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.DISCLAIMER

The information in this document has been funded by the U.S. Environmental Protectiqn Agency
{EPA) under Contr;-:ct No. 68-C0-0068, Work Assignment No. 35 to Eastern Research Group, Inc. It
has been subjected to the Agency’s peer and administrative reviews, and it has been approved for
publication as an EPA document. Mention of trade names or commerciél products does not constitute
endorsle‘rﬁent or recommendation for use. -
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FOREWORD

Today's rapidly developing and changing technologies and industrial products anq practices
frequently carry with them the increased genefation of materials that, if improperly dealt with, can
threaten both public health and the environment. The U.S. Environmental Protection ‘Agency is
charged by Congress with protecting the Nation's land, air, and water resource. Under a riganda‘te of
national environmental laws, the agency strives to formulate and implement actions Ieéding to a
compatible balance between human activities and the ability of natural systems to support énd nurture
life. These laws direct the EPA to perform research to define our environmental probler;wé, measure

the impacts, and search for solutions.

The Risk Reduction Engineering Léboratory is responsible for planning, implemehting, and =

managing research, development, and demonstration programs to provide an authoritative, {defensible
engineering basis in support of the policies, programs, and regulations of the EPA with respect to
drinking water, wastewater,lpesticides, toxic substances, solid and hazardous wastes, and Superfund-

related activities.

This report provides the field data to support the Agency’s recent final rule on liner Iealﬁ( detectio/n
{40 CFR 260, 264, 265, 270, and 271). The data illustrates that waste management facilities can be
constructed with minimal leakage rates provided that quality control and quality assurance programs

are used.

E. Timothy Oppelt, Director

Risk Reduction Engineering Laborétory
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ABSTRACT

This report presents field data on the measured flows of liquid from the leakage deteétion,'
collection, and removal systems (LDCRSs) of 28 double-lined landfill facilities and eight double-lined
surface impoundment facilities. For each facility, information on design and operation is presented,
as is an evaluation of the sources of the measured flow. Potential sources inclﬁde leakage thrbugh the
top liner, precipitation that percolates into the LDCRS during constructidn, water that infiltrates through
the bottom liner and enters the LDCRS, and consolidation of any clay component of the top liner. From
the evaluatioh, conclusions are drawn regarding the frequency of occurrence, sources, and rates of ‘

liquid flows from the LDCRSs of double-liner systems. Conclusions are as follows:

L DCRSs frequently exhibit flows from one or several of the aforementioned sources;

o all of the landfill cells constructed with geomembrane top liners appear to have exhxblted top
liner leakage; cells with composite top liners typically exhibited LDCRS flows attnbutable to
consolidation water, except for composite liners constructed with geosynthetic-clay liners
(GCLs) for which there is little, if any, consolidation water; v

o about 60 percent of the surface impoundment ponds constructed with geomembrane top
- liners appear to have exhibit_ed top liner leakage; the lower incidence of top liner leakage for
ponds than for landfill cells may be attributed to the use of ponding tests and/or leak location
‘surveys during construction of>the ponds to identify geomembrane defects and allow their
repair; ‘

o flow rates from the LDCRSS of the landfills are generally within the range that would be
expected, based on currently available methods of analysis'for liner system performance;
flow rates from the LDCRSs of ponds constructed with geomembrane top liners are lower
than would be calculated using available analysis methods because the use of ponding tests
and leak location surveys, followed by geomembrane repair, resulted in fewer geomembrane
liner defects than assumed in the anaIysns methods; and '

L facilities constructed with a rigorous construction quality assurance program typlcally meet
EPA recommended action leakage rates (ALRs) of 1,000 iphd (100 gpad) for landfills and

"10,000 Iphd {1,000 gpad) for ponds; however, ﬂo‘w rates higher than these ALRs
occasionally occur at landfills with composite top liners and ponds that have geomembrane
top liner defects. ‘ ' i
This report was submitted in fulfillment of Contract No. 68-C0-0068, Work Assignment No. 35,
by GeoSyntec Consultants under the sponso?ship of EPA. The report covers work completed through
September 1992, ‘
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SECTION 1
- INTRODUCTION
1.1 PURPOSE OF THE REPORT

Liquid flows have been observed from the leakage detection, colleétion, and removal systemé
{LDCRSs) of many double-lined landfill and surface impoundment units. Regulatory authorities and
others have sometimes assumed that these flows are due solely to leakage through the top liner and
are, therefore, a cause for concern and action. The flows, however, can be due to sources other than

top liner leakage.

The purpbse of this report is to summarize and evaluate field data on the rﬁeasured flows of
liquid from the LDCRSs of 28 double-lined Iéndfills and eight double-lined surface impoundments. The
report was originally prepared to provide technical support for EPA’s proposed Liner/Leak Detection
System Rule of 29 May 1987. In this proposed rule, EPA introduced the concept of action leakage
rate (ALR) which was defined as (62 FR _20222) "the rate of leakage from the top liner into the LDCRS

- that triggers interaction between the owner or operator and the Agency to determine the appropriate

response action for the leakage". Under the proposed rule, the facility owner or operator could
establish an ALR as a value specified by EPA or by developing a site-specific ALR. The ALR value
specified by EPA was proposed to bé in the range of b to 20 gallons/acre/day (gbad). This report was
initiated to provide technical support to EPA for selection of a specific ALR value. ‘Interim resuits of
the investigation of LDCRS flow rates were presented by Bonaparte and Gross [1990]. In their paper,
Bonaparte and Gross conclude that while an ALR of 50 Iphd (5 gpad) is too restrictive, an ALR of 200
Iphd (20 gpad) appears to be reasonable for facilities constructed to present standards with rigorous
cqnstruction quality assurance. (NOTE: For simplicity, in this report it is assumed that 1 gpad = 10

Iphd. More precisely, however, 1 gpad = 9.3 Iphd.)

The proposed Liner/Leak Detection System Rule was finalized on 29 January 1992 (57 FR
3462). The original ALR concept was not included in the final rule, and the ALR was redefined as (57
FR 3462) "the maximum design leakage rate that the Jeak detection system can rémove without the )
fluid head on the bottom liner exceeding one foot". The value of the ALR in the final rule is site-
specific. Additionally, as stated in the preamble to the final rule (57 FR 3474), "the Agency believes
that units meeting the minimum technical requiremenis would not require action leakage rates below

700 gpad for landfills and waste piles and 1000 gpad for surface impoundments”. These flow rates,




which are feferred to as EPA’s "recommended action leakage rates” in the preamble to ﬁrﬁal rule, are
significantly higher (i.e., approximately one to two orders of maghitude higher) than the ALR values
considered under EPA’s proposed rule of 29 May 1987. As will be shown in this report, the facilities
considered-in this report typically exhibited LDCRS ﬂowé less than the ALR values in the final rule.

1.2 ORGANIZATION OF THE REPORT
The organization of this report is as follows:

. conclusions on the analysis and interpretation” of the LDCRS flow rate data are

presented in Section 2;

. recommendations for future research related to the information presentecfi herein are

presented in Section 3;
. potential sources of liquid flows from LDCRSs are described in Section 4;

. data on measured flows from the LDCRSs of double-lined landfills and surface

impoundments are presented in Section 5; and

. analysis and interpretation of the LDCRS flow rate data is presented in Section 6.

!
i

The regulatory developments that led to the final ALR concept are presented in Appendix A

of this report.

1.3 DEFINITIONS
1.3.1 Landfills and Surface impoundments :

Landfills and surfate impoundments are land-based units that contain solid wastes, and liquid

wastes or sludges, respectively. The goal of the lining system in these units is to minirﬁize, to the

extent achievable, the migration of hazardous constituerits out of the units. |




1.3.2  Liner, Lining System, and Double-Liner Syste;n

A liner is a low-permeability barrier used to impede liquid or gas flow. As discussed in Giroud
[1984] and EPA [19871, no currently available liner is totally impérmeable. Since no liner is
impermeable, liquid containment within a landfill or surface impoundment uni‘t‘can only result from a
combination of lin_ers and drainage layers performing complementary functions. Liners impede the flow
of liquid out of the unit. Drainage layers collect and convey the liquid towards controlled colléction
points {sumps) where the liquid can be removed from the unit. Combinations of liners and drainage

layers in the units are called lining systems.

A double-liner system is a lining system which includes two liners with a leakage detection,
collection, and removal system (LDCRS) between the liners. For landfills, a leachate collection and
removal system (LCRS) is placed above the top liner. For surface impoundments, there is no need or
regulatory requirement for a LCRS above the top liner. The majority of double-liner systems being
constructed today have either geomembrane or composite top and Bbttom liners (where a composite
liner consists of a geomembrane placed directly on top of a low-permeability soil layer or geosynthetic
clay liner (GCL)) with a LDCRS between the two liners. Older lining systems constructed with low-

permeability soil liners alone are not considered:-in this report.

1.3.3 Double-Liner System Components

Figure 1 illustrates typical double-liner systems used to contain leachate in landfills. Double-
liner systems used to contain liquid in surface impoundments are similar to those shown in Figure 1,
except that surface impoundments do not require an LCRS drainage layer above the top liner. (Wast;a
piles are a third type of land-based containment unit and are similar to landfills éxcept that they only
contain solid 'wastés temporarily. Waste piles are mentioned briefly in this report for completeness
since they are subject to most of the same regulations as landfills.) The double-liner systems shown
in Figure 1 incorporate the liner types (i.e., geomembrane liners and composite liners} and the drainage
materials types (i.e., gramjlar materials, geonets, or other geosyﬁthetics) used to construct landfills,

waste piles, and surface impoundments. The types of liners and drainage materials used in double-liner

“systems significantly influence the frequencies of occurrence, sources, and rates of flow from LDCRSs.

Therefore, different liner and drainage material types will be considered in this report..
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In this report, the parameters used to describe the design features of double-liner systems

- are (Figure 2): i = slope gradient (dimensionless); k,, = hydraulic. conductivity of the. LCRS drainage

material {cm/s); T, = thickness of the LCRS drainage material {m (ft)); T, = thickness of the
geomembrane component of the top liner (mm (mil)); k. = hydraulic conductivity of the compacted
low-permeability soil or geosynthetic clay liner (GCL) component of the top liner (em/s); T,, = thickness
of the compacted low-permeability soil or GCL component of the top liner {m (ft)); k,, = hydréulic

conductivity of the LDCRS drainage material (cm/s); T,, = thickness of the LDCRS drainage material

(m (ft); T, = thickness of the geomembrane component of the bottom liner (mm (mil)); k, =

hydraulic conductivity of the compacted low-permeability soil component of the bottom liner {cm/s);

and T,, = thickness of the compacted low-permeability soil component of the bottom liner (m (ft)).



LCRS DRAINAGE LAYER
TOP LINER

LDCRS DRAINAGE LAYER
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Figure 2. Definitions and terminology for double-liner system compoinents.
(Note: k = hydraulic conductivity; T = thickness; and :
i = slope gradient.) _
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SECTION 2
CONCLUSIONS

Using the data for landfills and surface impoundments presented in Section 5 of this report,
and the data analysis and interpretation presented in Section 6, the following conclusions are drawn

with respect to LDCRS flows from double-lined waste containment facilities.

. LDCRSs frequently exhibit roWs that may be due to top liner leakagé or other
sources such as construction water, consolidation water, and infiltration water.
LDCRS flow rate data presented in Tables 4 and 7, for landfills and surface
impoundments, respectively, demonstrate the frequencies of occurrence and rates

" .of flow from these sources.

. . All of the landfill cells reviewed in this report that were constructed with
geomembrane top liners appear to have exhibited top liner leakaQe. Based on the

- available data, the average and maximum flow rates attributable to top liner leakage

at active cells that had geomembrane top liners and construction qualify assufance

{CQA) programs wefe less than 1,000 Iphd (100 gpad). Typically, flow rates from

these units were Iesé than 200 Iphd {20 gpad). For cells without CQA programs,

both average and maximum flow rates attributable to top liner leakage were
frequently more than 1,000 Iphd {100 gpad). Maximum flow rates, which often
occurred shortly after storm events, were typically several times greater than the

average flow rates.

. Only about 60 percent of the surface impoundmenf ponds reviewed in this report
that were constructed with geomembrane top liners appear to have exhibited top

liner leakage. In general, the measured flows from the ponds were less than 300

. Iphd (30 gpad).' The lower incidence of top liner leakage for ponds than for landfill

cellé may be attributed to the use of ponding tests and/or leak Iocation‘surveys

during construction of the ponds to identify geomembrane defects and allow their

repair. Additionally, when flows were observed during operation of a pond, defects

were often located and rep‘aired. Thus, significant LDCRS flows from ponds were

often of limited duration (i.e., until the pond was repaired).




'

Facilities having a composite top liner incorporating a layer of clay almost always
exhibited LDCRS flows due to cons_olidation water. Flows attributable? to primary
consolidation of the clay occurred while the facilities were active. Continuing flows
after fécility closure are potentially attributable to water expelled duriné secondary
co'mpression. of the clay layer {secondary compression water). Averagé me_asured
flow rates attributable to consolidation water ranged up to 1,300 Iphd (130 gpad),
although most rates were less than 300 Iphd (30 gpad); average meésured flow
rates potentially attributable to secondary compression water ranged frorh 30 to 380
iphd (3 to 38 gpad).

Leakage rate calculations performed using the method of Giroud and Bonaparte
[1989a,b] provide a reasonable uppér bound on observed flow rates attributable to
top liner leakage at landfills with,geomgmbrane top liners. However, Zthe method
greatly overpredicts top liner leakage rates at impoundments with geomémbrér|e top
liners. It appears that the primary reason for the oyérprediction is that ithe number
and/or frequency of geomembrané holes assumed by Giroud and Bonap;:':\rte are too
high for the considered surface impoundments and period of monitoring. Based on
the data in this report, the use of ponding tests and Iéak location surveYs, followed
by geomembrane repair, reduces the frequency and/or size of geomem?oran,e holes
below the number often assumed for leakage rate calculations (i.e., 3 to 5 per
hectare {1 to 2 per acre)). ‘ ;

The calculation methods presented by Gross et al. [19901] for; estimating
consolidation water and construction water flow rates appear to give: reasonable

order-of-magnitude estimates of ftlovws attributable to these sources.

Based on an analysis of the data presented in Tables 4 and 7, facilities v:vith double-
liner systems constructed with a r?igorous CQA program will typically meet the EPA
recommended action leakage rates of 1,000 iphd (100 gpad) for Iéndﬁlls énd 10,000
Iphd (1,000 gpad) for surface impoundments. For landfills with composit:e top liners,
‘flows due to consolidation water may occasionélly be greater than 1,00@ Iphd {100
gpad). For surface impoundments that have defects in the geomembrar}e top liner,
floW rates may temporarily be higher than 10,000 Iphd (1,000 gpad).s Howevér,
repair of the defects will usually decrease flows to below triggering leveis (i.e., less
than 10,000 Iphd (1,000 gpad)).




SECTION 3
RECOMMENDATIONS
3.1 INTRODUCTION

The information contained in this report is intended to provide a préliminary understanding

of how landfill and surface impoundments are performing with respect to liquid containment and

environmental protection. To increase this understanding, it is recommended that additional studies
be undertaken. The purpose of this section of the report is to present recommendations for future
studies to exﬁand the information cohtained in this reporf. In developing the recommendations,
emphasis is placed on those studies appearing to have the best potential to provide useful results and

that can be performed with data currently accessible to EPA.
3.2 . AVAILABLE DATA

As a starting point for the additional studies, data should be obtained from the waste
management units described in this report and other units that have designs meeting, or at least
reasonably'cbnsistent with, existing EPA regulations. Information should be collected directly from the
owners/operators of the units, as well as from EPA files. The data that should be gathered for, each

unit include:

. type of unit and design details, geographic location, hydrogeologic setting, waste
characteristics, key dates in the life of the unit (e.g., construction, operation,

closure), and operations and maintenance information;

° LCRS monitoring data (liquid quantity and cherﬁical quality);

° LDCRS mvonitoring data (liquid quantity and chet.nical duality);

° unsaturated zone monitoring dvata (liguid quantity and chemical quality), if it exists;
° grouhd—water quality mbnitoring data;

o rainfall moniforing datg; and

® lresults of any special evaluations or testing, such as geomembrane coupon testing.

9




3.3 DATA EVALUATION

The available data for landfills, waste piles, and surface impoundments should be collected,
analyzed, interpreted and cataloged. The cataloging effort should be designed to create az: permanent
data base, available for interested parties, that can be periodically updated in the future. The analyses

and interpretation of the data should be intended to-systematiéally address the followingfquestions.

] What quantity and chemical quality of leachate is generated in the units, both clunng

and after closure? ' ‘ P
. How does the quantity and chemical quality of leachate vary geographically?

. What impact is EPA’s land disposal restrictions (i.e., 40 CFR 268) having bn leachate

quantity and chemical guality?

. What is the quantity and chemical quality of the liquid flows from the LDCRSs of the
units? '
I
o What are the sources of the quuid flows from the LDCRSs?
. What conclusions can be drawn from the available LDCRS data on the performance

of top liners and, by extrapolation, on the performance of the entire Iine:r system?

. What is the risk of the liquid ﬂqws from the LDCRS on human heal;th and the

environment?

. Is there any indication from the available data that the LCRSs or LDCRSs ?re clogged

or otherwise not functioning adequately?

. Is there any indication that umts W|th one type of LCRS or LDCRS desngn are

performing better than units with a different type of desngn?

] Does available ground-water quality monitoring data or other available fmonitoring
data (such as unsaturated zone monitoring data) provide any indicationiof leakage

from a unit? ) - ) o | . K

10




SECTION 4
POTENTIAL SOURCES OF LIQUIDS IN LDCRSs

4.1 INTRODUCTION

To évaluate LDCRS flow data, the potential sources of flow must first be identified. Flow
can be due to top liner leakage, water from precipitation or other sources that percolates into the
LDCRS during construction ("construction water"), water expelled from a granular LDCRS due to

compression of the LDCRS ("compression water"), water squeezed out of the clay component of a

. composite top liner as a result of clay consolidation ("consolidation water™), and water that infiltrates

the bottom liner and enters the LDCRS {"infiltration water") [Gross et al., 1990]. Each of these

potential sources of flow is depicted in Figure 3 and is described below.

.42 TOP LINER LEAKAGE

All of the top liners considered in this report include geomembranes (i.e., they are either
geomembrane liners or composite liners). leakage through liners constructed with geomembranes‘
occurs essentially as a result of flow through defects in the geomembrane. Occasional small defects
in geomembranes may resﬁlt from manufacturing, but are more likely to result from during or after
geomembrane installation. Equations to calculate steady-state leakagé rates through liners constructed
with geomembranes due to flow through holes were developed in EPA [19871], bésed on the analytical
and experimental studies by Faure [1979, 1984], Sherard [19851, Fukuoka [1985, 19861, and Brown
et al. [1987]. The equations were later modified by Bonaparte et al. [19891, Giroud and Bonaparte
[198%a,bl, and Giroud et al. [1989; 1992]. Based on these equations, the rate of flow through
geomembrane holes is dependent on the liquid head on the geomémbrane, the hydraulic conductivities
of the soil layers immediately underlying and overlying the geomembrane, the size and frequency of
occurrence of holes in the geomembrane, and, for composite liners, the quality of the contact between

the geomembrane and underlying soil layer (which is a function of the quality of construction).

Table 1 presents the results of calculations using the equations for flow through holes in a
geomembrane to obtain top linef leakage rates per unit area of liner. For the calculations, it was
assumed that the soil layer underlying the geomembrane is 0.9 m (3 ft) thick, and the GCL underlying
the geomembrane is 6 mm (0.25 in.) thick. It was further assumed that the geomembrane was
carefully constructed and had only five small holes per hectare (2 small holes per acre), with each hole
having an area of 3 x 10 m? (56 x 103 iﬁz), and that good quality contact existed between the
geomc_—ambrane_ and underlying éoil layer or GCL (assumpt_ions consistent with those of Giroud and
Bonaparte [1989a,b]). '

11




GEOMEMBRANE

C GROUND-V;ATER TABLE

—

Q
Q

POTENTIAL SOURCE:
A TOP LINER LEAKAGE

TOTAL FLOW
A+B+C+D

B = CONSTRUCTION WATER AND COMPRESSION WATER
C = CONSOLIDATION WATER
D

= INFILTRATION WATER

Figure 3. Potential sources of flow from LDCRSs (from Bonaparte aﬁd
Gross [1990]). '
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Table 1.

Calculated top liner leakage rates due to leakage through holes in a geomembrane (g,
Iphd). (Values obtained using equations from Bonaparte et al. [1989] and Giroud et al.
[1992], and the following iriput parameters: N = number of geomembrane holes per
unit area = 5 holes/hectare (2 holes/acre); a = area of geomembrane hole = 3 x 10°°
m? (5 x 10 in?; k,,, = minimum of k, or k,; and h, = liquid head on liner. Good
quality contact exists between the geomembrane and underlying soil layer or
geosynthetic clay liner (GCL). The thickness of the soil layer is 0.9 m (3 ft), and the

thickness of the GCL is-6 mm (0.25 in.).)

Liquid Head on Liner, h, (m (ft))
Hydraulic
L 0.03 {0.1) 0.3 (1) 3.0 {10)
Conductivity :

Kein (CM/S) Soil Layer GCL Soil Layer GCL | Soil Layer GCL
10° - 0.01 - 0.2 - 10
108 0.05 0.06 0.4 1 3 80
107 0.3 - 2 - 20 -
10°® 1 - 10 - 90 -
108 8 - 60 - 500 -
104 40 - 300 - 2600 -
103 200 - 1000 - 5200 -
102 400 - 1500 - 6200 -
107 600 - 2000 - 6300 -
1 600 - 2000 - 6300 -

13




From inspection of Table 1, it can be seen that calculated steadyfstate top liner leékage rates
through corﬁposite liners (based on a hydraulic conductivity (k) of the clay or GCL éomponent of the
composite liner of 1077 cm/s or less) range from 0.01 to 90 Iphd (0.001 to 9 gpad). In contrast,
calculated leakage rates through geomembrane Iiners underlain by drainage materials’ (with the
hydraulic conductivity of the drainage material k,,, > 102 cm/s) range from 400 to 6,300 Iphd (40
to 630 gpad). The calculated leakage rates for geomembrane top liners are about two to.:five orders
of magnitude greater than those calculated for composite top liners. A further contrast between
composite liners and geomembrane liners lies in the fact that it can take from several montli‘ns to many
years for liquid to flow through the clay component of a composite liner or several dayséto several
years for liqhid to flow through the GCL component of a composite liner, whereas flow through a hole
in a geomembrane liner underlain by a drainage material occurs almost instantaneously. It c;an ‘also be
observed from Table 1 that composite liners incofporating GCLs are most effective at minimizing
leakage when subjected to liquid heads of 0.3 m {1 ft) or less, which are typical for Iandﬁ;lls. When
subjected to higher liquid heads, such as those that occur in surface impoundments (e.g., 3 km (10 f1)),
the effectiveness of composite liners incorporating GCLs decreases somewhat due fo the high hydraulic

gradient across the GCL [Giroud et al., 1992].
4.3 CONSTRUCTION WATER

The primary source of construction water m a LDCRS is precipitation that percolates into the
LDCRS prior to placement of the top liner. Of this water, some may be retained in the drainage

material by capillary tension, and the rest will flow by gravity from the LDCRS.

The maximum time required for gravity drainage of construction water from a LDGRS can be

estimated using Darcy’s equation, as follows:
t, =L n, /(k,7) (Equation 1)

where: t; = maximum time for gravity drainage of construction water (s); L, = maximum length of
flow path {m {ft)); i = slope gradient {dimensionless); and n,, = porosity of the LDCRS drainage

material (dimensionless).

The maximum volumetric moisture content of a drainage material due to capillarity?is referred
to as its spécific retention, s,. The specific retention of a drainage material is dependent 6n the size
distribution and shape of the material’s pores. The specific retention of a geonet drainage Iayi/er is zero;
the specific retention of a coarse gravel is almost zero. A medium to coarse sand hasia specific

retention on the order of 0.08 [Linsley et al., 1975]. If the volumetric moisture content, Ew‘,, of the
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LDCRS drainage material at the end of construction is less than its specific retention (i.e., if w, < s},
there will be no drainage of construction water. If, however, the volumetric moisture content of the
material at the end of conistruction is greater than its specific retention (i.e., if w, > s), water will drain

from the layer until the volumetric moisture content equals the specific retention (i.e., w, = s).

The volume of water per unit area of liner that drains from the LDCRS by gravity can be

estimated using the following equation:

Ve = Ty (W, ~- S',) =T, (Sn, -s) (Equation 2)

I

where: v. = volume of construction water per unit area of liner that drains from the LDCRS by gravity .
(m (ft)); w, = volumetric moisture content of drainage material at end of construction (dimensionless);
s, = specific retention of draihage material (dimensionless); and S = degree of saturation of drainage

material at end of construction (dimensionless).

The average LDCRS flow rate per unit area of liner, q¢ (Iphd (gpad)),‘_due to construction

water is given by:

g, =vel te {Equation 3)

Gross et al. [1990] presented the results of calculations to quantify potential construction
Water flow rates and durations for a typical landfill cell. The resuits indicate that the flow rate is
directly proportional to kg, and the duration of flow is inversely proportional to k,,. Thus, with a high-
permeability drainage material, such as a clean gravel or geonet {e.g., kg, > 1 cm/s), the flow rate after
a precipitation event can be large {e.g., 200,000 Iphd (20,000 gpad)) but of very short duration (e.g.,
less than ‘one day). In contrast, with a lower-permeability drainage material, such as a fine to medium
sand [e.g., kg, = 102 cm/s), the réte of flow of construction water will be smaller {e.g., 2,000 Iphd
(200 gpad)), but the duration of flow will be quite long {e.g., more than 100 days). In the latter case,

construction water may still be draining from a facility well after the start of operation.
4.4 COMPRESSION WATER

As a LDCRS constructed of a granular material compresses under the weight of the overlying
waste or impounded liquid, the pore volume and porosity of the LDCRS decrease. Simultaheously, the

capillary tension of water in the poreé of the material increases as the soil particles take on a denser

packing.
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When a granular LDCRS material retaining water by capillary tension compresses, the volume
of water per unit area of liner that drains from the LDCRS can be calculated using the )following

equation:

Ve =€,5. Ty = (Do, | E)s, Ty, - (Equation 4)

where: vg = volume of water per unit area of ‘Iiner that drains from the LDCRS by graviity {m (ft));
€, = compressive strain of the LDCRS drainage material (dimensionless); Ao, = changef in verﬁcal
stress due to placement of waste (kPa (psf}); and E, = constrained modulus of the dfaina'ge Material
(kPa (psf)). Equation 4 was derived using the conservative assumption that there is no increase in
specific retention of the granular material as it compresses under the weight of the overly?ing waste.
Equation 4 can only be used if the volumetric water content of the material is greater than pr equal to
its specific retention (i.e., w, = s). If the volumetric water content of the material is less than the
material’s specific rete‘ntio‘n (i.e., w, < s)), Equation 4 is not valid since liquid may not be r?eleased as

a result of compression.

Calculations in Gross et al. [1990] indicate that the flow rate of compression water from a
. i
granular drainage material initially at its specific retention is small {e.g., 1 to 20 Iphd (0.1 to 2 gpad))

and is frequently negligible in comparison to potential flow rates from other sources.
4.5 CONSOLIDATION WATER

Two general categories of Iow—pérmeability soil layers must be considered: (i) relatively thick
{0.5t01 .5-m {1.5 to 5-ft) thick) layers of compacted natural clay or bentonite-treated soil; énd (i) thin
{6-mm (0.25 in.) thick) GCLs. During filling of a landfill or surface impoundment, soil layerséin the first
category will consolidate and expel water into the adjacent LDCRS drainage layer. GCLs,i howen)er,

are placed in a dry state and will not contribute additional liquid to the LDCRS.

An upper bound of the rate at which water is expelled from a clay layer can be obtained by

assuming the clay layer is initially saturated. With this assumption, the occurrence of consolidation
. {

water can be quantified using the classical theory of one-dimensional consolidation [Terzaghi, 1943].

This theory uses the consolidation time factor, T, defined as:

= &t (Equation 5)
H? ’

where: T = consolidation time factor at time t (dimevnsionless); t = elapsed time since insténtanezous

load application (s); H = length of drainage path (m (ft)); and ¢, = coefficient of consolidation (m?%/s
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{ft?/s)). The theory also establishes a rélationship between the consolidation time factor T and the

degree of consolidation U.

Schiffman [1957] modified the classical theory of one-dimensional consolidation to account
for a constant rate of load application. In his work, Schiffman established a relationship between the
degree of consolidation U and the consolidation time fa&tor T. This relatioﬁship was later used by
Giroud [1983] to determine the maximum rate of consolidation R, (defined as dU/dT) for a constant
rate of load application. For flow rate calculations, it can be assumed that the rate of filling of a unit

is constant between t = 0 and t = 1., where t; is the time required to fill the landfill or surface

impoundment. It can also be assumed that the pore water within the clay layer drains to the LDCR'S' .

drainage layer (i.e., the maximum length of the drainage path for pore water is equal to the thickness

of the clay layer).

For most landfill and many surface impoundment applicatiqns, the time factor, T,, at the end
of filling (obtained using Equation 5 with t = t;) is larger than one. As shown by Giroud [1983], when
T: > 1, almost all of the consolidation water has been expelled at time t = t; (i.e., at the end of waste

placement or surface impoundment filling) and R, = 1/T,.

Giroud [1983] has established the following equation to calculate the maximum rate of water

expulsion from a consolidating clay layer subjected to a constant rate of load application:

- A% ke s (Equation 6)

S pwg7-st max

. where: qg = maximum flow rate from the LDCRS per unit area of liner due to consolidation water (m/s
(ft/s)); Ao, = vertical stress due to the weidht of waste (kPa (psf)); p,, = density of water (kg/m?®
(Ib/ft®)); g = acceleration of gravity (m/s? (ft/s?)); and Rnex = maximum rate of consolidation. Equation
6is conser\:/ative because it assumes that the qlay is initially saturated. In most cases, clay layers are

compacted to a degree of saturation between 75 and 90 percent.

Calculations presented in Gross et al. [1990] suggést that the flow rate due to consolidatibn
water may range from 10 to 1,500 Iphd (on the order of 1 to 150 gpad). Higher' flow rates are
associated with more corﬁpressible soils, faster rates of load applicatioh, and larger consolidation
stresses. The calculations also indicate that, for most landfills that receive waste at a steady rate over
one or more years, the end 6f primary consolidation will approximately éoincide with the end of the

active life of the landfill.

S
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It should bé notéd that, as described by Bonaparte and Gross [1990], water fron’i secondary
compression of a clay layer may persist after the end of primary consolidation. In generél, soils that
exhibit relatively high consolidation, such as high plasticity clays, will also exhibit reléti\)ely high
secondary compression. As a consequence, for some plastic clay materials compac%ed wet of
optimum moisture content, water due to secondary compression may be a significant sour;ce of liquid
flow after the end of a facility’s éctive life. Calculated secondary compression ﬂow‘rateé are in the
range of 10 to 100 Iphd (on the order of 1 to 10 gpad).‘ These flow rates may persist ovefr the entire

post-closure period of the facility, albeit at a progressively decreasing rate. -
4.6 INFILTRATION WATER

Infiltration water can migrate through defects in the geomembrane component of;the bottom
liner into the LDCRS if there is a sustained ground-water table above the base of the bottiom liner or
if the bottom liner is a composite liner with a clay layer that is undergoing consolidation or secondary
compression. The calculation results given in Table 1 can be used to estimate infiltration rates if it is
assumed that the rate of flow through the liner is independent of the direction of ﬂow {i.e., up or
down). In fchis case, k., in Table 1 corresponds to the hydraulic conductivity of the soil ir;nmediately
underlying the geomembrane component of the bottom liner. From Table 1, the quantity of infiltration
through composite bottom liners (i.e., k,, <10°® cm/s) constructed with clay layers will be relatively
small and will only occur after water saturates the clay layer. In contrast, infiltration rat?es through
geomembrane bottom liners underlain by relatively permeable soils can be very la‘rge ané will occur

quickly.
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SECTION 5
‘ DATA FROM LDCRSs OF OPERATING UNITS
5.1 DATA COLLECTION METHODOLOGY

The data presented in ‘this report were obtained from enginéering draWings, project
specifications, operation records, and interviews with facility owners and operators and regulatory
agencies. With respect to flow data, in most cases only data on LDCRS flow rates were available; data
on LCRS flow rates and on the chemical quality of flows from the LDCRS and LCRS were typically not
available. Efforts were made to obtéin data from operating and closed landfills and from facilities
constructed with different types of lining systems (e.g., geomembrane top liners versus composite top
liners, and sand LDCRS drainage layers versus geonet LDCRS draiﬁage layers), constructed with and
without third-party const_ruction quality assurance (CQA) programs, and located in different climatic
regions. For the burpose of this report, a facility was considered to be closed if it was covered with
a soﬂ layer or geomembrane. Very little data were ;Jbtained from closed facilities, and approximately
86 percent of the facilities were constructed under a third-party CQA program. In addition,
approximately 96 percent of the landfill facilities are located in relatively moist climatic regions. All
other things being equal, larger flow rates would be expected from the LDCRSs of operating or closed
landfills located in relatively moist climatic regions than from operating or closed landfills, .resp‘ectively,
located in drier climatic regions, since there is less leachate production in drier climates. Based on the
characteristics of the data base, the measured flow rates presented in this report likely represent the
higher end of the range of flows that might occur from landfills constructed under third-party COA

programs.
5.2 DESCRIPTION OF OPERATING UNITS

* LDCRS flow rate data have been collected from 28 double-lined landfill facilities {containing
76 individually monitored landfill cells) and eight double-lined surface impoundment facilities {(containing
17 individually monitored ponds). The data, along with information on each of the facilities, are
presented in Tables 2 through 7. These tables include all of data reported by Bonaparte 'and.Gross
[19901, as well as additional dét'a that the authors were able to obtain since the preparation of the
cited reference. Tables 2 and 3 présent genefal information and double-liner system properties,
respectively, for the 28 landfill facilities. Tablés 5 and 6 present the same information for the eight
surface impoundment facilities. It should be noted that the double-liner system properties given in

Tables 3 and 6 were obtained from the previously-listed sources; they are not measured properties.
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Tables‘4 and 7, respectively, present the LDCRS flow rate data for the.landfill and surface
- impoundment facilities. Data are summarized for two différent time periods: (i) just after the end of
construction, when the influence of construction water on the flow rates would be greatest; and (ii)
during the active life of the facility. Where possible, flow rates are reported at different time intervals
during the active life. The authors found only limited data on flow rates after landfill closure. The data

corresponding to closed landfill conditions are specially' noted in Table 4.

A characterization of the monitored cells and ponds is presented in Table 8. It can be seen
that about 40 percent of the monitored cells and ponds have geomembrane top liners, while the
remaining 60 percent have composite top liners. About 40 percent of the monitored cells and ponds
have sand LDCRSs, while the remaining 60 percent have geonet LDCRSs. (Some of the facilities listed
in Table 8 as having a geonet LDCRS may actually have a geocomposite LDCRS consisting of a geonet
with a geotextile bonded to its top surface. However, for the purposes of this report, geocomposite
LDCRSs are considered functionally equivalent to geonet LDCRSs.) Most of the units are located at
sites where the ground-water table is below the unit base; however,' in a few cases, the relationship
between the unit base and the ground—Water table is unknown. For purposes of this report, it is
assumed that infiltration of ground water did not contribute to the LDCRS flows at any of the units.
For all units, the bottom liner included a geomembrane; in most cases, the bottom liher was a

' coh'lposite. Therefore, for most facilities, a small amount of the water expelled during consolidation
of the soil component of the bottom liner could infiltrate the LleRS through a hole in the
geomembrane component of the bottom liner. This small amount of water is considered to be
negligible for the purpose of this report. Also, for most facilities, the collection efﬁciency of the
LDCRSs at the monitored facilities should be very high (i.e., very little of the liquid in the LDCRS should

have migrated into the bottom liner).

Ifshould be noted that only 13 of the 28 landfill facilities and three of the eight surface‘
impoundment facilities have lining systems that appear to meet the minimum design requirements of
EPA’s final rule of 29 January 1992 (déscribed in Appendix A). The minimum design reqdirements of
the final rule include the following: (i) a composite bottom liner consisting of a geomembrane and a 0.9

~m (3 ft) thick compacted clay layer with a hydraulic. conductivity no greater than 1 x 1077 cm/s, (ii) a
minimum LDCRS bottom slope of 1 percent {iii) for granular LDCRS drainage media, a minimum
‘ thickness of 30 cm (12 in.) and a minimum hydraulic conductivity of 1 x 102 cm/s for landfills and

1 x 10" em/s for surface impoundments; and (iv) for synthetic LDCRS drainage media, a minimum
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Table 8. Characterization of 93 individually monitored cells and ponds. [Note: Gmb = gedmembrane;
Cmp = composite; Below = ground-water table below base of facility.]

Top . LDCRS Ground-Water

Liner A Tabfe
Gmb Cmp ' Sand Geonet Below ;Unknown
Cells 25 51 32 44 74 fe2
Ponds 11 6 7 10 15 .2
Cells and 36 57 39 54 89 4
Ponds |

Table 9. Number of facilities in each group.

Group Top LDCRS Number of
No. Liner : Cells and Ponds
| Geomembrane ' Geonet 13 .
il Geomembrane ‘ Sand 23
1 Composite : Geonet 41
v Composite Sand 16
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hydraulic transmissivity of 3 x 10"°> m?/s for landfills and 3 x 10"* m?/s for surface impoundments. The
main reason that some of the facilities do not meet the requirements of the final rule is that the
compacted clay component of the bottom liner is less than 0.9 m (3 ft) thick or has a hydraulic

conductivity greater than 1 x 107 cm/s.

To interpret the data, it is convenient to group the monitored facilities by the type of top liner
(i.e., geomembrane versus composite} and type of LDCRS (i.e., sand versus geonet). With this
grouping, the potential sources of flow for cells and ponds in any group are basmally the same (Table
9). The flow rate data are mterpreted for each group of facilities in Section 6.

5.3 MEASUREMENT OF FLOW FROM LDCRSs

Under EPA’s final rule of 29 January 1992, owners and operators of hazardous waste

landfills and surface impoundments are required to monitor the rate of flow from the LDCRS of the

facilities on a weekly basis during the a‘ctivve life of the facilities (including the closure period) and
monthly or quarterly during the post-closﬁre period. For the majority of the facilities presented in this

report, liquid flows from the LDCRSs of operatmg units were measured daily or weekly. However, the

- available data were typically weekly or monthly flow volumes, or flow rates.

The flow rate data for each facility are given in Table 4 for landfills and Table 7 for surface
impoundments. Where there is sufficient data to evaluate the temporal variation in flow, both average
and maximum flow rates are reported. Average flow rates are typically reported for one or more
months. Maximum flow rates are reported as the maximum weekly or monthly flowrate over a given
time interval, except as noted. When pbssible, the maximum flow rates are based on a maximum
weekly flow rate. It is preferable to report the maximum flow rates based on a weekly time interval,
as this is the time interval required by EPA for monitoring of LDCRS flow rates at active units. With
this information, conclusions can be drawn on the maximum LDCRS flow rates that may occur on a

weekly basis at other land disposal units.

The techniques for measuring LDCRS flow rates at the landfill and surface impoundment
facilities presented in this report range ffom the relatively simple, such as ‘calculating the flow
quantities based on changes in liquid depth in the LDCRS sump, to relatively complex, such as
measuring flows using tipping buckets and flumes and recording the flow data with automated data-
logging systems. The different methods used to measure LDCRS flow rates at the facilities in the

report were as follows:

41




. estimating the volume of liquid pumped from the sump by muitiplying the sump area
by the change in the liquid depth in the sump and dividing volume of liquid by the

time between liquid depth measurements,

] measuring volume indirectly by multlplymg the pumping time by the pump capacity
and dividing by the time since the last pumping event; :
] estimating the volume of liquid removed from the LDCRS sump durinfg a certain
period of time by multiplying the number of times the pump automaticaliy activated
by the volume of liquid that is stored in the sump between the "pump on"?and "pump
off" levels, and dividing the es%timated volume of liquid by the length of the

considered time period;

] measuring the flow rate manually at a given point in time, using a ibucket and

P
t

stopwatch (at gravity flow outlets);

J measuring the liquid volume in the LDCRS by opening the drain lines and ellowing the
liquid to flow by gravity into a graduated container and dividing the volufne of liquid

by the time since the last measurement event (at gravity flow outlets); .

. using flow meters equipped with mechanical accumulators or automatic data-logging
systems and dividing the change in flow volume by the time vsin(f:e the last

measurement event; and -

. using tipping buckets and ﬂumes, wnth automatic flow data acqunsntlon systems (at
grawty flow outlets) / : ’ ‘

The most cemmon method ﬁsed to“nmeas.uredA LDCRS flow rates at the tacilities presented'

in this report involved using a flow meter equipped witH a mechanical accumulator and dividing the

change in flow volume by the time since the last measurement event.
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SECTION 6
RESULTS AND DISCUSSION
6.1 METHODOLOGY FOR EVALUATING MEASURED FLOW

In this s_ection‘r of the report, the sources of flow from the LDCRSs of operating facilities
within each of the four groups identiﬁed in Table 9 are evaluated by comparing the measured flow
rates for a specific time period with the calculated flow rates from different sources during the same
time period. This methodology for evaluating the source of measured flow has been described by
Gross et al. [1990] as follows. | )

. ldentify the potential sources of flow based on double-liner system design, climatic

and hydrogeologic setting, and operating history. _

. Calculate the flow rates from each potential source.
. Calculate the time frame for flow from each potential source.
. Evaluate the potential sources of flow by comparing measured flow rates to

calculated flow rates at specific points in time,

Additionally, comparisons of the chemical constituents in liquids contained in surface
impoundments or leachates from landfills with the chemical constituents in the flows from the LDCRSs

often provide insight into whether a source of the flow is top liner leakage.

The interpretation methodology described above was used to evaluate the sources of flow
from the 93 individually monitored cells and bonds presented ‘in Tables 2 through 7. A review of the
data on measured flow rates from the four groups of facilities and an interpretation of the data are

provided in the remainder of this section of the report.
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6.2 REVIEW OF DATA

6.2.1 Group | Facilities

Introduction

Group | facilities were constructed with geomembrane top liners and geonet LDCRS drainage
layers. There are three landfill facilities (seven cells) and two surface impoundment facilitiés (six
ponds) in this group. End of construction flow rate data are avallable for four landfill cells and all
surface impoundment ponds. In addition, data are available for all cells and ponds durmg itheir actlve
lives. No data for closed cells are available.

The only potential source of flow from the LDCRSs of the Group | facilities is top liner leakage
and any snjall amount of construction water that drains from granular coflection trenches in the LDCRS

t

during the early active life of the facilities.

Landfills

For the four Group | cells for which end of construction data is available, averade measured
flow rates ranged from 3 to 470 Iphd (0.3 to 47 gpad), and maximum weekly measured flow rates
ranged from 10 to 560 Iphd (1 to 56 gpad). These flows are primarily attributed to constructlon water

draining from granular collection trenches and top liner leakage.

All seven cells from the three Group | landfills appear to have exhibited top Iiiner le:akage
during theif active lives, with-average flow rates ranQing from O to 220 Iphvd {Oto 22 gpad);. Maximum
weekly flow rates of 110 to 860 Iphd (11 to 86 gpad) and maximum ﬁonthly flow rates of 20 to 160
Iphd (2 to 16 gpad) were measured for these cells. These maximum flow rates are up to ébout seven
times greater than the average values. The maximum LDCRS flows typically corresponded to high flow
rates from the LCRSs, which usually occurred shortly ( e.g., from a few days to a few v;eeks) after’
storm events. [t should also be noted that all of the Group | landfills are located in relaitively moist
climatic regions. All other things being equal, smaller rates of top liner leakage would be iexpected at

facilities located in dry climates where leachate production rates are low.
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Surface Impoundments

Of the six Group 1 ponds, only two (i.e., Surface Impoundment E, Pond 2 and Surface
Impoundment F) have exhibited flow since the start of operation. One pond {i.e., Surface
Impoundment E, Pond 2) exhibited no flows until a 20-mm (1-in.) long defect devéloped along a
geomembrane seam on the side slope of {he pond. Flow through the defect averaged 30,000 Iphd
(3,000 gpad). Flow was not observed after the defect was repaired. The other pond (i.e., Surface
Impoundment F) initiaily exhibited an average flow of 1,380 Iphd (138 gpad) at 0.5 months after
construction. The flow was due, in ‘part, to top liner leakage. After a geomembrane defect was '
discovered and repaired and the LDCRS was flushed with water, the flow rate decreased steadily with
time and was very low (i.e., about 2 Iphd (0.2 gpad}) from two to eight months after the end of
constructlon Based on a chemical analysis of the LDCRS flow for a primary constituent in the pond
liquids, the flow observed during this time can be attributed to flush water slowly draining from the
LDCRS. At nine months, the geomembrane top liner was damaged and the average flow rate increased
to 950 Iphd (95 gpad). The geofnembrane was repaired, a ponding test was performed to locate any
additional geomembrane defects, and the LDCRS was again flushed with water. After this repéir, the
flow rates decreased with time and remained very low from 10 to 52 months after the end of
construction. By several months after the repair, the flows appeared to be just flush water based on

chemical analysis.

At 53 months, the maximum Iiduid height in Pond 2 of Impoundment E was increased to a

. higher level. Based on the increased flow rate and on chemical analysis of constituents in the flow,

it was determined that top liner leakage was again occurring. Since the observed leakage coincided
with an increase in the maximum liquid height in the pond, it is likely the pond had a geomembrane top

liner defept on its side slope. The liquid height in the pond was decreased and the LDCRS was again

" flushed. Chemical characteristics of the LDCRS liquids went back to normal (i.e., a primary chemical

constituent in the pond liquids was not detected in the LDCRS liquids) within several months. The
LDCRS flow rates again decreased and remained low until 88 months after the end of construction.
Prior to 88 months, beginﬁing at 81 months, top liner leakage again began occurring based on testing
of chemical constituents in the LDCRS flow. At 88 months, the average flow rate increased rapidly

to 250 Iphd (25 gpad), and the facility was taken out of service. An investigation of the top liner

indicated that the geomembrane had a number of small holes which were located primarily on the base

of the pond. It was also reported by the surface impoundment owner that the scrim of the
geomembrane was exposed in a number of places and the strength properties of the geomembrane

were significantly less (i.e., B0 peréent or less) than the specified original properties of the

geomembrane. A new geomembrane comprised of the same polymer as the old geomembrane was




installed over the old geomembrane. The owner reported that the new geomembrane had a different

formulation than the old geomembrane, which was installed in 1983.

One reason for the absence of top liner leakage at four of the Group | ponds aﬁd only four
occurrences of top liner leakage at the other two Group | ponds is that these facilitiﬁes were all
subjected to ponding tests and/or leak location surveys as part of the owners’ internal or third-party
CQA program. It was reported that geomembrane holes identified during the leak locat{ion surveys
and/or ponding tests were repaired. Additionally, geomembrane holes that developed during operation

were typic'ally repaired.

It is lnterestlng to note that none of the geomembrane top liners at the Group | surface

impoundments were protected by an overlying protective soil layer or other material.
Comparison Between Observed and Calculated Leakage Rates For Landfills and Surface /m,éoundmen ts

It is useful to compare the observed top liner leakage rates at the fnonitored Itandﬁlls and
surface impoundments to the calculated top liner leakage rates. For the Group i landfills, the observed
flow rates‘are, on average, somewhat smaller than the calculated top liner leakage rate bf 600 Iphd
{60 gpad) given in Table 1 for h, = 0.03 m (0.1 ft) énd Kmin > 1 cm/s. However, the calcijlated value
appears to represent a reasonable upper bound of ithe observed values. In contrast, observed flow
rates from the Group | ponds are typically much smaller than the calculated top leakage rqté of.6,300
iphd (630 gpad) given in Table 1 for h, = 3 m {10 ft) and k., > 1 cm/s. '

Giroud and Bonaparte [1989a,b] presented evidence suggesting that a geomerﬁbranee hole
frequency of 3 to 5 holes per hectare (1 to 2 holes per acre} and a geomembrane hole sizé of 3x10°
m2 (3 x 10° ft?) may be assumed for calculating "representative” flow rates due to holes in
geomembranes installed using rigorous CQA programs. It is apparent from the observa‘:tions of the
monitored surface impoundments that the foregoing assumptions regarding the frequency]' and/cr size
of geomembrane holes may, in some cases, be too conservative for geomembrane instailations that
include ponding tests and/of leak location surveYs as part of a CQA program and the repa_ir of
geomembrgne holes that develop during operation. The use of these techniques reduced thfe frequency
and/or sizel of geomembrane holes in the Group | surface impoundments in this study below the values
assumed by Giroud and Bonaparte. Their assumptions were based on analyses of the performarlce of
geomembranes that had not been subjected to ponding tests, leak location surv?ys, and/or

geomembrane repair during operation.
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6.2.2 Group 1l Facilities

Introduction

Group |l facilities were constructed with geomembrane top liners and sand LDCRS drainage
layers. There are seven landfill facilities {18 cells) and three surface impoundment facilities {five ponds)
in this group, with all of the facilities located in relatively moist climatic regions. End of construction
data are available for' 16 of the landfill cells and two of the surface impoundments. Data are also
available for 16 of the cells and all of the ponds during their active lives, and for two closed cells.

The potential sources of flow from the LDCRSs of the Group !l facilities are construction

water and top liner leakage.
Landfills

For the 16 Group Il cells for which end of construction data are available, the hydraulic
conductivity of the LDCRS drainage material is in the range of 102 to 1077 cm/;. For this range of
hydraulic conductivity, drainage of construction water could have occurred for about one day to one
year after installation of the top liner. All 16 of the landfill cells show LDCRS flows shortly after
construction. The average measured flow rates at the end of construction ranged from 60 to 17,000
Iphd {6 to 1,700 gpad), with seven of the cells exhibiting average flow rates of 1,000 Iphd (100 gpad)
. or more. The maxfmum end of construction flow rates for the cells ranged from 440 to 32,000 Iphd
(44 to 3,200 gpad), with two of the cells exhibiting maximum flow rates of more than 10,000 lphd

(1,000 gpad). These maximum values were up to eight times greater than the average values.

Excluding the four cells of Landfill J (discusséd subsequently}, the remaining 12 Group ll cells
for which data are available exhibited flows during their a;:tive lives which are thought to be due to
top liner leakage. The average flow rates from the 12 cells potentially attributable to top.liner leakage
ranged from O to 2,200 Iphd (0 to 220 gpad), with the maximum flow rates being up to about five
times larger than the average values. The maximum monthly flow rates ranged from 0.4 to 3,300 Iphd
{0.04 to 330 gpad), and the maximum weekly flow rates ranged from O to 4,300 Iphd (O to 430 gpad).
It is noted that top liner leakage has clearly ocl,curred at Cell 1 of Landfill V. A slope failure occurred

-at this facility shortly after construction. The failure was confined to the lining system on the 12-m
(40-ft) high, 3H:1V (horizontal:vertical) side slope. The failure involved the downslope ‘slidingA of the
0.6-m (2-ft) thick sand LCRS drainage layer and underlying geotextile cushion layer on the HDPE.
geomembrane top liner. Flow frorr{ the cell had not been monitored prior to the failure. Shortly after

the failure, however, the flow rate from the LDCRS was found to be almost 1,500 Iphd {150 gpad).'
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The lining system was subsequently repaired, and'the flow rate from the LDCRS decrea:sed. At 22
months after the end of construction, the average measured flow rate from the cell was 200 iphd

(20 gpad). Interestingly, the six cells at whrch CQA programs were not implemented (i.e;, Landfills L

and Q) had larger flow rates attributable to top liner leakage (i.e., averaging from 130 to 2,200 Iphd

{13 to 220 gpad)) than the cells at which CQA programs were implemented (i.e., averaging from 0.1

to 200 Iphd (0.01 to 20 gpad). ‘ ’

As discussed by Bonaparte and Gross [1990], Landfill J is a special Group Il facility because
it was constructed with the compacted clay component of the bottom liner above, rather’; than below
{as is usual), the geomembrane component. In addition, at Landfill J the LDCRS is continuous between
cells, thereby allowing flow to cross from one cell to the next. A detailed analysis of L!?CRS flows
from the Landfill J cells was presented by Gross et al. [19980]. Their analysis indicated average
construction water flow rates of 60 to 17,000 Iphd (6 to 1,700 gpad) for the cells:. Average
consolidatfcn water flow rates from the four Landfill J cells ranged from 6 iphd (0.6 gpacé) for Cell 3,
which was filled slowly aver 18 months, to 1,700 Iphd {170 gpad} from Cell 1, which was%filled in one
month. The relatively high average flow rate of 2,700 Iphd (270 gpad) observed for Cell 3 at 30
months after construction was due to flooding of the LDCRS in an adjacent cell for a Ieak location
survey. Based on an analysis of chemical constituents in flow from the LDCRSs and LCRSs, the top -
liners at two of the four Landfill J cells (i.e., Cell 1 and Cell 4} leaked. In the case of Cell 1, no top
liner leakage was observed until several years after closure, at which time an average flow from the
LDCRS of 140 Iphd (14 gpad) commenced. In the case of Cell 4, no top liner Ieakage was observed
until about 24 months after construction, when the LDCRS began experiencing an average flow of
about 120 Iphd (12 gpad). An evaluation of the methods used to construct Cells 1 and 4 resulted\ in
the conclusion that the most likely cause of top Iirler leakage was the develqpment of a hole at the

LCRS pipe: penetration of the geomembrane top liner in these cells.

Surface Impoundments

For the two Group Il surface impoundments ponds for which end of constructron flow data
available, the hydraulic conductivity of the LDCRS dramage material is about 102 cm/s. For this value
of hydrauhc conductivity, drainage of construction water could have occurred for several months, after
installation of the top liner. The average measure& flow rates at the end of construction‘ for the two
ponds were 990 and 1,020 Iphd (99 and 102 gpad), and the maximum monthly flow rates were 1,230
and 1 300 lphd {123 and 130 gpad).

Three of the five ponds from the Group |l surface impoundments had average flow rates

during their active lives potentially attributable to top liner leakage and construction water ef 20 to 250
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Iphd (2 to 25 gpad), and maximum monthly flow rates of 90 to 310 iphd (9 to 31 gpad). Ponding tests
or leak location surveys were reportedly performed as part of the CQA program at all of these ponds.
The remaining two ponds (i.e., Ponds 2 and 3 of Surface lmpoundment H) had average flow rates

potentlally attributable to top liner leakage of 230 to 19,780 Iphd (23 to 1,978 gpad), and maximum

-monthly flow rates of 300 to 27,440 Iphd (30 to 2,744 gpad). It should be noted that leak location

surveys were pérformed in both of the ponds before they were put into operation. The results of
chemical quality teeting of the LDCRS liquids indicated that top liner leakage was occurring in both of
these ponds shortly after the ponds were put into operation. At 25 montns, the geomembrane top
liners in the two ponds were repaired. After 25 months, the average measured flow rates from these

two ponds decreased significantly and ranged' from 400 to 440 Iphd {40 to 44 gpad).
Comparison Between Observed and Calculated Leakage Rates for Surface Impoundments

Similar to the Group I ponds, flow rates from the Group Il ponds were typically much smaller
than the calculated leakage rate through a geomembrane hole qf 6,300 Iphd (630 gpad) given in
Table 1 for h = 3 m (10 ft) and Knn > 1 cm/s. The exception to this is for Ponds 2 and 3 of Surface
Impoundment H, which experienced significanﬂy higher flows than the other ponds. After the
geomembrane top liners in the two ponds were repaired, however, the flow rates from these ponds

became more consistent with the measured flow rates from the other ponds.

6.2.3 Group lll Facilities

Introduction

Group Il facilities were constructed with composite top liners and geonet LDCRS drainage

layers. There are ten landfill facilities (37 cells) and two surface impoundment facilities (four ponds)

‘in this group. End of construction data are available for seven landfill cells and two surface

impoundment ponds. In addition; data are available for 31 cells and three ponds during their active

lives, and for 17 closed cells.

Fpr the Group il fa_ciliﬁes, top liner leakage rates should be low and should not occur for
some period after construction (due to the containment capabilities of composite top liners). Since
geonets were used in the LDCRS drainage layers of these facilities, there should not be any
construction water {except for a small amount of water that drains from granular collection trenches
in the LDCRS). Therefore, flows from the LDCRSs of Group IiI- facmtles should result primarily from

consolidation of the clay component of the top liner.
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Landfills

For the seven Group Ill cells for which end of construction data is available, average
measured flow rates ranged from 0 to 1,900 Iphd (0 to 190 gpad), and maximum measured flow rates
ranged from O to 6,400 Iphd (0 to 640 gpad). These flows are attributed to construction water

draining from granular collection trenches and consolidation water.

With one exception, all of the 31 Group Il landfill cells for which data are available exhibited
flows from their LDCRSs during their active lives. 'Average flow rates during the active Ii;ves of these
cells ranged from 0 to 1,300 Iphd {0 to 130 gpad), with 15 of the 31 cells exhibiting flows less than
200 Iphd (20 gpad), 24 of the cells exhibiting flows less than 500 Iphd (50 gpad), and 2$ of the cells
exhibiting flows less than 1,000 Iphd (100 gpad). Based on the calculated breakthrough times for
seepage tﬁrough the top liner, the LDCRS flows from these cells during their active lives ;are primarily
attributable to consolidation water. The flow rates are consistent with the calculated rarfge of values

for flows due to consolidation water of 1 to 1,500 Iphd (1 to 150 gpad) reported in Sec’:don 4.5.

For the 17 Group lll cells that are closed:or covered with a geomembrane or sc:oil layer (i.e.,
Landfill F, Cells 1 to 4, Landfill G, Cells 1 to 6, Landfill H, Cell 1, and Landfill T, Cells 1 to 6), ongoing
LDCRS flows may be due to continuing consolidation or secondary compression of the clay component
of the top liner. In addition, a portion of the flows from Landfills H and T, which have a géomembrane
top liner on their side slopes, may be due to top Iiner leakage. While there is no direct: evidence of
leakage through the composite top liner of any of the closed cells (i.e., there is no chemicai constituent
data fo:: the LDCRS), the possibility of minor top liner leakage cannot be ruled out because the LCRS
at the facilities continues to produce liquid, and the calculéted breakthrough time for the clay
component of the composite top liner is less than the time period between the start of the active life

and the recording of the LDCRS flows.
Surface Impoundments

For the two Group Il ponds for which end of construction data is available, the average
measured flow rates were 53 and 1,590 (5.3 to 159 gpad). These flows are attributed to construction

water draining from granular collection trenches and consolidation water.

The three Group lll ponds that have data from their active lives exhibited average measured
LDCRS flow rates ranging from O to 960 Iphd (0 to 96 gpad), and maximum monthly flow Qates ranging
from O to 1,380 Iphd (O to 138 gpad). The flows from these ponds are primarily ajlttribwted to

consolidation water. Top liner leakage is thought to have occurred for one pond (i;.e., Surface
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Impoundment C, Pond 2). For this pond the average measured flow rate increased from 4 to 960 iphd
(0.4 to 96 gpad) after the liquid height in the pond was increased at 38 months after the end of

construction. It 6annot be determined from the available information how flow entered the LDCRS in

such a short time period after the liquid height in the pond was increased as the top liner was a

composite on the base and side slopes. A geomembrane top liner defect was found on the side slope

of the pond and repaired. Subsequently, the' average flow rate decreased to 40 Iphd (4 gpad).
Flow Rate Over Time

For both landfill and surface impoundment facilities it is interesting to observe how the flow

" rate of consolidation water from a facility decreases over time {e.g., Landfill T, Cell 9 and Surface

Impoundment C, Pond 3). For example, for Landfill T, Cell 9, the average flow rate at about seven to
twelve months after construction was 230 Iphd (23 gpad). By 13 to 18 months, the average flow rate
had decreased to 150 Iphd (15 gpad). The flow decreased still further over time and was 20 Iphd (2

gpad) at 26 to 30 months after construction.

6.2.4 Group 1V Facilities

Introduction

Groub IV facilities were constructed with composite top liners and sand LDCRS drainage
layers. There are eight landfill facilities (14 cells) and one surface impoundment facility (two ponds)
in this group. End of construétiqn data are available for ten Ian'dﬁH ,éells. Data are also_ available for
twelve cells and all éurface impoundment ponds during their active lives. No data for closed cells are

available.

At the end of construction, flows from the LDCRSs of the Group IV facilities should be due
primarily to drainage of construction water. Subsequently, consolidation water will contribute to the
flow from those facilities in which a conventional compacted clay layer was used in the composite top
liner. For one of the facilities (Landfill I), a 6-mm (0.25-in.) thick GCL was placed directly under the
geomembrane. This GCL is installed with the bentonite in a dry state. The bentonite in the GCL
hydrates in the presence of water, thereby fbrming a low-permeability barrier. Due to its thinness,
consolidation water from the GCL should not be a source of significant flow from the LDCRS of this

facility.
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Landfills

Seven of the 14 Group IV cells have a layér of compacted clay as the soil component of the

composite top liner, and seven have a GCL.

At the Group IV facilities for which end of construction flow rate data is available (i.e., nine
landfill cells), the hydraulic conductivity of the drainage material is on the ordér of 102 cn’;/s. For this
value of hydraulic conductivity, drainage of construction water could have occurred for sev:eral months
after installation of the top liner. Flow rate data at the end of construction are available fof three cells
with a compacted clay layer in their composite top liner. For these three cells, the averag‘e measured
flow rates were 0, 15, and 23,300 lphd {0, 1.5, and 2,330 gpad). The average measujrec;i flow rates
at the end of construction for the seven Group 1V cells that were constructed with a GCL in their
composite top liner ranged from O to 890 Iphd (O to;89 gpad), with five of the cells exhibifing average
flow rates of less than 100 Iphd (10‘gpad). The maximum weekly flow rate for these;seven cells
ranged from O to 2,900 Iphd (0 to 290 gpad). gy

Flow rate data are available for five active cells with a compacted clay layer as a:component
of the composite top liner. Average measured ﬂowrrates from the LDCRSs of these cells r;anged from
40 to 500 Iphd (4 to 50 gpad). Three of the five cells exhibited flows of less than 200 Iphc:i (20 gpad).
These flow rates are consistent with the rangé of flow rates attributed to consolidation watier observed

for the Group Ill cells.

Flow rate data are available for seven activé cells with a GCL as a compoﬁent of the
composite 'top liner. In one of the seven cells, no LbCRS flow was observed. For five of ithe six cells
exhibiting flow, average flow rates o;‘ 50 Iphd (5 gpad) or less were observéd. For the ren;'laining cell,
an average flow of 120 Iphd (12 gpad) or less was observed. Maximum weekly flows fdr the seven
cells were 430 Iphd {43 gpad) or less. These flow:rates could be accounted for by a combination of
compression and continuing drainage of the sand LDCRS drainage layer or leakage through the

geomembrane top liner on the side slopes of the cells (the GCL only extends over the base of the cells).

Surface Impoundments

Both Group IV ponds were constructed with a composite top liner on the base slope and a
geomembrane top liner on the side slope. Average measured flow rates from one of the jpvonds (i.e.,
Surface Impoundment B, Pond 1) ranged from 2 to 1,120 Iphd (0.2 to 112 gpad) during the active life
of the pond. The maximum monthly flow rates from this pond ranged from 7 to 1,340 ;(0.7 to 134

gpad). These flows are primarily attributed to consolidation water and leakage through the
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geomembrane top liner on the side slope of the pond. Itis knpwn that top liner leakage was occurring
in this pond during 35 to 37 months after the end of construction based on analysis of LDCRS flow
for chemical constituents found in the pond liquid. This inqidence of top liner leakage coincided with
an increase in the liquid level in the porfd. The LDCRS flow rate decreased when the liquid level was
lowered. It therefore appear‘s‘that the geomembrané top liner on the pond side slope had a defect.
The flow rate frém the LDCRS of the second bond),(i.e., Surface Impoundment B, Pond 2) was zero
from 20 to 43 months after construction; for this Ia'tfcel_' pond, consolédation water flows abparently

ceased prior to flow rate measurement and quantifiable top liner leakage did not occur.
6.3 INTERPRETATION OF DATA

6.3.1 Group | and Group |l Landfills

it is interesting to compare the flows attributable to’ tob liner Ieakagé for the Group [ and i
landfills {excluding Landfill J). For this comparison, the 21 landfill cells have been subdivided into those
that had a CQA prograrﬁ {14 cells) and those that did not have a COA program (seven cells). From
Table 10, it can be seen that of the 14 cells that had a CQA program, six had average flow rates less
than 50 Iphd (5 gpad), and eleven had average flow rates less than 200 Iphd (20 gpad). All 14 cells
that had a CQA program exhibited both average and maxim‘um flow rates less than 1,000 Iphd {100
gpad), which is EPA’s recommended action leakage rate value for landfills. Of the seven cells that did
not have a CQA program, one cell had a average flow rate less than 200 Iphd {20 gpad), and five cells
exhibited average flow rates greater than 1,000 Iphd (100 gpad). For the cells without a CQA program
for which maximum flow rate data is available {i.e., six cells), all of the cells exhibited maximum flow
rates of up to 500 Iphd (50 gpad) or m'ore,- and four of the cells exhibited maximum flow rates of over
1),000 Iphd (100 gpad).

On the basis of the limited available flow rate data, it appears that cells with properly
constructed geomembrane top liners that have undergone CQA monitoring will consistently limit top
liner leakage to a value of less than 1,000 Iphd (100 gpad). From the data in Table 10, it also appears
that implementation of a CQA program during construction significantly reduces top liner leakage rates

in comparison to facilities that do not have a CQA program.
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Table 10. . Comparison of average and maximum measured flow rates at Group | ar{d Il landfills
[Notes: Excludes Landfill J1. '

LDCRS Flow Rates for Maximum Max;imum
Landfills With CQA Average Monthly Weekly
Less than 50 Iphd 6f 5 -
From 50 to 200 Iphd 5 4 1
From 200 to 500 Iphd 2. - :1
From 500 to 1,000 Iphd 1 - 3
More than 1,000 Iphd - - -
LDCRS Flow Rates for Maximum Max;imum
Landfills Without CQA Average Monthly Weekly
Less than 50 Iphd - - -
From 50 to 200 Iphd - 1 - .
From 200 to 500 iphd - - -
From 500 to 1,000 Iphd 1 . 2
More than 1,000 Iphd 5 - 4
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6.3.2 Group I and Group |V Landfills

As was done with the Group I and Il landfills, the flows from the LDCRSs of the Group Il and

IV landfills (excluding Landfill ) can also be compared (Table 11). In the case of Group | and I landfills,

flows from the LDCRSs were due primarily to top liner leakage. For Group Il and IV landfills, flows

were primarily due to consolidation water.

From Table 11, it can be seen that 39 of the 42 Group Ill and IV landfill cells for which data'
exist have average consolidation water flow rates of less than 1,000 Iphd (100 gpad), and 36 of the
42 cells have average consolidation water flow rates less than 500 Iphd (50 gpad). Maximum flow
rates are somewhat hlgher, with 26 of the 37 cells for which data is available exhibiting maximum
flows less than 1,000 Iphd (1 OQ gpad), which is EPA’s recommended action leakage rate for landfills.
From fhese flow rates, it appears that landfills with composite top liners may occasionally exhibit
LDCRS flow rates exceeding 1,000 Iphd {100 gpad). While ¢onsolidation water is not necessarily an
environmental concern, EPA intends to consider all flow from the LDCRS as top liner leakage unless
it is demonstrated (in a response actionvplan) to be from another source. Thé above interpretations,
however, should be interpreted cautiously because consolidation water flow rates vary with time and

the reported values may not be maximums.




Table 11. Comparison of average and maximum measured flow rates at Group Il and IV

landfills [Notes: Excludes Landfill 1].

LDCRS Flow Rates for - Maximum Max;mum
Landfills With CQA Average Monthly Weekly
Less than 50 Iphd | 7 2 g
From 50 to 200 Iphd 14 8 1
From 200 to 500 Iphd 10 5 3
From 500 o 1,000 Iphd 3! - - a
More than 1,000 Iphd 3 3 6
LDCRS Flow Rates for Maximum Maxiimﬁm
Landfills Without COA Avera{ge Monthly Wetekly

Less than 50 Iphd - - -

From 50 to 200 Iphd 1 - -

From 200 to 500 Iphd ‘ 2 | 2 ;

From 500 to 1,000 Iphd 2 1 2

More than 1,000 Iphd ol 2 -
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A.. REGULATORY BACKGROUND

A.1l INTRODUCTION

The purpose of this appendix to the report is to describe regulatory developments under the
Resource Conservation and Recbvery Act (RCRA) of 21 October 1976 that led to the design criteria

for leakage detection, collection, and removal systems (LDCRSs) and the action leakage rate (ALR)
concept in EPA’s final rule of 29 January 1992.

A2 EPAFINAL RULE OF 26 JULY 1982

Minimum technology requirements for lining systems.at hazardous waste léndﬁll waste pile,

and surface impoundment umts were first promulgated by EPA on 26 July 1982 (47 FR 32274). (A
"unit" was defined in the preamble to the final rule as "the contlguous area of land on or in which
waste is placed".) These requ:rements {in amendments to Chapter 40 Sections 264 and 265 to the
Code of Federal Regulations {CFR) (i.e., 40 CFR 265 and 266)) included: (i) a single liner "that is
designed, constructed, and installed to prevent any migration of wa.éz‘es" out of the unit during the
active life (including the closure period) of the unit: and (i) for landfills and waste piles, a leachate
collection system that limited the leachate depth over.the liner to 0.3 m (1 ft). In the preamble to the
EPA final fule of 26 July 1982, EPA recognized that the requirement that a liner "prevent any migration
of wastes out of a unit" would dictate the type of liner that could be used. For Iandfllls, EPA only
recogmzed geomembranes as being able to meet this standard For surface impoundments and waste
piles that were closed by removing or decontaminating wastes and waste residues, a compacted soil
liner (;r geomembrane could be used. The EPA final rule of 26 July 1982 also requi.red monitofing and

inspection of liners during their construction and installation.

A3 HSWA AMENDMENTS OF 8 NOVEMBER 1984 TO RCRA

In the 8 November 1984 Hazardous and Solid Waste Amendments (HSWA) to RCRA,
Congress imposed the first double-liner requirements for hazardous waste landfills and surface
impoundments. Under Sections 3004(o}{1){A} and 3015 of HSWA, certain landfill and surface
impoundment units were required to have "two or more liners and a /eachate collection system above
{in the case of a landfill) and between the I/ners“ The leachate collection system between the top and
bottom liners was referred to as the "/eak detection system". Although waste pile units were not

required to have a double-liner system, certain waste piles were required to have a leak detection
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system. Under Section 3004(o}{4)(B) of HSWA, the leak detection system for the units was required
“to be capable of detecting leaks of hazardous constituents at the earliest pract/cab/e tlme Section
3004(0)(5)(B) of HSWA allowed the use of a particular liner system fi.e., g top I/ner designed,
operated and constructed of materials to prevent the migration of any constituents inte such liner
during the period such facility remains in operation ()'nc/uding any post-closure monitoring ,eerioa' " and
a bottom liner consisting of a "3-foot thick layer aflrecompacted clay or other natural mai‘eria/ with a
permeability of no more than 1x 10° 7 centimeter pe/;' second") until EPA issued regulations br gui(iadce
to meet the reqdirements of HSWA. HSWA also Iisfced deadlines for EPA to promulgate regulatic)ns or

-issue guidance documents for double-liner systems.

A4 EPA DRAFT GUIDANCE OF 24 MAY 1985

In response to the requirement of HWSA that EPA to promulgate regulatiopé or issue
guidance documents for double-liner systems, EPA issued a guidance document on 24; May 1985
entitled "braft, Minimum Technology Guidance on Double Liner Systems for Landfills and Surface
Impoundments -- Design, Construction, and Operation" (EPA/530-SW-85-014). Thisf draft EPA
document provided guidance on liner system design$, in addition to the design in Section 3Q04(o)(5)(B)
of RCRA as amended by HSWA (hereafter referred io as RCRA), that met the requiremente of Section
3004(0)(1M{A) of RCRA. Two double-liner systems were described in the draft EPA guidance
document The first double-liner system included a geomembrane top liner and a composnte bottom
liner. The second double-liner system included a geomembrane top liner and a low-permeablllty soil
bottom liner. The document also provided gu1dance on construction quality assurance (CQA)
procedures for the various liner system components to ensure, to the -degree possibl?e, that the

constructed facility met the design specifications and performance requirements. *

In both double-liner systems described ini the EPA draft guidance document, tﬁe thickness
of the geomembrane top liner was at least 0.75 min (30 mil) if the geomembrane was cdvered by a
protective soil layer or waste after installation or 1. 1 'mm (45 mil) if the geomembrane was Ieft exposed
for an extended period or operated without a protectlve soil layer. The geomembrane top liner was

also chemically resistant to degradation by waste and leachate and met certain other requirements.

The two double-liner systems described m the draft EPA guidance document differed only
in their bottom liners. The first bottom liner was a composite liner comprising a geomembrane upper
component and a compacted low-permeability sdil layer lower component. The geomembrane
component of the bottom liner met requirements similar to those for the geomembrane tofo liner. The

soil cbmpdnent of the bottom liner was at least 0.9-m (3-ft) thick and had a saturated hydraulic
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conductivity of no more than 1 x.107 cm/s. The second bottom liner described in the draft EPA
guidance document was a compacted soil liner that met the requirements of the bottom liner allowed
by HSWA. According to EPA, this liner had a saturated hydraulic conductivity of no more than 1 x
107 clp/s, had a minimum thickness of 0.9 m (3 ft), and was of sufficient thickness to "prevent the
migration of any constituent through the liner during the facility’s active life and post-closure care’

period".

In both of the double-liner systems described in the draft EPA guidance document, the top

liner of landfill units was overlain by a "primary” leachate collection system consisting-of a 0.3-m (1-ft)

“thick (minimum) granular drainage Iayer‘that had a saturated hydraulic conductivity of not less than

1 x 10°2 cm/s, was placed with a minimum slope of two percent, and was chemically resistant to
degradation by waste and Ieac;hate. A synthetic drainage layer, such as a geonet, éould be used in
lieu of a granular drainage layer if it was shown to be equivalent to, or moré effective than, a granular
drainage layer meeting the minimum requirements. In any case, the leachate collection system was
designed to limit the leachate depth on the top liner to 0.3 m {1 ft) to meet the EPA final rule of 26
July 1982, ‘ '

In both double-liner systems described in the EPA draft guidance document, a "secondary”
leachate collection system was included between the top and bottom liners. This secondary leachate
collection system was designed to rapidly deteét, collect, and remove liquids that enter the system so
as to "produce little or no head of liquid on the bottom liner". The secondary leachate collection
system described by EPA was basically the same as the primary leachate collection system (i.e., a 0.3-
m {1-ft) thick {minimum) granular drainage layer that had a minimum saturated hydraulic' conductivity
of 1 x 102 cm/s, was placed with a minimum slope of 2 percent, and was chemically resistant to

degradation by waste and leachate). EPA also indicated in the documeht that a synthetic drainage

. layer, such as a geonet, could be used in lieu of a granular drainage layer if it was shown to be

equivalent to a granular drainage layer meeting the minimum requirements.
A.B EPA FINAL RULE OF 15 JULY 1985

On 15 July 1985, EPA issued a final rule (50 FR 28702) amending existing regulations to
reflect those statutory provisions of HSWA that took effect immediately or shortly after its enactment.
This rule incorporated into the existing regulations (i.e., into 40 CFR 264 and 265) the HSWA
provisions ‘(under Section 3004(0)(5){B) of RCRA) requiring that, until EPA issued regulations
implementing the double-liner system requirements of Sections 3004(0)(1}{A) and 3015 of RCRA,
certain facilities must have a double-liner system that meets or excveeds the specific requirements of

the provisions. The 15 July 1985 rule required facilities to have a top liner and a compacted soil
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bottom liner {(i.e., the liner system allowed by Section 3004(0){5)(B) of RCRA). For landﬁills, the top
liner was required to be a geomembrane, but for surface impoundments the top liner :could be a

compacted soil layer or a geomembrane. The bottom liner was deemed to satisfy the HSWA provisions

if it was "constructed of at least a 3-foot thick layer of recompacted clay or other natural material with

a permeability of no more than 1 x 1077 centimeter per second”. The rule also required a leachate
collection system between the top and bottom liners at surface impoundments and landfills and above

the top liner at landfills.

A.6 EPA PROPOSED RULE OF 28 MARCH 1986

On 28 March 1986, EPA promulgafed regulations on double-liner systems as irequired by
HSWA. The proposed rule contained minimum technology requirements for dquble—liner siystem:s and
leachate collection and removal systems (51 FR 10706). This proposed rule, commonlyéreferred to
as the proposed "Double-Liner and Leachate Collection System Rule" or simply the " Double-l:_iner Rule”,

would, when finalized, amend the double-liner system requirements of 40 CFR 264 and 265.

i
)

The minimum technology requirements in the proposed Double-Liner Rule were! esser»tially'

those of the draft EPA guidance document of 24 May 1985. Two double-liner system obtions were
provided in the proposed rule {51 FR 10709). Both incorporated geomembrane top lineré; however,
one option allowed a compacted soil bottom liner, while the other option allowed a compoéite bottom
liner. There was no minimum thickness requiremént for the geomembréne top liner 'gjiven in the

regulations.

The compacted soil bottom liner option closely resembled the design standardi of Section
3004{0)(5)(B) of RCRA, as codified in the EPA final rule of 15 July 1985. The compacted Boil bottom
liner of the proposed rule differed from that of the standard of Section 3004(0}{5)(B) in that it required
the bottom liner to not only meet a minimum design requirement {i.e., be at least 0.9-m (3-ft} thick and
have a hydraulic conductivity of no more than 1 x 1KO'7 cm/s), but also meet a minimum pérformance
standard (i.e., prevent the miQration of any constituent through the liner during thé facility'é active life
and post-closure care period). This performance s'éandard was similar to that presented in the draft
EPA guidance document of 24 May 1985. The combosite bottom liner option of the proposfed Double-
Liner Rule was also similar to that in the draft EPA guidance dbcument, with the exception that no
minimum thickness was specified in the proposed rule for the‘ geomembrane or combactedl soil
component of the composite bottom liner. However, in the preamble (51 FR 10710) to the proposed
rule of 28 March 1986 EPA noted that the soil combonent%hould be at least 0.9-m (3—ft)§thick. The

proposed rule required the compacted soil component to have a hydraulic conducﬁvity of no more than
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1x107 cm/s and to minimize the migration of any constituent through the geomembrane component
of the liner if a defect were to develop in the geomembrane prior to the end of the post-closure care
period of the facility.

The proposed rule also provided minimum requirements for the leachate collection and
removal system above the top liner of landfills and between the top and bottom liners of landfills and
surface impouhdrhents. Consistent with the EPA finél rule of 26.July 1982 and draft EPA guidance
document of 24 May 1985, the LCRS abave fhe top liner was required to be designed, constructed,
and operated to collect and remove leachate and ensure that the leachate head on the top liner did not
exceed 0.3 m (1 ft). In addition, the LCRS between the top and bottom liners was required to be
"designed, constructed, maintained, and operated to detect, bo//ecz‘ and remove liquids that may feak
through any area of the top liner during the active life and post-closure care per/od“ No hydraulic

conductivity requirement for the LCRSs was given |n the proposed rule.

A7 ~  EPANOTICE OF 17 APRIL 1987

On 17 April 1987, EPAissued "Hazardous Waste Management System; Minimum Technology
Requirements: Notice of Availability of Information™ (52 FR 12566). The notice contained data on the
two bottom liner designs (i.e., compacted soil liner and composite liner) presented in the EPA proposed
rule of 28 March 1986. In this notice, EPA compared the two liner systems with respect to leak
detect:on performance characteristics, leachate collection efficiency, and leachate mlgratlon into and
through the liner. Based on the data, EPA concluded that the proposed composite bottom liner
contained leachate and enhanced leachate collection significantly better than the proposed compacted
soil bottom liner. Based on the information in this notice, along with the minimum technology
requirements of the proposed "Liner/Leak Detection Sysiem Rule”, EPA decided that the final "Double-

Liner Rule" would only allow the use of a composife bottom liner (i.e., a compacted soil bottom liner

will not be allowed).

A.8 = 'EPA PROPOSED RULE OF 29 MAY 1987

On 29 May 1987, EPA proposed mlmmum technology requurements for LDCRSs at certain
fand disposal units (52 FR 20218). These requirements were intended to meet the previously
mentioned statutory provnsnons in Section 3004(0)(4)(A) of BCRA that specifically call for EPA to
establish minirﬁu'm standards for "/eak detection systems"”. The proposed rule, commonly referred to

as the "Liner/Leak Detection System Rule" or éimply "Leak Detection System Rule", required all new

63




landfills, surface impoundments, and waste piles to have an approved LDCRS that was capable of
detecting leakage "at the earliest practicable time". The proposed rule also required waste piles to
meet essehtially the same double-liner system requirements as landfills. Lastly, the proposed rule

codified CQOA requirements for landfills, waste piles, and surface impoundments.

The proposed Liner/Leak Detection System Rule contained both minimum design
specifications and minimum performance requiréments for the LDCRS. The minirr{um design
requiremenfs consisted of: (i) a minimum bottom siope of 2 percent; (ii) for granular drainEaQe media,
a minimum< thickness of 30 cm (12 in.) and a minimum hydraulic conductivity of 1 cm/s;;and (iii) for
synthetic drainage media, a minimum hydraulic trainsmissivity of 5 x 10* m?%/s. The pferformance
requirements consisted of: (i) a minimum leak detection sensitivity of 10 Iphd (1 gpadi); and (i) a

'

maximum steady-state leak detection time of 1 day.

In the proposed Liner/Leak Detection System Rule of 29 May 1987, EPA introduced the
concept of an action leakage rate {ALR), which wds déﬁned as {62 FR 20222) "the rate, of leakage
from the top liner into the LCRS that triggers intéraction between ‘the owner or operator and the
Agency to determine the appropriate response actiob for the Jeakage” . E.PA' proposed to establish the

ALR as follows: !

"(1] Using a standard ;/a/ue of (EPA is proposing to select a. final value

from the range of 5-20 gallons/acre/day); or -

(2) A review by the ;Regiona/ Administrator of an owner or operator
demonstration, and a finding by the Regional Administrator, that a site-specific top
liner action leakage rate is approp/fiaz‘e fbr initiating review of the actual /éakage rate
to determiné if a response action is necessary. The site-specific top ;Iiner action
leakage rate demonstration muszf be based on allowing only very sm:all isolated
leakage through the top liner that does not affect the overall performahcé of the top

liner.”

The concepts of rapid and extremely large leakage (RLL) and response action plan=(RAP) weré
also introduced in the proposed Liner/Leak Detection System Rule. The RLL was defined as (62 FR
20237) "the maximum design leakage rate that the ‘.LDCRS can remove under gravity flow conditions
(i.e., without the fluid head on the bottom liner excéeding one foot of water in granular /eaEk detection
systems and without the fluid head exceeding the thickness of synthetic leak detection systems)."
The RAP was defined as {52 FR 20222) a plan "which consists of an assessment of theg reason for

leakage, the current conditions of the unit components..., the potential for migration out. of the. unit
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of hazardous waste constituents at levels exceeding health-based standards, and an assessment of the

effectiveness of various responses."

A.9 EPA FINAL RULE OF 29 JANUARY 1992

On 29 Januéry 1992, EPA finalized tﬁe proposed rules of 28 March 1986 and 29 May 1987
(i.e., the Double-Liner Rule and the Leak Detection System‘ Rule). This final rule (57 FR 3462) amended
the double-liner and LDCRS requirements of 40, CFR 264 and 265 for certain land disposal units,
includiﬁg some waste piles. The final rule also codified CQA requirements for landfills, waste piles,

and surface impoundments.

The double-liner system andv .CRS required in the final rule are essentially the same as those
presented in the proposed 28 March i986 rule. The double-liner system fequirements can be satisfied
by a geomembrane top liner and composite bottom liner ‘consisting of a geomembrane upper
component and 0.9-m (3-t) thick compacted soil layer lower component with a hydraulic conductivity
of no more than 1 x 107 em/s. The LCRS requirements cén be met by a drainage system that limits

the depth of leachate over the top liner to 0.3 m (1 ft).

The LDCRS requir_ements in the final rule are somewhat different than those presented in the
proposed EPA rule of 29 May 1987. In the final rule, the design requirements consist of the following:
(i)-a minimum bottom slope of one percent; (ii) for granular drainage media, a minimum thickness of

0.3 m {1 ft) and a minimum hydraulic conductivity of 1 x 102 cm/s for landfills and waste piles and

1 x 10°" em/s for surface impoundments; and (iii} for synthetic drainage media, a minimum hydraulic

transmissivity of 3 x 10°° m?/s for landfills and waste piles and 3 x 10% m?%s for surface
impoundments. The previously-mentioned performance requirements given in the 29 May 1987

proposed rule for LDCRSs were not promulgated in the final rule.

In the final rule of 29 Januvary 1992, EPA in.cluded the RAP concept and combined the ALR
and RLL concepts of the proposed 27 May 1987 rule. In the final rule the RLL was renamed the ALR
and defined as (567 FR 3474) "the maximum design leakage .rate that the leak detection system can
femove without the fluid head on the bottom liner exceeding one foot". As stated in the preamble to
the final rule, "the Agency believes that units meeting the minimum technical requirements would not
require leakage rates be/ovw 700 gpad fbr landfills and waste piles and 7,000 gpad for surface
impoundments". However, EPA also indicated in the preamble that they recognize "that a number of
site-specific factors affect the maximum flow capacity of a leak detection system, and owners or

operators may want to propose alternative action leakage rates”. l
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