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ABSTRACT

The owner or operator of a landfill, :or a surface
impoundment closed as a landfill, must meet the closure
requirements specified under 40 CFR 264.310 (permitted units) or
40 CFR 265.310 (interim status units).

This guidance document addresses lancUill covers and
recommends a mUltilayer final cover designlthat inclUdes the
followin,9' elements, from top to bottom: '

o a top layer consisting of two components: (1) a vegetated
or armored surface component, either, of which is s*ected
tel minimize erosion and, to the extent possible, p mote
drainage off the cover, and (2) a soil component wi h a
mi.nimum thickness of 60 em [24 in. ] ,comprised of topsoil
and/or fill soil as appropriate, the] surface of Which
slopes uniformly at least 3 percent but not more than 5
pe,rcent;

o a sO,il drainage layer with a minimuml thickness of 30 em
(12 in.) and a minimum hydraulic con!:luctivity of 1 x 10.2
cnVsec that will effectively minimize water infiltration
into the low-permeability layer, andl a final bottom slope
of at least 3 percent after settlement and subsidence; or
the drainage layer may consist of gepsynthetic materials
wi.th equivalent performance characteristics; the drainage
layer also serves as a protective cover for the flexible
membrane liner (FML) component of the underlying low
permeability layer;

o a two-component low-permeability layer, that limits water
infiltration into the underlying wastes to a rate less
than or equal to the rate of leachate migration out of the
bottom liner system and consists of (1) a 20-mil minimum
thickness [or greater depending on t~e material and
design] FML component and (2) a GO-em [24-i.nch] minimum
thickness compacted soil component with all in-place
saturated hydraUlic conductivity of ~ x 10· em/sec;; or
leii§. (NOTE: The requirement for FMLs in the cover are
for all permitted units and interim status units with an
FML in the bottom. For interim status units with only a
clay bottom liner, an FML may not be required.)
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DISCLAIMER

~'he preparation of this document has been funded wholly by
the United States Environmental Protectiqn Agency. It has been
sUbjected to the Agency's peer and adminilnistrative review, and
it has been approved for pUblication as an EPA document. Mention
of trade names or commercial products do~s not constitute
endorsement or recommendation for use.
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FOREWORD

Today's rapidly developing and changing technologies and
industrial products and practices frequently carry with them the
increased generation of solid and hazardous wastes. These
materi.als, if improperly dealt with, can threaten both pUblic
health and the environment. Abandoned waste sites and accidental
releases of toxic and hazardous sUbstance~ to the environment
also have important environmental and PU~iC health implications.
The Risk Reduction Engineering Laboratory assists in providing an
authoritative and defensible engineering asis for assessing and
solving these problems. Its products su port the policies,
programs, and regUlations of the U.S. En~ironmental Protection
Agency: the permitting and other respons~bilities of State and
local governments: and the needs of both·large and small
businesses in handling their wastes resp~nsibility and
economically. I

•
I

This document provides design gUid~'ce on final cover
systems for hazardous waste landfills an surface impoundments.
We believe that the final cover, if pro rly designed and
constructed, can provide long-term prot ction of the unit from
moisture infiltration due to precipitat'on. The cover system
presented herein is a mUltilayer design/consisting of a vegetated
t.op layer, drainage layer, and low-permiability layer. optional
layers which may be required for site-s ecific conditions are
also discussed. Rationale is provided or the design parameters
to give designers and permit writers background information and
an understanding of cover systems.

I

This document is intended for use ~y organizations involved
in permitting, designing, and construc~ing hazardous waste land
disposal facH i ties. i

E. Timothy Oppelt, Director
Risk Reductiol Engineering Laboratory

!
!

/
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Today's rapidly developing and changing technologies and
industrial products and practices frequ~ntly carry with them the
increased generation of solid and hazardous wastes. These
materials, if improperly dealt with, can threaten both public
health and the environment. Abandoned ~aste sites and accidental
releases of toxic and hazardous substanbes to the environment
also have important environmental and public health implications.
The RiSk Reduction Engineering Laboratory assists in providing an
authoritative and defensible engineering basis for assessing and
solving these problems. Its products support the policies,
programs, and regulations of the U.S. Environmental Protection
Agency; the permitting and other responsibilities of state and
local governments; and the needs of both large and small
businesses in handling their wastes responsibility and
economically. I

I

This document provides design gUid~nce on final cover
systl~ms for hazardous waste landfills a~d surface impoundments.
We bE~lieve that the final cover, if properly designed and
cons1~ructed, can provide long-term prot~ction of the unit from
moisture infiltration due to precipitation. The cover system
presented herein is a multilayer design Iconsisting of a vegetated
top layer, drainage layer, and low-permdability layer. optional
layel:s which may be required for site-specific conditions are
also discussed. Rationale is provided or the design parameters
to give designers and permit writers ba kground information and
an understanding of cover systems.

This document is intended for use b
in pe,rmitting, designing, and constructi
disposal facilities.

organizations involved
g hazardous waste land

I

E. Timothy bppelt, Director
Risk Reduction Ehgineering Laboratory

I

I
I

iii

I

J



r

•

PREFACE

subtitle C of the Resource conservat!ion and Recovery Act
(RCRA) requires the U.S. Environmental p~otection Agency (EPA) to
establish a Federal hazardous waste mana~ement program. This
progr<lm must ensure that hazardous wasteJ are handled safely from
generation until final disposition. EPA issued a series of
hazardous waste regulations under SUbtit~e C of ReRA that are
published in Title 40 Code of Federal Re ulations (40 CFR). The
princi.pal 40 CFR Part 264 and 265 regula ions were issued on
JUly 26, 1982 for treatment, storage, an disposal (TSD)
facilities and establish performance sta dards for hazardous
waste landfills, surface impoundments, 1 nd treatment units, and
waste piles. The regulations have been mended several times
since then.

In support of the regulations, EPA has been developing three
types of documents to assist preparers and reviewers of RCRA
permit applications for hazardous waste ;'SD facilities. These
include RCRA Technical Guidance Document , Permit Guidance
Manuals, and Technical Resource Document (TRDs).

I
,

RCRA Technical Guidance Documents, ~uCh as this one, present
design and operating parameters or desig evaluation techniques
that generally comply with, or demonstra e compliance with, the
Design and Operating Requirements and th Closure and Post
Closure Requirements of 40 CFR Part 264.

The Permit Guidance Manuals are being developed to describe
the permit application informati.on the A ency seeks, and to
provide guidance to applicants and permi writers in addressing
information requirements. These manuals will include a
discu~;sion of each set of specifications that must be considered
for inclusion in the permit.

~~he Technical Resource Documents pr'1sent summaries of state
of-the-art technologies and evaluation t'1chniques determined by
the Agency to constitute good engineering designs, practices, and
procedures. They support the RCRA Techn:ilcal Guidance Documents
and permit Guidance Manuals in certain aieas (Le., liners,
leachate management, final covers, and w~ter balance) by
describing current technologies and methqds for designing
hazardous waste facilities, or for evaluqting the performance of
a facility design. Although emphasis is igiven to hazardous waste
faciliLties, the information presented in jthese TRDs may be used
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for designing and operating nonhazardouslwaste TSD facilities as
well. Whereas the RCRA Technical Guidan¢e Documents and Permit
Guidance Manuals are directly related tolthe regulations, the
information in these TRDs covers a broadrr perspective and should
not be used to interpret the requirements of the regulations.

This document is a Technical GUidan~e Document prepared by
the Risk Reduction Engineering Laboratorll' of EPA's Office of
Resea.rch and Development in cooperation ~ith the Office of Solid
Waste and Emergency Response. The docu ent has undergone
extensive technical review and has been revised accordingly.
With the issuance of this document, all previous drafts are
obsolete and should be discarded.

Comments are welcome at any time 0' the accuracy and
usefulness of the information in this d'l'cument. Comments will be
evaluated, and suggestions will be incorporated, wherever
feasible, before pUblication of any future revisions. written
comments should be addressed to EPA RCnA Docket (OS-305), 401 M
Street S.W., Washington, DC 20460. The) document for which
comments are being provided should be if:}entified by title and
nuI\lber. I
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ABSTRACT

I

The owner or operator of a landfill, 'r a surface
impoundment closed as a landfill, must meet the closure
requirements specified under 40 CFR 264.310 (permitted units) or
40 CFR 265.310 (interim status units).

This guidance document addresses land ill covers and
recommends a multilayer final cover design hat includes the
following elements, from top to bottom: ~

o a top layer consisting of two compone ts: (1) a vegetated
or armored surface component, either f which ~s selected
to minimize erosion and, to the exten~ possible, promote
drainage off the cover, and (2) a soi~ component with a
minimum thickness of 60 cm [24 in.] cpmprised of topsoil
and/or fill soil as appropriate, the urface of which
slopes uniformly at least 3 percent b t not more than 5
pe:J:cent;

o a soil drainage layer with a minimum hickness of 30 cm
(12 in.) and a minimum hydraulic condIctiVity of 1 x 10-2

cm/sec that will effectively minimize water infiltration
into the low-permeability layer, and final bottom slope
of at least 3 percent after settlement and subsidence: or
the drainage layer may consist of geo ynthetic materials
with equivalent performance character1stics; the drainage
layer also serves as a protective covlr for the flexible
membrane liner (FML) component of the underlying low-
permeability layer; I

o a t,wo-component low-permeability laye , that limits water
infiltration into the underlying wast s to a rate less
than or equal to the rate of leachate igration out of the
bottom liner system and consists of (1) a 20-mil minimum
thickness [or greater depending on the material and
design] FML component and (2) a 60-cm [24-inch] minimum
thickness compacted soil component witp an in-place
saturated hydraulic conductivity _ lel"s than 1 x 10.7

cm/sec. (NOTE: The requirement for FrLS in the cover are
for all permitted units and interim st tus units with an
FML in the bottom. For interim status units with only a
clay bottom liner, an FML may not be required.)
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Optional layers that may be used on a site-specific basis
include (1) a gas vent layer to remove gases produced within the
wastes, and/or (2) a biotic barrier layer Ito protect the cover
from animal or plant intrusion. .

The Agency recommends a detailed construction quality
assurance (CQA) program for each layer of Ithe final cover system.
CQA records should document quality and demonstrate compliance
with plans and specifications. The coverldesign process must
consider many site-specific factors, such las precipitation,
construction materials, freeze-thaw phenomena, waste
characteristics, potential sUbsidence, an1 other environmental
factors. I
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1. INTRODUCTIOr

1.1 PURPOSE
,
,

This document provides design guid~nce on final covers for
hazardous waste units. The recommendedl design satisfies the
requirements of 40 CFR 264 and 265 Subparts G (closure and
post-closure), K (surface impoundments)i, and N (landfills). The
Environmental Protection Agency (hereafiter referred to as "the
Agency") emphasizes that recommendations are guidance only and
not regulations. The Agency acknowledg s that other final cover
designs may be acceptable, depending up n site-specific
conditions and upon a determination by he Agency that an
alternative design adequately fulfills he regulatory
requ.irements. It is, however, the res onsibility of the facility
owner or operator to prove that the al ernate design will provide
a le,vel of performance that is at leas equivalent to that of the
final cover system described in this d cument.

The Agency's liquids management s~rategy for landfills, and
the role that final covers serve in th~t strategy, are outlined
in greneral terms for background. Regu atory requirements for
landfill and surface impoundment cover are also outlined, as
well as differences in requirements be ween interim status and
~Iitted units. The AgenCy-recommendjd final cover system
design is presented in detail, as well as considerations for
construction quality assurance. Atten ion is given to erosion,
sett~lement, and sUbsidence, and their potential cover-damaging

effects. ~
A separate section of this docume t is devoted to the design

detClils of each layer of the recommend d cover. A discussion of
the rationale for the recommended spec~fications is included.

I

1.2 CLOSURE AND POST-CLOSURE REGULATIONS
,

I

All of the regulations dealing with hazardous waste landfill
and surface impoundment cover requirements are found in Title 40,
Parts 264 and 265, of the Code of Fedeial Regulations (40 CFR 264
and 40 CFR 265). Part 264 deals with ~ermitted facilities and
pari: 265 with interim status faci1itie",. Interim status
facilities are, in general, those facilities that were in
exi~;tence on November 19, 1980. Three I Subparts of each of Parts
264 and 265 deal with general closure requirements: SUbpart G 
Closure and Post-Closure; Subpart K - Surface Impoundments; and

,
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Subpart N - Landfills. Each Subpart
important to cover planning, design,
outlined in Table 1.

contains several sections
and construction, as

I

There are few difference between peqitted and interim
status unit closure and post-closure regulations under Subpart G
of Par1ts 264 and 265. The major differen<r:e is that, for interim
status units, public notice for changes to the approved closure
and post-closure plans is not required. ~hanges to plans for
permitted units require permit modifications which, in turn,
require pUblic notice and comment.

There are three significant differences between permitted
and interim status unit final cover reguleltions under Subparts K
and N of Parts 264 and 265. Part 264.303 Irequires monitoring and
inspect. ion to ensure that synthetic and sdil materials used in
the cover are watertight and structurally ~niform. Such a
requirement was not included in Part 265 ~r interim status
units. The Agency recommends that a Const uction Quality
Assurance (CQA) program, establishing insp ction activities, be
utilized for covers being built at both pefl!litted and interim
status units. The Agency believes that a fite-specific CQA
inspection program is necessary to ensure hat cover des,ign
specifications are met.

A second difference in requirements is that, while leachate
collection and removal activities are requtred after closure
under 40 CFR 264.310, for permitted units, I they are not required
under Part 265 for interim status units. The absence of a stated
post-closure leachate collection and removal requirement makes
cover pE!rformance for interim status units \even more important.
It should be noted that, under the broader performance standards
of 40 CFR 265.111, the Agency may still require leachate
collecti.on during post-closure at an inter'm site.

The third, and perhaps most significa t, difference is in
the requirements of 40 CFR 264.310(b) (1) (v) and 40 CFR 265.310
(b) (1) (v). These subsections require that the cover have a
permeability less than or equal to any bott m liner or natural
sUbsoil present. For interim status units, without an engineered
liner, the cover could presumably be of rel tively permeable
materials. But here again, the Agency may mpose the standards
of 40 CFR 265.111, and require a more impermeable cover.

For permitted landfills, to meet the r~lqUirements of 40 CFR
264.310, the cover must have a permeability no greater than that
of the double liner required under 40 CFR 2 4.301(c). The Agency
does not consider this to mean that the final cover for a
permittee'! unit must actually contain a doubie liner. Rather, the
Agency rElcommends that the final cover include a layer whose
liquid-rEljection performance is equal to or \better than the

,

I
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Table 1. Closure and Post-Closure Regulatory Requirements
,

Subpart G - Closure and

Section

111

112

113

115

116

117

118

120

Part 264

Closure performance
standard.

Closure plan; amendment
of plan.

Time allowed for closure.

Certification of closure.

Survey plat.

Post-closure care.

Fost-closure plan;
amendment of plan.

certificate of completion
of postclosure care.

Subpart K - Surface

part 265

,

I

Post-Closure
)

I
qlosure performance
Sjtandard.

I

Closure plan; amendment
df plan.

I

Time allowed for closure.,
I

ttertification of closure.,

I

~urvey plat.
I

Post-closure care.

I

fost-closure plan;
amendment of plan.

I .• 1 .Certlflcate of comp etlon
I
of post-closure care.
I

i

Impoundments

226

228

Monitoring and inspection.

Closure and post-closure
care.

rrnspections.
,

Elosure and post
I~losure care.
I

301

302

SUbpart N

Design and operating
requirements.

N/A

- LandfiJlls

requirements.

General operating
I requirements.

303

310

Monitoring and inspection.

Closure and post-closure
care.

3

,N/A

,Closure and post
,closure care.



bottom composite liner (flexible membran~ liner [FML] underlain,
and in full contact with, compacted soil~ of the double-liner
system detailed in the "Minimum Technology Guidance on Double
Liner Systems for Landfills and Surface Impoundments - Design,
Construction and Operation" (EPA, 1987i)l The Agency-recommended
design for the cover does, in fact, incll!Ide a composite barrier
layer as outlined in section 4. In all cases where a FML is used
in th.~ bottom liner, one should also be used in the cover. This
does not mean, however, that the Agency necessarily recommends
the u~;e of exactly the same barrier materials in both the liner
and CClver. For example, different FML m~terials of equivalent
perfox~ance may be used, such as high density polyethylene for
the bClttom liner and polyvinyl chloride ~n the cover.

I
The Agency also recommends using the! composite FML/clay

barrier in interim status unit covers. Hbwever, for interim
status units, Qompactedclay.with a-pemnel'l.bil·ity equal to or less
than 1 x 10.7 em/sec may be used without ai FML if the clay is
l,,'ss permeable than the landfill bottom l~ner or natural subsoil
b~rieath the site. While 40 CFR 265.310(a~ (5) might allow a less
effective design, we believe the long-term protection from
infiltration provided by the recommended f'over design justifies
its use for all units. With the Agency-r commended composite
design, it is more certain that the cover will be no more
pe=eable than the bottom of the unit. I~ addition, the
installation of the composite design on interim status units
takes a,dvantage of the practical opportun:i!ty to more effectively
minimize water infiltration, leachate generation, and leachate
migration. '

1.3 LIQUIDS MANAGEMENT STRATEGY l
The general closure performance stand rds are specified in

40 CFR 264.111 and 265.111 (Subpart G) fori permitted and interim
hazardous waste disposal facilities, respel' tively. The standards
state that:

"The owner or operator must close the facility in a manner
that:

"

a. Minimizes the need for further maintenance; and

b. Controls, minimizes, or eli inates, to the extent
necessary to protect human ealth and the
environment, post-closure e cape of hazardous
waste, hazardous constituen s, leachate,
contaminated runoff, or hazardous waste
decomposition products to th ground or surface
waters or to the atmosphere . . "

The requirements apply to hazardous wa te landfills and to
hazardou:s waste surface impoundments closed as landfills.

4



Landfill closure requirements are bafed on a two-part
liquids management strategy of (1) minimi~ing the leachate
generation by keeping liquids out of the ~nit, and (2) detecting,
collecting, and removing leachate within the unit. Closure
requirements are specified in 40 CFR 264.~10 and 40 CFR 265.310
and include a final cover and post-closur~ care.

The Agency considers keeping water out of the unit to be the
prime element of the strategy. Thus, thei Agency believes that a
properly designed and constructed cover b~comes, after closure,
the most important feature of the landfil~ structure. The Agency
requires that the cover be designed and cpnstructed to provide
~ong-term minimization of the movement ofl water from the surface
into the closed unit. Where the waste mass lies entirely above
the zone of ground-water saturation, a prpperly designed and
maintained cover can prevent, for all practical purposes, the
entry of water into the closed unit, and ~hus minimize the
formation and migration of leachate. In ~he absence of damage,
the cover design recommended here, including the FML/soil low
permeability layer, should restrict infil~ration, to the extent
of the design, for the long term. i

,

1.4 GENERAL COVER SYSTEM RECOMMENDATIONSi
I

The cover system should be a major cpnsideration during site
selection, planning, and initial design o~ the landfill
containment structure. Factors for consi,eration include
location and availability of low-permeabi ity soil, stockpiling
of topsoil, restricting height to provide stable slopes, and site
use beyond the post-closure care period. i,

i

1.4.1 Design Recommendations I
I

I

The final cover recommended in this suidance document is a
multilayer design (Figure 1) comprised asi follows, from top to
bottom:

o

o

a top layer consisting of two bomponents: (1) either
a vegetated or armored surfacei component, selected to
minimize erosion and, to the extent possible, promote
drainage off the cover, and (2) a soil component with
a minimum thickness of 60 cm (24 in.), comprised of
topsoil and/or fill soil as appropriate, the surface
of which slopes uniformly at lfast 3 percent but not
more than 5 percent; a soil co~ponent of greater
thickness may be required to assure that the
underlying low-permeability la~er is below the frost
zone; I

,

either a soil drainage (and FM~-protective bedding)
layer with minimum thickness of 30 cm (12 in.) and a
minimum hydraulic conductivity of 1 x 10.2 em/sec that

5



will effectively minimize water infiltration into the
low-permeability layer, and will have a final slope of
at least 3 percent after settl+ment and subsidence; or
a drainage layer consisting of,geosynthetic materials
with equivalent performance ch~racteristics; and

,

o a two-component low-permeability layer, lying wholly
below the frost zone, that pro~ides long-term
minimization of water infiltration into the underlying
wastes, consisting of (1) a 201mil [0.5 mm] minimum
thickness flexible membrane liner [FML] component and
(2) a compacted soil component~with a minimum
thickness of at least 60 em (2 in.] and a maximum in
place saturated hydraulic cond ctivity of 1 x 10'7
em/sec.

I

I
,

vegetation/soli
top layer

drainage layer

low-permeability
FMLlsolllayer

waste

•

Figure 1. EPA-recommended co~er design.

I
I

optional layers may be used on a site specific basis.
Figure 2 depicts a cover design that inclu es optional layers.
Two such layers include (1) a gas vent lay r to remove gases that
are produced within the wastes, and/or (2) a biotic barrier layer
to protEact the cover from· animal or plant ntrusion.
Geosynthetic filter materials may also be sed to prevent
migration of fine materials from one layer into another or to
prevent clogging of the drainage layer.

Th~! Agency recognizes, for specific c ses, that alternative
designs (e.g., fewer layers or optional la ers) may be
applicable. For instance, in extremely ar"d regions, a gravel
armored top surface component might serve ~o compensate for a
naturally reduced vegetation coverage and ~he erosion control
that it provides. Also, in arid regions tle drainage layer might
not be required. In areas where burrowing animals may damage the

6



low-permeability layer, the damage may be prevented by use of an
overlying "biotic barrier" layer of largE!-size material, such as
cobble,s. A gas vent layer between the wa:ste and the low
perme2lbility layer may be installed, as shown in Figure 2, at
units that produce gases. I

,

}llternative designs must provide lortg-term performance at
least equivalent to the recommended desi~n outlined in this
guidance. All alternative designs must ~e approved by the
appropriate Regional Administrator of th£! Agency.

,

I

[
-i...

cobbles/soil_ "'""'-;'-'_.•,-,_ .....~-,---~~ • -' I

top layer r::---..------:------'--.~ 60 cm
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drainage layer ?i}!?:::', ::.:-::<:~;::'::.:.~::, 30 cm
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o b () Ia 0 C'> 0 D' D QeD

I

I

Figure 2. EPA-recommended qover design
with optional la~ers.

In si'me cases, where the waste is o~ such character that
vertical l1\igration of gases is impeded, ~ull-depth vent
struct;ures to the bottom of the waste majs may be needed. These
struct;ures would be designed to prevent lhe horizontal migration
of ga(leS out of the landfill into the su rounding soil. Active
rathel: than passive systems may be requi ed in some cases to
adequately remove accumulated gases.

Filter layers are likely to be need4d above the drainage
layer and between layers that are compri~ed of soils of greatly
different particle sizes, to prevent one from migrating into the
other. The filters may be constructed 0 soils of intermediate
grain size, or they may be geosynthetic aterials. Three
betwe{!n-layer locations where geosynthetic filters may be
appropriate are shown in Figure 2. I

1~able

components
2 presents a synopsis of the Agency-recommended
of a landfill and their principal design parameters.

!
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III

1.4.2 Construction Quality Assurance (CQ1l

The Agency believes that the landfill owner or operator
should implement a detailed construction quality assurance (CQA)
program for the final cover system based qn written plans for
inspect:ing the quality of construction ma"tierials and the
construlction practices employed in their placement. The Agency
believes that use of a CQA program is ess~ntial for determining,
with a reasonable degree of certainty, whsther a completed final
cover system meets or exceeds all design criteria, plans, and
specifications. The Agency has issued teqhnical guidance that
includes final cover CQA (EPA, 1987i). I

The Agency has proposed CQA rules fo~ both permitted and
interim status units (EPA, 1987b). These Iproposed rules would
require, a CQA program for installing the tollowing components of
landfills, ::,u:-face ~mpoundments.andwaste Ipiles: fo,;ndations1
10w-permeab111ty s011s1 FMLs1 d1kes1 leachate detect10n,
collection, and removal systems; and final covers. The CQA plan
would be site-specific. It should addres:;! activities such as
inspecting, monitoring, and sampling of the individual
compone,nts. For the cover, the CQA plan should provide assurance
that: 1) all layers of the final cover a e uniform and damage
free; 2) the materials for each layer are as specified in the
design specifications; and 3) each layer 's constructed as
specified in the design.

1.4.3 Settlement and Subsidence

Se,ttlement within a closed hazardous waste landfill can
disrupt: the integrity and function of the final cover system.
Settlement of the waste may be uniformly distributed and may
occur primarily before placement of the fi!nal cover. Subsidence,
however, is considered to be an unevenly ~istributed settlement
(i.e., differential settlement) after clo ure that can disrupt
the int:egrity of the final cover by creat 'ng depressions and
cracks. In addition, subsidence due to t e collapse of drums
(this .,ill occur mainly in older units), he leaching of soluble
waste constituents, or biodegradation of drganic matter in the
waste, may not begin until several years 1fter closure or it may
occur gradually over decades.

To reduce the potential for damage flTom settlement and
subsid~lnce, the final cover should be desi!gned and constructed to
allow for the total estimated settlement. The final grade after
sUbsidemce of the cover should be at the ctual desired design
elevation. The cover design process used to establish the final
grade ~llevation should include considerat'on of the following:

o consolidation of all waste lay rs (the primary
consideration) and daily and i termediate soil covers;

8



Table 2. Synopsis of Minimum Technology Guidance for covers
I

I

Layer

Top Layer

Vegetation

OR

Thickness Slope Requirements

Persistent,
drought-resistant,
adapted to local
conditions.

Surface Armor 5-10 in.
(13-25 em)

ON

soil ~ 24 in. 3-5%
(~ 60 em)

praimlge Layer

Soil ~ 12 in. ~ 3%
(~ 30 em)

OR

Geosynthetic variable > 3%

Low-Pl~rmeability Layer

Cobbles, gravel.

Erosion rate
<2 ton/acre/yr
(5.5 MT/ha/yr).

SP (USCS) soil
K > 1 X 10-2 cm/s;
gravel toe drain.

Performance equi
valent to soil,
hydraulic transmis-

• • -5S1V1ty > 3 x 10
m2/sec. -

Optional Layers (site-specific design)

FML

ON

Low-Perme
i~bility Soil

> 20 mils
(~ 0.5 mm)

~ 24 in.
(~ 60 em)

~ 3%

> 3%

In EPA Report No.
EPA 600/2-88-052.

In-place
K < 1 X 10'7 cm/s
and test fill.

Gas vent Layer ~ 12 in.
(~ 30 em)

Biotic Barrier animal or
root-dependent

9

~ 2% Similar to
drainage layer.

Large materials,
e.g., cobbles.



o

o

consolidation of soils and
underlying the site;

consolidation of liner and
systems; and

fourdation materials

leabhate collection
\

I
o consolidation of all final cover components.

,

The Agency has published two technic~l research reports on
cover ~;ettlement and subsidence (EPA, 1985c and 1987d) that
address both the theoretical and practicai aspects.

I

Interim covers have been proposed wh1n a significant amount
of sett:lement and subsidence is expected ,n a fairly short time
(say 2-·5 years) that could result in the I/remature failure of a
final cover. An interim cover could be m~intained until settling
is jUdgred to be virtually complete. Afte settlement occurs, the
interim cover could be removed and replac d or overlain by a new
final cover. If components of the interint cover can meet the CQA
requirements for the final cover, the intilrim cover could be made
an integral part of the final design.

In no case can an interim cover be US~d that does not
satisfy the performance standards of 40 CF~ 264.111 to protect
human health and the environment. Use of ~n interim cover on a
permitted unit will generally result in a longer closure period
during 'which the stipulations of 40 CFR 26\J, .113 must be met,
Le., the applicant must take all necessary steps "to prevent
threats to human health and the environment from the unclosed but
not ope:t:ating hazardous waste management urit or facility,
including compliance with all applicable p'frmit requirements."

10
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2. TOP LAYER

~~he Agency reoommends a two-oomponent top layer for a
landfill cover system (Figure 1). The uHper component should be
vegetation or other surface treatment, d~signed to impede erosion
but allowing surface runoff from major storm events. The Agency
believes that, in most cases, vegetationlunderlain by soil, at
least part of which is topsoil, will bes~ accomplish these
object:ives. However, in some areas the prevailing climate may
inhibit the establishment and maintenanc4 of vegetation, or a
planned alternative use of the site may preclude vegetation. In
those cases, an armored surface without 1egetation (Figure 2),
and underlain by fill soil, might be use4 if it will minimize
erosion and abrasion of the cover and al~ow, to the maximum
praoticable extent, surface drainage off!the cover.

I

2.1

top

DESIGN i

~rhe Agency recommends that the vege~ation component of the
lllYer meet the following specificatiqns:

I

o Locally adapted perennial plarjts.
!

() Resistant to drought and temp~rature extremes.
!

o Roots that will not disrupt the low-permeability
layer. '

() Capable of thriving in low-nutrient soil with minimum
nutrient addition.

I) Sufficient plant density to minimize cover soil
erosion to no more than 2 ton$/acre/year (5.5
MT/ha/yr), calculated using the USDA Universal Soil
Loss Equation. i

() Capable of surviving and fund:ioning with little or no
maintenance.

In landfill situations where the environment or other
considerations make it inappropriate for'maintaining sufficiently
dense vegetation, armoring material may be substituted as the
upper component of the top layer or in rare cases the Whole
layer. It is recommended that the material possess the following
characteristics: '

11



I

o capable of remaining in place and minimizing erosion
of itself and the underlying spil component during
extreme weather events of rain~all and/or wind;

!

o capable of accommodating settlement of the underlying
material without compromising ~he purpose of the
component; ,

o surface slope approximately the same as the underlying
soil (at least 3 percent slope); and

!

o capable of controlling the rate of soil erosion from
the cover to no more than 2 tons/acre/year (5.5
MT/ha/yr), calculated by using\the USDA Universal Soil
Loss Equation.

owner or operator of the landfil should prepare a
section specific to monitoring c nstruction of the top
be included in the construction ~ality assurance (CQA)

!

o minimum compaction to facilita e root development and
sufficient infiltration to mai tain growth through
drier periods.

Th,e
separate
layer to
plan.

Agency~recommendedspecifications for the lower soil
component of the top layer include the following:

o for vegetation support, a minimum thickness of 60 em
(24 in.) including at least 15~cm (6 in.) of topsoil
(soil of lower quality may be sed beneath an armored
surface); greater total thickn ss where required,
e.g., where maximum frost pene~ration exceeds this
depth, or where greater Plant-l'vailable water storage
is necessary or desirable;

o medium texture to facilitate seed germination and
plant root development; I

o final top slope, after allowanqe for settling and
subsidence, of at least 3 percent, but no greater than
5 percent, to facilitate runof ' while minimizing
erosion; and

2.2 DISCUSSION

2.2.1 Upper component of Top Layer
i

As noted in the design recommendationf above, the upper
component of the top layer may be vegetation (Agency-preferred
where possible) or other erosion-impeding katerials. These are
discussed separately below. I

12
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2.2.1.1 Vegetation

Plant species is an important consicleration in the
establishment of vegetation when it is selected as the upper
component of the top layer. The use of sihrubs and trees is
usually inappropriate because the root s~stems extencl to a depth
that ;,'oulcl normally invade the drainage lJayer or the low
permeability layer. A large number of suitable plant species
such as grasses and low-growing plants a:r;e available for various
climat'es (EPA, 1933c and 1937c). The timing of seeding is also
very important to successful vegetation establishment.

'l'he Agency advises landfill owners or operators to contact a
conSUlting agronomist, Cooperative Extension Service agent, or
local university for recommendations of ~dapted plant varieties
and other guidance on local crop cultivation. Several references
provide lists of available vegetation and discussions on site
select,ion criteria (EPA, 1976, 1979, 193361, 1933c, 198561, and
1937c; Lee, et 611., 1984; Thornburg, 197~; ancl Wright, 1976).
These references provide essential information about plant
spech,s, seeding rate, time of seeding, a;nd areas of adaptation.

2.2.1.2 other Erosion-Impeding Materials

l:n areas Where vegetation is inapprdpriate or difficult to
establish and maintain, other materials ~ay be selected as the
upper component of the top layer. The materials should be
select'ed to prevent erosion of the cover land yet allow, as much
as pr~lcticable, for surface drainage. S"lveral materials have
been suggested for use in lieu of vegetation, including broken
rock c,r cobbles that may prevent deteriOl:fation of the cap due to
wind, heavy rain, or temperature extreme~ (EPA, 1932b and 198561;
Nyhan, et 611., 1985; Pertusa, 1930). Anlexample of such an upper
component is a layer several (perhaps ei~ht or more) inches thick
comprised of 5- to 10-cm (2- to 4-in.) cobbles of hard durable
rock. The cobbles allow infiltration of Ira in water but retard
erosion due to water and wind action (see Figure 2). Asphalt or
GP!l9):?te lllight-l?(;L_~_sesLif promotjng runQff is a prime ObJective,
but they are likely to deteriorate, for example, by cracking due
to thermal effects and SUbsidence deformdtion (EPA, 1979 and
198761) thus causing concern for their lortg-term performance.
Substantial maintenance could be expected for these materials.
Asphal t Can be very P';'rIDeitPl_e._pnless speq;i~.;t ~!!ention is giv,:,n
to eliminating the air voids during mixi~g and application (Repa,
et aL, 1937).

A surface armor component of very cqarse materials promotes
infiltration rather than runoff. ThUS, 1t may be more applicable
in arid areas. In those areas, leachatelgeneration due to water
infiltration may not be a major concern, Ibut it can happen during
infrequent short-duration storms of great intensity (EPA, 1987C).

!
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2.2.2 Lower Component of Top Layer

When the upper component of the top ~ayer is vegetation, the
EPA recommends that the associated lower pomponent be composed of
at least 60 em (24 in.) of soil. The soi~ should be capable of
indefinitely sustaining plant species tha~ will minimize erosion.
The minimum thickness of the soil component is based upon the
Agency's jUdgment that: I

o it accommodates the root systefus of most non-woody
plant species (EPA, 1983c); i

,

I

o for most locales, it provides adequate water-holding
capacity to attenuate rainfall I infiltration to the
drainage layer and to sustain vegetation through dry
periods; and ,

I

o it provides sufficient soil thtCkness to allow for
expected long-term erosional losses.

• • I • dA layer th~cker than 60 cm (24 ~n.) may be requ~re to
prevent freezing and thawing from damagin~ the low-permeability
layer, or to increase plant-available wat~r storage capacity in
drier (~limates. ',

M,~dium-textured soils such as loam sbilS, have the best
overall characteristics for seed germination and plant root
system development. Fine-textured soils, I such as clays, are
often fertile but may be beset by management problems such as
puddling of water on the surface or diffi¢ulty in initial
establishment of plant cover during wet periods. sandy soils are
often a problem due to low water retentior' and loss of nutrients
by leaching. It may be cost-effective to stockpile the topsoil
initially removed from a site for later u e during cover
construction. Where only a minimum amount of native topsoil can
be savE!d by stockpiling, the remainder needed to provide at least
the minimum thickness of 60 cm (24 in.) may be made up by
selecting local borrow material having appropriate qualities.

The Agency recommends that the lower I component of the top
layer (and thus the entire top layer) be ~lightly convex, or be
low in height above the surrounding terrain and uniformly sloped.
In non-·level terrain, diversion structures should be installed to

,

prevent; the run-on of surface water onto the cover. To prevent
ponding of rainwater due to irregUlarities of the surface of the
lower component, the final slope should b~ uniform and at least
3 percent, after allowance for settlement land sUbsidence (EPA,
1982a, p. 42). Slopes greater than 5 percent, however, are
likely to promote erosion unless controls~are included in the
design. The design of surface water cont ols is well-documented
(EPA, 1979 and 1982b). The Agency believ ,s that slopes greater
than 5 percent will increase erosion, decriease slope stability,

14



and, in general, increase the long-term maintenance of the cover
system. Owners and operators using finali slopes based on
site-specific conditions should determine! that the slopes will
not result in the formation of erosion ri!lls and gullies and will
limit total erosion to less than 2.0 tonsVacre/year (5.5
MTjha/yr). The U.s. Department of Agricullture's Universal Soil
Loss Equation (USLE) is recommended as th~ tool for use in
evaluating erosion potential (EPA, 1982a) I' The Agency believes
that a maximum erosion rate of 2.0 tonsjapre/year (5.5 MT/ha/yr)
is realistically achievable for a wide rarge of soils, climates,
and vegetation. The Agency also believes that reliance on this
criterion will minimize gully development and cover maintenance.
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3. DRAINAGE LAYER I

I

The recommended final cover design il1Cludes a drainage layer
for th,a removal of water which infiltrater through the top layer
(see Figures 3a and 3b). The drainage layer should be designed
to minimize the amount and residence timelof water coming into
contact: with the low-permeability layer, thereby decreasing the
potential for leachate generation. In ot*er words, the drainage
layer construction materials and configur~tion should facilitate
the rapid and efficient removal of water to an exit drain.

i

The drainage layer should be designecl, constructed, and
operatlld to function without clogging. Pj'YSiCal clogging may be
prevented by incorporating a filter layer of soil or geosynthetic
material between the top layer and the drainage layer. The
prevent:ion of biological clogging may ran~e from limiting
vegetation to shallow-rooted species to t~e installation of a
biotic barrier (see Figure 2). Any or ali of these features may
be included in a single cover design. j

In arid locations, the need for, and design of, a drainage
layer ~:hould be based on consideration of precipitation event
frequency and intensity, and sorptive cap city of other soil
layers in the cover system. It may be po~sible to construct a
top layer that will absorb most, if not all, of the precipitation
that infiltrates into that layer, elimina ing the need for a
drainage layer.

3.1 DESIGN

If composed of granular material sucH as sand (Figure 3a),
the Agency recommends that the cover drai11age layer meet the
following specifications:

o Minimum thickness of 30 cm (12 ~n.) and minimum slope
of 3 percent at the bottom of tpe layer; greater
thickness and/or slope if necessary to provide
sufficient drainage flow as det~rmined by site
specific hydrologic (e.g., HELP1 modeling.

o Hydraulic conductivity of drain~ge material should be
no less than 1 x 10'2 cm/sec (hyl:lraulic transmissivity
no less than 3 x 10-5 m2/sec) at the time of
installation.

16



o Granular material should be no:coarser than 3/8 inch
(0.95 em), and classified as sp; it should be smooth
and rounded and should containlno debris that could
damage the underlying flexible,membrane liner (FML),
nor should it contain fines that might lessen
permeability. '

o A filter layer (granular or geosynthetic) should be
included between the drainage }ayer and top layer if
necessary to prevent clogging of the drainage layer by
fine particles.

waste

y, ,IllY: --'lL-~o
vegetation/soli -(:--·0 .- - 0 ... "-;:; ; ....

top laYE,r 0 0 --':- 0 ..";;- n - •• '
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Figure 3a.
I
I

Figure 3bi'

I

If composed of geosynthetic materialj' (Figure 3b), the
Agency recommends that the drainage layer meet the following
specifications: :

o

o

o

I

Same minimum flow capabililitYI as a granular drainage
layer in the same situation; hydraulic transmissivity
no less than 3 x 10.5 m2/sec unclier anticipated
overburden for the design lifel.

Inclusion of a geosynthetic fi~ter layer above the
drainage material to prevent iptrusion and clogging by
the overlying top layer soil mrterial.

Inclusion of geosynthetic bedd~ng beneath the drainage
layer, if necessary, to increase friction and minimize
slippage between the drainage ~ayer and the underlying
FML, and to prevent intrusion'bbY deformation, of the
FML into the net or grid of th

i

drainage layer.
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The owner or operator should prepare a written construction
quality assurance (CQA) plan to be used during construction and
installation of the drainage layer (see EPA, 1987b).

3.2 DISCUSSION \,
"

The primary functions of the drainag~ layer are to intercept
water that percolates through the top laybr and to transport the
water out of the cover (for example, by gkavity flow to an outlet
at the toe of the cover). The Agency bel~eves that the criteria
presented above are the minimums requiredl to provide cover
drainage and FML protection. The criteria for permeability and
FML bedding are equivalent to those cited! in "Minimum Technology
Guidan(~e on Double Liner Systems for Landfills and Surface
Impoundments -- Design, Construction and 0peration" (EPA, 1987i)
for thl~ leachate detection, collection, amd removal system.

!

The recommended 3D-em (12-in.) minimum thickness of the
drainage layer allows sufficient cross-se4tional area for
transport of drainage in most situations ~nd for protection of
the FML during construction. In some cas s, particularly where
unusually long drainage slopes may be par of the design,
drainage layers thicker than 30 em (12 in.) and/or slopes greater
than 3 percent may be necessary. The min'mum value of 1 x 10-2

em/sec for permeability was chosen becaus~ granular materials
widely used as drainage media (i.e., SP SO~'lS) can provide this
minimum hydraulic conductivity. In situat'ons where the minimum
criteria are insufficient or questionable, the design should
utilize flow modelling in arriving at the low-controlling design
parameters. The HELP model (EPA, 1984a) c n be of assistance for
this purpose.

Rounded grains with a maximum size of 3/8 inch (0.95 em)
have been recommended, because they have b en shown to be non
damaging to most FMLs when in direct contat with them (EPA,
1984b). Crushed stone would not normally be appropriate due to
sharpness of the particles. \

Th~! drainage layer must slope to an e it drain which allows
percolat:ed water to be efficiently removed An example of an
exit drain is shown in Figure 4. Further 'nformation is provided
in EPA (1985a) and Bureau of Reclamation ( 977) pUblications.
Care should be taken in the design to cont 01 the velocity of the
exiting water, within and beyond the exit rains, to prevent soil
loss and destabilization. Large safety fa tors may be needed to
accommodate unexpected events.

Materials used to construct the drainai.e layer should be
washed or screened prior to construction to remove fines that may
promote clogging. To further prevent clogg~ng of the drainage
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drainage layers

I TOEDRAIN I

I

- FML anchors,

(separate anchor trench for each geosynthetlc)
I

low-permefblllty $011

i

FML

I

Figure 4. Cover and liner edge confi9

1

'uration with example
toe drain.

layer, the Agency recommends that a gran lar or geosynthetic
filter be placed directly over the draina e layer to minimize the
migration of fines from the overlying topsoil into the drainage
layer. If a graded granular filter is us d, care should be taken
to design the relationship of grain sizes according to the
criteria presented below (Cedergren, 1967).

D15 Filter
To prevent <4-5, and
piping: D85 Top soil

l1
yer

D15 Drainage l~yer
<4-5

D85 Filter

I

D15 Filter
To maintain >4-5, and
permeabil i ty: D15 Top soil la~er

1

D15 Drainage laver
>4-5

D15 Filter

19
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o

o

o

DSO Filter
To achieve uniformity <25, and
of grain size distribution Dso Top soil ljayer
curves among top soil
layer, filter, and
drainage layer:

Dso Drainage llayer
<25

Dso Filter

These criteria are cited by the Army Corps of Engineers for
selection of a filter layer in relation tp a soil to prevent the
soil from piping through the filter. DBS Irefers to the size of
particle in the gradation, below which 851 percent by weight of
the particles have a smaller particle size. D\S and Dso have
similar definitions. The criteria must be satl.sfied for all
layers or media in the drainage system, including protected soil,
filter media, and drainage media. criter~a for granular and
geotextile filter design are found in numerous references (Horz,
1984; Bureau of Reclamation, 1984 and 19717; EPA, 1987e; and
Koerner, 1989). I

Innovative drainage systems, such aslthose using
geosyn'thetic materials (see Figure 3b), may be used if it can be
shown that they are at least equivalent t9 the recommended
granul;~r system in hydraul ic transmissivitoy, in performance
longevity (transmissivity must be maintaif'ed for cover's design
life), and in their ancillary function as FML bedding. criteria
which i~hould be addressed in determining equivalence of
geosynithetic and soil drainage materials ~nclude, but are not
limited to, the following: j

o hydraulic transmissivity (the ate at which liquid can
be removed) no less than 3 x I' -s m2/sec;

compressibility (the ability t]1 maintain open pore
space and thus transmissivity, under expected
overburden) ;

deformation characteristics (the ability to conform to
changes in the shape of the suJrounding materials);

mechanical compatibility with ~he FML (the tendency
for the drainage material and the FML to deform each
other) ; I

1

o useful life of the system; and I

o ability to resist physical,
clogging.

20
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Geosynthetic drainage materials are manufactured in a
variety of configurations, which continueito evolve with
experi'ence in manufacturing and use. "Geonets" and "geogrids"
are drainage components designed for rapi~ flowthrough. They are
manufa,,,tured as single components that usually must be separated
from overlying and underlying soils that bOUld clog them. The
separating materials are also geosyntheti\::s in the form of filter
fabric. The geogrid, and top and bottom filters (which may also
serve as protective bedding and slide-res!i.stant materials), may
all be factory-bonded together in one uniF. These bonded
together materials, one form of "geocomposites," may be applied
in one operation as the entire drainage layer. The various forms
of geocomposites are well-described by Ko~rner (1989). In
geosynthetic materials are continually be~ng improved by the
manufacturers for durability and design.

21
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FMLlsoli
~ low-permeability

layer

4. LOW-PERMEABILITY LAYER
I

I

The final cover system is required br· 40 CFR 264.228,
264.310, and 265.310 to provide long-term minimization of
migration of liquids through the closed land disposal unit and to
have a permeability less than or equal tol the permeability of the
bottom liner system or natural subsoils present. The Agency has
interpreted this to mean that the cover should contain a FML/soil
composite layer (Figure 5) similar in cont:ept (but not
necessarily identical construction materials) to the composite
bottom liner detailed in "Minimum Technolbgy Guidance on Double
Liner Systems for Landfills and Surface I~poundments -- Design,
Construction and Operation" (EPA, 1987i) and in proposed
regula1:ions (EPA, 1987a). The two components (FML and soil) of
the lO\{-permeability layer recommended inlthis document are
considElred to function as one system. They should be designed,
constructed, and operated to maximize remd>val of water by the

I

I
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0
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Figure 5. Detail of FML/soil composite
low-permeability layer.

l · d' 1 d ... .1 f' t . f tover yl.Jr1g ral.nage ayer an to ml.nl.ml.ze l.~ l.l ratl.on 0 wa er
into th,: waste. The low-permeability layer should require little
or no maintenance during and after the post-closure period. The
Agency J,ecommends the same design for both I permitted and interim
status units, although it may not be requited for some interim
status units. .



1.

DESIGN
,
,

i

I

'I'he Agency recommends that the low-permeability layer be
locate,d below the maximum depth of frost Ipenetration and, at a
minimum, consist of the following two co~ponents:

,

I

An upper FML component with theI' following
characteristics:

I,

a. The FML should be at leastl 20 mils (0.5 mm) in
thickness, but some units and/or some FML
materials may require a grpater thickness to
prevent failure under poteptial stress of the
post-closure care period, pr during construction.
The Agency recognizes thatl some types of FMLs must
be thicker to accommodate Mnique seamability
requirements, or to increase long-term durability
(e.g., increase resistancel to puncture).

I

b. The surface of the FML Shopld have a minimum
3 percent slope after alloranCe for settlement.

c. There should be no surface I unevenness, local
depressions, or small moun~ing that create
depressions capable of containing or otherwise
impeding the rapid flow and drainage of
infiltrating water.

4.1

d. The Agency recommends the use of material and seam
specifications such as those in "Lining of Waste
Containment and other ImpoUndment Facilities"
(EPA, 19B7h). '

e. The FML should be protecte~ by an overlying
drainage layer of at leastl30 ern (12 in.) of soil
material no coarser than 3IB-in. (O.95-mm)
particle size, Unified Soil Classification System
(USeS) SP sand, free of roek, fractured stone,
debris, cobbles, rubbish, roots, and sudden
changes in grade (slope) t~at may impair the FML.
The overlying drainage layer should sUffice as
bedding in most cases, but care should be taken
that any included drainage pipes are not placed in
a way that will damage the FML.

f. The FML should be in direct contact with the
underlying compacted soil component and should be
installed on a smoothed sofl surface.
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g. The number of penetrationsi of the FML by designed
structures (e.g., gas vents) should be minimized.
Where penetrations are necessary, the FML should

Ibe sealed securely around ~he structure.
I

h. Bridging or similar stresspd conditions in the FML
should be avoided by providing slack allowances
for temperature-induced sh~inkage of the FML
during installation and during the period prior to
placement of the protectiv~ layer or drainage
layer. !

i. Slack should not be excess~ve to the extent that
folds are created that lat~r may crack.

!

2. A bottom low-permeability soillcomponent with the
following characteristics: I

a. The soil should be at leas~ 60 cm (24 in.) of
compacted, low-permeabilit¥ soil with an in-place
saturated hydraulic conducfivity of 1 x 10.7

cm/sec or less. '
,

b. The compacted soil must be~free of clods, rock,
fractured stone, debris, c bbles, rUbbish, and
roots, etc., that would in rease the hydraulic
conductivity or serve to Promote preferential
water flow paths. ,

c. The upper surface of the cLmpacted soil (Which is
in contact with the FML) shOUld have a minimum
slope of 3 percent after atlowance for settlement.

d. The soil layer should be c nstructed so that it
will be entirely below the maximum depth of frost
penetration upon completio of the cover system.

!
I

The written CQA plan prepared by thelowner/operator should
include a separate section specific to mo itoring the
inst~llation of both the FML and compacte

l
soil liner (see EPA,

19871). !

4.2 DISCUSSION

The Agency believes that the recomme~ded two-component low
permeability layer design (Figure 5) is t e best practicable, in
most cases, to minimize infiltration of s rface water into the
underlying waste. Both the FML and the c

1

mpacted soil components
have excellent characteristics to prevent infiltration into
underlying waste over the long term when ~rOperlY designed,
installed, and operated in accordance wit site-specific
conditions. Their characteristics tend t complement each other,
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so that: the long-term effectiveness of the two components
togethE'r is greater than each alone. A summary discussion of the
compar<ltive effectiveness of the compositd liner in the bottom
liner ,:lpplication appears in a Federal Re~ister notice (EPA,
1987f). A more complete discussion appealjs in "Background
Document on Bottom Liner Performance in Double-Lined Landfills
and Surface Impoundments" (EPA, 1987g). ~n short, the FMLwill
tend t() roof over the inconsistencies in ~he underlying compacted
soil, 'ihile the compacted soil will tend I'0 significantly impede
the fl()w of any leakage through a hole in the overlying FML. In
addition, each component tends to back up the other in the event
of a failure of either. I

,

In the past, due to lack of data on durability, the Agency
has considered the FML to be short-lived ¢ompared to compacted
soil. ~rhus, the Agency has thought of the i:FML as fulfilling a
function of "short-term prevention" of intiltration, while the
soil provides for "long-term minimization;" With increasing
knowledge of FML characteristics and performance, and the
increasing technical ability to custom-tailor FML materials to
the containment need, it is now the conse$sus that they, too, can
be made to last for very long periods of time (EPA, 1988a). Of
course, this implies that care be taken i~' the construction, and
later cJperation of the facility, that all d,esign requirements are
met, that certain waste consolidation con itions are met to
minimi:~e settlement problems, and that physical damage does not
occur. The same implication applies to t?e soil component even
though the design requirements and potent1al physical damage are
significantly different. I

The following
rationale for each
layer.

subsections provide mote
of the two components of

i

detail on the design
the low-permeability

4.2.1 FML Component

The Agency recommends that, in no case, should the thickness
of the FML be less than 20 mils (0.5 mm).! The Agency believes
that this is the minimum acceptable thickhess to meet cover
objectives and still be sUfficiently rugg~d to withstand expected
stresses during construction and operatiop. In many, if not
most, oases the thickness should be greatir. The adequacy of the
select,ed thickness should be demonstrated by an evaluation
consid,ering the type, strength, and durab '1 i ty of the proposed
FML material, its seamability, and site-s eCific, factors such as:
steepness of slopes, physical compatibili y with the material
used in the underlying and overlying layers, stresses of
installation, expected overburden, climat~c conditions,
settlement, and sUbsidence. '
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FML failure mechanisms are discussed I in several reports (EPA
1985a, 198310, 1987h). Most failures result from inadequacies in
the deisign and construction processes. It follows then that most
failur,~s can be prevented if a strict quality assurance program
is adh,~red to during the construction process. The Agency has
placed great emphasis on construction qua}ity assurance,
particularly in the construction of barri~r layers, and has
published guidance in that area for landfill waste containment
liners (EPA, 1986). I

i

one of the causes of FML failure in }andfi1l and surface
impoundment lining systems is chemical in9ompatibility. However,
the FML in a final cover should not come in direct contact with
any walstes and chemical incompatibility s*ould not be of concern.
This makes it possible to accept a wider range of FML materials
in cover systems. It should be remembere~ here that it was not
the Ag'~ncy's intent in the regulations th~t the bottom liner and
cover barrier necessarily be constructed ~f the same material.

Another of the primary causes of FML failure is damage
during installation or operation. To aid in preventing damage,
such alO punctures, rips and tears, at lealt 30 cm (12 in.) of
bedding material above and below the memb ane is recommended.
Since 1~he FML is in direct contact with t e low-permeability soil
layer, that layer will serve as the undertying FML bedding. In
most cases, the drainage layer above the ~embrane will suffice as
the oVl~rlying FML bedding. A minimum und~r1ying bedding
thicknl~ss of 30 cm (12 in.) is recommende~, the same as for the
drainage layer. The actual bedding thick~ess should, however, be
based upon consideration of failure mechafisms and construction
methods potentially harmful to the FML (e.g., if construction
equipment or methods are capable of penetrating the 30-cm [12
in.] drainage layer and tearing, ripping 6r puncturing the FML,
then the thickness should be increased). IIf the design
thicknesses for drainage and bedding differ, then the greater
thickness should be used. Geosynthetic drainage materials may
also sl~rve as protective bedding if they ~an provide equivalent
protec1~ion for the design life of the covtr system.

Penetration of the FML by gas vents mr drainage pipes should
be min:lmized. Where a vent is necessary, lit is essential to
obtain a secure, liquid-tight seal betwee~ the structure and the
FML to prevent leakage of water around the vent (see section 5).
Settlement of the material around the str~cture may create
destructive stresses in the FML, which should be taken into
account in the design of both the structure and the FML collar.

Differential settlement across the clver may also cause
disrupt:ive stresses that should be accounted for in the FML
design.. Care should be taken to make al14wance for these and
other stresses. For example, wrinkles and folds might be created

I
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intentionally to reduce stress, but
streSSE!S in the folds that can lead
FML (EPA, 1988b).

they !\lay, in
to lorilg-term

i
!

turn, result in
failure of the

The subgrade for the FML must be carefully prepared and
smoothE!d so that no small-scale stress po:j.nts are created due to
protrusions of rocks or other materials. lIn most cases, this
should cause no difficulty, since the sUbgrade will be the low
permeability soil component, comprised of I fine material.

Field-seaming of the FML must be don, carefully by
techni<:ians qualified and experienced in geaming the particular
FML being installed. Holes can result from discontinuous seams
or those not sUfficiently sturdy to withst:and unavoidable
streSSE!S. Some FMLs require destructive Surface preparation
(e.g., grinding) prior to seaming; all Will expand and shrink
with tE!mperature changes. These characte istics may promote
later leakage if not carefully considered in the construction
process. All of the potential failure ca ses can be minimized or
prevent:ed by using expert installers and ~dhering to a strict
construction quality assurance program (EFA, 1986).

I

4.2.2. LOW-Permeability Compacted Soil C@mponent
i

The Agency believes that a compacted1jsoil component beneath,
and in direct contact with, the FML will:

o minimize, over the long term, liquid migration into
the waste in the event of FML failure or through
imperfections (holes, tears, etc.) inadvertently left
during the construction process;

o provide a firm foundation for the overlying layers of
the cover system; I

o serve as bedding material for protection of the
overlying FML; and ,

I

o in conjunction with the FML, satisfy the regulatory
requirement for the cover to be no more permeable than. .,
the bottom liner of the faclllty.

The design of the soil layer will deJend on site-specific
factors inclUding the properties and engir'eering characteristics
of the soil being compacted, the degree 0 compaction attainable,
the total expected load, and the expected precipitation.

i

The Agency recommends a minimum thicltness of 60 cm (24 in.)
for thE! low-permeability soil component. iThe minimum thickness
is basE!d upon constructability considerations and the ability to
provide uniformity in overall permeability. sixty centimeters
allows for the installation of four liftsl(see Figure 5),

I
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considered sufficient to overcome any inconsistencies in the
underlying surface. The four lifts also ~llOW the localized
inconsistencies in permeability in one lilit to be "sealed" by the
overlying lift.

i

As: in the case of landfill liners, ttje Agency recommends the
Use of a test fill (EPA, 1986, 1987i, and 11988c) prior to actual
construction of the soil component. The I1urpose is to
demonst.rate, where appropriate soil is available, that the
compacted soil component actually can be donstructed to an
hydraulic conductivity no greater than 1 ~ 10-7 cm/sec. (Most of
the ensuing discussion assumes that soil ,'ill be available that
can meet the 1 x 10-7 criterion.) The Age cy believes that
construction of a test fill utilizing the soil, equipment, and
procedures to be used in construction of tlhe low-permeability
layer \oJ'ill ensure that design specificatiqns are attainable with
the available materials and equipment.

The test fill need not be constructe~ on the waste. The
Agency believes that, if the waste consol~dation or compressive
strength of the waste is insufficient to ~llow adequate
compaction of the low-permeability soil cqrnponent, that problem
shOUld be corrected before installation o~ the compacted soil.
One of the possible solutions is to install an interim cover, as
noted earlier for the mitigation of subsi ence. If components of
the interim cover can meet the CQA requirefents for the final
cover, the interim cover could be made an lintegral part of the
final design.

Potential failure mechanisms that mus
l

be considered in
evaluating the design of the compacted soil component include
subsidence, dessication cracking, and freeze-thaw cycling.
Subsidence has been discussed in the Intro uction. The main
factor of concern in design to counter sub idence is the
consolidation potential remaining at the time of cover
installation. That potential is difficult to estimate, but, in
the estimation, information regarding the, resence of voids and
compressible materials in the underlying w ste is all-important.
Ordinarily, most of the consolidation that will take place in
hazardous waste landfills has occurred by jhe time of cessation
of waste placement (EPA, 1985c and 1987d). An important benefit
is the ability of the compacted soil compopent to deform somewhat
without rupturing, a desirable characteris~ic related to the
soil's compressive and tensile strengths under expected field
conditions of moisture, density, etc.

The potential for desiccation of the ompacted clay
component will depend on the physical prop rties of the clay,
design moisture content, local climatology, and moisture content
of the underlying waste. The actual clay- ize particle content
of the soil, the type of clay, and propert'es such as liquid
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limit, plasticity, and shrinkage should be used to select a soil
with l,ow cracking potential or in determiring placement
procedures to reduce cracking potential (RTI, 1983; EPA, 1979).

!

Compaction of the soil component wet! of optimum is
recommended by the Agency to assure that the lowest permeability
may be attained with standard Proctor densities (RTI, 1983). To
guard against drying in this case, the applicant may propose
immediate installation of the FML above tpe soil. If this is
done, it must first be assured that the ipstallation of the soil
is complete, including a smooth surface or which to directly
apply the FML. ,

i

Freeze-thaw conditions are an important potential source of
damage to the soil component of the low-p¢rmeability layer.
Cycles of freezing and thawing may cause ~aterial cracking,
lessening of density, and loss of strength. This is brought
about by volume expansion of liquids in ppre spaces during
freezing which, after thawing, increases ~he accessibility of
liquids to the pore spaces (EPA, 1983b). I Cracking may be created
due to the expansion associated with freelzing. For these
reasons, the Agency recommends that, upon, completion of cover
system construction, the low-permeability' layer be entirely below
the maximum depth of frost penetration estimated for the area in
which the facility is constructed. In other words, the top layer
and drainage layer of the cover together \should be thicker than
the maximum depth of frost penetration. In northern areas of the
United. states this recommendation would necessitate a top layer
thicker than the recommended 60-cm (24-in.) minimum.

!

Figure 6 is provided to show the va~!iability of mean frost
penetration across the united states (st wart, et. a1., 1975).
The figure is provided only for perspect·ve. It should not be
used to find the maximum depth of frost enetration at any
particular site. In determining the sit~-specific maximum depth
of frost penetration, advice may be sougHt from the Soil
Consel:vation Service, utility companies, iconstruction
contractors, and universities in the area of concern.

Penetration of the low-permeability :soil component by gas
vents or drainage pipes should be minimized. Adequate attention
must be given to the design of seals for such penetrations and
possible complications induced by differential settlement of
natunLl and man-made materials at penetration points. The Agency
has no information specific to the adequacy of seals in the soil
component of the low-permeability layer. I
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Figure 6.
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•

Regional average depth of frost penetration
in inches (stewart, et al., 1975).

,
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5. OPTIONAL LAYERS

Tlle optional layers discussed in thi I section are the gas
vent and biotic barrier layers. Other la ers may be needed on a
site-specific basis. The Agency does not have information on the
performance of these layers in fUll-scale mUltilayer cover
systems.

5.1 GAS VENT LAYER I

The function of a gas vent layer (Fi~ure 7) is to control
combus1~ible or toxic gases released from wastes buried in a
disposal facility. Hazardous waste dispo$al facilities that are
most likely to require a gas vent layer are co-disposal
facilities that receive organic waste material such as that found
in municipal waste. However, certain chemicals may also emit
gases or vapors in sufficient quantity toirequire venting.

Figure 7.

5.1.1 Design

Cover with gas vent and vent layer.

The Agency offers the following desi n recommendations,
based upon engineering judgment, for a ga vent layer:

o The layer should be a minimum ~f 30 cm (12 in.) thick
and should be located between the low-permeability
soil liner and the waste layerl (see Figure 2).
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o Materials used in constructionjof the gas vent layer
should be coarse-grained, porous materials such as
those used in the drainage lay~r.

o Geosynthetic materials may be ~Ubstituted for granular
materials in the vent layer if I equivalent performance
can be shown. I

,

i

o venting to an exterior collection point for disposal
or treatment should be provided by means such as
horizontal perforated pipes, p~tterned laterally
throughout the gas vent layer, Iwhich channel gases to
vertical risers. '

o The number of vertical risers through the cover should
be minimized and located at high points in the cross
section, and designed to preve~t water infiltration
through and around them. I

An alternative design, particularly Jseful for layered
landfills where vertical migration is impeded, may include
perforated vertical collector pipes penetrating to the bottom of
the landfill. In this case, several covel!- penetrations may be
requirE!d, one for each standpipe. Here again, the pipes should
be securely sealed to the low-permeabilit~I' layer. The standpipes
may be 30 em (12 in.) or more in diameter and may be dual
purpose" serving also to provide access for measurement of,
leachate levels. J

The written CQA plan prepared by the owner/operator should
contain a specific section which covers m nitoring the
construction and installation of the gas ent system.

5.1.2 Discussion

Materials used in construction of th gas vent layer should
have specifications similar to the granUlar material used for the
drainage layer. The materials should be c osen and placed in a
way that facilitates the emplacement and c mpaction of the
overlying low-permeability soil component. Once placed, the
granular material should allow free moveme t of gases to
collection pipes and/or outlet points.

The outlets may consist of pipes or v, nts allowing the gas
to be collected, vented, or treated. The went layer and outlet
should be designed to minimize cover penetrations which could
allow possible liquid infiltration through the cover. Outlet
vents should be constructed through the ba rier layer at the
highest elevation of the gas vent layer tol allow maximum
evacuation of gas (see Figure 7).
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A minimum thickness of 30 cm (12 in.) is recommended to
assure that a continuous layer of reasonable thickness (to allow
free mc)vement of gases) is provided afterlPlacement on a non
unifoDn waste surface.

In addition to providing gas removal the gas vent layer may
provid1e a protective foundation upon whic to construct the
compac'ted soil liner. The vent layer must be placed over the
waste up to design elevation, allowing foJ:. estimated settlement,
prior to placement and compaction of the soil liner. A filter,
either granular or geotextile, may be req~ired between the gas
vent layer and the low-permeability soil ,0 prevent clogging.

Alternative gas layer designs (e.g.,iusing geosynthetic
materials) may be considered if it can bel shown that they provide
a level of performance equivalent to a 30icm (12-in.) granular
layer. Equivalence is based upon the ability of the design to
efficiently remove any gases produced, resist clogging, prevent
infiltration, withstand expected overburden pressures, and
function under the stresses of construction and operation.

Designs for gas vent layers can be fbund in several EPA
publications (EPA 1979, EPA 1985a).

• • • I

Alternat~ve, vert~cal standp~pe gas ~'ollectors are
constructed of perforated sections, being built up as the unit is
filled with waste. They may be construct d of concrete and
wrapped with geosynthetic filter material to prevent clogging bf
the perforations. '

5.2 BIOTIC BARRIER LAYER
I

Plant roots or burrowing animals (cqllectively described as
biointruders) may disrupt the integrity qf the drainage and 10111'

permeability layers. The drainage layer may be especially
susceptible to the intrusion of plant roots, Which could
interfere with the drainage capability 0 the material. The
danger of FML penetration by plant intru ion has not been proven.
Burrowing animals may be a greater threa to FMLs, if a threat
indeed exists. In the absence of an FML, the low-permeability
soil layer could be exposed to both root and animal penetration.

physical barriers, such as layers o~ cobbles or coarse
gravel beneath the top layer, and chemic 1 barriers, have been
propos.ed to discourage or reduce the thr at of biointrusion.

I

5.2.1 Design ~

'I'he Agency knows of no fUll-scale a plication that would
prove the effectiveness of a biotic barr"er in a landfill
situat:ion. Therefore, the design of suc~ a barrier must rely on
the re,sults of small-scale field experiments. Experiments with
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barrier layers of cobbles have been carri~d out in arid or semi
arid situations, with plants unique to sU~h habitats (Cline, 1979
and Cline, et aI, 1982). Some research sfggests that three feet
(90 cm) of cobbles, or six inches (15 cm)1 of gravel over 30
inches (75 cm) of cobbles, may be effecti~e in stopping root
penetration of some deep-rooted plants (D Poorter, 1982). It may
also be effective in stopping the invasio of burrowing animals.
The biotic barrier layer would directly upderlie the soil
compon,ent of the top layer, perhaps separated by a geosynthetic
filter layer. I

A polymeric herbicide carrier/delivery (PCD) system, used to
releas,,, herbicide, as discussed by Cline, et al. (1981), might be
installed within a cover, also just above the drainage layer to
stop the intrusion of roots below the sys em. The PCD system
would c~ontain an herbicide designed to be released slowly over
many y.ears. Note here the probable reluc ance of the Agency in
approving this alternative, because it rna introduce a ha~ardous

waste 1:0 the cover system, and/or it may mot last through the
3D-year post-closure period.

5.2.2 Discussion

RElsearch by Cline (1979) and Hokanso (1986) found that if
object~;, such as cobbles, placed in a bur~OWin9 animal's path are
too lal:ge or tightly packed, the animal's progress is effectively
stopped. Hokanson also found that large oid spaces, Which lack
water atnd nutrients, within the layer of tone, reduced the
intrusion of plant roots. On the other h~nd' the layer of very
coarse materials, at least in arid areas, may favor the growth of
grasses by impeding the downward percolat"on of moisture, thus
helping! to retain it in the top soil layer.

Cline et al. (1982) also looked at t e effectiveness of
several phytotoxins impregnated into pol eric sheets and buried
in soil. Some of them met the goal of be'ng effective in
stopping the downward progress of root gr , th, with no other
effects. Some of the phytotoxins killed ]e plants when the
roots encountered the sheet, while others ad no effect.
Obviously, a chemical biotic barrier must e chosen carefully, if
at all, to avoid potentially adverse envir nmental effects.

I

Most of the research on the effective~ess of biotic barriers
has been done in arid areas. Thus, the retUlts must be used with
caution in areas of greater precipitation. The design and
resulting effectiveness of a biotic barrie are site-specific and
dependent upon the overlying topsoil layer biotic barrier
material, natural precipitation, and anticipated biointruders.
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