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Abstract

Landfills are designed to contain waste and to provide protection against discharges of leachate into the environment. Main
components of a landfill include a liner system, a leachale collection system, and a cover system. Traditional designs have
typically incorporated clay soils for containment and sands with embedded piping for leachate collection As a result of
recent advances in design, geosynlheuc materials are now widely used for these components While these materials present
coat and feasibility advantages, they also pose significant challenges in stability evaluations, handling during installation, and
quality assurance

This paper presents an overview of applications of geosynthetics in landfill design and construction, including Advantages,
disadvantages, design criteria, possible economic benefits of various systems, and related construction considerations

1. GEOSYNTHETIC MATERIALS

Geosynthetics are relatively thin planar products They are manufactured from polymeric materials ()f the monv types or
geosynthetic materials manufactured, geotextiles. geognds, geonels, geomembranes. and geosynthetic clay liners are
commonly used in landfill construction and closure These materials have a wide range of applications A brief description
of each material is provided below A summary of their applications in landfills is presented in Table I

GeoteitUes (GT) - Geotextiles are textiles fabricated from synthetic materials such as polypropylene, polvesler. and
poh/amide. The textile consists of porous woven, nonwoven or knitted fibers. Geotextiles are used in multiple applications
but they generally serve one of the following functions To provide a separation between two media: to act as a reinforcing
structural member, to filter certain size materials, and to allow effective drainage across the fabric The most important
physical properties of geotextiles include apparent opening size, permittivity, and tensile strength The fallowings are brief
descriptions of these properties:

Anrtarent Onening Size t AOSV The AOS is defined as the U S standard sieve number that has openings closest in size to
the openings in the geotextile In filtration and separation applications, the AOS is usually specified to provide openings
which are large enough to allow tluids to tlow through the geotextile and small enough to retain soil particles on us upstream
side. The AOS is measured bv ASTM D 4751
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Permittivity: Permillivity. which is a measurement of flow across the geotexlile. is defined us the cross-plane permeability
of the geotextile divided by its thickness. Permittivity is a critical parameter in filtration applications In these applications.
the permittivity of the geotextile should be sufficiently large that the ilow through the geotextile will not be impeded The
permittivity of the geotextile is measured by ASTM test method D 44'J I and reported with a unit second ' (S1) Its value
ranges from 0.2 to 2.2 S"'.

Tensile Strength,; Tensile strength is the most important property for geotexliles when used in reinforcement applications
In landfill applications, shear stresses induced within the liner or cover systems hy drainage or cover soils are transterred
into tension in the high strength geotextiles The tensile strengths of geotexliles van' depending on manufacturing type and
mass per unit area. The wide-width tensile strength lest (ASTM D 4595 ) is generally used to estimate the tensile strength
for design purposes

Gtogrids (GG) - Geognds have a gnd-like configuration with large openings and are made of high-density polyethylene.
high-tenacity polyester, or polypropylene These products are manufactured under controlled temperature conditions to avoid
any fracturing during creation of the gnd-like formation. Geognds are used pnmanly as reinforcement structural members,
occasionally, they are also used as a separation medium The tensile strength of the geognd is its most important properry
Most manufacturers use a modified form of ASTMD 4595 test method to measure the tensile strength of the geognd The
tensile strength of geognds ranges from 30 to 200 kn/m width.

Gtonets (GN) - Geonets are manufactured in a net-like formation by extrusion of polymers in ribs at acuie angles so as to
form large apertures Geonets are almost exclusively made of polyethylene The thickness of these nets range from 5 0 to
7 2 mm. The primary function of a geonet is to convey fluids along a plane; thus transmissivity, which is a measuremeni
of flow within (he plane of the geonet. is its most important property It is defined as the inplane pemieabclitv (if the geonei
multiplied hy its thickness The transnussiviry is usually estimated using ASTM D 4716 The test must he performed under
conditions simulating field conditions, including gradient and overburden pressure

Geomembranes (CM) - Geomembranes are essenlially impervious thin sheets of rubber or plastic used primarily as a
barrier to moisture and vapor At present, almost all geomembranes are made of polymers These materials charactenstically
become soft and pliable when heated They can be seamed hy heat, extrusion or chemical means and do not experience
significant change in properties as they revert to their ongmal properties when cooled. There are several types of
geomembranes that are manufactured using different polymers, including polyethylene (PE) and polyvinyl chloride (P VC).
Based on the densities of the PE geomembranes, they are classified as high density (HD), linear low density (LLD), and low
density (LD) PE geomemhranes The most common geomembrane is the high density polyethylene (HDPE) This type is
widely used in liner systems. Linear low polyethylene (LLPE) has a lower density than HDPE and is relatively more flexible.
Because of its flexibility. LLPE can accommodate large deformations and is mainly used in cover systems PVL"
geomembranes have high flexibility and are also most commonly used in cover systems The width of geomembrane sheets
generally vanes from I 8 to 9.2 meters Sheets can be created in a smooth configuration or a roughened configuration to
increase interface factional resistance with other surfaces

Geoaynthetic Clay l i n e n (GCL) - Geosynthetic clav liners are gaining wide acceptance as containment media to replace
clay liners or augment a clav liner Thev are manufactured from factory-fahncaled rolls of bentonite clay attached to a
geomembrane or sandwiched between two geotextiles Both woven and nonwoven textiles are used Nonwoven textiles
generally will not permit hvdrated bentonite to squeeze through the fabne. Woven textiles will permit the squeezing of
hydrated bentonite through the fabric, thus providing a more effective seal. However, tins also has the effect of lubricating
the interface between the GC'L and the overlying material, thus significantly reducing the interface fnctional resistance The
geosynthetic clay mats are generally 6 mm in thickness. 4 to 5 m in width and up to 30 to 60 m in length One layer of GCI.
is usually used to replace a 3-fool compacted clav layer The permeability of the GCL is one of the important properties in
liner application. It is measured as described in ASTM D 5084 and usually ranges from 6 x 10" to 3 x 10"" cm/s.

2. LINER AND COVER SYSTEMS

As the impact of waste disposal on the environment became more understood, the need tn engineer landfilhng became
apparent in the United Stales As a result, it has now become common practice to design landfills in such a way as to isolate
the waste from direct contact with the public and to minimize the release of any waste-generated substances into the
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environment Industrial and household produced wastes, although fundamentally different, will produce leachale when they
become in contact with water; also, decomposition of most wastes results in gas releases Thus, engineered elements of a
landfill facility must include components to encapsulate the waste and minimize generation of leachale and means to collect
and handle any generated leachate and decomposition gases. In this section, we will address common design features in
waste containment and leachale generation control, along with design features commonly incorporated to bring leachate to
a point where it can be collected Engineered features to collect and utilize landfill gases, as well as features to treat the
recovered leachate. are beyond the scope of this paper

In the past, designers relied primarily on low permeability soils to form liner systems to encapsulate waste, and on high
permeability soils or processed rock and piping for collection and removal of leachate. As engineers were faced with the
task of designing more complex (and perhaps more protective) liner and leachate collection systems and as more landfill
sites with naturally permeable subsurface were encountered, the need to utilize geosynthetic materials became more and more
obvious In general, it is now agreed among professionals that a liner system combining the use of geosynthetics and natural
soils is preferred over one which relies on one material only

Liner and drainage units which are currently used in the United States to compose suitable liner or cover systems are
illustrated in Figure I A. The system that is ultimately selected must be functional, feasible to construct, protective of the
environment and, in the United States, must satisfy minimum regulatory requirements

Figure 1 A illustrates three possible units which can be used alone or in combination with others to compose a complete liner
system. These are One or two compacted clay layers, a compacted clav layer underlying a geomembrane; and a
geosyntheuc clay liner underlying a geomembrane Figure I A also illustrates three possible drainage units: A gravel layer,
a sand layer, and a layer consisting of geonct underlying a geolextile As suggested previously, these individual units are
used alone or in combination and other materials may he added to supplement their use For example, a geoiextile would
be needed for protection if gravel is placed above a geomembrane

Landfill cover and liner components with varying levels of geosyiithetic use are illustrated m Figure I B These systems
include a cover system, a single composite svstem. a double liner system, and a double composite liner svstem. As shown,
a cover svstem consists from top to bottom of A iaver of topsail to crow vegetative cover !oi erosion control and
landscaping reasons, a layer of geotextile over geonel (or alternatively sand) for drainage of water Horn infiltration: and
a geomembrane over a laver of compacted clay (or alterativelv a GCL) to act as impermeable harrier over a layer of sand,
which represents the final laver of daily cover on the finished waste surface This typical cover meets permeability
requirements established by regulatory agencies in the United Slates

Figure I B illustrates a single composite liner svstem with two alternative components to handle leachale drainage Both
contain a GM over a CCL. In one case, leachate drainage is provided through exclusive use of soil I sand and gravei ). in
the other case, drainage is provided through exclusive use of geosynthetics by a geolextile over a geonet

Figure 1 B also illustrates a double liner svstem consisting of two liners designated as primary and secondary liner systems
Each liner may consist of one or more lavers of soils and/or geosynlhelics If each of the primary and secondarv liner
systems include a composite liner svstem. the liner is called double composite liner system. As shown, ihe double imer
system includes a leachale collection system and a leak detection system. The purpose of the leak detection svstem is to
collect any tluids that mav leak through the primary liner The purpose of the secondary liner is to contain any leaks llirough
the primary liner

The single composite liner system shown in Figure I B presents the minimum requirements for solid municipal waste
landfills while the double composite liner system, also shown in Figure I B. presents the minimum requirements for solid
hazardous wastes

3. CHALLENGES

l-andfill applications usuie geosvnthelic materials have met mam challenges i hese challenges included developing design
methods that account lot the lime-dependent behavior and long-term pertnnnance of geosynthetics and lor conditions lhat
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may be encountered during their service life in a landfill environment. Cieosynlhetics have visco-elastic characteristics winch
change strength and stifihess over time.

Installation of large thin geosynthetic sheets is also a challenge Detailed specifications must be developed to define
safeguards to he taken to prevent damage during installation or waste filling operations Other challenges include the quality
control and quality assurance lor such materials The variations in the properties within the same product make it necessary
to implement aggressive quality control programs. However, space limitations do not allow discussion of the quality control
and quality assurance requirements The current practice in the design and installation of geosynthetics in landfill
applications is summarized below

3.1 Design Issues

In landfill applications, geosynthetics can be used for containment, drainage, filtration, and reinforcement The design bv
function for each geosynthetic component is summarized below:

Drainage Applications • Cieonets are the most common drainage media used in the landfill industry. As previously
mentioned, they can be used to transfer leachate in the leochale collection systems and percolating rain water in a cover
system. The drainage capacity of a geonet depends on its Ironsmissivity However, the transmissivity of the geonet may
be affected and reduced as a result of the reduction of geonet cross sectional area (flow area), due to one or more of the
following conditions: ( I ) Elastic deformation and intrusion of the adjacent geosynlhelics into the geonei; (2) creep
deformation and intrusion of the adjacent geosynlhetics into the geonei. (3) chemical clogging and/or precipitation of
chemicals in the geonei core, and (4) biological clogging Conditions I and 2 are related to the level and period of loading
Conditions 3 and 4 apply to cases where the geonei is used to transmit leachate Taking into account the effect of these
parameters on the capacity of the geonet. the allowable flow rale for a geonet can be estimated using Equation I

Where a = 0 / w ( ! ) (I)
FSED X FSCR X FSCC x FSHC

a , = the allowable flow rate to be used in design. m'/sec
8 = transmissivity of geonei. nr/sec
i • hydraulic gradient.
w » width of geonei. m
FSED = the factor of safety for elastic deformation of the adjacent geosynlhelics inio the geonet s core

space,
FS,-, = the factor of safety for creep deformation of the geonei.
FSrc = the factor of safety for chemical clogging of the geonet core space, and
FSgc = the factor of safety for biological clogging of the geonet core space

For landfill applications, each factor of safety ranges from I 4 to 2 0 depending on the overburden pressure and the fluid
transmitted

Filtration Applications

Geotexules are commonly used in landfill filtration applications In these applications, the design calls for transmitting the
(low through the geotextile itself while retaining the soil on Us upstream side To transfer the flow, the permittivity of the
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geotextiles must be adequate To retain the soil panicles, the apparent opening size for the geolextiles must he adequate
The ability of the geotcxtiles to transfer the liquids is estimated as shown in Equation 2.

Where

; )
FS^ xFSSCB x FSCR x FSCC x FSBC

a , = the allowable flow rate to he used in design, mVsec
<p = permittivity of geolextile.
Ah = the head loss, m
A = cross area of geotextile. m:

FSE0 = the factor of safely for elastic deformation of the adjacent geosynthetics into the geotextile's core
space.

FSx, = the factor of safety for soil clogging and blinding,
FSr, = the factor of safety for creep deformation of the geolextile.
FSc,. = the factor of safety for chemical clogging of the geolextile 's core space, and
FS K - the factor of safely for biological clogging of the gcotextile's core space

As for the case of the geonet. factors of safely are included to account for soil clogging, creep, intrusion, and chemical and
biological clogging For landfill applications, each factor of safety ranges from I 0 to 4 0 depending on the type of retained
soil, overburden pressure, and type of liquid transferred (e.g.. water versus leachate)

The ability of the geotextiles to retain the soil particles is estimated based on the grain size distribution of the retained soils
and the apparent opening sze of the geotexuks. Several methods are available. One of the simplest methods was developed
by Carroll"1. Based on this method, to provide adequate soil retention, the AOS (in millimeters) for the geotexlile must he
less than 2 tunes the soil particle size in millimeters for which 85 percent of the soil is finer, d,, (i.e.. AOS < 2 d^).

Recent research m indicates that, for relatively mild landfill leachate. a nonwoven geolextiles with apparent opening size of
0.212 millimeters (i.e., M 70 sieve) will provide adequate filtration.

Reinforcement Applications

Geotexules and geognds are the most commonly used materials for reinforcement applications. Any reinforcement materials
must have relatively high elastic modulus and tensile strength. For these applications, ui order to account lor installation
damage, creep, and chemical and biological degradation, large factors of safety are normally used to define the allowable
tensile strength Only high strength geolextiles can be used for reinforcement applications in landfill design Some
geotexules with low elastic modulus, including nonwoven gedexiiles, ore generally not suitable for landfill reinforcement
application Typical applications inciude:

1I) Reinforcement of liner and cover systems on the slope to transfer weight of cover or drainage soils within the liner
system without inducing tensile stresses within the system. In this case, the reinforcing layer is placed above the
layers of the liner system that are not capable of transferring the load. The reinforcing layer is designed to transfer
the load of the overlying soils by tension. The reinforcing layer is anchored at the lop of the slope. The anchor
configurations are selected and designed to provide capacity that exceeds the expected tensile stresses within the
reinforcing layer.

(2) Reinforcement of liner systems on the bottom of a vertical expansion to minimize the potential for excessive
differenual settlement that may damage the new liner system. In this case, settlement of the new liner is expected
due to mechanical compression and biodegradalion of the underlying waste. Since waste materials are
mhomogeneous and nonuniform, the settlement is expected to vary and significant differential settlements may
occur over small distances. Such settlement may cause damage to the overlying liner system. The reinforcing layer
in this case is introduced below the liner system to bridge the areas of settlement and minimize the potential for
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excessive differential settlement The reinforcing layer is designed to hridge the area of concern hy mobilizing
tensile stresses. The design tensile stresses are estimated on the basis of a worse case differential and/or local ized
settlement that may occur due to significant changes in the types of waste

Containment Applications

Geomembranes and GCLs are usually used for containment. A general description of the geomembranes and GCL design
is provided below

Geomembranes - The details for the design of geomembranes are beyond the scope of this paper However, it is noted that
the selection of a geomembrone for use in a specific project must address issues related to the following:

• Subgrade settlement - the thickness and tensile strength of the geomembrane must be sufficient to withstand localized
settlement in the subgrade soils In some cases, other methods of reinforcement including geotextile reinforcement are
placed below the geomembrane to provide adequate subgrade support

• Liner system stability during construction and filling - the interface friction angle between the geomembrane and other
components of the liner system must be sufficient to provide adequate factor of safety against sliding dunng construction
or waste filling The interlace friction angle can be determined using ASTM D 5321 The test must he performed
under conditions that simulate those that are expected in the field. Both textured and smooth geomembranes are
currently available in the market Texturing can generally increase interface friction angles by as much as IO°-15°

• Thermal expansion of geomembranes - geomembranes have high coefficient of thermal expansion Therefore, they
sustain relatively large shrinkage when temperatures decrease and sustain large expansion when temperatures increase.
Depending on the climate of the project area and the season dunng which installation occurs, large deformations may
occur between daylight and night hours. If the liner is expected to be installed in high temperatures, some slack must
be introduced to avoid inducing tensile stresses once temperatures cool down. The selection of the amount of the
required slack can be estimated using the expected temperature change and coefficient of thermal expansion However,
the implementation of such slack in the field is relatively difficult and site specific

Geosynthetic Clay Liners (GCL) - The selection of the GCL for containment applications must include an evaluation of the
stability of the GCL after hydration. The bentonite component of the GCL as well as the interfaces between the GCL and
other liner components are potential slip surfaces that must be evaluated. The evaluation must include estimating interfaces
and internal shear strength parameters. Shear box testing in accordance with ASTM standards must he used to estimate these
parameters. The testing must be performed under condition similar to those expected in the field including bentonite
hydration and stress levels Classical slope stability analyses are then performed to evaluate the factor of safety against
sliding.

3.2 Handling and Installation

Space limitations for this paper do not permit a detailed description of the installation procedure for the different type of
geosynthetics A summary description highlighting the main concepts and issues is presented below for each type of
geosynthelics.

Geonets are supplied to the site in rolls protected with a plastic wrap The geoncts are usually rolled down the slopes and
along the floor of the landfill Following installation, adjacent sheets of the geonet are joined using threaded loops at a
specified spacing. In general, geonets must be covered immediately after installation to minimize the potential for damage
and fouling that can occur from soils transported by water and wind

Geognds are installed similarly to other geosynthetics However, the connection between the different rolls must be strong
enough to transfer the expected loading The placement of the soil backfill must he performed in such a manner as to
minimize damage to the geogrid or undue stresses
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Prior to the installation of a geomembrane, the suhgrode must he prepared to provide a relatively smooth and stable surface,
free from sharp edges that may damage the liner. Following the preparation of the subgrade. the liner is installed and
ballasted with sand bags to minimize the potential for wind uplift. If wind speeds are above 30 kilometers per hour,
installation operations are usually halted.

After the placement of several sheets of geomembrane, the already overlapped liner sheets are seamed Fusion welding
techniques are usually used with controlled speed and temperature. Prior to any seaming, the machine is calibrated and trial
seams are performed and tested to assure the ability of the machine and the operator to produce acceptable seams The seam
area must be cleaned of dust and moisture prior to seaming. The occurrence of moisture or dust within the seam area will
result in a low quality seam. Therefore, seaming operations are usually halted on rainy days or during dusty conditions.
Following installation operations, the liner is inspected for damage and damaged areas are repaired by seaming a piece of
geomembrane above the damaged area. Nondestructive testing methods including air and vacuum testing are utilized to
assure seam tightness and continuity Destructive seam testing is used to assure adequate seam strength.

The installation of GCL provides several challenges. While the rolls of GCL can be placed in a similar manner to
geomembranes. the GCL rolls are much heavier. In the case where GCL is used as part of a double composite liner system,
heavy equipment is not allowed on top of the geomembrane during the placement of the GCL In these cases, light all terrain
vehicles (ATV) are used at low speeds without making abrupt changes in directions or turns During the placement of the
GCL rolls, adjacent sheets are overlapped approximately 150 mm. The seaming of the GCL sheets is achieved by placing
bentonite between the overlapped sheets. As installation of the GCL proceeds, covering of installed sheets must proceed
prior to any precipitation event Any wetting of the GCL during construction will result in a premature hydxation of the
bentonile At very small overburden pressures, such hydration will result in inadequate containment Therefore, it is
essential that the installation of GCL is followed immediately by the installation of the overlying component of the liner
system (i.e., geomemhrane in most cases) Drying of the GCL could also be a problem The installation of GCL in hot
weather without adequate protection may result in reducing the moisture content of the GCL that may cause the bentonite
sheets to shrink, resulting in loss of overlap between adjacent sheets.

3.3 Advantages and Disadvantages

In landfill applications, the use of geosynthetics has several advantages and disadvantages relaled lo Engineering
performance, volume, installation, cost, stability, and quality assurance and quality control These advantages and
disadvantages are discussed briefly in the following paragraphs

Engineering Performance - The engineering performance of geosynthetics is considered superior to natural materials. As
examples, (I) Geomemhranes are almost impermeable compared with natural soils; (2) a6-mm thick GCL is considered
equivalent to a 3-foot compacted clay liner, (3) a 6-mm geonet has 300 times the drainage capabilities of a 60- cm sand layer
with permeability of 1x10 ' cm/sec, and (4) a 3-mm geotextile has superior filtering capabilities when compared to a soil
filter. In addition, geosynthelic materials including geomembranes and GCLs, when used in cover systems, can withstand
significant settlement due to compression and decomposition of the underlying waste, while clay liners may crack as a result
of much smaller settlements. Furthermore, GCLs have a superior performance under cycles of freeze-thaw when compared
to compacted clay liners In areas where freeze-thaw is frequent, the use of GCLs could be the only way lo maintain the
integrity of a cover system. Finally, geosvntlielics have better compatibility with the type of leachate, generally expected
in the landfill applications than most clays

Volume - The use of geosynthetics to replace thicker natural soils will increase space available for waste disposal The
increase is expected to increase revenue and therefore make geosynthelics more economically advantageous However,
relatively thin liner systems that mainly consist of geosynlhetics (i.e., double liner system in Figure IB), may be vulnerable
to puncture by sharp objects (e.g., steel rebar) during waste placement operations. Such concern can be alleviated by placing
at least 2 m of waste which does not contain sharp objects (i.e., contaminated soils) or the placement of a protective soil layer
above the liner system.

Installation - The time required to install geosynthetic materials can be significantly less than time required to install
equivalent natural soil components For example, the time needed to install a GCL is far less than that required to place 3
feet of compacted clay and the time needed lo install a layer of geonet and geotexule is far less than that required to install
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60 cm of sand. However, the installation of the geosynlhelics requires significant care to avoid damage to the geosynlheiics
or to its function. For example, physical damage to the geomembranes can occur due to walking with shoes that have sharp
edges, GCL's can be damaged fry premature hydration due to rain, and geonets and geolextiies can be plugged by silt blown
by high winds.

Coal - Depending on the availability and cost of placement of suitable natural soils, the cost of geosynthetics could be
competitive with that of natural soils. For example, in the areas where cohesive soils are scarce, the use of GCLs as a
replacement is expected to show significant cost reduction compared to hauling and placement of suitable natural soils
Furthermore, in the areas where good drainage soils are scarce, the use of a geonet/geotexlile layer is considered cost •
effective. In some cases, even though suitable natural soils are available, geosynthetic materials con be cost-effective due
to the high placement cost of natural soils or the inability of natural soils to meet design performance requirements without
treatment..

Stability • The use of geosynthetics results in the creation of potential slip surfaces between the different layers of a cover
or a liner system. Stability of such interfaces must be evaluated and in some cases additional reinforcement elements
including geognds or geotextiles must be incorporated in the design to assure adequate stability. The addition of such
elements could odd to the cost of using geosyntheiics in the liner system.

Quality Assurance/ Quality Control - Manufacturing, handling and installation of geosynthetics requires significant quality
assurance and quality control activities to assure that the materials meet the project requirements', that they are handled in
an appropriate manner to minimize the potential for damage; and that they are installed in accordance with design
requirements Successful implementation of such programs requires significant personnel training and attention to details.
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TABLE I

PRIMARY GEOSYNTHETIC MATERIALS COMPONENTS

No.

•

(1)

(2)

(3)

(4)

(5)

TYPE

Geotextiles (GT)

Geogrids («;)

•

Geonets (ON)

Geomembranes (GM)

Geosynthetic Clay (((CL)

DESCRIPTION

Fabric, Porous

Grid-like, Large Apertures

Netlike at Cross Acute Angles

Thin Sheets, "Impervious"

Fabric, Bentonite Sandwich

FUNCTION

S, R, F, D, M

R

C

B,

B2

S: Separation D: Drainage
R: Reinforcement M: Moisture Barrier
C: Convey Fluid B,: Liquid-Vapor Barrier
F: Filtration B2: Hydraulic Barrier
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