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FOREWORD

Today’s rapidly dovoloping and changing technologies and industrial
products and practices frequently carry with them the increased generation of solid
and hazardous wastes. These materials, if improperly dealt with, can threaten
both public health and the environmeant. Abandoned waste sttes and accidental
releases of toxic and hazardous substances to the environment aiso have important
environmental and public health implications. The Risk Reduction Engineering
Laboratory assists in providing an authoritative and defensible enginearing 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 goveraments; and the needs of both large
and small businesses in handling their wastes responsibility and economically.

This documenst provides design guidance on final cover systems for
hazardous waste landfills and surface impoundments. We believe thst the final
covaer, if properly designed and constructad, can provide long-term protaction of
the unil from moisture infiltration due to precipitation. The cover system presented
herein is a multilayer design consisting of a vegstated top layer, drainage layer, and
low-permeaability layer. Optional layers which may be required for slie-spocific
conditions arg alse discussed. Rationale is provided for the design parameters to
give designors and permit writers background information and an understanding of
cover systems,

This document is intanded for use by organizations invalved in permitting,
designing and constructing basardous and non-hazardous wnste lund cisposal
rac.tics and in remediating uncontrolled hazardous waste sites.

E. Timothy Oppelt, Diroctor
Risk Reduction Engineering l.aboratory
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ABSTRACT

This Technical Guidance Document is intended to augment the numerous
construction quality control and construct.on quality assurance (CQC and CQA)
documents that are available for materials associated with waste containment systems
developed for Superfund site remediation. In general, the manual Is onented to the
remediation project manager {(RPM} who must administer these projects.

This document reviews the significant physical properties associated with the
construction materials used in waste containment designs and reviesvs the sampling
and acceptance strategles reguired for Construction Quality Management The first
chapter reviews the minimum Fedsral regulatory requirements for waste contanment
systems Key alements of thass systems are identified  The second chapter reviews
the key obys cal @ operties 117 confarmannae aets menpirnd o ypt® hece rre e
The third chapter reviews sampling methods and acceptance crdena tha: are used e
vetify key physical properies during construction
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SECTION 1.0

Construetion Quality Management

The purpose of this document is to define procedures that ensure construction matarials and
practices used in waste containment installations meet the project specifications and tne
requirements of relatad remedial settlemant orders. The specific objoctives are:

. Define Construction Quality Management (CQM) and the responsibility of the
parties involved in the project

. Define and list the waste containment systems descriped in 40 CFR 240 and
300

) Identify components used to constigct the waste comntainment systems

L4 Identify the glaments that arg used to assemble these components and the key

propertias of these elements that roguire testing in the fisld to measure the
quality of the construction

. Present sampling methods to obtain unbiased representative samples from thesa
key elamants

+
s Presert examples of how to implomant these sampling methads an setectad
elements,

This document is written for the dusign engineer responsible for preparation of prolect plans,
specificatons, und the CQM program, ang the EPA remedial project manayer (RPR) charged
with Implementing the CQM program. The document focuses on those faclors most
susceptible 1o field construction problems. It is assumed that the materials to be used ot each
site have been designed (thickness, type, etc.} and evaluated {(EPA Method 9030, etc.) by
others, Thasa slemonts are assumad to meet the applicable or relevant and appropriate
requirements {ARAR) for tho site as determined in the remedial investigation and feasibility
studigs (RI/FS) process under CERCLA (3).

COM is defined as tha pro-active planning, deveiopment and implementation of boti
Construction Juality Assurance (CQA} and Construction Quality Control {CQQ) thruughout the
project. In order 10 ensuwre a functional and sale waste containment system, quality must be

presarit «n all phases of the project. including:




® Pra-construction phase
& conceptuz! design
® design
® preparation of preject specifications
® preparation of CQACQC documents

® Construction phase
& mataerial property testing
& installation testing

® Post-Construction phase
® care of instaltation until it goes into service
® inspection and malntenance of the facllity
® gperations

While COM must e included in every phase of the project and a system of testing and
oversight must be used throughout the project, the focus of thes document 1s CQM during the
construction phase of the davelopmant of a waste containment system.

1.1 CQA/CQC Objectives

Construction Quality Assurance [CQA) conslsts of a planned series of observatians and tasts to
ensure that the final product meets project specifications. CQA plans, specifications,
obhservations, and tests are used to provide quantitative criteria with which to accapt the final
pradusct.

On routine construction projects, COA is normally the goncern of the owner and is obtained
using an independent third party testing firm. For the waste containment applications coverad
by this guide, the CQA program is also commonly a certification too! used by EPA to ensure
that the project is properly implemented. The independence of the third party Inspection firm Is
theretore of great importance. This is particularly true when the owner i8 a corporation of
other legal entity that has under its corporate 'umbrelia’ the capacity to perform the COA
activities. Although these COA personnet may be registered professional enginears, there may
exist a perception of misreprasentation if the activity is not performed by an indepandant third

party.

The CGA officer should fully discluose any activities or relationships with the nwner 'which may
impact his impartiality or objectivity. If such activities or relatlonships exist, she COA officer
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shoutd describe actions that have or can ba taken to avoid, mitigate, or neutrafize the
possitulity they might affect the COA officar’s objectivity. Regulatory reprosentatives ¢an than
gvatuate whether these mechanisms are sufficient to ansure an accuptuble COQA product.

Construction Ouality Control {CQC) is an ongoing process of measuring and controtiing the
characteristics of the produst in order 1o meel manufacturer’s or project specificatlons. CQC is
a production tool that is employad by the manufacturer of materials and contractor instatling
the matertafs at the site. CQA, by contrast, is a verification tool employed by the facility
owner or regulatory agency to ensure that the materials and instaliations maet project
specifications, CQC is performed independantly of the COA Plan. For example, while s
geomembrang liner instalier vl perform CQC testing of field seams, the CQA program will
require indepandant COA testing of those same ssams by g thixd party inspector.

e LArndl Plans 8id BRplnenied RICugl FIsPoLtiUh auliviine wlath ngiuge visusl
obsarvations, tleld testing and measurements, loboratory testing and the avaluation of the 1es3
data.  Inspection aclivibes are Lypically concerned with four separate fuactions:

Quality Control {QC) Inspection by the Manyfacturse prevides an in-progess measure of
the product quality and its confarmance with the project plans and specifications.
Typically, the manufacturer will provide CGC test rasults 1o certify that the product
confarms to project plans and specifications.

Lopstuction Qualdy Contral (CQEI mspection by the Contragtor provides an in-process

measure of construction quality and confarmance with the projact plans and
specdicatons. This allows the contractor ta correct the construciem process d tha
quality of the product is not meuting the specil.catons und plansg,

Copstructian Quatity. Assuinnse. (CQa) Testing by the Dwner (Aecestance Inspectian)
performed by the owner usually through the third party testing fiem, gravides a maasura
of the final product quality and its conformance with project plans and spacitications.
Due to the size and costs of a typical romudial aclionfremedial design {RA/RD} project,
rejection of the project at complation would be costly to all parties. Consequently,
CQA testing takes place throughout the construction process. This allows deficiencias
to be found and corrected before they become too large and costly. CQA represents an
important tool to EPA to ensure that the remediation is properly implermented.

sevbiodl s o parfonned Ly a regulatory sgency 1O ensure that the hingl
product conforms with all applicable codes and regulations. Ia somre cases the
reguiatory agency will use the COA documentation and the as-buh glans or “record
drawings’ to confirm compliance with the regulutions.
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EPA Report 530-8W-86-031 (NTIS PU87-132825) entted "Construction Quality Assurance far
Hazardous Waste and Land Disposal Fachities™ sets forth key items that should be included in
the COA/CQC Pian:

1) Responsibility and Authority - The responsibility and autharity of the various
organizations and persannel invotved in permitting, designing, and tusilding the
facility should be described.

2} Personnel Qualifications - The qualifications of the CQA officers and supgorting
COQA inspection persennel shoutd be presented.,

3} Inspection Activitics - The obsarvations and tusts that will be used to ensure that
the construstion or installation meets or exceeds all design criteria, plans, and
specifications far sach component should be described.

4) Sampling strategies - The sampling activities, sample size, methods for determining
sample locations, frequency of sampling, acceptanice and rejection criterla, and
methots for ensuring that corrective maasures are rnplemenied should be
presented.

5) Documentation - Reporting pracedures for COA activities should be described in
detail in the CQCICCA plans.

The responsibility and autharity of project organizations and personnel (jitem 1 above} are
included in the above EPA Report and will not be discussed hera. Guidelines for the
qualification of personnal {item 2} are also included in the CPA report, but are being revised anrd
will be presented In an upcoming document. Currently, a program to certify CQA ingpectors is
administered by the National Institute for Centification of Engineering Techmicians (RICET].
Inspectlon activities for specific components of a waste comainment system have been
presented In a variety of EPA papers and Technicof Guidance Documents (TGDs) (2. 3, 4,5, 6,
7) and will only be summarized in this report.

This guidance document begins with a brief ovarview of waste containment systerns and
components along with the key physical groperties that require monitoring during construction
and installation. A major focus of this document is the sampling strategies and acceptance
criteria which are used in the CQA plan {item 4). Suggestud CQA documentation requiremants
ara provided in several EPA TGDs detailing waste containment companents (8, 9, 10),




1.2 Regulatory Waste Containment Systems ond Objectives

Under current RCRA and CERCLA regutatons, there are four distinct waste contamnmerst
systems: surface impoundments, wiste piles, landfills, and on-site isclation. Each
containment system is bullt of components with distingt angineering functions, (a.g. moisture
barrier, reinforcement, drainage, et¢). In turn, each component is composed of elements | i.e.,
Ingdividual materials or products, thatihave‘ pacticular field inspection requirements,  This
chapter provides a brief overview ofathéafnqm' wagte containment systems and their major
components. Chapter 2 describes tha elements and thalr respective CQA ficld testing
requirements, Chapter 3 reviews common field samnpling strategies and acceptance criteria
and provide examples of their application.

Surface lmpoundments

These are basins used to store or dispose of primarily liquid wastes. I the system is plannad
1o be removed after thy operating Kfe and the site cleanad of all contamination, then it is
considered a storage unit. }f the waste Is stabllized, the free liquid is removad, and the system
is ctosed and monitored, then itils a dispésal unit, Surface impoundments caa include liners,
leachate collection systamns, leachate detection systems, and gas collection systems. |If the
facility is designed as a disposal unit, then 3 closure systam is necessary.

Under the Federal requiremeants for the dosign and aperations for surface impoundments (40
CFR 264 subpart K, 264.220 to 284.231) and EPA’s design, construction and aperation
guidetines (Technical Resource Document 530-SW-91-054) (10), a surface impoundment must
include the componunts and elements shown on Figure 1-1. A typical cover prefile used when
a surface impoundment is ¢closed without waste removal is alse shown un Figure 1 2.

Waste Pilas

Thesze are structuras in which wasta can be wreated anzdior stored temporariby. A waste pile
system must have a similar bottem liner system as the surface anpoundment but will not have
a finpl cover singe 1t is only a temporary structure. However, waste piles must be covered by
a structure which keeps pracigitation, wind and surface water run-on away from the wasse.
Typically, these protective structures are simple matsl buildings, although other protective
covor may be used. For example, a geomembrane can be used to cover the waste. The
various components and elements of waste piles as required by Fedoral regulations (40 CFR
264 subpart L, 264.250 to 264,259} are shown on Figure 1-3.
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Landfilis

These are final disposal units for solld and hazardous wastes. | andfills have the same
compenants and elements as the surface impoundment dispasal units. Under the reguirements
for the dasign and operation of landfills {40 CFR 264 subpart N, 264.300 to 264.317) and the
design, construction and oparations guidelines presented in EPA seminar publications (11, 12],
a landfill should include the components and elements shown on Figure 1-4.

On:-Site. Waste Isolation

Remedial actions to isolate uncontrolled relpases of contaminates are described in 40 CFR 300
"Appendix D - Appropriate Actions and Methods of Remedi§ting Releases.™ Wasta isulation
sysiems include ceps buill over waste 1o minimeze infiltration of sainwater, and both honizontal
barrigrs under the waste and vertical barriges at the lateral axtant of the waste to prevent
uncontrolled release of leachate {12, 13, 14). Thase ara systems which are constructed on
remediation sites 10 isalate and aflow for the treatment of an uncontained wast.

Caps --

Waste facility caps reduce water infiltration, control gas and ador enussions, improve the
aesthetics, and provide a stablie surface over the waste, A composite barrier capping system
(Figure 1-2J, is required for the closure of hazardous 'waste storage focilives (12, 13). A
nucdenad cap s typically required 0 an arid clirmates where a vegetative caver will not survave,
in urban areas where vegataticn may be undesirable, or at industral facilities where it wou'ld be
advanlageuus to continuo using the site. The hardened cap miteyrates the vegetativa layer,
protective layer {biotic} and drainage kayer into ane layer as shown in Tigure 1-5. The hardenad
cap can be constructed using “hard” elsments, such as graded stane, asphalt, or concrata.
Note that the use of a hardened surface layer does not elimwnaze the need for the
geomambrang/clay meisture bacrier components in the cap.

Haorizontal Barriers -
Horzontu! barners are installed below an existing waste mass 1o contain tha waste and pravent
the movement of contaminate inta the surrounding soil and water. ~orizontal bagriers are very

difficult to inspect due 1o the overlying waste.

Horzonal barrlar Lachniques mvolve the injection of grout undur the waste using ane of the
following methods:

1-9
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®  vertical borings drilled through the waste and pressure injection or rotary Jetting of
the grout beneath the waste,

®  horizontal bosings drifled bulow the waste from trenches and pregsure injection of
the grout beneath the waste,

¢ block displacement mathad which surrounds the waste with a vertcal grout wall
and then injects low pressure grout heneath the waste. The entire waste block is
raised in this process (15).

All of these mathads require that the borings be spaced close enough together that the grout
bullys or lenses overlap and foerm a continuous barrier.  Varification of the overdap is critical but
veary difficult, Potentizl inspaction mathads are limited to test excavations, exploratory borings,
and chzerved impact on ground water if the Larrler is placed beneath the ground water table.

Vertical Barriers --

Vertical barriers are wall-like systems used to isolate any contaminatas that have lsached from
the waste and that are moving faterafly. To be affective, these barrders should intercept a
continuous imperviaus horizontal layer beluw the waste, This bottom layer can be 5 naturally
ocourring layer such as an aquiclude, or a horizontal barrier. Several types of vertical barriars
are commonly used, including:

Slurry wsll. A trench surrcuniding the waste, tlled walh o ssi hentanite and;or
concrete-bentonite shurry,

Grout curtain. Grout Is injected in a series of vertical columns that surround the
waste, sreating a continuous curtain,

Geomembrane qurtain. Interlccking geomambrane panels aze placed in a vertical
trench surrounding the waste. In some cases thy geomembrane is used in
conjunction with tha slurry wall to form a cemposite lner system.

Schematics of greut curtaing and geamembrane curtains gre shown in Figura 1-6.

1.3 Components and Elements in Waste Contalnment Systems

The ragulatory waste containment systems réviewed in Saction 1.2 are constructed using a
small family of functional components. These functlonal components include:




a. GROUT CURTAIN VERTICAL BARRIER
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b. GEOMEMBRANE VERTICAL BARRIER

FIGURE 1-8 VERTICAL BARRIER SYSTEMS
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Hydraulic Barriers
Hydrautic Conveyances
Filter Layers

Erosfon Control Layers
Pratective Laycrs
Earthwork

*@ * & & & 0

Each of these basic building blocks is in turn composed of distinet physical elemants as listed
on Table 1-1. It is important to understand that project specifications and the construction
guality management progsam will focus on slements and not componants. Thus project
specifications for a hydraulic barrier will prowide guidance for ¢lay of geomembrana properties
but will not identily functional propertios of the overall hydraukc barrier. This documen:
therefore examines construction quality management ot an clemental level.




TABLE 1-1 WASTE CONTAINMENT COMPONENTS AND ELEMENTS

GCOMPONENT,

Hvydraulic Barriers

Hydraulic Canveyan
{Both Liquid and Gas Conveyance)

Filtar Lavers

Lusion Controt Layers

Protective Lavers

Earthwork

ELEMENTS

Geomembrangs

Geomembrane Interlocking Panels

Grouts

Compacilaed Soil

Bontonite Productes
Soil-Rentonite Blands
Geasynthetic Clay Liner
Baentonite Slurries
Concrete/Bentonite Slurry

Natural Sand/Gravel Drain/Collector
Geosynthetic Dmain/Coliector

Pipe

Sumps

Pumps

Sand/Graval Filter
Geotextile

Swone and Rip-Rap
Vagetation and Topsol
Geosyntihetic Lrosion Controt Products

Hardened Layer
Biotic Layer
Geotextila

Soil Layer

Solt Foundation or Bedding Layer
Soil Embankments
Guotextile Saparator
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S8ECTION 2.0

Summmary of Conslruction Elaments and Key Properties

Construction elements are commonly used as pay units on coastrustion projects and as such
arg readily identified. For example, the contractor may be pad bascd on the square footage of
geomembrana instalied or the cubic yardage of compacted clay, sand, etc. installed. Spacific
references to these elements are made in the project specifications.

This chapter reviews thg plements common to components used in waste containment
systems. Each element will have physical properties defined in the project specificaticns.
Some of these propesties must be verified in the field as part of the construction quality
managament pragram. However, many of the physical, machanical and chemical propersties
cannot bs verified In the fleld. In these cases, the construction quality management program
must rely either on certification by the manufacturer or supplier thas the material meets project
specifications or conformance testing by an independent laboratory. Key properties or
instaliation parameters that require verification and corresponding test methods are discussed
in this chapter. Standard test methods to quantify material properties are identified in
Appendix A,

2.1 Hydraulic Barrers

A site managuer should realize that the perfonmancs of 4 Barmor systom can exceed the sum of
the elements that cornprise it. A well constructed composite fingr systam, for example, will
have lass infiltratlon than what is expected from independent evaluations of the clay finer and
gzomembrana. Such syneristic interaction betvwenn elements is not azcountad for in prejuct
speoifications or the construction quality management prograsn. Tabie 2-1 identifies hydraulic
barrler systems and cloments that require field testing.

Geomembranes

Geomembranes are used as low permaability barriers in both the bottom tiners and caps of
wsaste containment systuins, I a hazardous waste landgfild, geomembianes can e u'sad afone
as the upper or pamary liner, and In conjunction with a low permaability scil layer to form the
lower or secondary composite finer. Manufacturers and fabsicators of geomembranes are
responsible for the quality control of both the raw materials, such as plestic resin, and the
finished sheeots. Thelr internal quality control {QC) incorporates routine testing of the polymar
and the finished product. Tust results must ba submitted with each lot of geomembranecs
shipped to the site. In addition, certification must be presented with the gecrmembranes
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stating that the materals are in compliance with meanufacturer's published information andfor
the project specifications.

A sample of each lot {preduction run) of geomermbrane material that arrives at the site should
be taken, Tests on these samples should confirm that they have the same polymer properties
required by project specifications. This is known as conformance testing and should be
performed by an independent laboratory. A series of samples, instead of one, may be
necessary to provide all respansible parties with a sample. Testing of the geomermbrane in the
field ss typically fimited to verilication of membrane thickness, visual inspection for physical
defects, and a thorough testing of al! field seams.

Non-Destructive Testing (NDT) of seams is required for the eatire length of the swam. Such
testing is performed using the vacuum box test for single bonded seams or the prassurized alr
channel tost for thosa seams that have two lines of bonding separated by an air channel. The
vacuum box test applies 3 moderate vacuum to 2 seam previpusly wetted with soapy water.
Leaks are indicated by bubbles. The test must be repeated aver the entire fength of the sean.
The pressurized air channel test inflstes the ssam and checks for g loss of pressure. Samples
for destructive tasting are commonly taken at a minimum of avery 500 feet of seam, with at
least onc sarmple taken per seam. Additionatly, samples must be cut at least avery four hours
or when scuning sonditions change to provide sampies for destructiva 1Esting and to monitor
variations in seam quality dus te variations in operator ar seaming equipment. The roader is
toferred to the Technical Guidance Document [PA/S30/SW-81/051 entitled "Inspection
Technigues for the Fabrication Geomembrane Field Seams. Spurific test requdrements may be
part of the Conslruction Quality Assurance Manual prepared for the project.

Goeomembrane !g% affocking Panels

Geomembrane Intersocking panels are mstadled in vertica’ renches to construct o luw

permaab’lity barrdcr  Thu panels cansist of membrane panels thot connest along theo lungths
muoch Lke conventional steel sheet pites. The panels are pre-fabricated and assemoled al the
site by louking the panels togelher and plasing thein into the trench.

Geomembrane interlocking panels have two physical elements; high density Polyethylene
(HDPE) panels with interiock fitings along their vertical edge, and a soft plastic sealing medlum
within the Intedock that provides a hydraulic seal to the interdock fittings. The HDPE interiock
closely resembles that used in conventional steel sheet files: A fumale channal on one panel
that engages a male cdge of an adjacent panel. Field inspection of the HDPE panels and
hydrautic seal matenal is generaily identical to thet required far geomembrane naterials. Fiold
testing of the geomembrane panels is typically mited to verification of panel thickness. The
interlock soal inaterial is hydrophllic and swells in the presence of the groundwater to establish
a seal. The manufacturer should be required to provide certification of the long-tarm chemveat
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stability of the hydraulic seal material when exposed to the site-specific contsminant.

Geomeambrane interlocking panels can be installed in open trenches, sturry trenches, or vibraled
into sandy soils using a steel mandrel. Care must be taken 10 insure that the hydraulic
interlock and seal matesial properly seat along the entire length of the interock channel. This
verification can be difficult in slurey wall and vibrated inszallations. The cantinuity of the
interfock is tested during installation of a ngw panel using a2 "runner”. The runner congists of a
3 1/2 inch section of the female portion of the interlock that is secured to a rope. The runner
is installed ahead of the panel to be instafled so that it is pushed down the interfock by the
panel being instafled. The rope Is knotted to show final instaliation depth. If the runner comes
to a hailt before the full insertion depth is reachad, the panel must be removed and redriven.
The hydraulic seal is marked in a similar manner. and is not accepted if thae seal advance depth
is less thaa 859% of the pane! depth.

Grouts

The grout used in @ waste containment system is usually a mixtura of cemant and bentonite.
Grouts are, howeaver, availablie with silica, acrylate, urethane, and Portland cement binders.
Grout can be injected in horizontal or verticat borings using a variety of pressures. The
suppliars of the grout materials must provide matarial property data sheets and a certification
that the materials conform to their spacifications. Buring the mixing of the grout, the
quantities of materials used in the mix should be measurad and recordad. Once the grout is
mixed, it must he tested to canfirm that it mcets project specifications {for viscosity {Marshal
funnel test), setting time, and strength.

Grout is pressure injectad into the ground by spesialty contractors, Field monitoring

requirements include dacumentativn of the mjection locetiar, depth, purping -are, an:! “ots
qraut volume nised (zee Table 2.1,

Bentonite Products

Rentanita provides an effective molsture barrier,  Avaitable as either sodium bentonite mined in
several westemn stawes ¢r a lass active calcium bentanite from Georgia, cornmercial bhentonite is
purchased In powder ar pellet forrm. The perreabliity of bentonite ranges from 107 em/sac for
calcium beantanite to as low as 107" emisec for sodium hentonite, Bentenite can be used by
itseif to form a moisture tarrier or blended with on-site soils to form an acceptable soll finer,

Bentonite is available from commercial supglicts who must provde 2 summary of tha material
propearties of tha hantanite shipped to the project site and certification that the materials meet
thelr gpecifications.




Bentonite Amanded Soil--

When there is not an adequate supply of low permeability soil on site for the construction of 8
sail barrier layer, a bentonite soil amendment can be used to lower the permeability of the on-
site soils. Typically, @ 3 to 6% bentonite amendment by dry welght is sufficient to achieve a
permesbility of 1 x 107 cm/fsec using on-site soils. Sands, however, nay require as much as
10 to 18% bhentonite amendmaent. The percent bentonite required is cvaluatad in the laboratory
using slte specific soils. Project specifications are than prepared to eénsure that the soif and the
bentonite used in the field replicate that used in the laboratory. Once the bentonite is mixed
with the soll, it should be tested to evaluate the thoroughness of the mixing and the
concentration of the bentonite (12]. A uniform mixing of bentonite is essential to tho
performanca of the seil-bentonite liner. This mixing may require a pug mill or asphalt pavernent
surfacer to adequately blend the bentonile with on-site soifs.

The Installation methods and evaluation pf the bentonits soil liner is the sama as that for an
unaranded clay liner. If the bentonite s mixed with the soil in place using a disk, careful visual
observaton of the depth of mixing and the covarage of the bentorste over the finer area must
bu mads.

Goosynthetic Clay Liner (GCL)--

A GCL s essentially a pre-fabricated low purmeability soit layer. The bantonite is usually
sandwiched butween two geotextiles of adhered to s geomembrana.  GCL's are manufactured
in 8 ft. and wider sheets and are shipped o the site in rolls, Typically the weight of hentonite
{er buntonite and adhesive) per squase foot is specified and must be tisld verificd.

The GCL barrier is installed by simgly unrolling the sheets over a preparad subgrade. The
subigrade should be free of large rocks, ruts, and objects that coutd penatrate through the GCL.
Adgdivonally, the subgrads must be steble, which ¢an be cheched by proof-roliing. Seaming ot
the GCL barrier Is typically Emited to a minimum B-inch overlap of adiscunt sheets. The water
sueal at the seam forms whern the bentonite hydrates and “cozes™ out from belween the

geotextiles. Additional dry bentonite powder may be spread between the overlaps 1o improve
the seal.

Bentonite Slurres--

Bentonite sluries are used in vartical barrier walls to displaca the natural soils and canstruct a
low permeability barrier. Bentonite slueries are mixtures of 4 to 7% bentonite and water.
Quantities of materials used in the mix should be measured and rocorded. After the rruxing,
the bertanite sturry should be tested for gel strangth using a Fans Viscometaer. Typical gel
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strengths exceed 15 psf (240 kgfin®).

The bentonite sturry can be used "as is” to pravent the collapse of cut-off wall excavations or
hiended with on-site solis to form a soil-bentonite slurry used in permanent barrier walls, The
soils should have 20-40% fines and are blended with the bentonite slurry until & paste Is
formed. This paste should have the consistency of fresh maortar or concrete and flow easily.

Slurry uniformity is poor when dozers are used to blend the sail and bentonite. if dozers are
used, increased visual inspection and bentonite concentration testing may be required.

Concrote-Bentonite Slurries--

Concrete-bentonite slurries are usaed on sltes where adequste soils to form seil-bentonite
slurries are not available or when increase strengthe are needed, The concrete-bentonite
slurries are mixtures of approximately 18% concreta, 6% bemtonite, and 76% water. The
concrete bentonite sturry is simitar to the bentonite sturry above and the test methods used in
that section also apply to this material.

Because of the concrete, the cencrete-bentonite slurry will hydrate anid begin setting in 2-3
haurs. The installation must ba monitored 0 ensure that the slurry has not hydrated prior to
placernuent.

Gomnpacted Clay Liners (CCLY

A CCL may be used as the primary moisture barrier in both waste liner and cover systems.
Achicving a low permeabiliity in a clay lingr requires a suitable clayey soil and proper
preparation and compaction of the solf. Test data (4,11) clearty dunonstrate that the
permeability of a clay liner can be increased 100 to 1G00 tmes  a single paramuoter in
preparation or compaction is negiected. Snil salected for use as a clay liner is specified using
soil plasticity {Atterbury Lirmits) and grain size distibution. Both parameters can be easily
monitored during actuat field placement of the liner,

Constructian of a clay liner requires proper soil preparation and correct compaction equipment
and technique. Soils used for clay Hners should be processed to ensure that the soil water
content is as specified, the soil clods are na larger than 1 to 2 inches, end the maximum
particle size Is less than required by the project spocifications. For composite linars, the
maximum rock size in the last it is frequently less than 1.0 inch {2.54 em) to minimize
potential damage from racks to the overlying geomembrane. Liner soil preparation is usualky

dene as the soil liner materizl is placed in a stockpite. Significant moistare adjustment should
not be attempted in the 24 hours preceding placement of the soil.
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Key construction guidelines for installing clay tinars are related to both equipmont and
apcfavong. Campacuon uguipmeant must have feet that penclate completely through a laose
tayer of fill. Alternately, the loose lift thickness can be adjusted 10 maximize the eff.ciency of
tha avaitable compaction equipment. Compacted effort (compactor speed and number ol
passes} should be consistent with the minimum effort established in a test strip.  Additionally,
bonding between the layers of compacted tlay must be enhanced by scarifying the surface of
the previous lift.  The as-built clay liner must be tested to verily that it meets project
compaction criteria. This roquires a field sarmpling pragram to rmeasure soil molstura content
and donsity.

A clay liner is very susceptible to damage dus to either desiccation or fraazing. Clay liners left
exposed must ba protecied from desiccation using a surface sezlant (acrylic sprays or light
membranes) or an additiona! layer of "sacrificlal” saif. Soil cover also serves to pravent
fregzing of the clay liner. Even a single cycle of freezing can significantly increase the
parmeabilty of a clay linor. Testing a suspect soil linge for permuoability requires ether a large-
scala doubla-ring infiftromelur test or labafglory testing of undisturbed {UD} samples taken
from the soil finer.

2.2 Hydraullc Conveyances {Both Liquid and Gas)

" Drainage layer components are deslgned to collect leschate beneath the waste ar 10 colluct gas
above the waste. Hotn functions require tho drainage layer to be significontly more parmeablc
than the adjacant waste or soils. Thus filter systems, discussed in Section 2.3, are required
wath all grainage systema, Newor goucomposite systerns provide toth tha drainsge enedia and
filter tayor in a single cormmercia! product. Figld testing requiremants for hydiautic conveyance
systams ary presented on Table 2-2,

Naurgl Qrains and Colluctors

A sand or gravel drainage layer can be used as parl of the leak detestion componant of a
wasie containment sysiem, as the primary drainags layer abowve the bottem liner, and as an
Infittrating storm water drain in the capping system. Soil draing provide a high permeability
medium inta which liquids can easily drain to a network of caliection prpes. The soit drain
usually consists of clean sand or gravel sorted to spacific particle sizes by a quarry. I some
cases suitable sands or gravels are found on site, but this is unusual.
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Drain materials are specified using a particle size distribution and sarnplos should Be taken far
laboratory grain size and permeability conformance testing. Seil drains typically raquire only
moderate 10 light compaction and the as-installed drain layer thickness should be verllied.
Natural drainage fayers must be protected by diversion berms or geotextiles from the
introduction of water borne fines from surface erosion of adjacent slopes.

Geosynthatic. Dyaing and Collectors

A geocomposite drain consists of a core material that provides a pathway for drginage and a
surrounding geotextile that prevents clogging of the core. Geocomposite drains can be used as
part of the leak detection component of a waste containment systorn, as the primary drainage
layer above the bottom liner, and as a lateral drain in the capping system. Similar 1o the soil
drain, & geocomposite drain provides a high transmissivity core through which liquids can easily
drain into a netwaork of colluction pipes. Geocomposite drains are pre-fabricated and come in
rolls or panels up to 300 ft. in length.

Geocomposite drains are available from suppliors who must certify that the materials supplied
meets the manufacturer's minimum specifications. The CQA officer must compare the
manufacturer’s specifications with the project specifications. Laboratory conformance 1esting
should be performuod on the draing under service conditions if differences exist between the
two specifications, The matarial delivered to the site should be Inspeciad for general
compliance with project specifications and to check far damage duiing shipping.

installation of the geocomposite drain requires no figld testing. The drain should be inspected
to confirm that it is instalied accerding to manufacturer’'s and project specifications. Ovarlaps
between adjacent roll ends or panels are particularly important with the proper overlap length,
orientaton, and plastic ties used to bind the overlap. Geosynthetic diainage layers must bu
protected from dJdamage by vehicle traffic, wind or other disturbances. Tha fayer shouid also be
protected {rom fines carried by surface erosion during construction,

Plastic Pipes

Both porforated collection and solid transtnission pipes are used in the leak detection systems,
the primary leachate coltection drain, the lateral drain in the cap, and to carry stormwater and
leachate away from the waste containmsant system, Collection and transmission pipas are
canstructed from a variaty of plastics and can be designed for graviey flow lines as well as low
ar high pressure lines, depending upon the application.

Coilaction and transmisslon plpey are available from suppliers who must certify that the
matarials meat manufacturer's specifications. The material delivered to the site should be
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inspected for ganeral comgpliance with the project specifications and to chec for damage
during shipping.

Installation of collection and transmission pipes should be field inspected to verify that the
locaticn and grades of the pipe and joints, and the bedding material and backfill meet project
specifications. Perfarated pipes require additional inspection of the perforations (hole diameter
and spacing} and pressure pipes require hydrostatic pressure testing {sce Appendix A).

§ umns

Leachate sumps are tocated in both the prmary leachate collection layer and the bottomflower
leak detection layer. Sumps are located at low points in the liner and act as basing in which
the {eachata can ba collected. From the sumps, the leachate is either drained out of the waste
containment system by gravity or pumped out. The sumps can ba a simgle depression in the
compaosite liner or a pre-manufactured plastic basin that is set in the clay liner so that its top is
flush with the gecmembrane liner. The geomaombrane is fusion-welded to a flange on the
upper edge of the sump. Pre-manufactured sumps eliminate difficult-to-test field seams or
complex grading.

i leachate sumps are fabri;:ated on site, then they will be made from the same materials as the
liner system, so certification of the Ener materisls will already haove baen provided. §f the
lzachate sumps are pre-fabricated then tha supplier must cartify that they meet praject
specifications. The sumps delivered to the site should be inspected for general compliance
with the project specificotions and any damoge,

Sumps are the only arca of a waste containmest systemn that will continuously receive
leachate. As such, any defect in the sump maoay result 0 a conunuous long-tenn leak. The
seams made at this lacation are difficult to test due ta their short length and tight angles.
Dastructive samples shoutd be kept to a minitmum due to the difficulty of rapairs in the vicinity
of the sumps.

Egmgs

The leachate can be drainad by gravity from the waste containment system or It can be
pumped out the system using a submersible pemp. The pumps used ta move [rachate are
manufacilured for harsh environments and can be powared by electrichty or cornpresssd air.
Leachate pumps are available from suppliers who must certify the pumps meaot the
manufacturer’s specifications. The pumps should be inspacted when deafivered to the site to
confirm that they were not damaged during shipmant.



installation of the pumps should be done In accordance with the manufacturer's instructions.
All electrical connections, power requiroments, insulation, grounding, and piping should be
instalied and used as specified by the manufacturer. These items should be inspectad during
ingtatlation to verify that they follow the manufacturer’s recomuniendations. The pump should
be tested, using water, to verify that it is working proparly.

2.3 Filters

Fiiter layers must provide for long-term movement of water through the fayer while at the same
time limit the movement of waste or soil particles across the layer. Too tight a filter will
quickly clog while too logse a fitter will result in an excessive loss of solids through the filter.
Biologica! growth can also impact filter layer performance and is cumrently being studied by the
EPA. Fleld verified material properties and installation factors are given in Table 2-3.

Sand/Gravel Filter

A soil filter is used to prevent very fine soil and waste particles from entering into a drain,
accumutating, and eventuaily clogging the drain. Typically, soil filters consist of sand and/or
gravel which has been screened to a specifiad particle size. The sand/grave! filter should have
a particle siza smaller than the drain particle but larger than the infiltrating particle. The filter
may consist of one layer or several successively graded layers depuending upon the
performance objectives of the designer. A soil gradation requirement will ba provided for each
sand/gravel filtur layer in the project specifications.

The sand and gravel filer shouts be laboratory testad 10 ensure that the gran sizu gistribution
meeats the project specifications. Individual fitter layers are aiso field tested to ensure that the
instalflad filters meet compaction and thicknass specifications.

Geotextile Filter

A geotextile filter is uscd to prevent very fine soil and waste particles from entering Into o
drain, accumulating and evertually clogging the drain. The geotextile filter is sefected by the
designer based on its opening size and parmittivity. Supgliars of geotextle filters must cenify
that the materials meet the published manufactured's specifications. Published manufacturer
spucifications must also satisty the specific geotextile specifications for the project.
Canformance testing of the geotextile is recommeandead for critical Liller apphcubions {see Tabie
2-3). The geoteaule armves on the site in rolls for instaliation. The material defivered to the
site should be inspected 10 ensure complianco with the project specifications and to check for
damage during shipping.
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The Installation of the geotextile should be inspected to verity that panel overlap or sewn
seams meet manufacturer’s requirements. Additionally, any folds or wrinkles or damagae to the
panels must be eliminated and temporary restraint provided if necessary.

2.4 Erosion Control

Final cover systems on waste containment systems must be designed to fimit the infiltration of
surface water while at the same time require only timited maintenance for an extended pericd
of time. Maintenance on such cover systems is significantly influenced by the degree of
erosion that is allowed. For example, the EPA suggests that grosion be limited to less than 2
tans of soil per acre per year. The selection of a final cover systam may aiso be influenced by
the end use of the cover, e.g. park, or climatic conditions, 0.9. lack of rain. Field inspection
regquirements for erosion control systems are presented on Table 2.4,

Vegetation and. Topsoil

Surface vegetation may be the most economical erosion control systenm in those rugions where
rainfall exceeds evopgo-transpiration. The vegetation will typically be a native grass tolusant of
local climatic conditions, |t should also limit spontanaous vegatation by non-dusirable plants,
germinate rapidly, and be compatble with the cap profda. Vegetation having oxceptionally
ugyressive tap roots should be avolded.

Vagetation is usually bid on a cost per acre basis with 3 minimuim weight of seed per acre
specified. The seed placament cost should include required soil preparation {tiling, fertilizers,
wle.), hydromalching, and any additional short-term erosion controf required untit the vegetation
is established. Suppiiers of fertilizer and seeds must cortify that the fertitizer and seed meet
praject specifications. Placement of the seeds should be made in accordance with the
supplies’s instructions. Thae application rate, time of year, soif preparation, hydrornuiching, and
watering schedule should te observed and docurmented.

Topsoil is used to support the growth of the vegetation on the cap and other locations that
require vegetation., The topsoil Is usually obtained on site from a stockpile cut from the
construction area or from a nearby borrow area. Project specificat:ons are typically vague
regarding topsoil properties, but the organic content of the topsoll should ve at least 310 5
percent, to support plant growth. Field maonitoring is commaoniy imited 10 verification of tha
final layer thickness.
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Hardened Layers

Hardened covers provide an alternative to vegetative systems in arid regions thart lack
sufficlent natural moisture. Additionally, hardened systems have bean used to provide traffic
and parking areas after closure of the waste containment facility. Asphalt and concrelo
hardened covers are normally limited to slopes less than 10 degrees.

Asphalt Cap -

An asphait cap can be used to protect a capping system and provide a potentialty usable area
over a vaste containment system {e.g. a parking Jot). The asphalt cap can raplace the
vegetation, wopscil, drainage layer, and the biotic Iayer in the cap. o this application, the
asphalt layer must provide the arosion resistance of the vegetationftopsoll, the latera! flow
capacity of the drainage layer, and the protectian of the blotic layer. The porous asphalt layer
consists of an asphalt pavement systamn similar to that used in roadway construction. The
asphalt supplier must certify thar the materials meet the project specificatons.  Asphalt
dativered to the site shuuld be inspacted for general complinnca with these specificaticns. The
temgerature of the defiverad asphalt mix shotld be measured and tha batch ticket for each
truck load should he filed for future referenca,

Buring installation, the thickness, temperature, and density of the asphalt should be measured.
Additianally, the weather must be monitdred to aveid rain or cold tamperatures that woutd hurt
asphalt placement.

Concrete Cap--

Like asphalt. a conurete cap can protect a capping system and proving a potent.ally usable wrea
over 3 waste contalninent systam {e.g. a parking lot). The concrete cap replaces the
vegetatian, wogsail, drainage layer and the biotic tayer in the cap.  1he concrete layer is similar
to that used in readway constiuction. Concrete suppliers must curtify that the concrate meets
project specifications.

The concrete deliverad to the site should be inspecied to determine how long the trucks have
been on the road and if the concrute can be used. Material propertivs identifiad in the project
speacifications shouid be verilied (ses sample specifications In Table 2-4). The foundation
below the concrate should he Inspected for luvelness, strength and the pressnca of water.

The coacrate pour showtd be observerd to verify thar the aggregate 1s rot separated from the
f.nes in tne zoncrete avix, ond that the construstion and expansion Joints are properly located.
The spplication rata of a curing compound over the concreta surface sheuid he measured.




Rip-Rap Caop --

Rip-rap consists of natural stones ranging in size fram approximately 1 inch to stones that
weigh hundreds of pounds. layers of thesa stones provige a significant impediment to wind
and water related crosion, Rip-rap layers are commonly underiain with a geotextile Bilter 10
limit potential erosion of underlying fines. Field testing is typically limited to verifying that the
delivered rip-rap meets project specifications for particle size.

The instaliasion should be monitored to verify that thickness of the rip-rap layer meets project
specifications.  Placement of stone or rip-rap should be monitored to ensure that drop helghts
gre limited. An underlying geotextite should be inspected for damage due to stone placement.
VWhen larger stonas (> 60 pounds) are placed over a geotextila fabric, drop haight stone is
commonly limited 0 18 inches (45 cm).  Akernately, a soil layer of § inchas (15 ¢m) can be
placed over the geotextile 1o provide a cushion and protect it fram damage during rip-rap
placement.

2.5  Protective Layers

Waste containment systems and covers frequently include layers that are intended to protect
funcitional layers. Outor protective layers include the surface erosion control layers discussed
above {section 2.4). This section discusses interior protective tayers that function even after
they are buried within the system. While some of the protective functions may be short-term
or geasonal, c.g. a protective soil layer ptaced over a liner to protect it fram freczing, most
protective functions are long-term and are essential to the success of the waste contalnment
system. Table 2-5 presants field tasts that should be conducted to ensure maseral ntegnty
and installation guzlity of protective layers.

A Biotic barrier is used In the cap of a waste contalamant system to prevent small burrowing
animals and plant roots from penatrating the drainage fayer or the low permeability bamer. The
biotic barrer usually consists of a 3 feot (1 m) thick layer of stone gr cobbles. Vegetative
intrusion can also be limited by herbicide impregnated geotextiles that provide time release
protection. Field inspection is typicalty limited to verifying that the stone particle size and layer
thickness maet project specifications.
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TABLE 28 FHOTECTIVE LAYER E_EMENT TESTINGINSPEZTION
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Geotextile Protogtive Loyer

A protective layer over the bottom liner, Igachate detection layer and the primary leachate
collection layer is required to protect these components from damage during constryction and
waste placement. The geotextile protective layer Is normaily a nonwoven material selected
according to its unit waight {ouncesfyard®). The heaviar tha nonwoven material, the mare
cushion it provides. Suppllers of geotextile protective layer materials must cartify that the
geotextile mests the manufacturer's specifications.

The geotextile arrives on the site in rolls for instaltation. The material defivered to the site
should be inspected for general compliance with project specifications and damage from
shipping.

Soil Protective Layer :

A s0il protective layer over the linar, leachate detiketion layer and the primary leachate
collection layer Is requlred o protuct these compenents from damage during waste placemant
and from the extremes In the woather, The soll should be salected for its resistanca to
erosion, strength, and stability on the side slopas of the waste containment system. Typicolly,
an on-site soil can be used as ths protective layer. The soit should be laboratory tested to
verify that they meet the project spacifications. Typical soil pratective laver spesification
considerations are given In Table 2-5.

Speciat attention should be given to the installatinn of a soit protective layer over a
geomembrana liner. Such installations require loss rigorous compaction specifications for the
first lifz to avoid damaging the gromembrane during compaction,

2.6 Earthworks

Construction or closure of waste containment systems typically requires construction of
earthen containment structures, such as dikes and berms, and the developrment of stable
waorking benches {surfaces} over weak wastes or contaminated solls. [rue to cost restrictlons,
earth work is usually done with either on-site ‘or local soils. In view of the divarse nature of
this material, close monitoring during construction ts often necessary to achieve design
conditions. Weak or soft spots in compacted soil are commonly detected by proof-roliing using
a loaded dump truck. Any saoil expariencing excessive rutting should be recompacted o
excavated and repiacad. Common field tests of earthwork ara shown on Table 2-5.
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TABLE 26 EARTHWORK ELEMENT TESTAGINSPELT
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Structural FIlt

A structusal fill is designed to support its own weight and that of any overlying systems
without experiencing excessive deformation. Such fills are typically placed to develop a
minimurm shear strength or compressibility as assured in design. Laboratory shear strength or
compaction tests, made grior to construction, are used to establish acceptable
magisturaldensity requirements for such fills.

Fiil soils must be inspected at the site to ensure that they are suitable and have low plasticity
{i.e., plasticity index <10} and no targe stones {< & inchest. Compacted soils should be tested
to verify that they achieve the sainimum dry dansity established by the project specifications.

Soil Bedding Laver

A soil bedding layer is used 10 fevel the waste surface immediately below the cap. The
hedding layer provides a3 smooth and stable woerking surface for the construction of the cap
and is usually made from an on-site soil with good strength properties. Other than proof-rolling
and measuring the final grade, little field testing is perfarmed on bedding soits.

Geotextile or Geoqgrid Bedding Loyar

A geotextile or geogrid bedding layer ks used to level the waste surface and bridge any voids
immediately belov: the cap. Additionafly, the bedding layer provides a smooth and stable
working surface for the construction of the cap. The geotextile or geogrid must have high
tensite strength and be puncture resistant. Suppliers of geosynthatic bedding materials must
certify that the matenals supplied meet the manufacturcr’s specifications.  Tha geosynthetics,
which gre delivered to tha sita in rolls, should be lospected to ensure genaral compliance with
the project specifications and to check for damage.

The installation s usually monitored to confirm that geotexule or geogrid overlaps maat tha
manufacturer's spegifications. Six {6} inch (16 cmn) gvertaps are cemmon. Canformance
testing of the geotextiles or geogrids can be performed as ndicatad in Tabie 2 6,
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SECTION 3.0

Ficld Sampling Strategies

Key slements of a waste contalnment system should be sempled and tested to verify that the
materials meel pioject specifications and that they are being instalied in accordance with the
design drawings. Sample tests can also be used 1o monitor the construction process, predict
trends in the quality of the instaliation, and detact sub-quality construction trends, A field
sampling strategy in its simplest form can be impfemented by “randomly” picking out a half
dozen or so samples for testing, and acgepting the area or lot if all the tests fall within the
fimits of the preject specifications. A "lot” is a cleatly detined production unit such as a given
days batch of grout or & clearly identified production run of a geosynthatic product. While this
may be an appropriate sampling plan In some cases, the risks assoclated with thig ptan should
be known before implernanting it. If factors such as sample size, sample tocation, and
accemahce criteria are not correctly applied, the test results may not represant the quality of
the area or lot being tostad,

A sampling ptan, whether it is implemented in the field or in 3 manufacturing plant, has several
distinct parts:

1) Delineatiop of the sample ares:

2) Datermipation of the number of samples by ane ol the follawing maethods:
a) Following the project specifications;
b} Using the Sample Density Method, which specifies a minimum number of tests
par unit fength, area or volume;
c} Using an Error of Sampling Method, such as ASTM E-122;
dl  Using Saquential Sampling;

3}  Selsction of thy sample locations by one of the following methods:

2) Inctude every potential sample location -- Census or one-hundred percent
{100%!} sampling of tha area or lot;

b) Seloct locations using the Judgement of the project inspector -- Judgmental
Sampling: .

¢} iInclude every “nth” potential sample locaton starting with a randomly selacted
starting location carresponding to a randomly sclected number less than "n”.
(For example, setact every 10th location starting with the Sth location, le.
locations corresponding to 9, 19, 29, etc.) - Fixed Increment Sarnpling;

d) Seclecting sample locations complotely at random using a random numbear
generator -- Strict Random Selaction;

e} Subdivicing the tast area wto lagical subareas and randomly selecting locatinng
within each subarea -- Stratified Random Selection;
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5}

6)

7

Qbtaining _and testing the samples using the appropriate methods;

Accentance or rejection of the area or lat basad an either:

a} comparison of the sample statistics (mean, varhance, etc. of the test values)
with the tirnits presented in the project specifications;

b) comparison of the samptle statistics with pre-determined limits caloutated to
keep the construction process it conteol.

Develonment of a remedial_action plen 1o change the construction process if the
quality of the construction declines

A _clear method of historical documentation so that alt of the original records,
including the sample locations, test results, and the analysis of the test results
{sample stalistics), are available for project cerntification or future litigation.

3.1 Delineating the Area or Lot Being Tested

The arca or lat being tested must be divided into patential test locations that can be alearty
{dentified at a later time., The test area or lot should therefore be tied to an easily identified
fixed raference point such as a manhole or the crest of a slope (sea Figure 3 1a). Distance
from the fixad location 10 the sample can bo measured zlang a linear axis ¢r using a pair of
coordinate axes. For most sample selection schemes it i5 ngcessary that a8 numbering system
he used to reference the potential sample locations ¢r items. For example, samples from a
geamembrane seam ore referenced by measurlng distance along the seam. Destructive testing
of pipe, however may require samples of a speciic length (e.g. 3.feet). The pipe con be
marked off in 3-font intervats with each segment given @ number that wdentifies the sample
{see Figura 3-1b). In delineating an arca for sampling, a coardinate pair of axes must be used
instead of a single axis. The samplu locations can be defincated by distance measuremants
along both axes, or by assigning numbers ta sample arcos corresponding to subdivisions of an
overall grid {see Figure 3-1c¢). Each sample shiould be marked or tagged o provide clear
documentation of the test location.

3.2 Determining the Number of Sample Locations

The number of samplz locations requirgd far testing a given glement is aormally included in the

project specifications.  Sometimes, spacifications for sampte logcations duetormine the pumbar of
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samplas, 8.9. every ‘U section of a seam in a flexible membrane lner must be wsted. Apart
from these instances, threg methods -- sample density, error of sampling, sequential sampling -
- are used ta determine the number of samples to be testad.

Sample Density Method

The sample density mathad specifies the minimum number of sample locations per unit of
measure {sample deasity) for a given element. This mathod is popular with regulstory agencies
singe it is readily applied and verified. 1t can be applied to linear systems (¢.g. seams}, susface
areas {e.g. geomembranas), and valumes (e.g. grout}. Table 3-1 showes typical sampling
densities for all three of these element types, Note that sampling densitiss can ba given in
either area of volume units. For example, clay liner testing can ba specified as number of
tests/acre fill or numbier of tests/volume of fill. Common sampling densities far wasta
containment elements are gresented in Appendix A.

Error of Sumpling Nathes!

The error of sampling method is used to determine the number of 1est samples required ta
represent the quatity of the entlre area or fot withi an acceptahle sampling error. The sampling
crror Is defined as the maximum allowable difference butween the sarmple estimate of lot or
area quality and the measure of quality that would be determined by 100% sampling.
Calgulation of the number of 1ests needed 1o estimate the proportion of defustive arcas of a
soil finer, using ASTM E-122, is shown in Figure.3-2.°

The number of sarmples reguired by &ASTM £-122 s a function af th2 imparranna of the element
being tested (K}, the alfowable difference between actual and indicatad quaiity (E), and an
estiinate of iz actugl numiber of defects u the aea dr kot (F), Calowlations fur g aaraa v
number of tests for a clay liner are shown on Figure 3-2. Since a clay diner Is a very critica’
elemant of a waste containment system, the K fagtar is 3. The sliowatile ditference between
the actual gquality and the sample astimate of quality is sat at % percent or P=0.05, An
estimate of the actual number of defective tests in a given lot or area (P} requires some prior
knowledge of similar applcations which may roqulre reviewing past records. This estimate can
be adjusted as the praoject progresses to ceflect actual site experience.

A minimum of 171 tests must be perfarmed an the oxample clay liner to sotisfy our assumed
requirements. Note that AST# £-122 does nat incorporate the size of area or [nt. In tha case
of a two feot thick clay finar, the test dansity [yvd®/test) is a function of the sise of the liner as
shown in Figure 3-2. Thus the 171 twests reflect approximately 1 test per 300 cubic vards of
clay far a 15 acie site and 1 test per 5Q0 cubic yards for a 25 acre site. Common sampling
densities for clay tiners range irom 1 test per 250 ta 506 cubre yards of clay (see Appendix A},
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TABLE 3-1 EXAMPLES - SAMPLE DENSITY METHOD

BUNIMUM
ELEMENT/SYSTEM TYPE PARAMETER TEST METHOD  TESTING FREQUENCY™
Gaomembfam;fl.lncar DT Seam Test ASTMD413 1/800 Ft. Seam
ASTMD3083
Clay Liner/Area Density ASTMD2922 Blacre/B" lift
ASOTTMDZQS'I
Clay Liner/Voluine Density ASTMD2922 1/500 YD
r’\;’l{MD2937
Grout/Voluma Slump ASTRMCT143 1/500 YD*

" For landlilt tinurs - the minimuny testing frequency may be deareased {e.g. 171000 1t ol

saam) far eaps or tampartary applications as raquired.
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REFERENCE: ASTM E—122 ERROR OF SAMPLING METHOD

DEFINE NUMBER OF TESTS (n)

n = (K/EFP(1-P) K

WHIRE P = ZSTIMATE OF THE "RACTICN OF .
DEFECTIVE TESTS PER UNIT 228

E = MAXINUM ALLOWABLE DIFFERENCE 2
BETWEEN THME LSTIMATES OF QUALITY
FROM & SAMPLES AND 3003 186
TESTING

K = A FACTOR CORRESPONDING TO THE .64
PRCSABILTY THAT THE SSMPURG
ERROR WL EXCEED E. (SEE
TABLE)

TABLE — k FACTOR

PROBABILITY CF MPORTANTCE OF
12,1 A—

SRBOR EXCEEDING £, SLEM

G.003(X in 1000}  VERY CRITICAL

0.3 (10 in ’C03) CRITICAL
0,045 (45 In 1000)

2

b
205 (5 i 100)

210 {12 n j0C) NQOT CRITICAL

—

-

i

EXAMPLE APPLICATION

DEFINE NUMBER OF MCISTURE MEMSITY TESTS 7GR S0, LINER

ASSUMPTICNS:

P = 5% ==>35 OUT GF 100 TESTS ARE ZEFECTIVE

E = 5% == ALLOWABLE DIFFERENCE =
K = 3 == VERY CRITICAL ELEMENT

a = (3/0.05)°0.05 (1~0.05) = i71 TESTS

NQTE: ACTUAL TEST DENSITY IS A FUNCTICN
OF VOLUME OF SCiL, LINER, e.g.
15 ACRE SITE WITH 2 ft. LINER

L4534
!
scol

il s
_g 500—-'--"'-“"‘-“~-~-—‘71
. 200l s
& 7

bi]
Z 300k ... . & t
& s l
B s |
T agol 7 : |
7~ : i
§ % G ‘5 20 28
ACRES

TEST DENSITY = 486842 YDY¥171 = 248 YDYTEST

FIGURE 3-2 NUMBER OF SAMPLES-ERROR OF SAMPLING METHOD

3-6



Sequential Sampling

The Sequential Sampling schame 15 degigned 10 minimize the required sample nuimber wihien the
quality of the area or lot is sither exceptionally good or very poor. Most sampling plans require
a fixed sample size {determined prior to construciion) which is independent of the resulls
observed at the first sample locations. Sequential sampling uses the results of the tests as
thay are conducted to 2djust the number of samplas required andg the zcceptance criteria.
Areus or lots with high or low guality require 3 smaller number of tests than those with
marginal quatity. Note that the sequential sampling method defines both the number of
samples ppd the assemance gritutia which depend oo the results of earlier sample test results.

A sequential sampling plan requires that after each sampla locstion, or small group of locations,
Is evaluated that one of three decisions is made about the test area or lot from which the
sample(s) was{were] taken:

The tesi area is accepted

The test area is rejected

The evidence Is not sulficient 1o make a decisiosn withiout an
unacceptable risk of error

These three decisions are illustrated by the three regions on the charl shown on Figure 3 3. If
tha last decisinn is made, more samplz locations must be selecterd and evalaared. This process
18 centinuad until the test &rea is accapted or rejectad or a limit on the number of test is

reachad e.g. all, Typically @ graph as shown in Figure 3-3 is used to wnglemeant thus sampling
sthamae.

Four variables must he detarmined to tmplemant this sarrpling p'an. These vaiish’es include:

P, =~ gcceptable proportion of defective sample locations m
a rest area;

P, = ungeceplablie proporion gt defeclive sampte locatians
in & test area;

g = tha prabability of rejecting an acceptable test area. ithe

qualty of the test area is acceptable but the sample
results indicate that it s unacceptable);

119 = the grobability of accepting an unacceplable tast area,
{the quatity of the tast area is unatceptable but the
sample results indicate that it is acceptabiel.

These values, which are selected by the person designing the samgling plan, should refiect the
desired precislon of the tast rasults, the importance of the tested element and the cost and
delays due to samphng and testing. The consequences of a wrong decision are key
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REFERENCES (8,7.8)

DEFINE ACCEPTANCE CRITERIA

P, = % DEFECTS ACCEPTABLE

R = & DEFECTS UNACCEPTABLE
§ = % PROBABIITY OF REJECTING A “EST

AREA WiTH QUALITY GREATER THAN R

8 = 2% PROBABILITY OF ACCEPTING A TEST
ARESA WITH QUALITY LESS [HAM &

DEFINE _ACCEPTANCE /REJECTION CHART

og({R /B {100 -5 /(100--3})}

pes
f

h, = log((100~8)/8}/A
h = log((100-45)/8; /A
S = leg((100—-2}/(10D0-R)) /A » SLOPE

EXAMPLE APPLICATIO

DEFINE ACCEPTANCE CRI™CAL FOR DRY
DENSITY CF STRJCTURAL FILL.

ASSUMPTIONS:
B=5 B=10 é=t¢ g -20
A= legltC/We{01Cn SN0 100 - 83D

N o= leg({100—-10)/20) /A ~ 2.0+
b o log{(100-201/10} /A = 2.57
S = 1eg{{300-5)/(100-10)) /A = 0.07

CMINIPUM CF 40 TESTS

HUMDER OF DEFECTS

-7~ NUMBER OF DEFECT

RE(ECT THE TEST aREA
—

-

6 A
3}—%

\
c’ .}
. §
ORI

FIGUHE 3-3 NUMBER OF SAMPLES-SEQUENTIAL SAMPLING
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consideration when selecting these valuss or limits. i the constraints are too rigid, the
required sample size (number) will be so large thot the assaciated costs are prohibitive. Hence
it is necessary to tradeoff up-front costs for sampling, the costs of redoing a lot rejacted in
error (the sample gave misleading resuits indicating a good lot was defective), and the costs of
failing to detect a faulty lot until much time has passed. If the cost of rejecting good material
is high then ¢ should be small. If on the other hand acceptance of inferlor material is high, the
wypical situation for environmantal materials, then 8 should be small,

An application of sequential sampling acceptance criteria o structural il is given in Figure 3-3.
Structural fill Is an element that, while important, is less critical to the success of a waste
containment gystem than such elements as clay or geomambrane barriers. Hence in this
situation the decision maker may be willing to tolerate more defects (larger P, and P,) and be
less concerned about incorrect decisions (larger ¢ and B). If so, the number of required
samples will be less than for materials which are more critical to the success of a till. The
importance of an element 15 reflected i the sclcction of the four variablos required to defing
the acceptance chart.

example (Figure 3-3)

The percent defects in an unacceptable fill (P,) Is assumed 1o be 10%. This is twice as
toferant as the criteria used in the previous example for clay liner material. The percant defects
in an acceptable area {P,) was selected as the mean of the acceptance range (< 10%).

Percent probabilities for accepting a defective test area (B} or rejecting an acceptahle test area
{5} are selected in the example to reflect the lowoer uaportance of the structural fill, For a
critical etament, & will be smaller and § couid be larger since it is more important that a
defoctive critical elorment not be accepted.

A mnimum af 40 donsity (ests must be pertormed to gat acceptance of the structural fill using
the sequental sampling charl devoloped above. I nu defective deasity tests occur in these
forty {40} tests, then the structural fill is accepted. If vwo (2) or more defoctive locations are
fourd tha ot is rejected. It ona (1) defective location is found then additional sample locations
must be selected and ovaluated. Testing must continue until the chart indicates that the lot is
accoptabie or must be rejucted.

3.3 Selection of Sample Locations

Figid somplieg strategies fur selestany o smgle sunplu tocasion roay follow seversl sampla
lacation cnteria. This is particutarty true foar crivical elements such as the seamns ol
goeomembrang liners. [he protocol {or locating test samplas on seams inciudes all of the
following criteria:
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For Mon-Destructive Testing ® 100% Testing

For Destructive Testing ¢ 1 per 500 Feet {Incramental)
Judgrmaental
Minkmum 1 per seam (Stratified)

Thus the sampla loccation strategies presented in this section miay be combined for a given
clement.

100% Sampling

In theary, determining the true quality of a produet would require sampling the entlre product -
which Is known as 100 percent sampling. Although non-destructive testing methods can be
used to somple and test ail of the product or test area, this requires a significant investment of
tima and capital. For these reasons, a 100% sampling plan is used only to test the most
critical clements in waste containment streclures; the seams in the synthetic ners used in
fandfills, waste piles and waste ponds. Recause a defect in the seam will allow a ratease of
waste, T00% testing is considered necassary.

Since a 1003% gsampling ptan is rigorous, the sampling and testing program shoutd be designed
to minimize inspector fatigue. A sufficient number of testing crew breaks and shift changes
should be used to avoid orrors in the samplng and testing program.

The 100% Sampling Plan:

Step 1 Develop a means of delineation and measureinent that can be used o degermina
the sample locations over the entire test area. Since this & 1007 samgpling plan,
the delincation will not be used for sarmple sefection but wilf serve w ensure that
all tocations are tested and ta Incata any defactive locatians.

Step 2 Test the entire area or lot using a non-destructive test method (sce Appendix A).
Careful documentation must be made of the starting and stopping locations,
material batch numbers, installstion crews, and other variables that may affect the
testing results. Compare the results of testing to the project specifications. Al
arcas that do not meet the praject specifications will be rejected and removed or
repaired (and re-tested).

Example -- Installation of a 60-mil HPDE geomembrane liner. The 100% Sampling Plan would
be implernented as foliows:
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