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Abstract

A large-scale field demonstration comparing final landfill cover designs
has been constructed and is currently being monitored.  Four alternative
cover designs and two conventional designs (a RCRA Subtitle ‘D’ Soil
Cover and a RCRA Subtitle ‘C’ Compacted Clay Cover) were constructed
side-by-side for direct comparison.  The demonstration is intended to
evaluate the various cover designs based on their respective water
balance performance, ease of construction, and cost.  This paper
provides an overview of the construction of the covers and their
respective costs as well as a summary of the first year’s performance
data.
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Conventional vs. Alternative Landfill Cover Designs: Which is Best for
Arid Climates?

Summary

A large-scale field demonstration comparing final landfill cover designs
has been constructed and is currently being monitored.  Four alternative
cover designs and two conventional designs (a RCRA Subtitle ‘D’ Soil
Cover and a RCRA Subtitle ‘C’ Compacted Clay Cover) were constructed
side-by-side for direct comparison.  The demonstration is intended to
evaluate the various cover designs based on their respective water
balance performance, ease of construction, and cost.  This paper
provides an overview of the construction of the covers and their
respective costs as well as a summary of the first year’s performance
data.

Background

The US Environmental Protection Agency (EPA) recommended landfill
cover designs for Resource Conservation and Recovery Act (RCRA)
Subtitle ‘C’ and ‘D’ regulated facilities are used throughout the US with
little regard for regional conditions.  Experience in the western United
States has shown these designs to be vulnerable to such things as
desiccation cracking when installed in arid environments.  An EPA
design guideline for final landfill covers states: “In arid regions, a barrier
layer composed of clay (natural soil) and a geomembrane is not very
effective.  Since the soil is compacted ‘wet of optimum’, the layer will dry
and crack”.  The basic soil cover used with Subtitle ‘D’ covers has a
barrier layer that is also subject to deterioration due to freeze/thaw
cycles, among other problems.

A study by the EPA of randomly selected landfills revealed that the vast
majorities are leaking.  Many have serious problems including
groundwater contamination and serious ecological impacts such as
killing flora and fauna.  Virtually all parts of the nation have experienced
water contamination due to leachate leaking from landfills in some
degree.  A more recent study, the California Solid Waste Assessment Test
Report found that 72 to 86% of existing landfills with compacted clay
barrier layers are failing.  It also concluded that these clay barriers leak
regardless of climate or site-specific geology.  These traditional covers
such as the Subtitle ‘C’ Cover are not only inherently problematic but are
very expensive and difficult to construct.

The Alternative Landfill Cover Demonstration (ALCD) is a large-scale field
test at Sandia National Laboratories, located on Kirtland Air Force Base
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in Albuquerque, New Mexico.  Its intent is to compare and document the
performance of alternative landfill cover technologies of various costs and
complexities for interim stabilization and/or final closure of landfills in
arid and semi-arid environments.  The test covers are constructed side-
by-side for direct comparison based on their performance, cost, and ease
of construction.  The ALCD is not intended to showcase any one
particular cover system.  The focus of this project is to provide the
necessary tools; i.e., cost, construction and performance data, to the
public and regulatory agencies so that design engineers will have less
expensive, regulatory acceptable alternatives to the conventional cover
designs.

Traditional designs were installed at the ALCD site to serve as baseline
covers to compare alternative cover designs against.  The baseline covers
were installed to meet the minimum regulatory requirements set forth
under the RCRA Subtitles ‘C’ and ‘D’, which set forth performance
standards but do not require the use of a specific cover design to comply
with these standards.  These regulations allow the governing regulatory
agency to consider and approve an alternative final cover design as long
as it meets the general performance standards.

Figure 1.  Aerial View of Alternative Landfill Cover Demonstration
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The covers built include two baseline covers: a conventional RCRA
Subtitle ‘D’ Soil Cover, a conventional RCRA Subtitle ‘C’ Compacted Clay
Cover, and four alternative covers: the Geosynthetic Clay Liner (GCL)
Cover, Capillary Barrier, Anisotropic Barrier, and Evapotranspiration (ET)
Cover.  The test covers are each 13-m wide by 100 m long.  The 100 m
dimension was chosen because it is representative of hazardous and
mixed waste landfills found throughout the Department of Energy
complex (approximately 2 acres in surface area).  All covers were
constructed with a 5% slope in all layers.  The slope lengths are 50 m
each (100-m length crowned at the middle with half of the length - 50 m
- sloping to the east and the other half toward the west).  The western
slope is monitored under ambient conditions (passive monitoring).  A
sprinkler system was installed in the eastern slope of each cover to
facilitate stress testing of the covers (active monitoring).

Construction and Costs of Test Covers

Each cover was independently designed while the construction was
competitively bid with the low bidder receiving a firm fixed price contract.
Costs for each cover design were developed as follows: (1) common costs
such as mobilizing, demobilizing, and subgrade preparation were evenly
assessed to each cover; (2) all other costs such as materials and labor
were carefully allocated to each cover design.  A summary of the cost per
surface square meter for each cover is presented in Figure 8.

Conventional Test Cover 1 (Figure 2) is a basic Soil Cover that is typically
installed over municipal solid waste landfills (MSWLF) that meets
minimum federal requirements (40CFR258).  The cover is 60 cm thick.  It
is constructed of essentially two layers.  The bottom layer is a 45-cm
thick compacted soil barrier layer.  The soil was compacted wet of the
optimum moisture content so as to remold the soil thus lowering its
initial permeability to meet the maximum 1 x 10-5 cm/sec saturated
hydraulic conductivity requirement.  The top vegetation layer is 15 cm of
topsoil loosely laid.  This layer provides for vegetation growth and erosion
protection.
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Figure 2 - Conventional Test Cover 1 – Soil Cover

The Soil Cover was the simplest and least expensive ($51.40/m2) of all of
the covers installed.

Conventional Test Cover 2 (Figure 3) is a Compacted Clay Cover that is
typically installed over hazardous waste landfills.  This cover was
designed and installed to meet minimum requirements set forth for
RCRA Subtitle ‘C’ regulated landfills (40CFR264).  It is 1.5 m thick and
consists of three layers.  The bottom layer is a 60-cm thick barrier layer.
The barrier layer’s primary purpose is to prevent the downward
movement of water into underlying waste.  It was constructed of native
soil mixed with 6% bentonite by weight to meet the saturated hydraulic
conductivity requirement (maximum of 1 x 10-7 cm/sec).  The
combination of the compaction requirements, soil amendment, and
placement (‘wet of optimum’) was necessary to yield a maximum
hydraulic conductivity of 1 x 10-7 cm/sec. Constructing the barrier layer
was very difficult.  The purchase and mixing of this bentonite into the
soil increased the cost of the cover by 14% versus using unamended soil.

Figure 3 - Conventional Test Cover 2 – Compacted Clay Cover
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A 40-mil linear low-density polyethylene geomembrane was placed on top
of and in intimate contact with the clay barrier layer creating a composite
barrier layer.  The total installed cost for the geomembrane was about
$10.12 per square meter ($0.94 per square foot).

The middle layer is a 30-cm thick drainage layer.  The primary purpose of
the drainage layer is to quickly route water that has passed through the
vegetation layer laterally to collection drains normally located at the
perimeter of the landfill.  This layer was constructed of sand placed
directly on the geomembrane.  Its cost from the supplier was about $7.70
per ton.

A geotextile was placed on top of the sand drainage layer that serves as a
filter between the drainage layer material and top layer.  This geotextile
was installed at a cost of about $3 per square meter ($0.28 per square
foot).

The top layer is a 60-cm thick vegetation layer comprised of loosely laid
soil.  This layer’s primary purpose is to provide for vegetation growth,
erosion protection, and protect the underlying layers from such events as
harmful freeze/thaw cycles.  It allows for storage of infiltrated water that
can later be evaporated.  It is 45 cm of native soil covered by 15 cm of
topsoil.

The Compacted Clay Cover was by far the most difficult and expensive
test cover to install costing $157.54 per square meter.

Any and all compaction of soil in the alternative designs was compacted
‘dry of optimum’ rather than ‘wet of optimum’ as currently recommended
with the conventional covers.  This was done in an effort to mitigate the
potential for desiccation cracking and allow for more initial water storage
capacity.

Alternative Test Cover 1 (Figure 4) is a Geosynthetic Clay Cover identical
to the conventional Compacted Clay Cover with the exception that the
expensive and problematic clay barrier layer was replaced with a
manufactured sheet, a geosynthetic clay liner (GCL), installed in its
place.
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Figure 4 - Alternative Test Cover 1

The GCL is the bottom barrier layer covered with a geomembrane,
drainage layer and vegetation layer, respectively.  The GCL is a composite
of two nonwoven fabrics sandwiching a layer of bentonite.  The hydraulic
conductivity of the GCL is 5 x 10-9 cm/sec.

Replacing the 60-cm thick clay (amended soil) barrier layer with a GCL
substantially reduced the cost and difficulty of construction.  The
construction cost of this cover design was $89.99 per square meter.

Alternative Test Cover 2 (Figure 5) is a Capillary Barrier.  The Capillary
Barrier, comprised of a fine-grained layer of soil placed over a coarse-
grained layer emphasizes a sufficient contrast between the hydraulic
conductivities of the fine-grained layer versus the coarse-grained layer.
This contrast lends to the effect that flow through the cover is greatly
slowed under unsaturated conditions.

This cover system consists of 4 primary layers: (1) a surface or topsoil
layer; (2) an upper drainage layer; (3) a barrier soil layer; and (4) a lower
drainage layer.  The topsoil layer is 30 cm thick.  This surface layer
enhances evapotranspiration, protects against desiccation of the barrier
soil layer, and provides a medium for growth of vegetation.  The
vegetation increases evapotranspiration and protects against surface
erosion.  The upper lateral drainage layer is 22 cm of gravel overlain by 8
cm of sand.  The sand serves as a graded filter to prevent topsoil from
clogging the drainage layer.  The gravel allows for lateral drainage of any
water that has percolated through the topsoil.  The barrier soil layer and
lower drainage layer comprise the capillary barrier.  The barrier soil layer
is compacted soil 45 cm thick.  The lower drainage layer is 30 cm of
sand.
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Figure 5 - Alternative Test Cover 2

The Capillary Barrier was installed without any geosynthetic materials.
Special care was utilized when placing a lift of material on top of a layer
of uncompacted material such as soil on sand or sand on pea gravel.
This was done to maintain a smooth, uniform transition between the soil
and sand or sand and pea gravel.  The construction cost of this cover
design was $92.64 per square meter.

Alternative Test Cover 3 (Figure 6) is referred to as the Anisotropic
Barrier. The design of the Anisotropic Barrier attempts to limit downward
movement of water while encouraging lateral movement of water.  This
cover is composed of a layering of capillary barriers.  The various layers
are enhanced by varying soil properties and compaction techniques that
lead to the anisotropic properties of the cover.

Figure 6 - Alternative Test Cover 3

This cover system consists of 4 layers: (1) a top vegetation layer; (2) a
cover soil layer; (3) an interface layer; and (4) a sublayer.  The vegetation
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layer is 15 cm thick.  It is comprised of a mixture of local topsoil and pea
gravel.  The gravel to soil mixture by weight was 25%.  This layer
encourages evapotranspiration, allows for vegetation growth, and reduces
surface erosion.  The cover soil layer is 60 cm of native soil.  Its function
is to allow for water storage and eventual evapotranspiration and it
serves as a rooting medium. The interface layer is 15 cm of fine sand that
serves as a filter between the overlying soil and the underlying gravel.  It
also serves as a drainage layer to laterally divert water that has
percolated through the cover soil.  The sublayer is 15 cm of pea gravel.  It
serves as a capillary break.  The interface layer and sublayer combined
also serve a dual purpose as bio-barriers.

The Anisotropic Barrier was installed without any geosynthetic materials.
The construction cost of this cover design was $75.26 per square meter.

Alternative Test Cover 4 (Figure 7) is referred to as an Evapotranspiration
(ET) Cover. The ET Cover is a soil cover with an engineered vegetative
covering.  This cover encourages water storage and enhances ET.  It is 90
cm thick. The bottom 75-cm layer was compacted while the top 15-cm
layer of topsoil was loosely placed.  The soil allows for water storage
which, when combined with the vegetation, will increase
evapotranspiration.  A thin layer of gravel was then spread on the
surface.  This layer is about an inch thick and serves to reduce surface
erosion and provide for better vegetation establishment.

Figure 7 - Alternative Cover 4

The ET Cover was constructed similarly to the RCRA Subtitle ‘D’ Soil
Cover.  The RCRA Subtitle ‘D’ Soil Cover’s shallow depth is one of the
primary reasons for its inadequacy.  Computer modeling revealed that if
the depth were increased to 90 cm in the Albuquerque climate, this
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would essentially eliminate water infiltration into underlying waste.  The
construction cost of this cover was $73.89 per square meter.

Water Balance Performance

While a cost saving is the predominant reason owners/operators might
prefer to close a landfill with an alternative design, it is the comparable
performance of the cover system that will enable it to have a chance to be
approved by the governing regulatory entity for deployment.  The side-by-
side arrangement of this demonstration allows for ‘direct’ comparison of
the water balance performance between the six cover designs.

Continuous water balance and meteorological data is currently being
collected.  It will be actively collected for a minimum five-year post
construction period.  In addition, periodic measurements of vegetation
cover, biomass, leaf area index, and species composition are being taken.

The demonstration is instrumented to yield water balance data for each
cover.  Precipitation at the site is measured. Water balance variables
(surface runoff, lateral drainage, soil water storage, and percolation) are
being obtained with the monitoring systems.  All measurements are
made with automated monitoring systems to provide continuous data.
Manual backup systems are available in case of failure in one or more of
the automated measurements systems and/or to verify accuracy of the
automated systems.

By current standards, the comparable percolation rates of covers
determine their equivalence.  The cover system must be able to isolate
the underlying waste for the length of time it takes for the waste to be
deemed harmless to the surrounding community.  The data obtained
from demonstrations such as this and others like it provide excellent
short-term results of cover systems.

The accumulated percolation for each cover is presented in Figure 8.
These data were obtained from May 1997 to March 1998.  It is the first
year of a planned minimum 5-year study.  As expected, the Subtitle ‘D’
Soil Cover performed poorly.  Its percolation rate is increasing as well.
Desiccation cracking and detrimental effects from freeze/thaw cycles
have led to its decreased ability to minimize percolation.  Other factors
such as root penetration, earthworm activity, insect activity, etc. are also
contributing to its decreased impermeability and will continue to have
negative impacts.

The other baseline cover, the Subtitle ‘C’ Compacted Clay Cover, had
little percolation for most of the year.  However, in the past few months
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percolation is evident.  The soil moisture content in the barrier layer has
been exhibiting an accumulating effect partly because of the added
bentonite but primarily because it is covered by a geomembrane.  As
moisture moves through the geomembrane by diffusion or a defect in the
membrane, it infiltrates the barrier layer.  The geomembrane hampers
the ability of the barrier layer to dry by evaporation, consequently as
additional moisture infiltrates the barrier layer it eventually creates
percolation.  This trend is expected to continue with the percolation rate
increasing slightly with time.

The GCL Cover is not performing as well as expected.  There are eight 1-
cm2 defects in the geomembrane.  It is hypothesized that as moisture
moves through the geomembrane via defects or diffusion, that it runs
through the seams of the GCL prior to the seams hydrating, swelling and
thus closing.  The GCL could also have been damaged during
construction but this is not believed to have happened since the quality
control on the project was very tight.  This type of problem, however is a
definite possibility given the loss in transmissivity going from a 2-foot
thick clay layer to a manufactured sheet less than ¼-inch thick.  The
GCL could be experiencing leaching of the bentonite from the membrane
or possibly could have sustained damage from root intrusion.

For the Capillary Barrier, the percolation rate for the first year was also
higher than expected but is slowing significantly.  The divergence
capacity at this point may be the problem at the given 5% slope.  The
unsaturated flow is two-dimensional, with vertical and lateral movement.
As the moisture moves laterally downhill in the fine layer, it accumulates
to a point where it finally breaks through into the coarse layer.  The
percolation rate is slowing as the vegetation on the surface thickens with
the growth of native grasses and shrubs which are replacing the initial
growth of tumbleweeds (these weeds unfortunately are inevitable in the
first year or two after the area has been disturbed in arid environments).
The vegetation is removing moisture from the surface soil layer,
increasing the ET rate.

The Anisotropic Barrier and ET Cover are both performing very well.
Their percolation rates have decreased similar to the Capillary Barrier as
a result of increased transpiration from the vegetation growth.  Recently,
the percolation rates of both of these covers have decreased below the
rate of the Compacted Clay Cover.  As these covers are less than half the
cost of the Compacted Clay Cover and their performance is about
equivalent (long-term performance is expected to be better than the
Compacted Clay Cover), these are probably the two best covers for either
a MSWLF or hazardous waste landfill.  However, it should be kept in
mind that this is only the first year of monitoring and we have already
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witnessed changes in percolation trends.  Longer-term data are needed to
make more definitive decisions.  For more information contact Steve
Dwyer @ sfdwyer@sandia.gov or 505-844-0595.
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