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Landfill capping: engineering and restoration

1. Structure and function of landfill capping systems

C. McDonald, T. Meggyes, E. Simmons

INTRODUCTION AND DEFINITION

The capping system is the final component in the construction
of a landfill. Usages differ, but we will here consider the cap-
ping system as comprising both engineering and restoration
layers (Department of the Environment 1995).

This article is the first in a series of three with the overall
title ‘Landfill Capping Engineering and Restoration’. The
series attempts to bring together aspects of European research
and experience into an appreciation of the current state-of-
the-art in landfill capping design.

This first article gives an overview of the purpose and
structure of capping systems. The second article will go into
greater detail on engineering aspects, and the third will dis-
cuss restoration aspects.

OPERATIONAL PRINCIPLES

According to Stief’s multibarrier principle (1986), the landfill
capping system is one of the essential barriers in controlling
landfills. Its main task is to prevent gaseous pollutants from
migrating towards the atmosphere and rainwater from perco-
lating into the landfill in order to keep leachate generation to
a minimum.

Possible consequences of high leachate generation are
(Franzius 1984):

— flooding of the landfill body and extensive leaching of the
wastes;

— ahigh load on the landfill base;
— reduction of slope stability;
— increased costs of leachate handling;

— acceleration of decomposition processes and increased gas
production;

— risk to groundwater and migration of contaminated water.

As regards increased gas production from accelerated
decomposition processes, many experts have traditionally
regarded rainwater percolation into municipal landfills as
being advantageous and have therefore not demanded a high
level of watertightness for capping systems. It was expected
that the stabilised final state would be achieved more quickly
through intensive decomposition of the wastes within the
landfill.

In some countries, e.g. Germany, regulations for new land-
fills for municipal waste (TA! Siedlungsabfall 1993) aim to
strictly limit the active organic content by pre-treatment, so
that the need for moisture in the biomass is minimised. Else-
where, e.g. Great Britain, landfills are often designed in such
a way that gas production is an intrinsic goal. This notwith-
standing, watertightness of the landfill capping system is now
increasingly a requirement (National Rivers Authority, North
West Unit 1989; North West Waste Disposal Officers Landfill
Liners Sub-Group 1988).

BASIC PERFORMANCE REQUIREMENTS

Landfill cappings have to fulfil the following requirements
over a long period of time (Der Rat von Sachverstindigen fiir
Umweltfragen 1990; Franzius 1986; Bilitewski et al. 1987,
Thomé-Kozmiensky 1988; Melchior ef al. 1990b; Melchior et
al. 1992; Melchior 1993; Forster 1993):

— minimisation of the amount of water percolating into the
landfill by impermeability, drainage and evaporation;

— high resistance to erosion and frost;

— non-susceptibility to desiccation, encrustation and subsid-
ence;

— resistance to penetration by roots and burrowing animals;

— enabling controlled collection and transport of gas to flar-
ing or energy generation;

— reclamation: the capping system should create a biotop
where vegetation is required;

— receptiveness to monitoring, repair or renewal.

The most important potential loads on a landfill capping
system are (Giinther 1988):

— physical loadings: mechanical influences, hydraulic
effects, gas pressure, permeation, heat and frost effects and
UV-radiation;

— chemical loadings: waste leachates, landfill gas and gas
condensate;

— Dbiological loadings: penetration by roots, rodents and
microbial processes.

1. TA refers to a German Federal ‘Technical Instruction” document
—see References.
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Additionally, there can be effects due to the consolidation
or breakdown (physical, chemical or biological) of the cap-
ping medium itself.

In some ways the physical and chemical requirements
upon landfill capping systems are not dissimilar to those on
basal liners. One of the major differences is, however, that
only in the case of capping systems is there such intimate
proximity to the restoration requirements and provisions for
the site.

SIGNIFICANCE OF RESTORATION

The continuing acceptability of landfilling as a means of
waste disposal is greatly influenced by the success of the res-
toration process. This is not a new concept:

‘no matter how well and how scientifically the site has been
selected, prepared and operated it is by the standard of restora-
tion and the continuing satisfactory performance of the restored
land that the acceptability of landfill will be judged’ (Department
of the Environment, Landfill Practices Review Group 1984)

The restored site will influence public opinion for many
years, long after the operational phase is completed. A well-
restored site will assist in sustaining landfill as a waste dis-
posal option.

The choice of after-use is critical to restoration, as it sets
the objectives and design parameters. The purpose of restora-
tion may be seen as being to create an appropriate and attrac-
tive setting for the chosen after-use. After-use options should
thus be explored in the widest possible sense at the initial
design stage.

Landfill sites are most commonly restored to agricultural
grassland, which is not the most appropriate after-use in all
circumstances. Restoration must preserve the agricultural
potential of good quality land. But where productive agricul-
ture will be technically difficult or costly to achieve, or where
there is little demand for this type of land, alternative after-
uses should be considered.

Restoration is an integral part of the landfill process and
must be taken into account throughout the life of the site,
from initial conception to post-closure management. Good
restoration and aftercare not only facilitate beneficial after-
use; they can also contribute to the environmental protection
measures incorporated in the engineering and operational
designs.

INTEGRATING ENGINEERING AND RESTORATION

The landfill developer should consider design, development,
operations, environmental protection, restoration, aftercare
and post-closure management as a continuing process rather
than a series of separate steps. This process requires the plan-
ning of operations and environmental protection systems to
interact with that of afteruse and restoration works, to achieve
a satisfactory overall design and implementation.

Operational requirements, environmental control and res-
toration must be integrated throughout the life of the site. A

programme of works to install the capping system and envi-
ronmental protection systems, and to carry out restoration and
aftercare, should be drawn up at the start of the scheme. But
this needs to be flexible enough to take account of changing
circumstances, such as revisions to the proposed after-use,
new technologies and variations in the rate of landfilling.

Restoration plays an important role in supporting and con-
tributing to the environmental protection measures for leach-
ate and landfill gas control. The soil layers which overlie the
capping system will assist in controlling rainwater infiltra-
tion. If deep enough they can, under some circumstances, pre-
vent rainwater from reaching the surface of the capping layer
at all. The vegetation also contributes to the control of rain-
water infiltration by intercepting rainfall, and by taking mois-
ture out of the soil for growth.

The choice of after-use and aftercare works will influence
the design, installation and management of landfill gas con-
trol systems. A wider range of after-use options may be used
positively to achieve more cost-effective restoration and to
minimise the potential conflicts between aftercare and other
requirements. There should be close collaboration between
those responsible for the long-term maintenance operations
necessary for both the restored land and the engineering sys-
tems.

TYPICAL STRUCTURE OF CAPPING

The structure of a ‘model’ capping system under moderate,
humid climatic conditions can be schematically described,
from outer layers inwards, as follows (TA Abfall 1991; TA
Siedlungsabfall, 1993; Melchior et al. 1990b; Jessberger
1990a; Thomé-Kozmiensky 1992):

Layer Indicative
thickness

surface vegetation
reclamation layer >1m
drainage layer >0.3m
protective layer thickness depends on

overburden pressure
sealing layer, geomembrane (HDPEb)C >2.5 mm
comprising?

mineral liner (2 lifts) >2x025m
regulating layer >0.5m

gas drainage layer

a. Usually constructed as a composite liner with intimate contact between
geomembrane and mineral layer.

b. High density polyethylene.

c. In Germany certification by the Federal Institute for Materials Research
and Testing (BAM) is required.

The capping layers are laid with a suitable inclination for
rainwater drainage (minimum 3-5%) (Miiller-Kirchenbauer
et al. 1990).

The sealing layer (sealer) elements can be:

— artificial materials (geomembranes, commonly HDPE);
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— compacted cohesive earthen materials (cohesive mineral
sealers);

— non-cohesive mineral materials (capillary barriers);

— other materials;

— combinations of the above (composite sealers).

TA Abfall (1991) requires cappings to incorporate a com-
posite sealer (geomembrane in intimate contact with a min-
eral layer), or systems with a proven equivalent or higher
efficiency. However, for landfill class I (highly neutral waste)
of German municipal landfills, a 0.5 m mineral sealer (in two
0.25 m lifts for compaction purposes), or an equivalent sys-
tem, is sufficient for the capping.

A composite sealer is considered by the majority of
experts to provide the most effective capping for landfill
classes II (processed municipal waste) and III (hazardous
waste) (Gross et al. 1997). It is, however, not compulsory in
all Western European countries, nor in the USA (Forster
1993). Its long-term efficacy is sometimes questioned
because of potential impairment by settlement, desiccation
and/or vegetation.

The composite system is probably the most extensively
and intensively tested type of sealer, taking into account trials
in the context of both capping and basal lining. Its barrier effi-
cacy has now been investigated over many years: for
instance, by the German Federal Institute for Materials
Research and Testing (BAM) since 1984 (August 1995;
August and Tatzky-Gerth 1992; August et al. 1992; August
1992; August and Tatzky-Gerth 1991; Liiders and Miiller
1995; Miiller 1993a,b; Miiller 1995a,b,c; Miiller et al. 1995).
The findings of such work tend to be broadly valid for both
capping and lining applications, although cappings are gener-
ally considered to be more vulnerable, due to greater desicca-
tion risks and settlement related problems.

In the selection of the materials to be used for the capping
sealer, economic factors must also be considered. The addi-
tional costs of a more expensive structure may be compen-
sated for by savings in other cost components (e.g. leachate
management). In many cases only the construction costs are
considered. But as voidspace values increase, so can the ben-
efits of either a capping solution which generates waste void
by use of material excavated on site, or a relatively hi-tech
solution which conserves waste void due to its relative slim-
ness. The need for capping systems to last for 50, 100 or more
years, free of major maintenance, must also be taken into
account.

COMPONENTS AND MATERIALS

Surface vegetation

Vegetation both provides shelter and reinforcement for the
capping system and contributes to its basic functioning, espe-
cially in the area of water balance. It is however a risk factor,
due to potential damage by root penetration of some species
into some types of sealer.

Reclamation layer
The reclamation layer supports vegetation and acts as protec-

tion for the lower layers. Its minimal thickness (typically 1 m
in Western Europe) is determined by the maximal depth of
frost and root penetration (Rettenberger 1988; Jessberger
1990a). But caution is suggested by recent observations and
test results on the Hamburg-Georgswerder landfill, which
indicate that 1 m thickness may be insufficient, if no root bar-
rier is incorporated. Permeability in the reclamation layer
should not be below 1077 or 107 m/s; therefore it must not be
overcompacted. However, a satisfactory shear strength needs
to be achieved on steep slopes (Bahnsen 1990).

Drainage layer

The drainage layer has to divert the water which percolates
through the reclamation layer. A long-term permeability of
kOO0 > 1073 m/s should be maintained. Not only mineral but
also artificial materials with proven long-term performance
may be used for drainage layers. Gravel, sand and by-prod-
ucts (e.g. glass ash, incineration slag and mining spoil) can be
found utilised as mineral drainage materials, although the
acceptability of slag or ash may be limited by the presence of
toxic metals, while colliery spoil can become too acidic. Pol-
yethylene (PE), polypropylene (PP), polyamide (PA), polyes-
ter (PES) and polyacrylnitril (PAC) are the most commonly
applied materials for geonets or so-called drain mats (though
the suitability of PES and PAC has not yet been proved as
thoroughly as for PE). Water collection is usually achieved
using HDPE or PVC pipes (Jessberger 19905).

Protective layer

In capping systems, as in basal liners, mineral layers or geo-
textiles (PE and PP non-woven geotextiles, sand mats, ben-
tonite mats, etc.) are applied to protect the geomembranes
(Liiders et al. 1995; Miiller and Miiller 1993; Seeger et al.
1995; Seeger 1995).

Sealing layer

The sealing layer has to prevent rain-water from percolating
into the landfill and landfill gas from escaping into the atmos-
phere. It is in that sense the most critical component of the
capping system. The main solutions in common use are poly-
mer sheeting (known as geomembranes or flexible liners) or
clayey materials (known as cohesive mineral sealers). Com-
posites of both are increasingly found, as are certain hybrids
(asphaltic liners, bentonite mats). A more distinct alternative
relies on layered gravels (capilliary barrier system). Alone
this is not gas-tight nor resistant to root penetration; but in
combination with other layers (e.g. geomembranes), and con-
structed on sufficient drainage slopes, it can form an effective
sealer.

Regulating layer

The regulating layer separates the capping from the waste and
provides a firm and levelled grounding for the compaction of
the mineral sealing layer.

Gas drainage layer

Landfill capping systems have to prevent uncontrolled gas
emission into the atmosphere, and gas migration towards the
surroundings, and to retain sufficiently high methane concen-
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tration for gas utilisation where appropriate (Rettenberger
1986). The gas drainage layer has the task of intercepting, and
where desired collecting, such landfill gas. Gas extraction in
itself affords vital protection against emission and migration
(Rettenberger 1990; Martens and Weber 1990; TA Sied-
lungsabfall 1993).

ADDITIONAL PROTECTION MEASURES

Mobile shelters

Landfill ‘top’ shelters can be regarded as a special (surface)
protection measure. This is usually achieved by means of a
mobile or transportable structure, with the aim of preventing
rain falling on the active area of the landfill during operations
(Franzius 1986). The total prevention of rainwater infiltration
by this means, in the Rondeshagen hazardous waste landfill,
is reported (Ernst 1989). Savings in leachate treatment were
calculated to compensate for the costs of the covering struc-
ture within two years. A covering structure (roof supported by
steel piles) is also used over the Wirmsthal landfill near Bad
Kissingen in Bavaria, which accepts municipal waste and
incineration residues.

Covering structures are also applied to facilitate the place-
ment of landfill liners and/or sealers under otherwise unfa-
vourable weather conditions. Those most commonly used
employ a metal framework and reusable roofs, and in some
instances the piles are designed as lost piles. Krath and
Schwarz (1993) report on tents with a plan area of 2500
square metres which can be used for the interim storage of
mineral liner material and as protection against the weather.
The structure can accommodate heated construction methods
and enables landfill lining with composite liners in winter, in
accordance with the Technical Recommendations ‘GLC’
(German Geotechnical Society 1993) and the Guidelines of
the Federal Institute for Materials Research and Testing
(1994).

Interim covers

Sometimes part of a landfill requires interim cover. This may
be either for a period of hours or days, primarily with the aims
of odour, dust, vermin and windblown nuisance abatement.
Or it may be for a period of months or years, due to the phas-
ing, operational or market requirements of a site.

Such interim covers may be temporary, and stripped (as far
as practicable) upon the resumption of tipping. In other cases
they are left in the landfill permanently, and their perform-
ance in the longer term has to be considered, as well as their
temporary capping function. Geomembranes save room and
can be re-used, but earthen materials are especially advanta-
geous if the cover layer is expected to remain in position.

The most commonly used daily cover materials are
geomembranes, construction debris, industrial wastes and
earthen materials. Easy-to-produce on-site foams and sprayed
layers of waste paper mulch have the advantages of being
strongly compacted under the overburden, yet degenerating
readily, so that in the long term they hardly impede gas and
leachate transport at all (Meyer et al. 1991; Ashton 1993;
Hull 1993).

Interim restoration

With the practice of interim restoration, a shallow subsoil
depth is spread and restored as a temporary measure, for the
first few years after the cessation of landfilling. Full soil
replacement, and the establishment of final restoration and
landscape features, are delayed until it can be demonstrated
that the landfill gas system is operating reliably and effi-
ciently.

The purpose is to minimise the effects upon the restoration
of settlement, and of remedial works to the gas control system
(Environment Agency, forthcoming 1997). Interim restora-
tion allows much of the subsoil and all topsoils to remain
untouched throughout the period of most frequent remedial
works. It also provides a clearer division of responsibility,
separating continuing engineering and operational phases
from restoration and aftercare.

CONCLUSIONS AND ONGOING ISSUES

Value of capping research

While much technical emphasis in landfill design has been
upon basal liners, the landfill capping might be said to be
equally important in engineering terms, and perhaps more so
from a restoration viewpoint. The two companion articles
attempt to summarise recent developments in engineering and
restoration thinking, on capping systems in Germany and the
UK. Some of the main overall conclusions, and the key issues
considered to be outstanding, are now previewed.

Although much of our knowledge of landfill cappings has
been obtained under real operational conditions, it is not yet
sufficient in every aspect to ensure reliable predictions of
long-term performance. High priority has to be given to sys-
tematic investigations into the technology of landfill cap-
pings, especially through planned programmes using trial
sites. Greater sharing, comparison and replication of results,
including internationally, is vital if confidence is to be re-
established and maintained in landfill as a responsible means
of waste disposal.

Engineering and restoration strands

The strongest research relating to cappings in Germany has
focused upon materials specification and performance for the
sealing layer. Perhaps most crucial — if only because it is the
one type of sealer which tends to be commonly used both
alone and in combination with other materials — is the work
on cracking in cohesive mineral sealers. In clayey cappings,
given carefully selected materials, this tends to be induced
either by settlement and/or defects in placement (mechanical
cracks), or by drying out and shrinkage (desiccation cracks).
Both types of cracks can be shown to be self-healing under
surcharge; however, mechanical cracks will not heal them-
selves under the depth of surcharge commonly found in land-
fill cappings, unless the mineral sealer has retained its
plasticity (Savidis and Mallwitz 1995).

Much of the experience in UK restoration design and prac-
tice is highly relevant to such findings. The practical arts of
soil handling and vegetation establishment are now
approached with a degree of caution and refinement reminis-
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cent of the veteran farmer, forester and gardener: but with
added complications, such as the need to use imported soil
making or drainage materials, and the need to avoid disturb-
ing gas control installations or root penetration of the cap. But
more to the point, the protective, drainage, reclamation and
vegetation layers over the sealer are now more clearly seen
not only in relation to the site afteruse, but also as having a
vital function in preventing cohesive mineral sealers and ben-
tonite matting drying out and losing their plasticity.

Timing of and measures pending capping

The stage at which a capping system is applied, relative to the
state of degradation and consolidation of the waste, is critical.
To provide a stable sub-grade, biological activity should have
subsided to a point where the waste body exhibits a predicta-
ble and limited settlement behaviour. In Germany, this is
assisted by the limits (under TA Siedlungsabfall 1993) upon
the organic content of municipal wastes for disposal to land-
fill: but that presupposes acceptable methods of pre-treat-
ment. /n situ treatment of the waste body by dynamic
intensive compaction could also be beneficial.

For long-term stability, residual settlement after installa-
tion of the capping must not be such as to exceed allowable
strains in its sealer materials. Asphaltic concrete is most sus-
ceptible in this regard. The tolerance of mineral sealers
largely depends upon their composition and specification.
Geomembranes perform well. Bentonite matting is least sus-
ceptible to settlement.

Although not as thoroughly researched as the mainstream
capping systems, we have felt the emphasis upon additional
protection — mobile shelters, interim cover, interim restora-
tion — worth reporting here. The interest in such matters
reflects a practitioner’s concern that the very best end-state
design is of limited benefit unless one can better cope with all
the various stages of construction and partial completion.

With a landfill operation, construction and completion can
be very extended in space and time: the more so where final
capping is to be delayed as suggested above. One of the skills
to be nurtured, in managing a landfill site, is that of phasing.
Facilities should be developed and used so as to meet demand
at acceptable economic cost and risk, while supporting more
advanced techniques of operational and environmental con-
trol, such as those offered by mobile shelters and interim res-
toration.

More fundamental design questions

Despite interest in accelerated stabilisation of landfills, and
awareness of the role of moisture in achieving that, it is not
yet possible to design a capping which will attain and main-
tain an optimal water balance in the waste mass, due prima-
rily to seasonal fluctuations in rainfall and temperature. The
common recourse is to seek to exclude all water ingress; but
the downside of that could be undesirable prolonging of
waste degradation processes (Young 1993).

One solution is the injection of sewage sludge or recycled
leachates (via pipe systems) under the capping. An alternative
approach might be to try to specify a capping which allowed
only optimum percolation into the waste under wet condi-
tions, but presented the possibility of above-capping irriga-

tion to maintain the water balance in drier periods. The latter
design philosophy would have to take into account the chang-
ing moisture requirement of the waste mass as it degraded
over the years. Its achievement may be dependent upon the
implications for containment and extraction of landfill gas.

It is difficult to conceive of a gilled or valved membrane
sufficiently robust for landfill capping purposes which would
allow measured water ingress without permitting significant
gas escape; but there may be ‘low tech’ solutions by provid-
ing for controlled irrigation at the joints in standard imperme-
able geomembranes. Research has shown that it is the
moisture content at placement, rather than in operation, which
is critical in determining the gas permeability of clayey min-
eral sealers; so there is also perhaps hope there. Active gas
extraction (negative pressure) does of course assist in mini-
mising losses, but gives rise to air ingress and aerobic condi-
tions if taken too far.

Towards ‘discerning’ capping systems

The basic mechanism of greatest relevance, then, is the flow
of water purely under gravity (and hydraulic head), and the
resistance to such flows (including due to capillary forces), in
the pores of the capping materials. This interest applies just as
much to water movement in the drainage, soils and vegetation
above the seal, as to percolation through the sealing layer
itself. It is perhaps in this area that our review has revealed
most promise. One cannot fail to be impressed by the paral-
lels between the understanding among soil scientists as to
how a wetting front moves seasonally within the reclamation
zone, and the emerging knowledge from engineering trials of
capillary barriers as a component of capping sealers.

This symbiosis suggests to us that it should indeed be the-
oretically possible to design an integrated cap of soils, drain-
age layer and cohesive materials, for any given climate,
which allows annual infiltration to be kept down to a predict-
able maximum, yet permits topping up by irrigation, before,
during or after drier periods, to maintain a desired long-term
rate of stabilisation of the waste. Moreover, in principle there
should be a range of possible design solutions, in sympathy
with the types and availability of soils and other materials,
and the nature of the landfill and its afteruses.

It could take many years before such ‘discerning’ cappings
can be reliably designed and constructed; by which time they
may be outpaced by even more sophisticated geomembranes
and geotextiles. But there does now seem to be a prospect on
the horizon of more enlightened approaches to capping than
the absolutist aim of trying to keep all water out of a landfill,
regardless of the consequences for longevity of engineering
aftercare, and delay in restoration and beneficial use.

ACKNOWLEDGEMENTS

Parts of this and its companion articles are based on the inte-
grated research programme ‘Development of Advanced
Landfill Liner Systems’ (project number: 1440569) spon-
sored by the Bundesministerium fiir Bildung, Wissenschaft,
Forschung und Technologie (German Federal Ministry for
Education, Science, Research and Technology) whose sup-



Land Contamination & Reclamation / Volume 5 / Number 2 / 1997

port is gratefully acknowledged. Other parts draw upon cer-
tain of the work underlying the Waste Management Paper
series of the UK Department of the Environment: particularly
that relating to the recent revisions of No. 26B ‘Landfill
Design, Construction and Operational Practice’ and No. 26E
‘Landfill Restoration and Post Closure Management’.

The authors express appreciation to Dr. S. Melchior (IGB
Hamburg, formerly University of Hamburg), Prof. H. August,
Dr. U. Holzlohner and Dr. W. Miiller (Federal Institute for
Materials Research and Testing, BAM, Berlin) for their help-
ful advice. Permission by the Solid and Hazardous Waste
Research Unit of the University of Newcastle Upon Tyne, to
use parts of the State of the Art Report ‘Landfill Liner Sys-
tems’, is gratefully acknowledged. The views herein are those
of the authors, and are not necessarily shared by their collabo-
rators or employers.

REFERENCES

Ashton, S. (1993) Daily cover — the use of urea formaldehyde foam
on landfill sites. Discharge your Obligations, 2-4 Nov. 1993. Kenil-
worth, Warwickshire.

August, H. (1992) Dicht auch iiber Jahrhunderte — Technische Barri-
eren fiir Deponien. (Impervious over centuries — technical liners for
landfills). Chemische Industrie, 1, 17-18.

August, H. (1995) Liner systems incorporating asphalt. In: HolzI6h-
ner, U.; August, H.; Meggyes, T.; Brune M. (1995): Landfill Liner
Systems. A State of the Art Report. Eds. Anderson, D., Meggyes, T.
Solid and Hazardous Waste Research Unit of the University of New-
castle Upon Tyne. Penshaw Press, Sunderland. ISBN 0-9518806-3-
2.

August, H., Tatzky-Gerth, R. (1991) Neue Forschungsergebnisse aus
Langzeituntersuchungen an Verbunddichtungen als technische Bar-
riere fiir Deponien und Altlasten. (New Research Results of Long-
term Tests on Composite Liners as Technical Barrier for Landfills
and Contaminated Land.) Kammer der Technik, Fachkongress
‘Umwelttechnik '91°. 22-24 August 1991, Universitit Rostock,
Tagungshandbuch.

August, H., Tatzky-Gerth, R. (1992) Neue Forschungsergebnisse aus
Langzeituntersuchungen an Verbunddichtungen als technische Bar-
riere fiir Deponien und Altlasten (New Research Results of Long-
term Tests on Composite Liners as a Technical Barrier for Landfills
and Contaminated Land). In: Thomé-Kozmiensky, K.J. (ed.):
Abdichtung von Deponien und Altlasten, Berlin: FE-Verlag fiir
Energie und Umwelttechnik, pp. 273-283.

August, H., Tatzky-Gerth, R. (1993) Langzeituntersuchungen an
Verbunddichtungen fiir Deponien und Altlasten (Long-term tests on
composite liners for landfills and contaminated land). Zeitschrift der
Dachdeckermeister, No 2/93, 50-56. Zeitschrift BmK Bauen mit
Kunststoffen und neuen Baustoffen No 1/93, pp. 5-9.

August, H., Tatzky-Gerth, R., Preuschmann, R., Jakob, 1. (1992) Per-
meationsverhalten von Kombinationsdichtungen bei Deponien und
Altlasten gegeniiber wassergefdhrdenden Stoffen (Permeation
behaviour against water contaminants of composite liners for land-
fills and contaminated land). UFOPLAN des BMU. Forschungs-
bericht. (Research Report): F+E-Vorh. No 102 03 412 Durchgefiihrt
von der BAM im Auftrag des Umweltbundesamtes, Berlin, August
1992.

Bahnsen, P. (1990) Konzepte und Ausfithrungen der Abdeckung der
Deponie Georgswerder (Concepts and solutions for capping the
Georgswerder landfill). Vortrag am 4. Erfahrungsaustausch, 15-16.
11. 1990. Verbundvorhaben Neue Verfahren und Methoden zur Sani-
erung von Altlasten am Beispiel der Deponie Georgswerder. Freie
und Hansestadt Hamburg: Umweltbehorde, Amt fiir Altlastensani-
erung.

Bilitewski, B., Hérdtke, G., Marek, K. (1987) Anforderungen an die
Sonderabfalldeponie der Zukunft (Requirements for the Hazardous
Waste Landfill of the Future). In: Thomé-Kozmiensky, K. J. (ed):
Deponie. Ablagerung von Abfillen. Berlin: EF-Verlag fiir Energie-
und Umwelttechnik. pp. 875-897.

Der Rat von Sachverstindigen fiir Umweltfragen (Council of envi-
ronmental experts) (1990) Abfallwirtschaft. Sondergutachten.
(Waste management. Expert opinion) Stuttgart: Metzler-Poeschel.
pp. 442-478.

Department of the Environment (1995) Waste Management Paper
26B. Landfill Design, Construction and Operational Practice. Lon-
don. HMSO Publication Centre.

DoE Landfill Practices Review Group (1984) Site Restoration and
Aftercare. WLR Technical Note Series No 65.

Environment Agency, Waste Management Paper 26E, Landfill Res-
toration and Post-Closure Management, forthcoming 1997.

Ernst, H. (1989) Vermeidung der Bildung von Sickerwasser durch
groBflichige Uberdachung (Avoiding Leachate Generation using
Top Shelters). In: Thomé-Kozmiensky, K.J. (ed) Deponie.
Ablagerung von Abfillen. 3. Berlin: EF-Verlag fiir Energie- und
Umwelttechnik. pp. 461-470.

Federal Institute for Materials Research and Testing (Bundesanstalt
fiir Materialforschung und -priifung, BAM, Berlin) (1994) Guide-
lines for the Certification of Geomembranes as Element of a Com-
posite Liner for Municipal and Hazardous Waste Landfills as well as
for Contaminated Land. Berlin.

Forster, A. (1993) Landfill Cover Technology within the United
Kingdom, the rest of Europe and the United States. Green '93: Waste
Disposal by Landfill. 28 June — 1 July 1993. Bolton, Lancashire.
Band 1. pp. 5-15.

Franzius, V. (1984) Wasserwirtschaftliche Integration als Ziel der
Deponieplanung. (Water Management Integration as a Goal of
Landfill Design.) Stuttgarter Berichte zur Abfallwirtschaft. Vol. 17.
Bielefeld: Erich Schmidt, pp. 211-219.

Franzius, V. (1986) Bedeutung von Oberflachenabdichtungen fiir
Gas- und Wasserhaushalt von Deponien. (Importance of landfill cap-
pings for gas and water balance of landfills.) In: Fehlau, K.-P, Stief,
K. (eds) Fortschritte der Deponietechnik 1985. Erich Schmidt, Ber-
lin.

German Geotechnical Society for the International Society of Soil
Mechanics and Foundation Engineering (1993) Geotechnics of
Landfills and Contaminated Land. Technical Recommendations
‘GLC’. Ernst & Sohn, Berlin.

Gross, B. A., Othman, M. A. Bonaparte, R. (1997) Inferred Hydrau-
lic Performance of Waste Containment Caps from Landfill Opera-
tional Data. Proc. 1997 International Containment Technology
Conference and Exhibition. February 9-12, 1997. St. Petersburg,
Florida, USA.



Structure and function of landfill capping systems

Giinther, K. (1988) Oberflachenabdichtungen fiir Deponien und Alt-
lasten. (Landfill Cappings for Landfills and Contaminated Land.) In:
Wolf, K. et al. (eds) Altlastensanierung '88. Zweiter Internationaler
TNO/BMFT-Kongress iiber Altlastensanierung. Band 1. Dordrecht:
Kluwer Academic Publishers. pp. 577-593.

Holzléhner, U. (1993) Transportvorgdnge und Bodendeformation
unter Einwirkung von Austrocknung und &ufleren Spannungen.
(Transport processes and soil deformation under the influence of
desiccation and external stresses.) In: August, H., Holzl6hner, U.,
Meggyes, T., Brune, M. (eds.) Deponieabdichtungssysteme. 2. Arbe-
itstagung BAM, Berlin. pp. 139-148.

Holzlohner, U. (1994) Rissgefahrdung von Erdstoff-Abdichtungss-
chichten bei Austrocknung unter Auflast. (Risk of cracking in
earthen liners due to desiccation under surcharge.) In: 10. Niirn-
berger Deponie-Seminar, LGA-Grundbauinstitut. Niirnberg, No 72,
pp- 307-324.

Holzlohner, U., August, H. (1995) Pollutant Transport. In: Holzl6h-
ner, U., August, H., Meggyes, T., Brune M. (1995) Landfill Liner
Systems. A State of the Art Report. Eds., Anderson, D., Meggyes, T.
Solid and Hazardous Waste Research Unit of the University of New-
castle Upon Tyne. Penshaw Press, Sunderland. 1995. ISBN 0-
9518806-3-2.

Holzlohner, U., August, H., Meggyes, T., Brune, M. (1995) Landfill
Liner Systems. A State of the Art Report. Eds.: Anderson, D.; Meg-
gyes, T. Solid and Hazardous Waste Research Unit of the University
of Newcastle Upon Tyne. Penshaw Press, Sunderland. ISBN O-
9518806-3-2. p. 304.

Holzldhner, U., Meggyes, T. (1995) Schutz vor Kontamination durch
Deponien. (Protection against contamination by landfills). In: Hand-
buch der Bodenkunde, Chapter 7.6.7. Ecomed Verlag, Landsberg.
ISBN 3-609-72210-X.

Holzlohner, U., Ziegler, F. (1995a) The Effect of Overburden Pres-
sure on Desiccation Cracking of Earthen Liners. Proc. 5th Int. Land-
fill Symposium Sardinia '95, Vol. II, p. 203-212.

Holzléhner, U., Ziegler, F. (1995b) Wassertransportvorgénge und
Rissgefdhrdung von Erdstoff-Abdichtungsschichten im Hinblick auf
die Langzeitfunktionsfahigkeit. (Water transport processes and risk
of cracking in the long-term behaviour of earthen liners). In:
August, H., Holzlohner, U., Meggyes, T. (eds.) Tagungsband der 3.
Arbeitstagung  (Statusseminar) des BMBF-Verbundforschungs-
vorhabens Weiterentwicklung von Deponieabdichtungssystemen.
BAM, Berlin. pp. 161-174.

Hull, J. (1993) Recent Developments in the use of waste-paper based
daily cover systems in Europe. Discharge your Obligations. 2-4 Nov.
1993. Kenilworth, Warwickshire.

Jessberger, H.L. (1990a) Bautechnische Sanierung von Altlasten.
(Remediation techniques for contaminated land). In: Arendt, F.; Hin-
senveld, M., van den Brink, W. J. (eds) Altlastensanierung '90. Drit-
ter Internationaler KfK/TNO Kongress iiber Altlastensanierung,
Karlsruhe. Dordrecht: Kluwer Academic Publishers, pp. 1299-1306.

Jessberger, H.L. (1990b) Empfehlungen des Arbeitskreises ‘Geo-
technik der Deponien und Altlasten’ - GDA-Empfehlungen. (Techni-
cal Recommendations of the Working Party ‘Geotechnics of
Landfills and Contaminated Land’ — GLC-Recommendations.) In:
Jessberger (ed) Neuzeitliche Deponietechnik. 2. Deponie- Seminar,
Bochum, 10-11 Oktober 1990. Rotterdam: A.A. Balkema. pp. 9-25.

Krath, U. and Schwarz, T. (1993) Kombinationsdichtungsbau im
Winter am Beispiel der Zentralen Miilldeponie Eiterkopfe. (Laying a

composite liner in winter in the Eiterkopfe central landfill.) Mill
und Abfall 5, pp. 366-374.

Liiders, G. and Miiller, W. (1995) Geomembranes. In: Holzl6hner,
U., August, H., Meggyes, T., Brune M. (1995) Landfill Liner Sys-
tems. A State of the Art Report. Eds. Anderson, D., Meggyes, T.
Solid and Hazardous Waste Research Unit of the University of New-
castle Upon Tyne. Penshaw Press, Sunderland. ISBN 0-9518806-3-
2.

Liiders, G., Miiller, W., Miiller, U., August, H. (1995) Untersuchun-
gen zur Langzeitbestdndigkeit von Schutzmaterialien fiir Kunstst-
offdichtungsbahnen in Deponiebasisabdichtungen (Investigation of
long-term behaviour of protective materials for geomembranes in
landfill basal liners). In: August, H., Holzl6hner, U., Meggyes, T.
(eds.) Tagungsband der 3. Arbeitstagung (Statusseminar) des
BMBF-Verbundforschungsvorhabens Weiterentwicklung von
Deponieabdichtungssystemen. BAM, Berlin.

Martens, J., Weber, B. (1990) Deponiegas und Sickerwasser — Ener-
giebilanz eines integralen Entsorgungskonzepts (Landfill gas and
leachate - energy balance of an integrated waste management con-
cept). In: Thomé-Kozmiensky, K.J., Lante, D.W. (eds) Deponie.
Ablagerung von Abfillen 4. Berlin: EF-Verlag fiir Energie- und
Umwelttechnik. pp. 459-478.

Meggyes, T., Brune, M. (1994) Recent improvements in landfill lin-
ers. In: Discharge your Obligations 1993. CPL Scientific Ltd.,
Kenilworth, Warwickshire 1994, pp. 115-122.

Meggyes, T., Holzlohner, U. (1995a) Immissionsschutz bei Depon-
ien. (Protection against Emissions from Landfills). Publications of
the University of Miskolc. Series A. Mining. Volume 50. Process
Engineering. Fasc. 2. pp. 173-187.

Meggyes, T., Holzlohner, U. (1995b) Today’s Landfill Liners Pro-
tecting Tomorrow’s Environment. Environmental Technology, 2/95,

pp- 2-9.

Meggyes, T., Holzlohner, U., August, H. (1995) Improving the tech-
nical barrier for landfills. Proc. 5th Int. Landfill Symposium Sardinia
'95, Vol. 11, p.89-102.

Meggyes, T., McDonald, C. (1995) Landfill capping systems. In:
Holzlohner, U., August, H., Meggyes, T., Brune, M. (eds) Landfill
Liner Systems. A State of the Art Report. Eds Anderson, D., Meg-
gyes, T. Solid and Hazardous Waste Research Unit of the University
of Newcastle Upon Tyne. Penshaw Press, Sunderland. ISBN O-
9518806-3-2. p. 280.

Melchior, S. (1993) Wasserhaushalt und Wirksamkeit mehrschichti-
ger Abdecksysteme fiir Deponien und Altlasten (Water balance and
efficiency of multi-layered cappings for landfills and contaminated
land). Hamburger Bodenkundliche Arbeiten 22, p. 330.

Melchior, S., Berger, K., Rook, R., Vielhaber, B., Miehlich, G.
(1990a) Testfeld- und Traceruntersuchungen zur Wirksamkeit ver-
schiedener Oberfldchendichtsysteme fiir Deponien und Altlasten.
(Test site and tracer investigations into the efficiency of various cap-
ping systems for landfills and contaminated land). Zeitschrift der
deutschen geologischen Gesellschaft. (141), pp. 339-347.

Melchior, S., Berger, K., Vielhaber, B., Miehlich, G. (1992) Ver-
gleichende Bewertung unterschiedlicher Abdecksysteme fiir Depon-
ien und Altlasten (Comparative analysis of various capping systems
for landfills and contaminated land). In: Thomé-Kozmiensky, K. J.
(ed): Abdichtung von Deponien und Altlasten. Berlin: EF-Verlag fiir
Energie- und Umwelttechnik. pp. 453-475.



Land Contamination & Reclamation / Volume 5 / Number 2 / 1997

Melchior, S., Vielhaber, B., Miehlich, G. (1990b) Untersuchungen
zur Wirksamkeit verschiedener Oberflédchendichtsysteme fiir Depon-
ien und Altlasten. (Investigation into the efficiency of various cap-
ping systems for landfills and contaminated land). In: Thomé-
Kozmiensky, K.J., Lante, D.W. (eds) Deponie. Ablagerung von
Abfiillen 4. Berlin: EF-Verlag fiir Energie- und Umwelttechnik. pp.
177-196.

Meyer, F., Bayersdorf, F., Kasper, H. (1991) Daily cover of landfills
with the on site foam system plastsoil. Proceedings Sardinia 91.
Third International Landfill Symposium. 14-18 October 1991. S.
Margherita di Pula (Cagliari), Italy. pp. 1087-1091.

Miiller, U. and Miiller, W. (1993) Studies on solvent swell of geotex-
tiles caused by selected organic leachate compounds. Proc. 4th Int.
Landfill Symposium Sardinia '93, Vol. 1, pp. 379-388.

Miiller, U. (1995) Protective layers for geomembranes. In: Holzl6h-
ner, U., August, H., Meggyes, T., Brune M. (1995) Landfill Liner
Systems. A State of the Art Report. Eds. Anderson, D., Meggyes, T.
Solid and Hazardous Waste Research Unit of the University of New-
castle Upon Tyne. Penshaw Press, Sunderland. ISBN 0-9518806-3-
2.

Miiller, W. (1993a) Anforderungen an Werkstoffe fiir Deponie-
Abdichtungssysteme, (Requirements on materials for landfill liner
systems.) Tagungsband der 9. Fachtagung ‘Die sichere Deponie’,
Kunststoffinformation Verlagsgesellschaft mbH, Bad Homburg.

Miiller, W. (1993b) Anforderungen, Bestimmungen und Auflagen
der BAM-Richtlinie fiir die Zulassung von Kunststoffdichtungsbah-
nen in Kombinationsdichtungen. (Requirements, regulations and
conditions in the guidelines for the certification of geomembranes as
a component of composite liners). 3. Informations- und Vortragsver-
anstaltung tiber ‘Kunststoffe in der Geotechnik’. Geotechnik, Organ
der Deutschen Gesellschaft fiir Erd- und Grundbau. Special Issue
1993.

Miiller, W. (1994a) Die Anwendung der BAM-Zulassung beim Bau
von Kombinationsdichtungen (Utilisation of the BAM certification
in composite liner construction). Miill und Abfall, 26 (9), p. 601.

Miiller, W. (1994b) Wie dicht sind Kombinationsdichtungen? (How
tight are geomembranes?) Tagungsband der 10. Fachtagung ‘Die
sichere Deponie’. Kunststoffinformation Verlagsgesellschaft mbH,
Bad Homburg.

Miiller, W. (1995a) Bestindigkeit und Dichtigkeit von Abdichtungs-
materialien bei Deponien und Altlasten. (Durability and sealing effi-
cacy of sealers for landfills and contaminated land). In: Beitrdge zur
Sanierung von Altablagerungen und Altlasten, Materialien zur Alt-
lastenbehandlung 4/1995. Ed.: Staatsministerium fiir Umwelt und
Landesentwicklung, Dresden.

Miiller, W. (1995b) Dichtigkeit und Bestdndigkeit von Baustoffen
fiir Deponieabdichtungen, Uberlegungen zur Gleichwertigkeit von
Deponieabdichtungssystemen. (Sealing efficacy and durability of
materials for landfill liners: on the equivalence of landfill liner sys-
tems). In: Tagungsband der 11. Fachtagung ‘Die sichere Deponie’.
Kunststoftinformation Verlagsgesellschaft mbH. Bad Homburg.

Miiller, W. (1995¢) Dichtigkeit und Bestdndigkeit von Baustoffen
fiir Deponieabdichtungen. (Sealing Efficacy and Durability of Mate-
rials for Landfill Liners). Abfallwirtschaftsjournal 7 (1995), No. 12.

Miiller, W., August, H., Jakob, 1., Tatzky-Gerth, R. and Vater, E.-J.
(1995) Die Wirkungsweise der Kombinationsdichtung — Immersion-
sversuche zur Schadstoffmigration in Deponieabdichtungssyste-
men. (Operation of composite liners - immersion tests on

contaminant migration in landfill liner systems). In: Bartz, W.J. (ed.)
Asphaltdichtungen im Deponiebau, Eine Standortbestimmung, Vol.
488, Kontakt & Studium, Renningen-Malmsheim; Expert-Verlag.
pp. 24-46. ISBN 3-8169-1296-6.

Miiller, W. and Preuschmann R. (1992) Zulassung fiir Kunstst-
offdichtungsbahnen in Kombinationsdichtungen. (Certification of
geomembranes for composite liners). In: Thomé-Kozmiensky, K. J.
(ed.): Abdichtungen von Deponien und Altlasten, Berlin: EF-Verlag
fiir Energie und Umwelttechnik. p. 249.

Miiller, W. and Preuschmann R. (1993) Zulassung fiir Kunstst-
offdichtungsbahnen -Anforderungen an Material, Herstellung und
Einbau. (Certification of geomembranes — requirements on materi-
als, production and placement). Abfallwirtschafis Journal, 4(1), 61-
68.

Miiller-Kirchenbauer, H., Friedrich, W., Giinther, K., Nuflbaumer,
M. and Stroh, D. (1990) Oberflachenabdeckung (Landfill capping).
In: Weber, H.H. (ed); Fresenius, W., Matthess, G., Miiller-Kirchen-
bauer; H., Storp, K., WeBling, E. (eds) Altlasten: Erkennen, Bew-
erten, Sanieren. Springer, Berlin. pp. 189-194.

National Rivers Authority, North West Unit (1989) Earthworks on
Landfill Sites.

North West Waste Disposal Officers Landfill Liners Sub-Group
(1988) Guidelines on the Use of Landfill Liners.

Rettenberger, G. (1986) Entgasung und Oberfldchenabdichtungen
am Beispiel der Sonderabfalldeponie Gerolsheim. (Gas extraction
and landfill capping in the Gerolsheim hazardous waste landfill). In:
Fehlau, K.-P., Stief, K. (eds): Fortschritte der Deponietechnik 1985.
Erich Schmidt, Berlin.

Rettenberger, G. (1988) Oberflachenabdichtungen bei Sonderab-
falldeponien. (Landfill cappings for hazardous waste landfills). In:
Thomé-Kozmiensky, K. J. (ed) Deponie. Ablagerung von Abfillen.
2. Berlin: EF-Verlag fiir Energie- und Umwelttechnik. pp. 440-450.

Rettenberger, G. (1990) Fortschritte bei der Entgasungstechnik.
(Progress in Gas Extraction.) In: Thomé-Kozmiensky, K.J., Lante,
D.W. (eds) Deponie. Ablagerung von Abfillen 4. Berlin: EF-Verlag
fiir Energie- und Umwelttechnik. pp. 451-457.

Savidis, S., Mallwitz, K. (1995) Selbstheilung von mineralischen
Dichtmaterialien beziiglich Durchlissigkeit in gestorten Deponieab-
dichtungen/Dichtsystemen. (Self-healing capability of mineral seal-
ing materials with regard to permeability in disturbed land(fill liners
/ liner systems.). Final Report. BMBF Integrated Research Pro-
gramme ‘Development of Advanced Landfill Liner Systems’. 1140
569A5-18.

Seeger, S. (1995) Zulassung von Schutzlagen (Certification of pro-
tective layers). In: Tagungsband der 11. Fachtagung ‘Die sichere
Deponie’. Kunststoffinformation Verlagsgesellschaft mbH, Bad
Homburg.

Seeger, S., Miiller, W., Jakob, 1., Tatzky-Gerth, R. and August, H.
(1995) Anforderungen an die Schutzschicht fiir die Dichtungsbah-
nen in der Kombinationsdichtung, Teil 1: Wirksamkeit
(lastverteilende Wirkung und Bestdndigkeit), Materialien und
Priifverfahren bei Schutzschichten. (Requirements on protective lay-
ers for geomembranes in composite liners. Part 1: Efficacy (load-
distribution and durability), materials and test methods). Miill und
Abfall, 27 (8), p. 544.

Stief, K. (1986) Das Multibarrierenkonzept als Grundlage von Pla-
nung, Bau, Betrieb und Nachsorge von Deponien. (The multi-barrier



Structure and function of landfill capping systems

concept as basis for design, construction, operation and aftercare of
landfills). Miill und Abfall,18 (1), 15-20.

TA Abfall (1991) Zweite Allgemeine Verwaltungsvorschrift zum
Abfallgesetz, Teil 1: Technische Anleitung zur Lagerung, chemisch/
physikalischen und biologischen Behandlung, Verbrennung und
Ablagerung von besonders iiberwachungsbediirftigen Abfillen.
(Second General Administrative Provision to the Waste Avoidance
and Waste Management Act, Part 1: Technical Instructions on the
Storage, Chemical, Physical and Biological Treatment, Incineration
and Deposition of Waste Requiring Particular Supervision - TI Haz-
ardous Waste) In: Schmeken, W.: TA Abfall. Koln: Deutscher
Gemeindeverlag, W. Kohlhammer; and in: Miill-Handbuch. Band 1,
0670. Erich Schmidt, Berlin. pp. 1-136.

TA Siedlungsabfall (1993) Dritte Allgemeine Verwaltungsvorschrift
zum Abfallgesetz: Technische Anleitung zur Verwertung, Behand-
lung und sonstigen Entsorgung von Siedlungsabfillen. (Third Gen-
eral Administrative Provision to the Waste Avoidance and Waste
Management Act: Technical Instructions on Recycling, Treatment
and Disposal of Municipal Waste - TI Municipal Waste.) In: Schme-
ken, W.: TA Abfall, TA Siedlungsabfall. 3. Edition. K6ln: Deutscher
Gemeindeverlag, W. Kohlhammer; and in: Miill-Handbuch. Band 1,
0675. Erich Schmidt, Berlin. pp. 1-52.

Thomé-Kozmiensky, K.J. (1988): Deponie - Ablagerung von Abfil-
len. (Landfill - Deposition of Wastes.) In: Thomé-Kozmiensky, K. J.
(ed): Deponie. Ablagerung von Abfillen. 2. EF-Verlag fiir Energie-
und Umwelttechnik, Berlin. pp. 1-145.

Thomé-Kozmiensky, K.J. (1992) Deponien und Altlasten — Betrach-
tungen, insbesondere zur Abdichtung, vor dem Hintergrund von TA
Abfall und TA Siedlungsabfall — (Landfills and contaminated land -
considerations, especially in respect of Sealing, in view of TA Abfall
and TA Siedlungsabfall.) In: Thomé-Kozmiensky, K. J. (ed): Abdich-
tung von Deponien und Altlasten, Grundkursus. Berlin: EF-Verlag
fiir Energie- und Umwelttechnik. pp. 5-51.

Young, C. (1993) Landfill Completion — Waste Management Paper
No. 26A. Institute of Wastes Management, Spring Meeting 1993.

AUTHORS

C.McDonald, Environment Centre, University of Leeds, T.
Meggyes, Federal Institute for Materials Research and Testing
(BAM), Berlin, E. Simmons, Aspinwall & Company Limited,
Leeds.

Received March 1997; accepted May 1997.

Apart from fair dealing for the purposes of research or private study, or criticism or review, this publication may not be reproduced, stored in a retrieval system
or transmitted in any form or by any means, electronic, mechanical, photographic or otherwise, without the prior permission in writing of the publisher.

The views expressed in this and in all articles in the journal Land Contamination & Reclamation are those of the authors alone and do not necessarily reflect
those of the editor, editorial board or publisher, or of the authors’ employers or organizations with which they are associated. The information in this article is
intended as general guidance only; it is not comprehensive and does not constitute professional advice. Readers are advised to verify any information obtained
from this article, and to seek professional advice as appropriate. The publisher does not endorse claims made for processes and products, and does not, to the
extent permitted by law, make any warranty, express or implied, in relation to this article, including but not limited to completeness, accuracy, quality and fitness
for a particular purpose, or assume any responsibility for damage or loss caused to persons or property as a result of the use of information in this article.



	Landfill capping: engineering and restoration
	1. Structure and function of landfill capping systems
	C. McDonald, T. Meggyes, E. Simmons
	Introduction and DEFINITION
	The capping system is the final component in the construction of a landfill. Usages differ, but we will here consider the capping system as comprising both engineering and restoration layers (Department of the Environment 1995).
	Operational principles

	According to Stief’s multibarrier principle (1986), the landfill capping system is one of the essential barriers in controlling ...
	Basic performance requirements
	Significance of restoration
	Integrating engineering and restoration

	The landfill developer should consider design, development, operations, environmental protection, restoration, aftercare and pos...
	Typical structure of capping

	The structure of a ‘model’ capping system under moderate, humid climatic conditions can be schematically described, from outer l...
	Components and Materials
	Surface vegetation

	Vegetation both provides shelter and reinforcement for the capping system and contributes to its basic functioning, especially i...
	Reclamation layer

	The reclamation layer supports vegetation and acts as protection for the lower layers. Its minimal thickness (typically 1 m in W...
	Drainage layer

	The drainage layer has to divert the water which percolates through the reclamation layer. A long-term permeability of këëë ³ 10...
	Protective layer

	In capping systems, as in basal liners, mineral layers or geotextiles (PE and PP non-woven geotextiles, sand mats, bentonite mat...
	Sealing layer

	The sealing layer has to prevent rain-water from percolating into the landfill and landfill gas from escaping into the atmospher...
	Regulating layer

	The regulating layer separates the capping from the waste and provides a firm and levelled grounding for the compaction of the mineral sealing layer.
	Gas drainage layer

	Landfill capping systems have to prevent uncontrolled gas emission into the atmosphere, and gas migration towards the surroundin...
	Additional protection measures
	Mobile shelters

	Landfill ‘top’ shelters can be regarded as a special (surface) protection measure. This is usually achieved by means of a mobile...
	Interim covers

	Sometimes part of a landfill requires interim cover. This may be either for a period of hours or days, primarily with the aims o...
	Interim restoration

	With the practice of interim restoration, a shallow subsoil depth is spread and restored as a temporary measure, for the first f...
	Conclusions and Ongoing Issues
	Value of capping research

	While much technical emphasis in landfill design has been upon basal liners, the landfill capping might be said to be equally im...
	Engineering and restoration strands

	The strongest research relating to cappings in Germany has focused upon materials specification and performance for the sealing ...
	Timing of and measures pending capping

	The stage at which a capping system is applied, relative to the state of degradation and consolidation of the waste, is critical...
	More fundamental design questions

	Despite interest in accelerated stabilisation of landfills, and awareness of the role of moisture in achieving that, it is not y...
	Towards ‘discerning’ capping systems

	The basic mechanism of greatest relevance, then, is the flow of water purely under gravity (and hydraulic head), and the resista...
	AcknowledgEments

	Parts of this and its companion articles are based on the integrated research programme ‘Development of Advanced Landfill Liner ...
	References
	AUTHORS




