poor construction technique - in fact, it has been suggested that there is
little benefit in providing a clay barrier thickness in excess of 0.9m. (Refer Appendix E for additional

discussion).

Geomembrane Barriers

Geomembrane barriers offer the advantage of predictable physical characteristics, and extremely. low
_ permeability (assuming good quality installation). They offer some resistance to diffusive migration of
most contaminants. Because of the thinness of the membrane, they occupy little space in a containment
cell. However, they are relatively weak structural elements and must be ndt be subjected to excessive
tensile stresses. Certain types of geomembrane may become brittle upon exposure to UV radiation.
Although relatively easy to install, by compaﬁsou with compacted clay liners, many geomembranes are
susceptible to puncture damagé. | Consideration must be given to the frictional broperties of the
geomémbrane, so that 2 potential slippage plane is not created at the interface of the membrane layer

and layers above or below it.

Geosynthetic Clay Barriers

One of the chief advantages of geosynthetic clay barriers is their ease of installation. This makes the

use of geosyntheﬁc clay barriers particularly attractive in areas where there is an absence of skilled,
experienced operators. Because of the thinness of the clay layer in these barriers, they may not offer
the same Tesistance to diffusive migration of contaminants as do thicker compacted clay liners. - They
may also show alteration of flow properties as a result of chemical exposure more readily than would
clay liners.  Care must be exercised when placing a geosynthetic clay barrier in contact with a synthetic
drainage layer, as there is some potential for the bentonite from the GCL o clog the interstices of the
drainaée layer. Geosynthetic clay barriers musi be protected from excessive surface loads (such as
wheel loads from vehicular traffic) by placing a sufficient thickness of cover soil over the GCL.

More detailed discussion of various types of natural and synthetic low permeability barriers is
presented in Appendix D. '
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6.3.5 Capillary Break Covers and Monolayer Covers

Capillary Break Covers

Capillary break covers are currently being explored as an alternative to low permeability (resistive)
barriers, particularly for application in. semi-arid and arid locations. To date application is
experimental, but sophisticated computer design programs have been developed and laboratory and
field testing is well advaﬁced. Field studies so far have shown that capillary break and monolayer
covers suit arid and semi-arid regions. In wetter regions the greater thicknesses needed are likely to

make such covers uneconomic.

The principle exploited in design has been described as “wicking”. At its simplest the cover comprises
a relatively thick layer, perhaps 0.8m, of fine silty soil. Beneath this is a layer of poorly graded
(uniform, or “one sized”) coarse sand or fine gravel, say 0.2m thick. Design is aimed at providing
sufficient thickness of upper finer soil to enable year round storage of infiltrating water, aliowing for

progressive removal by evapotranspiration.

Water percolation down throﬁgh the coarse capillary barrier layer will be insignificant until so much
water is present in the upper layer that it is nearly saturated and “suction” (negétive pore water
pressure) in the fine layer is reduced to the “water entry value” for the coarse layer. If this occurs Wéter
will ﬂoéd down until suction becomes high enough to arrest the flow. This is termed “breakthrough”.
Design is aimed at preventing, or limiting the occurrence of, breakthrough.

The simplest design approach is to ensure that the fine layer can store the infiltration from precipitation
until it can be removed by evapotranspiration. A more complex capillary barrier design includes the
prov'iéion of a sloping fine-coarse interface to promote lateral flow of water in the fine layer. In
appropriate soils this wil} oceur relatively readiiy, even under unsaturated con_é_ljtions. Lateral drainage
can cause lan increase in moisture content in the downhill direction, n;ear the toe of the containment cell,
which may result in breakthrough. Collector drains are provided at intervals to prevent this.

A more sophisticated model includes an unsaturated drainage layer (UDL). The UDL could be a layer
of fine sand located betwceﬁ the silty soil and the capillary break layer. When suction in the silty layer
is low water will percolate negligibly into the fine sand layer and it will act as a capillary break. As
water accumulates and suction rises a point will be reached when breakthrough occurs into the fine

" sand layer. Then the fine sand layer, being more conductive than the silt layer, will promote lateral
flow and act as an underdrain. At the same time the gravel layer will continue to act as a capillary
break, and as before will cqntixiue to do so until suction in the sand layer _félls to the gravel’s water
entry value. This is less likely to occur because of the improved removal of water via the UDL.
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Monolayer Covers

A related cover option that is currently under investigation and being trialled in the field is the
monolayer cover. This is simply a layer of fine soil so thick that it wholly contains the zone of
" significant seasnal moisture change. It is well known that seasonal moisture changes are negligible
below some depth that depends on weather patierns and soil types. This depth generally ranges from
1.5to3.0m

The preferred soil for a monolayer cover would be a fine grained soil, probably a silty soil, with large
water storage capacity and relatively lo;w saturated conductivity. Such properties reduce the required
thickness of the monolayer. Because of the relatively great depth of soil required for this type of cover,
the soil used for the monolayer needs to be available at a low cost 1f it is to constitute a cost effective

option, by comparison with other types of water barrier.

The cover can be made to work better by placing finer soil with lower saturated conductivity at the
surface, in order to increase nm-off. However in some environments run-off must be avoided or
controlled, for example in arid areas where vegetation may be sparse and erosion needs to be guarded

against. For such situations total infiltration into the monolayer may need to be induced.

The fine soil layer used in a capillary break or monolayer cover must not crack on drying. ‘Cracks will
effectively short circuit the storage layer. This places further limitations on the choice of soil. Soils
should be clayey silts, clayey sands or sandy clays of low plasticity.- The availability of suitable soils

will often be a serious limitation.

"The operating principle for these covers is not conducive to the reliable support of dense vegetation.

This may be of concemn aesthetically. It also means that removal of water by transpiration cannot be
relied upon, so that layer thicknesses must be large enough to accommodate and temporarﬂy store all

infiltrating water. Placement of cobbles or similar rock facing may be required for the puxpose ef ’

erosion control (normally provided by vegetatlon in conventional cover systems)

_Further information on the use of capillary break and monolayer covers for water exclusion is prbVi‘ded
by Schwarbrick (1997), Benson and Khire {1991), Barres and Bonin (1994), and M(_irris and Storment
(1997). '
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6.4 Isolation Using Linings
6.4.1 Parpose of Lining

It may be decided to place contaminated soil in a purpose-built on-site repository. In this case it will be
necessary to decided how to prepare the base of the repository. It some instances it may be determined
from hydrogeological investigation and modelling that the native soils have sufficiently low
permeability or attenuating capacity that lining of the base is not required. However in many instances

lining is required to further retard contaminant migration. Lining may be needed for one or more of the

following purposes:

) ‘to reduce the transport of soluble or miscible contaminants via water infiltrating through the
contaminated soil

. to prevent gound water ﬂowipg into and through the contaminated soil

. to reduce diffusion of contaminants from the contaﬁlinated soil |

. to réstrict gas emissions.

The first of these is the most common purpose. Liners commonly do not retard diffusion much better
than the foundation soils - at least at sites likely to be suitable for repositories. If significant gas
emissions are expected then additional measures (such as active gas extraction or passive venting) may

be required.
6.4.2 Constraints Imposed by Lining

The decision to provide a low permeability liner imposes certain constraints. Primarily these relate to
the potential for accumulation of contaminated water (leachate) above the liner. The potential for
accumulation of leachate may impose the need to provide a leachate collection system, comprising a
leachate drainage layer and usﬁally some means for ensuring that the drainage layer remains freely
draining - unattended for decades. The shape of the repository will be constrained by the need to drain -
leachate towards collection poiﬁts. If leachate collection is used, then pumping will be required to
remove the collected leachate. Leachate will need to be treated and disposed of. A low permeability
cover, of high quality, will need to be provided over the repository to limit the quantity of leachate that

must be catered for.
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The latter point raises an important question. If a cover of high quality is provided to minimise long
term infiitration, is it necessary to provide a high quality liner as well - plus a leachate collection and
removal system - plus ongoing pumping and leachate treatment?

Much of our current thinking about repository desig:lJ derives from planning of municipal solid waste
and similar Jandfills. A liner is almost automatically prescribed for municipal landfills because the
putrescible refuse may arrive wet, or become wet during placement prior to capping (usually a delay of
several months). However, there is no similar imperative for the provision of a liner in a contaminated
soil repository, provided it is.completed quickly. As stated in Section 4, these guidelines do not relate
to the management of soils with Ievels of liquid contaminants so high that they cannot be held at
residual saturation in the soil pore space. Further, it is not expecfed that soils will become saturated
through long exposure to precipitation. ‘

In the case of dedicated soil containment facilities (in contrast to mixed waste landfills), it may be
preferable to invest resources on soil treatment, or on a more refined cover system, instead of on a

lining and leachate management system. If infiltration is sufficiently reduced, natural procésses shouid

in most cases be able to-cope with the small remaining contaminant fluxes. Another advantage of

relying more on the cover, and eliminating or simplifying the liner, is reduced uncertainty in design.
Covers need to shed relatively pure water. Liners often work in complex environments prone to
chemical precipitation and/or biomass build up that can totally clog leachate drainage elements,
compromising the function of the liner. Further, covers are acceésible, liners are not. In shor, there are
some very good reasons for carefully analysing any proposal that relies on a lining system for the
primary containment of contaminants. |

6.4.3 Liner System Components

Figure 4 illustrates some examples of possibie configurations for single and double liner systems.
Single Liner systems generally contain the following components: -~

. barrier layer
. leachate collection layer
. leachate sump(s) and pump-ount equipment.

Double liner systems are sometimes required. Their components from bottom to top are:

. secondary barrier layer {(secondary liner)

e leachate coliection layer (secondary leachate cél]ection and removal systems)
. primary barrier layer (primary Liner) |

. leak detection layer (primary leachate coliection and removal system)

. leachate sumps and pump-out equipment.
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FIGURE 4

EXAMPLES OF SINGLE AND DOUBLE LINER SYSTEMS
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Barrier Lavers 5:
The barrier layers used for lining are essentially the samé as those used in cover systems. The same ‘
materials are used and construction techniques are similar, Discussion of the relative merits of these
materials and of barriers made from them, and comments on barrier design were given in Section 6.3.4. w
The early discussion related specifically to barriers used in cover systems. All the discussion on low =
permeability barriers presented in Section 6.3.4 applies equally to barriers used for lining, except for a £
few differences noted below: ' ‘ :
. Compacted clay Liners are relatively less susceptible to the construction difficulties that may i

affect compacted clay when used as part of a low permeability capping system. This is
because the support provide by the soil subgrade at the base of a containment cell is generally -

‘

better and less likely to suffer differential settlements than would be the case for the waste

material upon which the capping layer is built. Disturbance by plant roots is also less likely to

be a concern for lining layers than for clay layers used in capping systems.

L] Geomembranes, usgd as a single low permeability barrier in a lining application, are less i
likely to perform satisfactorily than would be the case in a capping application. This is
because there is a relatively greater likelihood of water accumulating above the liner than
above a geomembrane in a capping layer. With a persistent head of leachate above the
membrane liner, there would be little impediment to flow of leachate through any defects that

may exist in the geomembrane liner.

. Geosynthetic clay barriers may be somewhat more susceptlble to chemical alteration when | =
used as liners, due to the presence of contaminant species in lea.chate This factor is rclauvely c
unimportant when using geosynthetic clay barriers in capping systems. In cnt1cal apphcatmns ) i :
it may be necessary to carry out field or laboratory testing to-verify the COmpatlblhty ofthe.. . =
GCL with leachate from the waste to be contained. The potent1a1 for Toss of stabihty due to ..

low frictional resistance in the bentonite layer of the GCL may also limit the usefu_lpess of -

GCLs for lining of large containment cells.

Copeiaen :
o [kl

Barrier layers installed below a waste mass are potentially exposed to more complex chemical .

- o

environments than are barriers used to exclude rainfall and surface runoff. Commén_ts on_chemical

compatibility of barrier materials are found in Appendix D.

PR
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Liners are often installed as composite liners, comprising (for example) a geomembrane installed over
and in intimate contact with a compacted clay liner or a geosynthetic clay liner. Composite liners
effectively incorporate a “back-up system” to prevent flow of leachate or diffusion of contamination. It
~ is not common to use a single geomembrane in a liner applicau'én without some type of “backup” such
as a compacted clay liner. There is also some reluctance to using geosynthetic clays as single
noncomposite liners, due to the relatively limited attenuation capacity of. the thin bentonite layer.
Geomembranes or GCLs may be used as the single uppermost liner layer in a double liner system.

However, the secondary (lower) liner layer in such a system would typically be a composite liner,

Additional comments on and comparisons between aﬁlable geomembrane materials are provided in
Appendix D.

6.5 Leachate Detection and Collection

Leachate collection layers are used to reduce hydraulic gradient (pressure head) on liners thus further
reducing rate of seepage and to avoid accumulation of leachate within a lined repository. Soil leachate
coliection systems may not always be necessary for containment of oontamfnated soil since repositories .
are constructed over relatively short periods and rainfall accumulation may not be an issﬁe‘. Further,
the contaminated soils may be of low permeability and there is very little risk of leachate generation if
the repository is well capped. There are a number of examples in Australia where waste repositories
have been constructed with base liners and high quality capping layers but without leachate collection

systems.

Sub-soil drainage layers for use in cover systems were discussed in Section 6.3.3. That discussion

applies equally to most leachate collection layers used in liner systems, but some elaboration is needed.

Depending or the soil to be contéined, there may be a risk of chemical precipitation and/or biological
clogging. This is a mounting problem in municipal landfills, in some of which earlier designed
leachate collection systems have become non-functional. Much recent literature is devoted to this
-subject. For munmicipal landfills, current designs commonly call for leaqilate collection layers
comprising one-size coarse gravels (25 to 40mm) with no geotextile between the collection layer and
the refuse. ‘Collector pipes are provided with commensurably large openings and tend to be at least

200mm in diameter to facilitate cleaning out.

Most contaminated soil monofills will not produce similar problems, but the possibility must be
- considered in design. If cldgging is very unlikely to occur, then collection layers similar to sub-soil
drainage layers would be suitable. If clogging may occur, precautions may need to be taken to prevent

or accommodate the build-up.
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6.6 Gas Coilecﬁon and Removal

Gas collection systems are a common componént of municipai landfill containment systems, where
they serve to control methane gas generated through the anaerobic decomposition of organic wastes.
They would only rarely be incorporated in soil waste containment systems, as thefe is very little
likelihood of z‘n-sit‘u generation of any substantial amount of gas from chemically contaminated soils

(assuming usual low levels of degradable organic matter).

In some circumstances, a gas collection system may be incorporated in a soil containment system to '

enable the control of volatile contaminants such as benzene and other components of petrol- or solvent-
contaminated soil. Normally gas collection and removal systems of this type would be a feature of
soils contained in-situ rather than those which are e:_ccavated.and replaced m a purpose-built repository,

since much of the volatile contaminant would be lost during the handling of soils placed in a repository.

A typical in-situ containment system incorporating gas collection would inqlude vertical contaminant
barriers (such ds a shurry wall or vertical geomembrane) installed to a natural low permeability barrier
(such as a clay layer). These two low permeability barriers would serve to contain the contaminated
soil mass. A network of horizontal slotted pipes could be installed in a high—pefmeability gas drainage
blanket above the waste mass to intercept and direct volatile contaminants. The drainage blanket

- would be overlain by a low. permeability gas barrier. Depending upon the quantity, concentration,

toxicity and other physico-chemical characteristics of the volatile contaminants (density, flashpoint,
odour threshold, etc), the gas collected may be passively vented to atmosphere, actively pumped to a
treatrent plant, or flared. Special care must be taken when selecting pumps and fittings to ensure that
potential corrosion hazards or explosive risks are mimimised. .

In-situ gas collection systems may form part of a soil treatment system. For example, vapour exfraction

sysfems used to treat petroleum contaminated soils act in a triple capacity. They induce desorption of

contaminants from the soil particle, they promote microbial degradation of organics by introducing '

oxygen to the subsurface environment, and they may be used to actively control and direct the flow of
volatile contaminants. These types of combined gas collection / soil treatment systems are only likely
to be effective in granular (clayey or gravelly) soils.
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- 6.7 Vertical Barriers

Applications for vertical barriers for containments were outlined in Section 6.1. In brief, these include

. confinement of contaminants
. reducing inflow to make in-gradient containment practicable
. directing groundwater flow.

6.7.1 Resistive Barriers

Vertical barriers are typically used as resistive barriers to contain volumes of contaminated soil in-situ,
and may be the containment method of choice where the contaminated soils do not lend themselves to
excavation and handling. This might be the case in very soft ground, or in cases where the
contaminated soils cannot be easily handled without creating a negative environmental impact, such as
strong odours. Figure 5 shows examples of vertical cut-off applications. Commonly used vertical

barriers include :

. slurry walls
. geomembrane wails
. sheet pile walls

X grouted cut-oﬁs.

The chief difference between these types of barriers relates td the method of barrier coﬁstruction. The

different construction techniques will determine the suitability of a given method for a particular set of
subsurface conditions. For examplg, installation of sheet piling would not generally be attempted in
very stiff or rocky soil; grouting is conventionally used mainly in granular soils (sands or gravels). The .

types of vertical barrier also differ in their compatibilitj‘r with corrosive subsurface environments.

An important consideration in the selection and use of vertical barriers for contaminant containment is
the degree of construction control that is possible in order to verify the ;‘as built” configuration of the
barrier. In critical applications such as those involving highly toxic contaminants, or even some
organoleptic coﬁtaminants, the preferred vertical containment system will be one which can be
inspected or tested to ensure that there are no flaws which may allow outward migration of
contaminants or inward migration of water. It some cases, the issue of construction control may be an

overriding consideration. In such cases it may be decided that a puxpose—buﬂt repository involving

 liners is preferable to a system using vertical barriers to contain in-situ contaminated soils, as lined

repositories tend to be more compatible with rigorous quality assurance testing.
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. FIGURE 5

EXAMPLES OF VERTICAL CUT OFF APPLICATIONS
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6.7.2 Reactive Barriers

Ideally, vertical (resistive) barriers and liner barriers would totally seal a containment. In reality they
do not. However reactive barriers can be constructed to remove certain contaminants from the water
that does escape the resistive barrier and/or the water that is affected by diffusion of contaminants
through the resistive barrier. The reactive barrier contains selected or modified soil or rock, with or
without other agents, which can react with or sorb the target contaminants. Various configurations of
the complementary resistive and reactive barriers are possible. Some possible configurations are

illustrated in Figure 6. Much of the technology required is relatively new and much is still under

development.
FIGURE 6
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- Reactive Materials

Ordiniary bentonite and bentonite-like. clays (smectite, illites) function even in resistive (fow
permeability) barriers as reactants. Polyvalent cations and a wide range of organic compounds can be
strongly adsorbed and anibn diffusion can be retarded as 2 result of sorption by reactive clay surfaces.
Wagner, (1994), describes the conflicting roles of clays in clay liners. They serve to remove
contaminants but in the process they may become more permeable, compromising their resistive
function. Wagner’s resolution involves constructing a layer of clay specially chosen for its reactive

capabilities, overlying or underlying a layer of clay chosen to provide a stable sealing layer.

Suitable clays can be modified to increase their i’eactivity and adsorbtivity. Lundy, McLeod and
Bouazza, (1997), describe the use of “pillared clays”. These are smectite clays into which quaternary
ammonium ions (NR,) have been introduced. These large ions prop the smectite sheets apart,
increasiﬁg the surface area available for adsorption. Other pillaring agents confer other properties. A
wide range of pillared clays are being developed for use in catalysis, and their use in reactive barriers is
under trial. .

Other reactive barrier materials include limestone, currently used in mining, to remove acids and to
promote the fixation of metals. Reactive barriers containing zero valent iron (pure metallic iron) are
becoming the preferred in North America for treating groundwater containing chiorinated solvents
(Duran, Grounds and Bogan, 1997). Precipitation agents and reduction agents are also being trialled.

Reactive Barrier Configuration

Reactive barriers can be arranged in various ways:

. continuous barriers

. - “funnel and gate” barriers

. isolated “hot-spot” treatments
. vertical walls

. bottom and sidé-slope barriers.

Continuous reactive barriefs may be located inside or outside of & Complementary resistive barrier.
Funnel and gate arrangements employ vertical resistive barriers located to divert contaminants fluxes
towards one or more panels of reactive barrier. Details are provided by Lundi, McLeod and Bouazza,
(1997) and Wagner, (1994). Additional description of vertica;l' barriér characteristics and construction
methods is provided in Appendix E. . '
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6.8 Construction Quality Assurance

Construction quality assurance is an important requirement for construction of lming and capping
systems. Where reliance on very low permeability is required, it is critical to demonstrate that design
specifications have actually been met. This is particularly important for clay compaction and

geomembréne installation since small defects may have a major impact on performance.

It is important to understand that CQA. is not an optional extra that may improve the quality of a barrier
installation. Quality assurance must be regarded as an integral component of construction - no less
important than the purchase of clay, membrane or GCL. Without an approf)riate level of quality control
and assurance, expenditure on clay, membrane or GCL, and labour or equipment for installation of

barriers, could be a total waste of money.

There are well documented procedures for CQA testing of clay compaction and geomembrane
installation. Descriptions of these are included in Parker et al (1993). Suppliers and manufacturers of

geosynthetic products can provide model CQA plans that may be readily adapted to specific projects.
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7. SELECTION OF AN APPROI’RIATE CONTAINMENT SYSTEM

* Section 7 Summary
The selection and design of an on-site soil containment system involves an optimisation process
which balances a need for reliable containment against other stakeholder needs. Sometimes it is
appropriate to adopt a less secure engineering technique, but to incorporate alternative
environmental control measures to limit either the likelihood or the consequence of a loss of

containment from the lower security containment cell.

A general approach to the design of landfill containment systems was described in Parker et al (1993).
The approach emphasised the iterative nature of the design process, and the importance of defining
clear environmental objectives against which to test a proposed' design. Choosing the most appropriate

containment system for remediation of contaminated soils also requires a site specific focus.

The general components of a containment system' are dictated mainly by waste characteristics, which

will generate certain minimum containment requirements. To some degree, these minimum

requirements may be modified to take into account site specific conditions. (For example, it is possible
that a regulatory agency may agree to approve a repository without a leachate barrier for containment of
soluble wastes if the site conditions are such that groundwater is very deép and there are no nearﬁy
surface water receptors). However, the precautionary principle generally would dictate that the
minimum functional requirements identified in Table 4 should serve as the basis for containment system

design.

The preferred means of achieving the minimum functional requirements V\'j;ill, ho&wer, &é’iiend u'f)'-én
site specific conditions (including physical conditions ownership and “manageiient affangemeﬂts,
intended post-remediation site use, adjoining land uses, etc) since it is oﬂly in the context of these
specific condmons that it is poss:ble to define the likely consequence of loss of com.amment For
example the consequences of a loss of containment from a waste repos1tory located in a dcnsely
inhabited residential area may differ substantially to an identical rep051tory ona physxcally similar site

in a remote area.

Any loss of containment which has potentmlly severe consequences should be a.nalysed to identify
possible failure modes (causes of loss of containment). The likelihood of each failure mode can then be
assessed for the various containment options being considered. For example, an asphalt pavement, a
shallow layer of undompacted soil, and a concrete floor could each serve the functional objective of
separating human receptors from soil which‘would be harmful if ingested. One way that loss. of
containment could occur is by erosion of the surface cover. The soil cover clearly has a higher potential

to be affected by erosion than do the engineered paveménts, altiough site conditions including slope,
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rainfall, etc will determine the actual degree of risk for loss of containment by that failure mode at that
the particular site.

For the same site, loss of containment could result from children digging through the separation layer
while at play. It is obvious that on a residential site there is a higher likelihood of this failure mode
occurring with uncompacted soil capping, than with a concrete pavement. Tllerefore, on a residential
site, the concrete cap satisfies certain containment requirements better than does a shallow thickness of

uncompacted soil.’

Unfortunately, the concrete cap may not meet certain other minimum requirements or\expf_:ctations of
stakeholders. It may then be necessary to select an alternative option for achievingr the same
containment function, possibly incorpbrating some controls to improve the reliability of that option (ie,
reducing the likelihood of a particular failure mode). In the case described, a decision might be made to-
adopt soil cover in place of the less “failure -prone” concrete. However the thickness of the soil layer
might be increased and a layer of marker mesh placed to reduce the Iikelihood of the failure mode
described as “loss of contﬁinment due to surface penetration by children at play”.

This optimisation process for selection of an appropriate containment system is illustrated
diagrammatically in Figure 7. This optimisation approach may be carried out qualitatively, semi-
quantitatively or quantitatively, depending upon the sensitivity of the site and the consequences of
release of contaminants. | ' |

% (On a physically similar site used for commercial purposes, it may be that there is not much difference -
in the likelihood that children will canse loss of containment (because there are no children playing on
the site).
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8. OPERATIONAL CONSIDERATIONS

Section 8 Summary
Soil waste containment structures are engineered features typically having a design life span ranging
from at least fifty years up to several hundred years. Attainment of these design service life spans
requires ongoing maintenance and monitoring, in addition to initial careful installation of containment
system components.. Post-closure uses of sites where on-site containment systems have been installed
must accommodate ongoing management requirements of the containment system. As well, a risk based
assessment of the compatibility of the two land uses, allowing for partial or total loss of containment is

recommended, prior to approving any particular post-closure land use.

The efficacy of any containment system debends appropriate site selection, sound design, careful
installation and effective post-installation management practices. The level of post-installation

management required must be a key consideration when choosing between containment options.

In the case of soil mono-fills déveloped for.the purpose of contaminated site clean up, it is often
necessary to consider how land tenure arrangements may influence post-remediation site management.
For example, will the land (and the contéinment facility) be under government control, under the
contro! of a body corporate, or privately controlled by a company or individual? The management
‘ dei:nands_of the containment system must be realistically matched to the capability of the likely future
controller(s) of the site. Irrespective of the sophistication or simplicity of themanagemcnt requirements
of the facility, they must be documented. Copies of the Mgemmt plan must be lodged with the site
controller and with ﬁny regulatory bodies responsible for the enforcement of the plan.

As with any environmental management plan, repository operating plaﬁs should clearly identify:

. environmental objectives = - -
. control systems supporting each objective 7

. maintenance requirements for each control system

. : fouline monitoring réquiminents for each confrol system B

. range of acceptable values for monitored parameters _ .

. action levels which trigger intervention in response to monitoring obsérvation

. contingency responses in the event that failure of control systems is identified outside routine

monitoring (emergency response)
. a documentation protocol to record maintenance activities, monitoring  results, non-
conformances, and actions taken to rectify any nos-conformance

. ‘a reporting procedure to ensure effective communication of information.
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One of the benefits of preparing a post-remediation management plan before construction of the

repository, is that it serves to highlight any gaps. in the facility risk management strategy. For example,
if there are no feasible emergency responses to mitigate serious damage to the environment in the event

of accidental loss of containment, the overall site selection and facility design must be reconsidéred.
8.1 Post-closure repository management

Typically, post-installation management of a waste containment facility requires consideration of up to

five sources of potential impact. They are:

3 settlement, slippage or other mass movement of the repository, or of repository components

. failure of drainage systems '

. release of leachate through liners (with or without demonstrable impact on groundwater or
~ surface water quality)

. release of gas, dust or odour

. damage to surface infrastructure.

Settlement and Other, Movement

Excessive settlement or slippage of soils within or surrounding a large repository may ultimately
threaten the stability and integrity of containment structures. Localised settlements may also reduce the
effectiveness of drainage systems or gas control networks. For substantial repositories, it would be

-usual to use precision levelling techniques to periodically check for soil movement. Routine visual

_ inspections by an experienced observer may also help to identify evidence of potentially damaging soil

movement. Typical symptoms of settlement or slippage could include cracking or unevemness in
surface pévements, localised ponding of rain or runoff water, obvious creep of surface vegetation and

topsoil, wet patches indicating localised seepage faces, etc.

- Failure of drainage systems

Section 6 described the need for careful design of drainage systems to ensure that water is effeclively

excluded ﬁoin the repository, and to minimise ponding of liquids above é.ny low permeability barriers
within the repository. Surface drainage systems require periodic maintenance to keep them free of
debris and obstrucltiohs, and to .enSure that ground settlement does not compromise the minimum fall
required for gravity flow of water. In repositories incorporating subsurface low perméability barriers, it
is advisable to make provision for detection of liquid levels above the barrier. If drainage systems
intended to control the head of liquid above the barrier have failed, the first symptom will be an
increase in the liquid level above the barrier. This provides an earlier wa.miné of potential loss of

containment than does a system relying sdIely on monitoring leachate below the barrier.
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Release of leachate

For repository facilities at which pollution of groundwater or surface waters is a potential concern, it is
usual to require two forms of routine monitoring. Monitoring of leachate quality and quantity is carried
out within the containment cell, Facility management plans must make provision for ongoing testing of
leachate levels, analysis of leachate, and management of leachate in the event that it must be removed
from the containment cell. (Typically, management plans require removal of leachate if the head of

liquid above a low permeability barrier exceeds about 300mm.) -

Moniforing of groundwater (and possibly surface waters) is also routinely carried out as a means of
verifyiﬁg satisfactory control of contaminants in the repository. Monitoring in itself is not a means of
controlling contaminants (although this suggestion is sometimes made in proposal for waste
repositories). The reliability of groundwater monitoring even as a site management tooi {and not a
contaminant control method) will be highly influenced by.surface conditions and by contaminant
characteristics. Fractured rock, lensed alluvial soils and other soils characterised by preferential flow
paths may reduce the reliability of a groundwater monitoring network. Similarly, contaminants which
react with subsurfa.ce materials, or which migrate inla phase separate to water may be difficult to

monitor accurately.

-Design of a monitoring network for use on a remediated site requires considerable care and skill to

ensure that monitoring results can be interpreted unambiguously. Careful thought must also be given
when defining monitoring outcomes which will trigger a corrective intervention. Ideally, the

monitoring responsé protocol will already have been defined during the repository design phase, so that

there is a clear and logical connection relating possible containment 'failure modes, estimated

groundwater responses, and possible environmental consequences.

As with any groundwater monitoring network, it is necessary fo éstablish background or reference
monitoring bores as well as bores intended to intercept any contaminant plumes. Naturally, any bores
 instalied must be constructed in a way that prevents accidental transfer of contaminants to otherwise

clean water-bearing zones.
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Release of gas or odours

Routine monitoring for volatile contaminants less common for contaminated soil monofills than for

putrescible landfills, although the techniques for gas interception and detection would be similar. |
Generally, gaseous releases from contaminated soil would be of serious concern only in cases where
infrastructure (buildings, water pipes, service conduits, etc) is built over, or in very close proximity, to

the waste repository.

In designing a gas monitoring and control network, it is important to remember that gas may migrate in
" different directions and at different rates to water. When defininé a gas monitoring response plan, it is
advisable to make use of modelling techniques to identify potential “worst case™ scenarios which would
result in .excessive contaminant concentrations at a specified receptor site. Modelling will help in the
identification of appropriate sampling locations and sampling times (for example, with respect to

climatic conditions), and will assist in selecting appropriate action levels.
Damage to surface infrastructire

The most basic maintenance and monitoring at a soil waste repository site relates to the surface.
" infrastructure.  Typical maintenance requirements include mowing of grass covers, ensuring that
capping layers are not damaged by growth of large shrubs or trees, ensuring the integrity of surface
covers provided for the purpose of erosion control (whether vegetative, earth materials or engineered
pavements), maintenance of perimeter fencing or signage, enforcement of any institutional or planning

controls on the site (prohibition of vegetable gardens, construction of swimming pools, etc).

* Results of routine monitoring of surface conditions, should as a rmmmum be documented in a written
* record. Periodically, it is recommended to supplement the written inspection notes with a photographic
record. ‘Inspections should be carried out in accordance with a planned séhedule, to enable easier

comparison between monitoring events.
8.2 Design Life of Soil Containment Facilities

The design life of soil containment facilities will, at best, be limited by the durability of the materials
and éngineered systems which make up the containment system. A study of the serviceable life of
engineered landfill components carried out on behalf of the Government of Ontario (Canada) in 1993
concluded that the likely service life of a number of major engineered components of landfills typically
had an uncertainty in the order of +50% to +100%. (That is, the best case estimated life span was in the
order of 1.5 to 2 times the worst case estimate.) Table 9 summarises the conclusions of this study.” The
results presented in Table 9 assume appropriate design and construction techniques; Naturally, in cases

where construction is faulty or use is made of flawed or unsuitable materials, the life of the containment
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system will be substantially less. In extreme cases, a badly designed or constructed containment system

may never provide secure containment.

TABLE 9. :
ESTIMATED SERVICE LIFE OF
CONTAINMENT SYSTEM COMPONENTS

Component Best Case Estimate Worst Case
{years) Estimate (years)

Primary leachate collection system At least 50 . At least 30
Geonet primary leachate collection system 30 Up to 30
Compacted clay liner At least 500 Hundreds
Geomembrane liners in contact with raw leachate At least 75 At least 30
Geomembrane liners in secondary system _ 150 At least 50
Secondary leachate collection system At least 500 At least 100
Passive hydraulic control system (no pumping) At least 500 At least 100

Note: Information in Table 9 is based upon “Evaluation of Service Life of the Engineered Components
" of Landfills: IWA Landfill Search”, (Government of Ontario, Canada, 1993). Both the best case
and worst case estimates assume that the component has been appropriately designed for the

application, fabricated to meet acceptable specifications and correctly installed.
8.3 Post-closure Land Use

All 50il containment systems require some level of maintenance and monitoring. The extent to which a
site used for on-site containment of contaminated soils may be suitable for other land uses depends in

part upon whether the other land uses can be carried out in a roanmer which is compatible with

repository maintenance and monitoring requirements. In granting approval for post-closure uses of sites

used for disposal of contaminated soil, careful consideration must be given to ensuring the continuation

of environmental management controls (for both routine and Emergency response condmons) Other

considerations for post-closure land use include the necessity of protecung the integrity of. the
containment structure and the need to maintain an acceptable level of risk 1_n the e_vent of an accidental

loss of containment.

These considerations effectively mean that a wider range of post—closure land uses is Tikely to be
possible on sites where the nature of the contamination is relatively bemgn (typ1ca]1y low contaminant
concentration, low water solubmty, low water volatility, low toxicity andfor bloaccumu]atlon potentlal)

For example, at a site requiring only physical separation by capping, the capping Iayer might be

provided by a concrete floor pavement or an asphaltic road pavement. If the contaminated soil is .

placed in a manner that does not affect engineering integrity of the superstrucmre.,.;‘.hese two uses of the
site are compatible, providing that the building or the roadway do not limit any r{ccessary maintenance

or monitoring of the-soil repository.
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The precautionary principle dictates that certain post-closure uses - those which would result in a high
likelihood of exposure of sensitive receptors in the event of loss of containment - should be avoided.
Examples of post-closure uses which are, in principlé, incompatible with soil-waste containment storage
include single residential dwellings, production of some edible crops or fish (aquaculture), provision of

habitat for sensitive flora or fauna.

Changing land use, or even land tenure arrangements, can affect many aspects of the operation and
management of a containment structure. The effectiveness of institutional controls is particularly
sensitive to changes in land tenure and land management arrangements. Engineering controls such as
liners, drains, and capping layers can be seriously comprised or rendered ineffective by uninformed
modifications of site surface or subsurface conditions. One approach to systematically considering the
suitability of possible post-closure land uses is to make use of the process described in Figure 7A to
consider the -poésible consequences of loss of containment under ‘the proposed pew land use
arrangements. Particular care should be taken to consider scenarios during construction of the new land

use (eg, installation of below ground services) as well as the finished land use scenario.
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APPENDIX A
REGULATORY CONTEXT

Following is a brief discussion of regulating issues relating to containment of contaminated
soils in each state and territory of Australia..

Australian Capital Territory

The ACT Department of Urban Services is the statutory éntity accountable for management
of wastes. In general (and in the absence of any specific contaminated land legislation),
issues relating to management of contaminated soil are assessed on a case by case basis by
Environment ACT. Disposal of wastes (including contaminated soils) to established landfiil
sites is administered by the Waste Management Unit of the Department of Urban Services.
The Waste Management Unit has adopted the use of NSW waste classification and
management guidelines for solid wastes.

There is currently no formal process for assessing or approving the establishment of
contaminated soil containment units on sites subject to remedial actions. Neither is there
provision for formal licensing or registration of such containment facilities. In the event that
containment were to be adopted as a remedial strategy for redevelopment of a contaminated
site, it is likely that the local planning authority would seek the opinion of Environment ACT
as to the suitability of the proposed containment facility in the context of the overall
redevelopment plan. :

New Soufh Wales

The New South Wales Environment Protection Authority (“INSW EPA™) is responsible for
approving landfill disposal of solid wastes, including contaminated soils, under the Waste
Minimisation and Management Act (1995) and Regulation (1996). Under the Contaminated
- Land Management Act 1997, NSW EPA would have a specific role in assessing proposals for
on site containment of contaminated seils, in addition to their traditional involvement in
licensing off-site soil disposal. The assessmént/approval role would apply to both statutory
- and voluntary site clean-ups.

Approvals for landfilling of solid wastes follows a defined planning process which requires'

formal evaluation of environmental impacts in the case of a site whose chief function is as a
landfill. A similar, though possibly less formal, process is likely to apply in cases where soil
wastes are contained on sites whose main use is other than waste disposal. (For example, a
waste storage area incorporated in an urban commercial redevelopment site.}) Soil waste
characteristics and solid waste landfill design and operational requirements have been
addressed in detailed guideline documents prepared by NSW EPA.
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Relevant legislation and guidelines: ‘

o Managing Land Contamination: Planning Guidelines State Environmental
Planning Policy35 - Remediation of Land (1998)
Waste Minimisation and Management Act (1995) _
Protection of the Environment Operations Act (1997) and Protection of the
Environment Operations (Waste) Regulation (1996)

o ' Contaminated Land Management Bill (1997)

e Environmental Guidelines: Assessment, Classification and Management of
Liquid and Non-liquid Wastes (1999)
Guidelines: Solid Waste Landfills (1996)
EIS Practice Guideline, DUAP (1996)




Northern Territory

The body responsible for waste management is the Department of Lands, Planning and

Environment. The Waste Management and Pollution Control Bill (1996) provides a legal -

basis for the “prescribing of the procedures...for the appropriate management of wastes and
contaminants...and the management of polluted land”. At the time of drafting this guideline,
no formal guidelines or policies had been issued in the Northern Territory to address the

process for gaining approvals to dispose of contaminated soil in on-site containment
facilities.

Relevant legislation and guidelines:
o Waste Management and Poliution Control Strategy (1993)
o Waste Management and Pollution Control Bill (1996)

Queensland

The Department of Environment (Hazardous Wastes and Contaminated Sites Section, Waste
Management Branch) has overall responsibility for regulating landfill disposal of solid
wastes. Landfill containment of contaminated soils is generally not approved for soils
affected by biodegradable hydrocarbons (in such cases, bioremediation is considered the
preferred option). For other types of contaminants, on-site containment of contaminated soils
is encouraged, providing certain waste characteristic criteria are satisfied. Not all
containment designs require liners. Where appropriate to the waste type and site condmons
other options (such as capping or separation layers only) may be approved. _

A DoE licence is required to construct and operate a landfill which receives contaminated
soil from off-site. In the case of sites not functioning chiefly as landfills, but where
containment cells are constructed as part of a site clean-up, no DoE licence is required.
However, revisions to the Contaminated Land Act 1991 have been proposed to ensure that
such containment facilities are reglstered, and that their approved site management plans are
implemented. :

*. Contaminated soils are specifically listed under Schedule 8 of the Qiieensland Environmental
Protection (Interim) Regulation (regulated wastes). However, no special solid waste criteria
have been developed for soil wastes (or other envuonmental med1a), separate to other wastes
arising from industrial processes ‘ P

Currently, design of significant containment fac111t1es is approved by DoE ona case-by-case'

basis, as part of the licence approval procedure. However, the Draft Environmental
Protection (Waste Management) Policy and related regulations- ‘have foreshadowed some
broad design and operational performance requirements (including post-closure care and
maintenance) for various landfill types. Details of smaller on-site containment facilities
would be approved as part of a site management plan under the Contaminated Land Act.

Relevant legislation and guidelines: ‘ -

s  Contaminated Land Act (1991)

o  Environmental Protection Act (1994)

o Draft Environmental Protection (Waste Management) Policy

e  Queensland Environmental Protection (Interim) Regulation (regulated wastes)
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South Australia

The South Australian Environment Protection Authority (Department of Environment,
Heritage and Aboriginal Affairs) is accountable for regulation of solid wastes. There is
currently no formal process for applying for permission to use on-site .containment as a
remedial option, although SA EPA have indicated that in the case of high level contaminated
wastes, their preferred management approach would involve treatment, then disposal as a
“listed waste”.

In cases where a very large amount of soil is proposed to be placed in an on-site containment
cell, SA EPA may require that the Tacility be licensed. Irrespective of the size of the
containment facility, -SA EPA expect to be notified of the condition of the site, so that the
1nformatlon can be included in the state contaminated sites register.

There are no formal approvals processes associated with the construction and operation of
on-site soil containment facilities (ie, on sites whose chief use is not as' a landfill), however
SA EPA expect to be notified and kept informed of any such activities.

SA EPA have issued 2 set of waste classification criteria specifically targeting soils to be
disposed of to (off-site) landfills. These criteria would presumably also be relevant to on-site
containment facilities. A consultation draft describing interim criteria for siting, design and
operation of “major landfill depots” was released in October 1997.

Relevant legislation and guidelines:

o  Environment Protection Act (1993)

o Interim Criteria for Major Landfill Depots in South Australia (1997)

s Disposal Criteria for Contaminated Soil (Technical Bulletin No 5 - Nov 1997)

Tasmania

The regulatory authority accountable for management of wastes, including contaminated
soils, is the Department of Environment and Land Management. The Department endorses
the ANZECC hierarchy of contaminated soil management approaches (ie, treat soil where
possible, rather than dispose in landfill), however they are prepared to -consider on-site
containment options. Assessment of remedial approaches involving on-site soil containment
is carried out on a site by site basis. There are no formal approvals, licensing or registration
procedures in place for on-site containment facilities. However, the Department is regularly
consulted by planning authorities on post-closure or post-redevelopment uses of former
contaminated land. The Department indicated that it would generally be unwilling to support
post-closure use of containment sites for land uses involving residential development (other
than associated passive open space) or for support of structures.

Tasmania has developed a well documented Code of Practice for landfill sites.. Many of the
environmental controls identified -in the code of practice are relevant to the design and
operation of on-site waste soil containment facilities constructed for the purpose of site
remediation. - It is possible that some of the administrative arrangements for gaining
approvals to construct and operate a landfill could be applied to an on-site containment
facility. For example, under the Environmental Management and Pollution Control Act 1994
certain landfills (those receiving more than 100 tonnes/annum of solid waste) are subjectto a
formal environmental impact assessment procedure.



Relevant legislation and guidelines:

Environment Protection (Waste Disposal) Regulations (1974)
Land Use Planning and Approvals Act (1993}

Environmental Management and Pollution Control Act (1994)
Tasmanian Solid Waste Management Policy (1994)
Tasmanian Hazardous Waste Management Policy (1994)
Tasmanian Landfill Code of Practice (Draft - 1996)

Victoria

The Environment Protection Authority is the government body accountable for regulating
waste management and management of contaminated land. There is currently no statutory
process by which EPA need to participate in the selection of on-site containment as a
remedial option. There is some ambiguity concerning whether EPA may require prior
approval for construction of waste containment structures solely intended to accommodate
soils from the same site. Potentially, the construction and operation of such a facility may
require a Works Approval. Containment facilities accepting contaminated soil from other
sites do require formal EPA approval (usually in the form of a Works Approval, then an
operating licence).

‘The EPA Bulletin “Classification of Wastes” delineates five main categories of solid waste,
three of which are relevant to contaminated soil. There are no generic guideline documents
on the design, siting or operation of landfills other than the State Environment Protection
Policy for Municipal Landfills, which chiefly focuses on environmental outcomes, rather than
on design criteria.

Relevant legislation and guidelines:

¢ Environment Protection Act

e State Environment Protection Polzcy (Siting and Management of Landﬁll Recezvmg
Municipal Wastes)

e EPA Information Bulletin 448 - Class:ﬁcanon of Wastes (1 995)
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Western Australia -

The Department of Environmental Protection is the statutory body responsible for regulation
of wastes and waste disposal facilities. DEP are also accountable for contaminated land
regulation. In July 1997, the Environmental Protection Authority released an interim policy
entitled, “4 Site Remediation Hierarchy for Contaminated Sites” (Interim Policy No 17).
This document is one in series of publications on policies, guidelines and criteria for
environmental impact assessment in Western Australia. In the interim policy document, the
EPA. states that the use of on-site “cap and contain™ remedial options will only be considered
'in cases where treatment of the contaminated material has been shown not to be practicable.

The Department has developed a set of solid waste classification criteria applicable to soils,
as well as to other solid waste streams (domestic waste, industrial process wastes, etc). A
key feature of the waste classification system is the use of TCLP test results, and comparison
of those results with drinking water criteria. Depending upon the concentration of TCLP-
leachable contaminants (and to a lesser extent, the total contaminant concentration), wastes
may be accepted by one or more of the five recognised classes of landfill.

Landfills are classified on the basis of level of management control, site characteristics, and
type of containment provided. DEP have made specific recommendations concemning siting
requirements and engineering features of containment facilities destined to receive “low-
hazard wastes™. Presumably any similar standards of design would be applied to any requests
for approval to construct an on-site soil containment facility.

Relevant legislation and puidelines:

Environmental Protection Act, 1986 - 1993

Health Act (1911) (Currently under revision)

Metropolitan Water Supply, Sewerage and Drainage Act (1909)

Country Areas Water Supply Act (1947)

Industrial Waste Management in Western Australia - A Situation Report (August 1992)
Criteria for Landfill Management (1993) ' ' '

Waste Acceptance Criteria for Landfills in Western Australia (1995) _
Proposed Site Selection and Waste Acceptance Criteria for Low-Hazard Waste (umpublished
report}

s A Site Remediation Hierarchy for Contaminated Sites, Interim Policy No 17 (July 1997)
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APPENDIX B
OVERVIEW OF EXISTING WASTE CLASSIFICATION STATUS

Numerous systems exist in Australia and overseas for the assessment and classification of
soils to be used for various land uses (“soil resource quality assessments™). Relatively fewer
systems have been developed specifically for the classification of soils proposed to be
disposed of in landfills (“soil waste classification™). In most cases soil waste classification
systems have been developed as an extension of the soil resource guality assessments. This
has in some instances had the effect of causing soil wastes to be regulated more stringently
than are comparable process wastes or other waste streams containing potentially hazardous
contaminams.

The US EPA have concluded that the application of stringent waste management criteria
(designed to discourage the unnecessary generation of process wastes) to other types of
waste, such as contaminated soils, has had a negative overall impact. Specifically, the US
EPA considers that over zealous regulation of contaminated environmental media has
mitigated against the clean up of some contaminated sites. In order to address this issue, the
US EPA has recently released a set of waste criteria specifically targeting environmental
media (soil and groundwater). (See reference 30). Under the proposed US EPA
environmental media rules, a distinction is made between highly contaminated soil wastes
(those exceeding the so-called “Bright Line”), which must be managed under existing
hazardous waste approvals systems, and less heavily -contaminated soils which may be
disposed to landfill or otherwise managed in accordance with requirements imposed by local
or state regulatory authorities. '

~ The essential concept of the Bright Line approach is that it provides a legal basis for local or

state regulators to impose waste management conditions appropriate to contaminated media
at a specific site, and allows the regulators the discretion to recognise certain contaminated
soils as a category of waste which does not necessarily require handling as “hazardous
waste”. =

The Bright Line cut-off is based upon total contaminant concentrations in soil, and does not
consider leachable contaminant concentrations. The concentrations selected for the soil
Bright Line values were derived by considering a level of human health risk (due to ingestion
or inhalation of contaminants) of 1x107? for carcinogenic contaminants and a hazard index of
10 for non-carcinogenic contaminants. The risk assessment assumes that human receptors
are in direct contact with the soil waste (ie, the waste is not contained in a repository).
Ecosystem impacts are not specifically taken into account. An arbitrary maxirmum -
concentration of 10,000 mg/kg was set for any contaminant which did not generate health

risk based criteria at a lesser concentration.

Canadian regulators have developed a number of different sets of soil guality standards.
These generally refer to soil quality for protection of specified beneficial uses, and as such -
are not directly applicable to the issue of soil waste disposal in a monofill. However, some of
the Canadian soil guidelines do make recommendations for concentrations of contaminants in
soil which should not be exceeded in order to protect the quality of underlying groundwater
or of nearby surface waters. These criteria have some applicability to waste disposal, in that
they represent the worst case condition in which there is a complete failure of all waste
containment systems. The soil “groundwater protection” values must be taken as general
guidance values only, since they naturally rely on a (very conservative) modelled estimate of
contaminant discharge, which would need to be adjusted for individual site conditions.
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In Australia, the most comprehensive soil waste classification system is that recently enacted
in New South Wales (Reference 23). The New South Wales soil waste classification system
is unique in Australia in that it is not derived from a classification system designed to
categorise soils according to their suitability for various land uses. In fact, the New South

Wales system is largely based upon the US EPA system designed for process wastes (and not

the more recent “environmental media” rules). The New South Wales system provides for
four different classes of soil waste - “Inert”, “Solid”, “Industrial”, and “Hazardous”.
Allocation of soils to a waste category requires determination of total contaminant
concentrations and (generally) the determination of leachable contaminant concentrations
using the Toxicity Characteristic Leachate Procedure (or other approved elutriation test).
Under the NSW waste classification system the elements aluminium, barium, boron, cobal,
copper, iron, manganese, vanadium and zinc need not be tested for.

In Queensland, soil wastes proposed for disposal in approved landfills are assessed on the
basis of the total concentration of contaminant and leachable contaminant concentrations. In
the case of certain inorganic contaminants, including metals, only a leachable contaminant
‘criterion is applied. Different maximum allowable concentration limits apply, depending
upon whether the soil is destined for a lined landfill or an unlined landfill. Leachability is
assessed using the Toxicity Characteristic Leachate Procedure

ol

L.

it e LA

e



APPENDIX C

CONTAMINANTS GROUPED BY
ENVIRONMENTAL BEHAVIOUR



Cl

APPENDIX C
CONTAMINANTS GROUPED BY ENVIRONMENTAL BEHAVIOUR

'GROUP 1

Group 1 soil contaminants include a wide range of inorganic chemicals which have a
relatively high water solubility at ambient temperatures. Examples would typically include
nitrate, sulphate, some forms of lead, copper, zinc, etc. Contaminants in this group are
typically non-carcinogenic, although there are some exceptions (for example arsenic). At the
concentrations proposed to be allowed in on-site soil monofills, the Group 1 contaminants
would typically not result in acute toxic effects on human health. However they could give
rise to human health effects through repeated or continuous long term exposure in the
absence of appropriate controls (ie, containment).

- Certain contaminants in this group are unusual in that they are relatively harmless to humans,

but can have serious environmental impacts, either through their chronic toxic effects on
biota (including micro-organisms), or their ability to cause sub-lethal avoidance or yield
reduction responses. Copper is a good example of chemicals in the sub-category of
“environmentally harmful” inorganics. The key exposure routes for Group 1 contaminants
are ingestion of soil, contact with soil (for plants and soil organisms), and ingestion of or
contact with groundwater or surface waters. -

GROUP 2

Group-2 contaminants include the inorganic chemicals in Group 1. However in Group 2, the
contaminants show relatively low water solubility. Therefore, the exposure routes of water
ingestion or contact with groundwater or surface waters is of much less importance. To some
extent, the exposure route of contact with soils (for plants and soil organisms) is also less
important, since the environmentally harmful impact of these inorganic contaminants
typically relies on some uptake of the contaminant in a water soluble or an “exchangeable”
form. The key exposure routes of concern for Group 2 contaminants are usualIy ingestion of
soil or inhalation of soil dusts.

GROUP 3

Group 3 contaminants are volatile, halogenated -drganics such " as chloroform,
trichloroethylene, or vinyl chloride. Many of the Group 3 contaminants are confirmed animal

carcinogens and hepatotoxins (liver toxins). These contaminants typically-exhibit high water . -

solubility. The Group 3 contaminants are relativély less persistent in the environment than
some other halogenated contaminants. In the environment (and in biological systems) they
‘tend to undergo progressive dehalogenation. Group 3 confaminants do mot typically
bioaccumulate or biomagnify to any important extent. The key exposure routes of concemn
for Group 3 contaminants are inhalation of soil vapours, contact with soil (for soil
organismos), ingestion of groundwater and contact with groundwater or surface water (for
aquatic biota).
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GROUP 4

Group 4 contaminants are relatively non-volatile, but moderately to highly water soluble
halogenated organics. They include some herbicides (chlorophenoxy compounds such as
2,4-D), insecticides such as Lindane, and a range of chlorophenols. As their uses suggest,
these contaminants present particular hazards for the environment, although their acute
mammalian toxicity is not particularly great. The Group 4 contaminants are generally more
persistent in the environment than are Group 3 contaminants. However, in common with the
Group 3 contaminants they do not show any great tendency to bioaccumulate. The key
exposure routes for Group 4 contaminants are those affecting environmental receptors,
namely contact with soil and contact with groundwater or surface waters.

GROUP 5

Group 5 contaminants are non-volatile, low solubility halogenated organics, such as the
cyclodiene pesticides, other pesticides including DDT and its metabolites, and
polychlorinated biphenyls (PCBs). This group of contaminants is of particular concern due
to the persistence of the chemical  contaminants, the tendency of contaminants to
bioaccumulate in fatty tissues and the well documented bioconcentration of contaminants
which may occur in the environment. The uses of these types of chemicals as insecticides is
indicative of the potential for this group of contaminant to have harmful effects on biota.
Many contaminants in this group are considered to be carcinogenic .or potentially
carcinogenic. The concentration of contaminants in wastes proposed for on-site containment
would not typically result in acute mammalian toxicity. The main exposure routes for Group
5 contaminants are soil contact (especially for invertebrate species and higher animals in the
food chain, but also-skin contact with human receptors), and soil ingestion.

GROUP 6

Group 6 contaminants are highly volatile, highly water SOIuble, non-halogenated organics.
Some of the most widely used industrial solvents such as methyl ethyl ketone, formaldehyde
and acetone would fall into this group. - The most commonly encountered Group 6
contaminant on contaminated sites is benzene. Once released into the environment, these
contaminants are very difficult to recover although they biodegrade to some extent and will
be retarded in the soil by sorption on soil organic matter. Group 6 contaminants are toxic by -
inhalation. Some Group 6 contaminants, including benzene, are carcinogenic. The main
exposure paths of concermn for Group 6 contaminants are inhalation of soil vapours and
ingestion of groundwater or surface waters containing dissolved contaminant.

GROUP 7

Group 7 contamipants are moderately soluble, volatile non-halogenated organics. They
typically include aromatic - petroleum hydrocarbons such as toluene,  xylene, and
ethylbenzene, together with some other low molecular weight petroleum hydrocarbons. The
Cs - Cs petroleum hydrocarbons have been categorised as Group 7 contaminants, although
they fall on the low end of what would normally be considered “soluble organics™. Low
molecular weight aliphatic petroleum hydrocarbons may show higher than predicted mobility
in the environment in part due to increased aqueous solubility in the presence of salts, and in
part due to co-dissolution effects in the presence of monocyclic aromatics. Many of the
Group 7 contaminants are organoleptic. That is, they have a low odour or taste threshold

which may cause tainting of water supplies and of the flesh of fish and shell fish at low
~ concentrations. The main exposure routes of concemn for Group 7 contaminants are
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inhalation of soil vapours and contact with groundwater or surface waters (for aquatic
organisms). '

GROUP 8

Group 8 contaminants are highly soluble, non-volatile, non-halogenated organics, such as
phenol or similar substituted monoaromatics. When present in chemically available forms,
these contaminants are readily absorbed through the skin. However, when present in soils at
concentrations below the soil residual saturation limit, the chief hazard presented by Group 8
contaminants relates to the impact of these substances on water quality and well-being of
aquatic organisms. This group of contaminants does not bioaccumulate to any appreciable
extent. Chemically available forms of these contaminants are susceptible to microbial
degradation in soils. '

GROUP 9

Group 9 contaminants are moderately soluble, non-volatile, non-halogenated organics,
" typically with one or two aromatic rings. Examples include dinitrotoluene (from explosives),
di-n-butylphthalate (from plastics manufacture} or naphthalene. These contaminants are
more mobile in the environment than are the larger polycyclic aromatics. For the most part,
Group 9 contaminants are considered only slightly to moderately toxic by ingestion. There is

little reported evidence of carcinogenicity or mutagenic effects. The main exposure of '

concern in soils containing Group 9 contaminants is the potential for bioaccumulation and
bioconcentration in animal populations, as some Group 9 contaminants have been reported to
cause harmful reproductive effects. -

GROUP 10 -

Group 10 contaminants are very low solubility, non-volatile, non-halogenated organics. They
include many polycyclic aromatic hydrocarbons (PAHs), some phthalate esters, and high
molecular weight aliphatic petroleum hydrocarbons (Cyp - Casp). Group 10 contaminants
typically show high affinity for fatty tissue, and tend to bivaccumulate and to bioconcentrate.
Many Group 10 contaminants have been reported to be associated with carcinogenic or
tumorigenic effects. Group 10 contaminants are very persistent in the environment. The
chief exposure paths of concern for Group 10 contaminants are soil ingestion and (for animal
receptors) contact with soil.
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APPENDIX D
CONSTRUCTION MATERIALS

D1. INTRODUCTION

The materials used for construction of containment cells fall into the following main classes:

Natural Materials Geosynthetic Materials
*  Topsoil s (Geomembranes
* Subsoil : * (eotextiles
¢ Clayey soil s Geonets
¢ Bentonite ' + Geogrids
e Sand + Geopipes .
o Gravel ¢ (Geosynthetic clay liners
o Geodrain

Each of these materials is briefly discussed in the following sections. The selection of construction
materials depends on a range of factors including compatibility with waste to be contained, the level of

security required, availability and cost. These issues are discussed in later sections.

D2.  NATURAL MATERIALS

Topsoil and subsoil can be used to separate human and animal receptors from the contamed soil, for
landscaping and vegetation support, and' to reduce infiltration into the contained soil via water storage

and evapotranspiration.

Clayey soil is the traditional material for construction of containment b_arxiers,.both for bottom and

side-slope lining and for inclusion in cover systems. The clayey soil must be properly sourced, be pre-

cured within the required moisture content range (relatively high), be thoroughly compacted in layers -

and then be protected from desiccation and distortion.

Bentonite is a general term for a class of naturally occurring, highly swelling, smectite clays, usually
rich in sodium montmorillonite. These clays can swell to 15 times their dry volume in pure water and

to many times their dry volume in most ground waters. They can be mixed at the rate of 3 to 10% with

sand or fine soil to produce an homogeneous, deformable barrier of very low permeability. Bentonite

combined with other materials, typically geotextiles, is available in sheet form. These materials
referred to as geosynthetic clay liners (GCL) are gaining acceptance for containment use, paniculariy as

covering or capping over waste materials.
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Sand is widely used for drainage blankets, but these days p'reference is growing for geosynthetic drains

of equal or lower cost.

Gravel is needed for water and gas drainage functions, in drainage trenches, in vertical wells, etc.

Coarse gravel may be necessary where chemical and/or biological clogging is anticipated.

D3. GEOSYNTHETIC MATERIALS

D3.1 - Applications Using Geosynthetic Materials

Geomembranes are synthetic flexible sheets of very low permeability, typically made from polymers
and usually between (.75 and 2.50mm thick. They are used in various applications which require a low
permeability barrier to limit .the movém_ent of liquids or gases. High density polyethylene, HDPE, is
probably the most widely used _geomembrane material. [Its popularity stems from its wide ranging
chemical stability and bio_logical fesistance, price, and the availability of reliable field seaming and
seam testing procedures. Descriptions of other common geomembrane materials are provided in
- Section D3.2.

Geotextiles are permeable fabrics produced by weaving or randomly knitting polymer fibres. Relatively
inert polypropylene and polyester are the most commonly used polymers. Geotextiles are used in

containments for a variety of purposes including:

* as permeable separators of materials that would otherwise intermingle (soil from gravel for

example)
s  as protective cushioning layers (above and/or below a geomembrane for example)
e for iﬁ-plane transmission of fluids (as a gas drainage layer for example).

Geonets are purpose-designed drainage sheets. They comprise extruded grids designed to provide very
high in-plane transmissivity when installed between other geosynthetics, e.g. ‘between two
geomembranes, or between a geomembrane and a geotextile. They are usually made of polyethylene,
and sometimes of polypropylene or polyester. ‘

Geopipes commonly are pipes made of plasticiser-free PVC, but in aggressive environments,
particularly where access is difficult, pipes made of HDPE (more expensive) may be requi‘red. The
pipes can be smooth-walled or corrugated and are often perforated. Geopipes are used in drainage

applications.
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Geocomposites are special purpose products made by joining geosynthetics one to another or by joining
- geosynthetics and natural materials. Two classes of geocomposite are particulérly important in the

present context:

. . Geosynthetic clay liners (GCLs) most commonly comprise a layer of bentonite sandWiched
between two layers of geotextile. The geotextiles may be linked by sewing through the
assemBled geocomposite, or by needle punching, which drags fibres from one geotextile
through the other, knitting the two together. In its dry state the GCL may typically be about
6mm thick. When hydrated it may be 4 to 12mm thick depending on overburden load. The
majn types of GCL are described in Section D3.3. Geosynthetic clay liners are most
conmqnly used as bottom or side liners to limit thé movement of contaminants. They are less

likely to be used in capping systems.

. Geodrain sheets may comprise a geonet bonded to.a geotextile on one or both sides. Other
drain sheets comprise co-extruded fibre mats and geotextile, and still others .compn's.e a
vacuum formed drainage core bonded to a geotextile on one or both sides. Such sheets can be
used in place of separate geonet and geotextile sheets, which simplifies construction. Another
class of geodrain is the strip, core or edge drain, which comprises a narrow {150 to 450mm)
but thick (15 to 30mm) drainage core completely sheathed with a geotextile “stocking”. Edge
drains are designed to have high flow capacities and are installed to receive and remove flows

from drainage sheets or drainage blankets.
D3.2  Properties of Geomembranpe Materials
Descriptions of various geomembrane materials available are provided below.
D3.2.1 High Density Polyethylex;e (HDPE)

HDPE, High density polyethviene (HDPE) is a semi-crystaliine polymer. Its crystallinity Vconfers high
chemical resistance to most aggressive agents (as for all these materials, suppliers can provide data
sheets). Carbon black 1s blended with the polymer to provide resistance to uttraviolet light.

Very reliable methods have been developed for seaming adjoining sheets in the field. Tﬁe hot wedge
automatic welder, in particular, if properly used, produces very reliabie dual fusion track welds. These
feature two barallel lines of fusion welding with an unwelded strip between them. about 10mm wide.
Large lengths of seam can be efficiently tested by pumping air into the non-welded channel, sealing,

~ then observing the retention or loss of air pressure. -
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Disadvantages of HDPE include its high coefficient of thefmal expansion, which can make it necessary
(in hot environments) to carry out field fabrication at dawn and dusk or at night. When the sheet is hot,
large ripplcs can form which interfere with seaming. It is also necessary to ensure a calculated amount
of slack exists before covering HDPE, or anchoring its extremities, if temperature is above the likely

future minimum.

. HDPE sheet is stiff, which makes fabrication, and installing in peripheral anchor trenches, difficult. Its
stiffness also reduces available friction since the sheet deforms less readily to mesh in with underlying
surface textures. Low friction, however, is countered reasonably well by the availability of roughly
textured sheet, textured one side on both. Textured sheets will adhere to most materials likely to be

found on slopes in the range of steepness usually encountered.

An important consideration is the susceptibility to environmental stress cracking. This is a tendency of
the semi—cryéta.llinc material to crack under sustained (even low) tension, particularly in some alkaline
or organic environments. Market-leading products, tl_lesc days, are made from resins that have been
developed to improve resistance to environmental stress cracking. Even so, HDPE proposed for use
over materials likely to produce a harsh chemical environment may need to be tested to confirm
resistance to stress cracking in that environment - standard tests are available (they ta.ke. a few weeks).
“Cheap” products are available that definitely should be tested. An alternative precaution is to severely
limit the tensile strésscs likely to develop in 2 HDPE sheet. Some designers require tensile stresses to
be limited to as litfle as 10% of the yield strength of the membrane (yield strength typically is about
150N/m for each mm of sheet thickness). '

Despite these problems HDPE is now widely used for cover barriers. Commonly avaiiable thicknesses
range from 0.75 to 2.5mm. The thinner sheet is more difficult to weld and defects are therefore more
likely; thicker sheet costs proportionally more. For cover barriers thicknesses of 0.75 or 1.00mm are
common: thicker membranes are usually chosen for bottom l.iners.' A thinner sheet can Be used in a

cover barrier because a defect in the cover generally presents less serious problems that would a similar

defect in a bottom liner.®

® The difference can be likened to that between a hole in the roof, and a hole in the floor,
of a water tank. There is little head driving leakage through a hole in the roof (or a cover
barrier) and it only rains on occasions. There may be a substantial head, all or most of
the time, above the floor of a tank (or bottom liner) and leakage could be much more
serious. -
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D3.2.2 Low Density Polyethylenes

VILDPE LLDPE and VFPE, very low density, linear low densitv and verv flexible polvethviene

géomembranes. are generally similar to HDPE, but have been formulated to be less crystalline to
counter some of HDPE’s disadvantages. These membranes are somewhat less stiff; some have lower
coefficients of expansion; they have excellent multi-axial elongation properties; they are extremely
deformable between yield and break (e.g. 600% post-yield elongation), and are much less prone to

environmental stress cracking.

Their chemical resistance and durability tend however to be lower than that of HDPE. When this is not

of concern, VLDPE, LIDPE and VFPE provide attractive alternatives to HDPE.

D3.2.3 Polyvinyl Chloride (PVC)

PVC, polyvinyl chloride (PVC) is usually encountered as a brittle solid, but by adding a large quantity
of plasticisers (30 to 35% by weight) PVC can be transformed into a soft pliable solid that is suitable
for the manufacture of geomembranes. However, reliance on potentially mobile plasticisers makes

PVC susceptible to hardening by 2 wide range of organic chemicals and by ultraviolet light.

Field seaming of PVC is commonly carried out using solvent based adbesives, but thermal fusion using
hot air and hot wedge methods is increasingly being used and in good hands is to be preferred. Because
of its flexibility PVC membrane can be folded, allowing sheets, say, 2000m’ to be factory seamed and
delivered to site “accordion style”. Factory seaming is carried out using hot air or high frequency
welding. In this way- 90% or more of all seams can be factory welded under ideal conditions. However
this gain, when comparing with alternative membfanes is more apparent than real. PVC sheet is
usually manufactured in strips about 2m wide. HDPE membrane is normally supplied in 4.5 to 6 7m
wide rolls, each containing about 2000m? of unwelded geomembranc (1 Omm sheet). "

PVC geomembrane is competitively priced and it is cdminoﬁ]y used. It is a very flexible and amenable

geomembrane in situations where the risk of hardening is absent. Many contaminated soil containments:

would be expected to meet this requirement.
D3.2.4 Flexible Polypropylene

FPP, ﬂexible. polypropylene (FPP) geomembranes have been developed relatively recently.
Unreinforced sheets are very flexible and have excellent multi-axial elongation properties. They
conform well to underlying surface textures, which increases their friction angles. Scriml reinforced
sheets (poiypl;opylene calendered over wc;ven polyester fabric) possess high tensile strength, which may
be required in certain applications (although not usnally in the context of a soil monofill). Chemical
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and ultraviolet radiation resistance is good. Thermal welding in the field is claimed to be easier than
for HDPE.

D3.2.5 Other Geomembrane Materials

CSPE, Hypalon, chlorosulphonated pélvethvlene is a modified polyethylene that is soft and pliable.

. CSPE geomembranes are always scrim reinforced. They have good chemical and ultraviolet light
resistance and have been used for floating coverg. .They are less likely to be chosen these days for use
as buried layers. They cure with time. When fresh they can be seamed by solvent bonding or by
thermal welding. However when they cure (one year), solvent bonding and thermal Weld_ing become

impossible. Solvent based adhesives must then be used - with difficulty and with unreliable results.

EPDM._ethylene propviene diene monomer (EPDM) is one of the earlier developed geornembranes. - It

is an elastomer similar to butyl rubber and therefore cannot be thermally welded. The sheet is
prefabricated into large sheets with vulcanised seams, and joined in the field using semi-vulcanised
tape. EPDM is very flexible, has good resistance to many chemicals and to ultraviolet light, but is not
resistant to aliphatic hydrocarbons or to chlorinated solvents. It has a soft surface which providés high
interface friction. '

EIA, XR-5, ethvlene interpolvmer alloy (EI4) is an alloy of PVC and an ethylene interpolymer. It has

. the flexibility of PVC but contains no potentially mobile plasticisers. It is scrim reinforced, is
- manufactured in strips about 2m wide and is factdry prefabﬁcated similarly to PVC. It can be thermal
welded in the field. EIA is extremely resistant to most organic and inorganic chemicals. Overall it has
excellent properties for uée in cover barriers. It is however eXpenéive_: and most likely would be chosen

only when its special properties are indispensable.
D33  Composite Product: Geosynthetic Clay Liners -

There is a range of liner products incorporating both natural and man-made components. This ¢lass of
liner is known as a geosynthetic clay liner (GCL). GCLs can be grouped into two categories as follows:

Adhesive Bonded GCL’s. GCL's differ primarily in the way the layers of geosynthetic and bentonite

are bonded to each other. The earliest GCLs were bonded to the geotextiles, or in soxﬁe cases to only
| one geotextile by adding adhesive to the bentonite. The structure of these GCL’s limits their
usefulness. There is a risk of excessive hydmﬁon before an adequate weight of covering materials is in
place - the weakened GCL may need to be removed and discarded. Other difficulties encountered with
adhesive bonded GCLs include problems with surface loads squeezing the bentonite from place to
place, and low shear strength within the bentonite layer. The problem of low shear strength is generally
exacerbated by the relatively light weight cover psed, particularly on slopes (e.g. using geonet and



D7

minimal covér soils). The iow confining pressures allow relatively large swelling and consequent
lowering of strength in the bentonite layer. These atiributes can limit the use of these GCLs to use on
surfaces with small slopes.

The problems described have been partially reduced by sewing through the whole structure in parallel
lines, commonly 50mm to 100mm apart. The sewing limits swelling, reduces squeezing and limits it to
one direction, and adds shear strength by linking the geotextiles and, under light cover, by reducing

swelling.

One early form of GCL, which is still available, is different in that a layer of adhesive bonded bentonite
is attached directly to an HDPE membrane. Such materials, arguably, could be classes as composite
liners. Their use is similarly limited by the risk of premature swelling, risk of squeezing and risk of low
shear strength.

Unsewn geotextile versions are being phased out, but the HDPE and sewn geotextile versions remain

available. They are very cost effective in applications where their limitations are of no importance.

Needle-punched GCL'’s. Needle-punched GCLs are more commonly used: often with a g_eomembrane
forming a cémposite barrier. For use as single component barriers, high quality GCL’s are currently
more expensive than the geomembmnés they might replace and the added expenditure would need to be
justified. ‘

Woven and non-woven geotextiles of various weights are used. Strength and ability to retain bentonite,
and cost, vary accordingly. Woven fabrics provide higher strength but tolerate low extension. Non-

woven fabrics retain bentonite better than woven fabrics. ”

Single and double needle punching are used, the latter providing higher internal shear strength. In some
needle;punched non-woven GCL’s the punched-through fibres are fused (beat balcndered) to improve
bull—out resistance. The fused surface is stiffer and retains bentonite better, both of which may be
important in design. | ' '
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APPENDIX E
DESIGN AND CONSTRUCTION OF RESISTIVE BARRIERS

“El. COMPACTED CLAY BARRIERS
El.l1  Barrier Design: Minimum Thickness

The thickness of a compacted clay barrier (and more importantly the number of layers or lifts forming
the barrier) will also affect the large scale permeability achieved in the ficld. Benson and Daniel, 1994a
and 1994b, (see also Fulethan and Wissa, 1995) made an in-depth study of this subject. They analysed
stochastic models of flow through defects in successive compacted clay lifts, and also analysed a large
body of case histories in which large scale permeability tests were carried out. Their conclusions

included the following:

o Decreasing hydraulic conductivity with increasing thickness was observed for poorly built liners

and well-built liners. Little reduction in hydraulic conductivity is achieved, however, when the

thickness is increased beyond 0.60 - 0.90m (four to six lifts).

s [If at least four lifts are used, the degree of bonding between lifis, i.e. the degree to which zones of
high horizontal hydraulic conductivity at lift interfaces are eliminated, is far more important that
the number of lifts. Stated in practical terms, the overall hydraulic conductivity of a well-built liner
composed of faz& lifts will be far lower than the hydroulic conductivity of a poorly built liner
‘containing many more lifis. Adding move lifis beyond a minimum of four to six lifts(0.60 - 0.90m)
will not ameliorate the problems Ieﬁ Jrom poor construction (poor bonding between lifts ér hz‘gh-

niean hydraulic conductivity within a lifi).

» A reasonable minimum thickness for low-hydraulic conductivity, compacted soil liners is 0.60 -

0.90m (four to six lifts).

El1.2  Selection and Placement of Clay Used in Low Permeability Barriers-

Suitable clayey soils are likely to have a plasticity index between 10% and 30%, be we]} graded, have

- more than 30% (by mass) finer than 75 microns, more than 15% clay sized (smaller than 2 microns) and

less than 50% gravel sized (Benson, 1991). They should be tested (using flexible wall permeameters)
to establish the range of combinations of moisture content and dry density needed to ensure the required

fow permeability. A typical outcome was reported by Parker and Goad, {1992). The required range of

moisture contents was Optimum Moisture Content to Optimum plus 6%, and dry densities needed to be

at least 94% of that produced by Standard compaction for the soil at the same moisture content.
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Construction practicality and strength considerations are likely to limit the upper bound of acceptable

moisture content.
EL3 Construction Requirements for Compacted Clay Barriers.

Obtaining the required low permeability in the field is the next step. This is usually achieved using
sheepsfoot or pad foot rollers. One problem to be overcome is that the needed soil conditioning and
compaction procedures run counter to most earthworks operators experience : (high depsity is not the
goal). Compared with normal earthworks (ie compaction for structural reasons) the clay may appear
wet, have low strength and upper layer may appear to be poorly compacted. Site specific procedures

may be required to handle clay at moisture contents appropriate for barrier construction.

Compaction must remove secondary structure. It is not sufficient that clay clods internally have the
required low permeability. Voidy structures between clods must be eliminated. Benson and Boutwell
(1992) reported test results from large scale field permeability tests that were as much as 100 times the
results from small scale laboratory tests. '

Parker, Bateman and Williams (1993) and Trautwein and Williams {1994) discuss the need to perform
larg_é scale field tests on finished and/or test pad barriers. These field scale tests may take weeks or
months. The records show that permeability can be produced in the field as low as that measured in the

.. laboratory, but only with careful construction procedures under strict quality control.
. E2. GEOSYNTHETIC CLAY BARRIERS
2.1 = Properties of Geosynthetic Clay Barriers (GCLs} .

An important advaﬁtage in employing a GCL for cover or capping layers is relative ease of installation.
These barriers are very much easier to install than a compacted claf/ barrier, and also easier to install
than a geomembrane. Care is still needed but installation techniques are less specialised. In remote
areas this may make GCLs particularly cost effective. GCLs require less stringent surface preparation
than do'geomembranes, particularly compared with HDPE. Thermal expansion is not a problem
because sheets are joined simply by overlapping 0.15 to 0.30m. (Sheet widths are 4.0 to 5.3m.) Woven
sheets become sealed one to the other by exuded bentonite._ Some non-woven produc;is are provided
with a strip of bentonite factory-applied along one edge of the sheet. Others require rolling on, in the
field, of a strip of bentonite paste. Patches and modifications likewise can be made later without the

need to employ specialists. However, covering before hydration occurs is essential.

The GCLs sealing action is due to the very low permeability of hydrated bentonite. Its coefficient of
permeability is commonly in the order of 1 E-11m/s, which is about 100 times lower than that of a



well constructed clay liner. Its thickness, correspondingly, is about 100th that of a clay liner so that it

offers much the same impedance to flow of water.

The same may not be true for impedance to the movement of some contaminants. Diffusion through a

GCL appears to be faster for some substances, than through a compacted clay liner. Diffusion

coefficients are generally much lower for bentonite than for soils used in constructing compacted clay
barriers, but the small thickness of the bentonite layer affects the rate and magnitude of diffusive
transport. (The same can be true of geomembranes.) Moreover, some substances (such as alcohols and
organic acids) can affect the hydration of t.hc bentonite and either increase (or decrease) water flow as
well. In the presence of chemicals there is a potential for poor containment performance that must be

assessed on a product-specific and site-specific basis.

A popular perceived advantage of GCLs is their capacity for self-repair. Because the bentonite is not
fully hydrated it has potential to expand to repair small defects. Some recent studies however foster
‘some caution about self repair. Substantial damage by plant roots, and strong desiccation may result in
irreversible damage Melchoir, 1997, for example reported severe penetration by plant roots and poor
recovery, partly because the sodium bentonite had, as a result of ion exchange, become (less expansive)

calcium bentonite.

Another uncerﬁinty with GCLs arises where they are overlain by a drainage layer, particularly by a
geodrain. Bulging of the geonet into the apertures of a geodrain (rib Spacing may be 10mm) can reduce
its transmissivity, by as much as an order of magnitude. A further problem is the risk of exudation of
bentonite. This might further jeopardise the geodraiﬁ by clogging the remaiming spaces, a.nd/or could
deplete the GCL of bentonite. A GCL must be carefully selected if it is to interface with a geodrain. A
heat calendered surface is expected to perform better in respect to both bulging and exudation. GCLs
incorporating a thick geotextile should also be better. Other GCLs may require a relatively thick
geotextile to be instailed between the GCL and the geodrain - dépending on the nature of the geotextile
already incorporated. |

A further design matter to be addressed is the thickness of cover required to protect the GCL from
squeeziﬁg aside of the hydrated bentonite under surface loads. Some recent laboratory tests were
reported by Koerner and Narejo(1995) and other tests were reported by Jajjar and Bashar(1996) and
Battista and Fox(1996). The aim of the testing was to .discover how much cover is needed to prevent
squeezing of bento_nite with surface load taken up to bearing cépacity failure within the overlying soils.
The testing suggests that cover thickness should be at least 1.5 timés the width of the loaded- area (for
example the width of a vehicular tyre) and preferably 2 times the width of the loaded area. These
findings are in general agreement with. US Army Corps of Engineers’ requirement for a minimum
cover of 0.45m (US Army, 1995). It was recommended in Section 6.4.2 that at least 0.3m of cover
should be provided over geosynthetics during construction (using low pressui'e equipinent apply loads
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well below bearing capacity). In the same Section a final minimum cover of 0.6m was recommended.
over geosynthetics. These are empirical values and are commonly specified as minima (larger minima

are sometimes required). The limited experimental evidence available makes them scem realistic.

E3. VERTICAL BARRIERS
E3.1  Slurry Walls

Slurry walls are subsurface walls constructed by sluny techniques. An excavation is made to the
required depth using an excavator or “clamshell” which is 2 purfose-built cable suspended grab
designed to produce a relatively narrow trench - 0.6m to 1.2m. Depths as large as 25m are routinely
reached. The trench is maintained full of clay-water shury to support the walls. As water begins to
seep out, a filter cake of clay develops to seal the walls. This retains the slurry and enables it to fully
support the walis. ' '

The shurry must either be displaced by permanent backfill as excavation advances, or the slurry itself

must be capable of hardening into a stable material.

If the trench is to be backfilled, it can either be continuously excavated and baclcﬁlle¢ or be excavated
and backfilled in panels. If the former, backfilling will trail some distance behind excavation. The
. distance will be kept as small as is practicable. If excavation is in panels, alternate panels each a few
| metres long will be excavated to full depth, then be backfilled and cured. Infill panels will then be
~excavated and backfilled to complete the cut-off. This is the same procedure as is used to construct

diaphragm. walls.

If the wall is backfilled, the backfill may be a soil-bentonite mixture, a soil-cement-bentonite mixture,
or a soil-cement mixture. Sometimes a low strength concrete mixture is used. In special circumstances
high resistance non-corroding cut-offs may be constructed - e.g. using sulphate resisting cement

concrete, fly-ash concrete or an asphaltic mixture,

If the slurry used for support is intended to harden it most likely will be a cement-bentonite-water
mixture (typically about 6% bentonite wiw, 18% ordinary Portland cement and 76% water).

-

The coefficient of permeability of a soil-bentonite wall is typically 1 E-9m/s, and that of a cement-
bentonite wall about 1 E-8m/s. o o l |

The main advantages of slhurry cut-off walls were described by Daniel and Koerner (1995) as follows:
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e the depth of the trench may be checked to confirm penetration to the desired depth, and excavated
materials may be examined to confirm penetration into a particular stratum;

+ the backfill can be checked prior to placement to make sure that its properties are as desired and

specified;

o the wall is relatively thick (compared to a sheet pile wall or a geomembrane wall);
o there are no joints between panels or construction segments with the most common type of slury

trench cut-off wall construction.
E3.2  Geomembrane Walls

Geomembrane walls are gaining in popularity. They comprige a‘ continuous geomembrane, usually
HDPE, installed vertically. The geomembrane may consist of geomembrane panels (1 to 5m wide)
joined by preformed edge interlocké, and sealed with an expandjng neoprene packer. Alternatively it
may be a continuous sheet with welded seams where needed. Common sheet thicknesses are 1.0mm to
2.5mm. A geomembréne can be used to improve slurry walls that otherwise may not have as low a
permeability as is required: this may be the case for a cement-bentonite shury wall for example.
'Geomembrane walls can also be installed alone, to shallow depths in soft ground, by means of specially

designed insertion plates and a vibrator.
E33  Sheet Pile Walls e

Sheet pile walls comprise interlocking steel or thick geosynthetic sheets about 0.5m wide. ~ For
geosynthetics the web thickness is 3mm or more. Steel sheet piles are installed by driving or vibrating
into the ground. Geosynthetic sheet piles are installed using driving plates.

Sheet pile walls, historically, have suffered from leakage due to necessary looseness of interlocks and to
variable degrees of damage during driving. A recent innovation is the fitting of an expanding neoprene
cord within the interlocks to improve sealing - it expands on hydration.

Advantages of sheet pile walls include ease of construction (no excavation is necessary),I évailability of
experienced contractors for installiﬁg them, freedom from Mtemce, and reasonable cost.
Disadvantages include potential for corrosion (of steel in some environments), difficulty of dnvmg in
rocky ground, and tendency to leak, particularly when dnvmg is difficult. These disadvauta‘ges liinjt the

usefulness of sheet piles for many waste containment projects.

Wl
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E34 Grout Curtains .

High pressure grouting can be used to construct vertical barriers. Grouting spears are driven or drilled

into place, and grout is pumped out near the head of the spear in stages during withdrawal. The grout is

- mixed in an agitator and is pumped at the required pressure around a circulation line. The spears are

connected to the circulation line by control fittings which provide for regulation of pressure and

injection rate.

Ordinary Portland cement grout is widely used (water to cement ra_.tio 0.6 to 1.0), with or without clays,
sands or flyash. Ordinary Portland cement however cannot be injected into soils finer than coarse sand.
Microfine cement can be used to grout fine sand, but is relatively very expensive. Silicate based grouts
can penetrate finer soils. Two components are mixed and chemicals are added to control viscosity and
setting tunc The grout fills the soil voids w1th a tough caleium silicate gel of very low permeability.
Various organic compounds have also been used for grouting. These usually comprise a monormer,
hardener and catalyst which require premixing or injection via a mixing nozzle. Many are now out of
favour becausé of environmental and health considerations, relating either to the components or to the
solvents used. Some water based acrylic compounds (with health and safety documentation) are
however being introduced. Theée can also .permeate fine soil structure, but they tend to be very

expensive.

As a guide, the following table illustrates the limits of usefulness of various kinds of grout -

Type of Grout Limit of Usefulness (Note 1)
Ordinary Portland Cement ' Fissured rock, fissures > 0.5mm
Microfine Cement . Sand, k=1 E-5m/s
Cement-Bentonite, Bentonite-Water Gravel and sand, k = 1 E-4m/s
Organic Chemicals : _ o
' e dense k=1E-5m/s
o diluted ‘ k=1E-Tm/s

Note 1:  These are illustrative relative values: many factors affect actual
limits, particularly the degree of non-uniformity of void sizes in the soil.

It is judged, from the relatively few references to it in current literature, that grouting is not widely
practised for containment of contamination. It would appear technically suitable: but compared with
readily applied alternatives many forms of grouting are costly; and widely experienced contractors and
operators must be found; and it is an inescapable fact that there is no way of really knowing that the
grout has fully penetrated all the intended volume. Nevertheless the potential usefulness of grouting
should not be overlooked. The process has 2 long history of successful application in civil engineering
for cutting off and diverting groundwater. There is 2 wealth of practical experience, albeit the preserve
of specialists, and well executed gréuting should be able to serve similar functions for the containment

of contamination.
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APPENDIX F
WATER BALANCE MODELLING

Most infiltration modelling is currently performed using the computer program HELP - Hydrological
Evaluation of Landfill Performance - Schroeder et al, 1994. The HELP model was developed by the
US Ammy Corps of Engineers and its development was sponsored and reviewed by the US
Environmental Protection Agency (EPA). The input parameters required are: precipitation, daily;
temperature, daily; solar radiation, daily; evapotranspiration characteristics; seasonal average wind

velocities; and landfill and cap geometry.

The model calculates runoff, infiltration, evapotranspiration and water storage for the numerous layers

present, on a daily basis over the period of analysis - commonly 10 years.

The HELP ‘model provides a sophisticated fusion of numerous, long established hydrological and
agronomic empirical relationships. Various relationships link rainfall, soIar.radiation, air températtire,
plant growth, evapotranspiration, surface runoff, snowfall and melt, unsaturated permeability, water
~‘flow, moisture content and water storage. The model includes recent embellishments to these
established relationships, and some new relationships, for example dealing with ihe factors that

determine rates of leakage through geosynthetic membrane liners.

The HELP model is not rigorous. Two problems that have been given some ‘attention in recent times
deal with the underestimation of runoff during brief storms of high intensity, and the inability of the
model to account accurately for water flow in respdnse to soil water suctiorx-gmdicnts - empirical
relationships are relied upon above a norminated evaporative zone depth and capillary rise from below

the evaporative zone depth is not possibie in the model.

More rigorous, but less versatile models have been developed, of the type discussed in the previous
section dealing with capiliary barriers and mouoléyer covers. SoilCover, UNSAT]D, RMA42 and
UNSAT-H are such models. ‘SoilCover is typical. It is a one dimensional ﬁﬁte element package that
models transient conditions. It predicts the exchange of lwaterrand energy between the atmosphere and
a soil. The theory is based directly on well known Darcy’s and Fick’s Laws which describe the flow of
liquid water and water vapour, and Fourier’s Law which is used to describe conductive _heat flow in the
soil profile beiow the soil/atmosphere boundary. SoilCover predicts the evaporati\;e fiux from a
saturated or an unsaturated soil surface on the basis of daily atmospheric con'ditions, vegetation cover,

and soil properties and conditions. A freezing and thawing formulation is also incorporated.

Soil parameters used are: soil porosity and specific gravity; soil water characteristic curve (soil
moisfure V. suction); unsaturated conducﬁvity data; thermal conductivity and specific heat versus water

content; and some freezing data.
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In practice the designer must choose between simpler, easier to use, less accurate, yet conservative

models (e.g. HELP) and more accurate, more complex models (e.g. SoilCover) requiring extensive

input and formidable computing time.

However, one other, and very important, difference is the ability of HELP to esﬁmate water flows
diverted by subsurface lateral drainage layers. Programs such as SoilCover are strictly one-
dimensional. They can allow for, but cannot predict, the magnitude of lateral drainage - yet the

effectiveness of most cover systems is criﬁcal]y dependent on the efficiency of lateral drainage.

It is concluded that the HELP model is the most appropriate model to use for the design of resistive
 barrier (i.e. conventional) cover systems. It may over-estimate infiltration, but indications are that over-
estimation is probably not serious for a humid climate. Importantly it can be used to assess the relative
effectiveness of alternative provisions for lateral drainage. In general it is also expected to display the
relative merits of alternative systems. Whilst the estimation of infiltration may not be accurate in
absolute terms, the model is regarded as valuable for measuring the relative merits of alternative cover
systems. These will range from nearly useless to nearly perfect. It is considered to be of more
importance to assess where each of a wide range of systems is on this scale, than to know the exact
performance of one or two chosen systems. HELP is practical in this regard, and the model does appear

to provide reasonable approximations to actual performance for other than arid areas.

Of equal importance, HELP -can provide comparisons between systems with different means of
providing lateral drainage. It is believed to be the only model that can do this. The HELP model,
despite the need for further refinement, appears to be the most appfopriate.tool currently available for
the hydrological appraisal of conventional barrier cover designs. 'Accordingly, it is at present almost

univemally used.

Further information can be found in papers by Fleenor and King (1995), Lange et al (1997), Khire ez al
(1997) and Schwarbrick and Koupai (1997).
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