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Abstract: This paper presents the recent advanteheoexisting methods for evaluating the rate of
advective flow through composite liners. The adwecflow is due to the existence of defects in the
geomembrane and depends on the features of irgeoisteveen the geomembrane and the underlying
liner, which can be expressed either by the interfisansmissivity, or by contact conditions. Direct
methods (laboratory tests), and indirect methodsalyécal equations, empirical and semi-empirical
equations and numerical analysis) are addressesl.nTdin goal of this work is to provide design
engineers with a review of the tools currently e to calculate the advective flow through
composite liners.

1 INTRODUCTION

Modern landfills are generally designed to protibet environment against contaminants by
using a composite liner. In this type of liner, ipgomembrane (GM) provides the primary
resistance to advective contaminant flow (also &sfneakage, and herein simply referred to
as flow) as well as to diffusion of some contamisaihe clay component of the composite
liner, compacted clay liner (CCL) or geosynthetarydiner (GCL), serves to reduce the flow

through inevitable holes or defects in the geomeamdr It also provides some attenuation of
contaminants that can diffuse through intact geobranes or transfer through holes in the
geomembranes.

Unfortunately, despite all precautions regardingnuafacturing, transportation, handling,
storage and installation, defects in the GM seenbdounavoidable. Defects in the GM
represent preferential advective flow paths fockede migration.

The impact of the defects in the GM can be minichisg proper design of the landfill liner. It
Is thus of primary importance to predict the floater through composite liners due to the
existence of defects in the GM.

Tools currently available for predicting flow ratdsrough composite liners for situations
where there exists an interface between geomembaadesoil liner include the direct
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methods, namely laboratory tests, and indirect odsh such as analytical solutions,
empirical equations and numerical modeling.

The main goal of this paper is to present recemamlcks on the existing methods for
assessing the flow rate through composite linees tudefects in the GM, with particular
emphasis on the indirect methods as they are thls dypically used in designing the
confining systems.

2 GEOMEMBRANE DEFECTS

2.1 Cause of defects

Defects in the GM result generally from constructactivities, such as improper seaming,
punctures by stones in the support or cover mateiapped objects, tears, excessive stresses
caused by equipment traffic, failures from subsogear shear failures of the supporting soil
after installation, imperfect connections betwedv &d appurtenances, etc.

For covered geomembranes (case of landfills), etreethat most defects appear during the
placement of the primary leachate collection sys{BirCS). Results presented by Nosko &
Touze-Foltz (2000) from electrical damage detectigstems installed at more than 300 sites,
from 16 countries, covering over 3 250 006, showed that the majority of the damages
(71%) were caused by stones during PLCS instafiati® % by heavy equipment, 6 % by
inadequate seams, 6% by the workers, and 1% by(Eiggre 1). Similar conclusions were
drawn by Colucci & Lavagnolo (1995) from the anady®f 30 leak location surveys
conducted in Italy, covering more than 300 00b Actcording to these authors, the number
and the quality of the defects were related toghality of the subgrade material, the quality
of the cover material, the accuracy in their inatadn and the quality of the liner installation.

Seams Cuts
Heavy equipment 6% 1%
16%

Works
6%

Stones
71%

Figure 1 — Cause of defects in geomembrane lirffegsiastallation of the cover layer (data
from Nosko & Touze-Foltz 2000)

As for the effects of the subgrade materials, ishiie pointed out that modern landfills often
incorporate a GCL. Although there is no data awélan this topic, when the geomembrane
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is placed over a GCL, it can be expected that #igielg number of defects be caused by the
underneath materials.

2.2 Defects density

Another issue related with this topic is the defatnsity per liner area, i.e. number of defects
per hectare (Colucci & Lavagnolo 1995). The vaoiatof defect density as a function of the
area of the facility surveyed is plotted in Figielt can be observed that the density of
defects tends to decrease as the surveyed areasest However, it must be noted that there
are many uncertainties regarding the varying caoombt found in different sites (different
types of geomembranes, different facilities, cogeed uncovered geomembranes, etc).
According to Colucci & Lavagnolo (1995), the reasdaor the higher defects densities found
in small installations can be summarised as folldids smaller facilities have proportionally
more complex features (corners, sumps, penetrati@ghpsmall facilities tend to have higher
percentage of hand seaming (extrusions); (3) ldagdities have a stricter construction
quality program; (4) large installations generalgceive less traffic. Similar observations
have been drawn by other authors, such as, forgheaiollin et al. (1999, 2004).
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Figure 2 — Variation of defect density as a funcid the area surveyed (from
Touze-Foltz 2001)

Table 1 shows defect densities presented by differethors for covered GMs. It can be seen
that they range from 0.7 to 15.3 defects/ha. Resniltthe same order of magnitude were
reported by Forget et al. (2005). These authorsnzanmsing 10 years of leak detection
surveys on GM, found a defect density of 0.5 deflet for covered GM installed under a
strict construction quality assurance (CQA) progreompared to a defect density of 16
defects/ha in absence of a CQA program.
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It should be noted that relatively higher defeatsittes can be found on small containment
facilities with complex features to deal with, amtiere the GM is placed directly on the
subgrade-soil. For example, Laine et al. (1989menl a mean density of 26 defects/ha from
surveys conducted on small containment facilitgglthan 2 ha).

Table 1 includes the mean values obtained by Tédtz-(2001) from a synthesis of studies
involving electrical leak location systems. Surveyssessed included: Laine &
Mosley (1993), Board & Laine (1995), Colucci & Layreolo (1995), White & Barker (1997),
Darilek & Miller (1998), Snow et al. (1999). Thisithor reports a mean defect density of 2.8
per hectare after installation of the geomembramte1d.9 per hectare after placement of the
granular drainage layer. This result confirms tthet majority of the defects occur during
placement of the granular layer above the geomeambra

Table 1 — Reported defect density (modified fronuZeFoltz 2001)

Defects on Defects on

Area Mean defect
Reference surveyed Status of geomembrane geomembrane density
(ha) geomembrane sheet seams (defect/ha)
(%) (%)
Laine & Mosley (1993) 1 Covered 20 80 8.3
Board & Laine (1995) 2 Covered 31 69 5.5
Colucci & Lavagnolo (1995) 25 Covered 85 45 15.3
White & Barker (1997) 1 Covered 100 0 0.7
Darilek & Miller (1998) 1 Covered 100 0 0.9
Snow et al. (1999) 2 Covered 100 0 10.9
Nosko & Touze-Foltz (2000) 325 Covered 93.7 6.3 912.
Touze-Foltz (2001) 108.8 Covered 81.5 18.5 11.9

Another interesting aspect pointed out refers feate occurred in the long term. Needham et
al. (2004) reported data from electrical leak d@becsurveys using permanent systems. Data
were obtained from 88 cells and 18 leachate lagio®5 landfill sites in Eastern Europe,
Belgium and the United Kingdom, covering approxiehatl 022 000 rm Results were
reviewed from a survey company over a 7-year pefroth 1996 to 2003. According to these
authors, the number of defects was 1 460 (14.3ctgfa), with 74 % located during the
initial leak survey at the end of liner construntiand 26 % of the defects being detected in
subsequent surveys. As regards the defects detectider surveys reported by Needham et
al. (2004), most of them (78 %) were caused byesfmmcturing in consequence of traffic
movement over empty cells. Needham et al. (2004)alonclude detailed information about
the cause of the defects, however reported data dt@ntion to the possibility of damages
occurring during operation of the landfill.

Results of a permanent in situ system (grid systatma landfill in UK since installation
in 1995 are also reported by Needham et al. (2004iner area of 5.5 ha is covered by this
system. The monitoring at that landfill site hadaogiven a defect density of 16 holes/ha. Of
these holes 27 % were detected after completigdheofiner, before waste disposal started in
the cell or after landfilling began. In additiohgte is no evidence of gradual development of
holes from 1995 to 2003. Based on these resuksatithors concluded that once a liner is
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covered by several meters of waste, the agentfufore development of holes in liner are
limited and they are unlikely to develop for atdeghe first decade of the service of the
geomembrane liner.

Summarising, reported data suggest that the nuarizedensity of defects depend on the size
of the facility. Small defect densities were fouindlarger facilities. This can be attributed
mainly to the proportionally less complex featufesrners, sumps, pipes penetration, etc.) of
the larger facilities, as well as to the small patage of hand seaming. The implementation
of strict CQA programmes also seems to have a grgsict on the number of defects. Large
defect densities are usually reported for sitessiwanted without CQA programmes. A
frequency ranging from 0.5 to 15.3 defects/ha aaexpected in landfills.

This defects density seems to be in agreement twéhvalues previously recommended by
Giroud & Bonaparte (1989) for design calculatioAscording these authors a frequency of
12 defects/ha should be considered. The US EPA Beigram assumes a default defect
density of 2.5 holes per hectare for “excellent$tatlation quality and from 2.5 to 10
defects/ha for “good” installation quality (Schreeet al. 1994).

2.3 Type and size of defects

Table 2 presents data reported by different authbmut type and size of defects. It can be
seen that Colucci & Lavagnolo (1995) found thatragpmately 50 % of all detected defects
were smaller than 1 chwith larger defects being the holes and tearsliRet al. (1999)
found that the smallest defects (< 0.02crepresented 43% of the detected defects and were
mainly associated with seam failures, whereas ahgebt defects (> 0.1 &n representing
22.4 % of the total, were more related to holes ants. Nosko & Touze-Foltz (2000)
observed that 50 % of the defects fall into a raof8.5 to 2.0 crfy 24.9 % of the defects
varied from 2.0 to 10 cm14.3 % exceeded 10 énand 10.8 % were less than 0.5°cén
interesting aspect of their study is that the dsfeelated with heavy equipment were
typically larger than 10 ciwhereas the majority of the defects related somse(83 %) were
less than 2 cfn In addition, Peggs (2001) found that the mostmom defect was a puncture
between 0.2 and 1 cm in diameter.

It can be observed that the sizes of the defeptrted by Rollin et al. (1999) are smaller than
those from other authors included in Table 2. Tikislue to the fact that their results are
related to uncovered geomembrane liners and defegsomembranes can be much larger
after placement of the overlying drainage materiads pointed out by Colucci &
Lavagnolo (1995), Nosko & Touze-Foltz (2000), amd&s (2001).

From Table 2 the following general comments camlaele: (1) the majority of the holes are
smaller than 10 cf which would correspond to a circular hole of 86 in diameter; (2)
seams are not bonded over lengths ranging from 1tonmore than 1 m; (3) cuts can reach
more than 1 m; and (4) most tears are smaller tharong.

For design calculations, circular defect sizesdgfhy used are 1 cfi(diameter of 11.28 mm)
and 3.14 mrh (diameter of 2 mm). These values were recommendedGioud &
Bonaparte (1989) for flow rate calculations in case GMs installed under a strict
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construction quality assurance programme. As camnfegred from the above discussion,
these defect sizes do not take into account daneatiee GM caused by the placement of the
granular layer over the GM. Therefore, for desigmppses, larger diameters than the one
suggested by Giroud & Bonaparte (1989) should laésoonsidered.

Table 2 — Defect size as a function of defect {{geroso 2005)

. Tears/burns/ Cuts/ . Area
Reference Size Holes ; scraps/  Seams Sites surveyed
equipment
gouges (ha)
0-0.2 c 44 31 12 11
0.2-1 cm 37 49 21 4
Colucci & 1-5 cnf 60 49 2 8
Lavagnolo 5-10 cnf 22 11 0 4 25 27.6
(1995) 10-100 crh 10 22 0 1
100-1000 crh 15 4 0 0
1000-8400 ch 0 5 0 0
Rollin et al. <0.02 cnf 3 - 0 18
(1999) 0.02-0.1 crh 6 - 4 7 11 24.1
>0.1cn 3 - 6 2
Nosko & <0.5cm 332 5 115
Touze-Foltz 0.5-2 cnf 1720 236 36 105 59 395
(2000) 2-10 cn? 843 153 18 30
> 10 cnf 90 496 - 15
<0.l1cm 10 0 4 2
0.2-1cm 28 9 7 5
1-5cm 7 2 21 3
5-10 cm 0 1 5 3
Peggs (2001) 10-50 cm 1 0 5 1 1 63.4
50-100 cm 0 0 0 3
> 100 cm 0 0 2 2
unknown 4 1 5 3

3 EXISTING TOOLS FOR EVALUATING THE FLOW THROUGH COMP OSITE
LINERS

There are several methods for evaluating the flme through composite liners due to defects
in the GM. These methods can be grouped in tweemdfft categories: direct methods and
indirect methods.

Direct methods include laboratory tests, such asahes carried out by Fukuoka (1986),
Jayawickrama et al. (1988), Estornell & Daniel (@B9 Harpur et al. (1993),
Touze-Foltz (2001, 2002), Touze-Foltz et al. (20206, 2007), Koerner & Koerner (2002),
Cartaud et al. (2005), Chai et al. (2005) and Barret al. (2005, 2006). The reader is referred
to these sources for further information on labamatesting.

Indirect methods include analytical solutions, emepi and semi-empirical equations and
numerical analysis. Before addressing these metihaglgnportant to underline that the flow
through a defect in the GM depends on the contaivtden the GM and the underlying liner
as indicated by Brown et al. (1987). According hege authors, once fluid has migrated
through the defect, it then spreads laterally tphouhe interfacial zone between the
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geomembrane and the underlying liner (this interfhow covers an area called wetted area)
and, finally, the liquid migrates into and throutpe solil liner (Figure 3).

h Defect

-
" [
=

Geomembrane

S =— Soil liner
‘Wetted area

Figure 3 — Liquid flow through a composite lineredio a defect in the GM (Barroso 2005)

There are three main sources of imperfect conteivtden a GM and a soil liner according to
Rowe (1998): (i) protrusions related to particleesdistribution in the liner material, which
create a gap in which the fluid may flow; (i) udations/ruts which result in the surface not
appearing smooth, and (iii) wrinkles in the GM.

Focusing on the quality of the GM installation, éar GM-CCL contacts are typically

considered: excellent, good and poor contact cmdit The definitions of good and poor

contact conditions were initially defined by Giro(tB97), based on the original concept by
Giroud et al. (1989). The excellent contact coonditwas added to the previous ones by
Touze-Foltz & Giroud (2003). Definitions of thesantact conditions are presented below:

Poor contact conditions correspond to a GM thatless installed with a certain number
of wrinkles, and/or has been placed on a low-pehiliiga soil that has not been
adequately compacted and does not appear smooth;

Good contact conditions correspond to a GM thatdess installed with as few wrinkles
as possible, on top of a low permeability soil layeat has been properly compacted and
has a smooth surface. Furthermore, it is assunadHére is sufficient compressive stress
to maintain the GM in contact with the low-hydrautionductivity soil layer; and

Excellent contact conditions correspond to a GM Has been installed with no wrinkles,
on top of, and in close contact with, a low-hydi@aebnductivity soil layer (or GCL) that
has been adequately compacted and has a very sswédbe. Furthermore, it is assumed
that there is sufficient compressive stress to taainthe GM in contact with the layer
underneath.
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Qualitative definitions of contact conditions arabgctive. This may lead to different
interpretations of a given field case. To overcotime limitation, Rowe (1998) proposed
quantitative definitions linking the soil liner hsalllic conductivity to the interface
transmissivity for poor and good contact conditioiibese quantitative definitions were
extended by Touze-Foltz & Giroud (2003) for exacaflecontact conditions. Later on,
Barroso (2005) proposed a new contact conditionchvkhey termed as GM-GCL contact
condition, based on experimental data. Quantitatefeitions of contact conditions are given
below:

log@ = -1.7476+ 0.7155logk, for excellent contact conditions (1)
log 8 = —1.3564+ 0.7155logk, for good contact conditions 2
log @ = —0.5618+ 0.7155logk, for poor contact conditions (3)
log8 = -2.2322+ 0.7155logk,,  for GCL-GM contact conditions 4)

where@is the hydraulic transmissivity of the interfakgjs hydraulic conductivity of the soil
in contact with the GM, an#lgc, is the hydraulic conductivity the GCL componenttiog
composite liner. Equations 1 to 4 can only be usél the following units:8 (m%s) and
k (m/s).

3.1 Analytical solutions

A number of analytical solutions have been devealofe quantify the flow rate through
defects in flat or wrinkled geomembranes based arcys law (e.g. Brown et al. 1987;
Jayawickrama et al. 1988; Rowe 1998; Touze-Foltaletl999, Touze-Foltz et al. 2001),
where the interface between the geomembrane andunbderlying layer is of uniform

thickness and, consequently, where the hydrawaitstnissivity is uniform.

The most commonly used equations were proposed dyeR(1998) and Touze-Foltz
et al. (1999). The first author developed analytexguations to quantify liquid flow for the
case of a circular hole in a flat geomembrane ana wrinkled geomembrane. Touze-Foltz
et al. (1999) extended the solution for a damagekie for various boundary conditions and
to the problem of liquid flow for two, or more, dlel interacting damaged wrinkles.
Equations by Touze-Foltz et al. (1999) were agaiereled by Touze-Foltz et al. (2001) to
take into account the non uniform hydraulic trarssivity at the interface geomembrane/CCL
or geomembrane/GCL.

The basic problem configuration follows from Rowt®%98) and Touze-Foltz et al. (1999) and
is depicted in Figure 4. It includes a geomembraséng on a low—permeability soil layer of

thicknessH; and hydraulic conductivity . This layer can be either a CCL or a GCL. From
now on, it will be simply designated as “soil lihefhe z-axis origin corresponds to the top
of the soil liner with upward being positive. Theilsliner rests on a more permeable
foundation or attenuation layer of thickné$sand hydraulic conductiviti, which, in turn,
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rests on a highly permeable layer that can beregth@quifer or a secondary collection layer.
Accordingly, it can be assumed that the flow thitotize composite liner is not influenced by
the hydraulic conductivity of subgrade layers.sltassumed that the features of the interface
(contact conditions) can be characterised by aotmifhydraulic transmissivityf. The
interface transmissivity that governs interfacewflean be established either based on
experimental data, or on empirical equations (eqoatl to 4).

= Wrinkle with a hole Geomembrane
b
N Circular hole Defect of infinite length
W 2 5 Interface
] 12 ] /
1 —
0 3 _
B
< g

'::-, More permeable foundation layer Uf)"> k L) ;

s iy pormeabte s 558 e

Figure 4 — Schematic drawing showing a compogsitr Wwith a geomembrane exhibiting
different types of defects: circular hole of radigsa damaged wrinkle of widtty and a
defect of infinite length and width (modified from Touze-Foltz et al. 1999)

Furthermore, it is assumed that: (i) liquid flowusder steady-state conditions; (ii) the soil
liner and the foundation layer are saturated; (iguid flow through the liner and the

foundation layer is vertical (Rowe 1998, Touze-E@it al. 1999). According to the continuity
of liquid flow, the equivalent hydraulic conductiyj ks, corresponding to the liner and the
foundation layer is given by (Rowe 1998, Touze-Feltal. 1999):

H, +H,
k

S

L f

When a hydraulic headh,, is applied on the top of the composite liner, thean hydraulic
gradient, is, through the liner and foundation is given by (Ro@998, Touze-Foltz et
al. 1999):

H_+H, +h,-h -
ARy, Rt (6)
H +H, H +H,
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whereh, is the hydraulic head in the highly permeable tapat is not fully saturated, and
often assumed to be equal to zero.

3.1.1 Case of a circular defect in the GM

The analytical solution obtained by Touze-Foltz e{E99) for a flow in the interface equal
to zero at a distand®, from the defect centre in GM corresponding tordmius of the wetted
area for saturated conditions in the composite lia@ be written as:

Q =m02ksis _Zmoeﬂ[Apll(lBrO) - BpKl(ﬂrO)] (7)
Where

Ks

P oo ©

(hvv + C)KO(IBRc) B (hs + C)Ko(ﬁro)
Ko(ﬂro)lo(ﬂR:) - Ko(ﬁRc)lo(/Bro)

Ap = - (9)

_ (hvv + C)Io(lgR;) B (hs + C)Io(lgro)
% = Bt BR) — Ko (BRI (1) (19

C=H_+H; (11)

In these equationk, andl, are modified Bessel functions of zero order. PatanR; is
obtained by solving Equation 12 (zero hydraulic haachdiusR):

Alo(AR.) + BK,(AR) - H, =0 (12)

3.1.2 Case of a damaged wrinkle of widitand a defect of infinite length and widih

In the case of a damaged wrinkle, flow is contebly the “footprint” of the wrinkle, defined
as the zone where the wrinkled GM is not in contwith the underlying liner (widttb in
Figure 4). From a calculations point of view, theseno fundamental difference between a
damaged wrinkle of width and a defect of infinite length and widitsince it is assumed that
the holes in a wrinkle do not control the flow amwlassumption is made regarding the height
or the shape of the wrinkle. Thus, the two typedadécts are defined by a single parameter:
their widthb (Figure 4). The analysis is two-dimensional, tlsaivhy these two types defects
are generally referred to as two-dimensional defeamd the rate of liquid flow is expressed
in terms of rate of liquid flow per unit length.

In steady-state conditions, for saturated condstionthe composite liner, the flow rate per
unit length,Q., can be obtained by Equation 13, given by TouzézFatlal. (1999):
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S S S

Q. =k N H o (O ann cosr| Mt Hs (13)
H k H
Equation 13 was later on simplified by Giroud & Totmtz (2005) as follows:

Q= o[tk 2 J e a4

S S

As highlighted by those authors, the first ternthad right side of Equation 14 quantifies the
rate of flow into the soil liner (CCL or GCL) loeat directly under the defect. The second
term quantifies the rate of interface flow.

Analytical solutions such as the ones previouslyehthe advantage of being rigorous. For
circular defects, the drawback of these tools e ttomplexity.

3.2 Empirical equations

Numerous empirical equations for predicting thewfloate through composite liners
comprising a GM and a soil liner (CCL) due to dé&getn geomembranes have been
developed and successively updated. Giroud & Bamaga989) and Giroud et al. (1989)
developed the first sets of equations. These equatmovide an approximate solution
assuming that the hydraulic gradient is close ttyuhis assumption may be reasonable for
low leachate mounds (design mounds ranging fron3 ®@00.3 m) and clay liners with
thickness of 0.6 to 0.9 m, but are not strictlyiddbr the levels of leachate mounding that
may occur during post-operation, in cases of exeesslogging of a leachate collection
system, or a modest leachate mound over a GCL (R®88). Aware of these limitations,
Giroud et al. (1992) extended the approximate swiuto consider higher hydraulic heads.
They also proposed equations for defects of infitetegth. A limitation in these equations
was that they required charts to obtain the vafumne of the terms of the equation.

Giroud (1997) updated previous empirical equatigmeyiding an entirely analytical means
of calculating the flow rate through defects in g@onbranes. In addition, he summarised the
developed equations in regard of the shapes ofd#fects, the liquid head above the
geomembrane liner, and the contact conditions.rLate Giroud et al. (1998) developed a
new set of equations for calculating: (a) the matdlow through composite liners due to
geomembrane defects; (b) the rate of flow througfeas in a geomembrane placed on a
semi-permeable medium; and (c) the rate of flowulgh defects in a geomembrane overlain
by a permeable medium and underlain by a highlynpable medium.

Foose et al. (2001) and Touze-Foltz (2001) comp#redlow rate through composite liners
comprising a geomembrane and a CCL calculated usititger empirical equations or
analytical equations. For small circular defedtg, itesults obtained using empirical equations
developed by Giroud (1997) showed good agreemetit wie results obtained using
analytical equations developed by Rowe (1998) andz&4d-oltz et al. (1999). Conversely, for
defects of infinite length, the results obtainedngsempirical equations by Giroud et
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al. (1992) were inconsistent with the results otgdiusing the analytical equations. Analysis
conducted by Foose et al. (2001) attributed thc®msistency to the fact that the empirical
equations for small circular defects and defectan@ihite length correspond to different

values of interface transmissivity even thoughgsame contact conditions are considered. In
other words, the interface transmissivity was acfiom of the type of defect, which should

not happen. Based on these findings, these aufiroposed new empirical equations for
defects of infinite length (Foose et al. 2001) dadhaged wrinkles (Touze-Foltz et al. 2002b).

Equations by Touze-Foltz et al. (2002b) were later updated by Touze-Foltz &
Giroud (2003), which also updated the empirical agus for defects of infinite length
developed by Giroud et al. (1992) and proposed & mquation for excellent contact
conditions (small circular defects). An importadivance was reached with the new empirical
equations developed by Touze-Foltz & Giroud (2008sed on the assumption that the
transmissivity is independent from the type of def@his significant improvement was in
part due to the fact that they could define thetacinconditions in quantitative terms
(equations 1 to 3).

In order to consider the large circular defectdhe GM (diameters in the 100 to 600 mm

range) and the three type of contact conditiongdlent, good and poor), Touze-Foltz &

Giroud (2005) developed new equations. It shoulddted that empirical equations proposed
by Touze-Folz & Giroud (2003, 2005) supersede preyviequations presented by the same
authors.

Chai et al. (2005) proposed a modification of emunest by Giroud (1997), for circular defects,
and by Touze-Foltz & Giroud (2003), for infinite tgh defects, in order to consider the effect
of the effective overburden pressure applied bythste over the lining system. Modification
proposed consists to multiply the flow rate by meinsionless correction factor that is equal
to one when the overburden pressure is equal to zer

At this point, there are empirical equations folcakating the advective flow through three
types of defects in the GM: circular (small andy&gtr defects of infinite length (tears, cuts or
defective seams) and damaged wrinkles, that cangidtee types of contact conditions
(excellent, good and poor). There is also an engligquation for defects of infinite length
that can be used for GM-GCL contact conditions &ign by Foose et al. 2001).

In fact, there are no defects of infinite length, defects have a certain length. From a
practical point of view, this artificial designatigust means that the defects are so long with
respect to their width that the flow at the endshefdefect can be disregarded. Unfortunately,
this assumption is not always possible. In somesabe flow effect of the ends cannot be
ignored as clearly pointed out by Giroud et al.9@® Chai et al. (2005) and Giroud &
Touze-Foltz (2005). Aware of this limitation, thetdst authors developed a new set of
equations where the effect of the two ends is takmio account by assuming that the plan
view of the defect is a rectangle with a half @rak each end (Figure 5). Equations developed
by Giroud & Touze-Foltz (2005) correspond in fact docombination of the analytical
equation for long defects (Equation 14) with empiriequations for the rate of liquid flow
through circular defects in the GM. These equatiares herein termed as semi-empirical
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equations. Again, these equations were developethéothree GM-CCL contact conditions,
namely excellent, good and poor.

Ik

Figure 5 — Plan view of a defect of finite leng@iroud & Touze Foltz 2005)

As emphasized by Rowe (2005), when a GM is plased a GCL, there is a greater potential
for obtaining better contact with a low-permeapilayer than when placed over a CCL. This
is because the GCL can be placed flat on a wellpemted, smooth soil liner. As the factor
controlling the flow rate for GM over the GCL isetleontact conditions between the GM and
the GCL, a new set of equations were proposed by &-6woltz & Barroso (2006) for
composite liners involving GCLs. Equations by thasthors included empirical equations for
small and large circular defects (i.e. one for deftameters ranging from 2 to 20 mm and
other for defect diameters ranging from 100 to 608), as well as semi-empirical equations
to predict flow rates through defects of finiteddm (i.e. narrow defects, such as tears, cuts or
defective seams, and wide defects, such as damagddes).

Table 3 summarises the latest empirical equatiomsagsessing the flow rate through
composite liners caused by circular defects ingda@membrane. Equations given in this table
supersede previous equations presented by the aathers (if it is the case). Empirical
equations for defects of infinite length and danthgeinkles (two-dimensional defects) are
not presented here because their utilization idonger recommended, since the analytical
solutions (as simplified by Gioud & Touze-Foltz 2@ more rigorous and its validity is not
limited to a range of parameters.

It should be noted that the empirical equationsuched in Table 3 can only be used for the
following values of the parameters (Touze-Foltz &dbd 2003, Touze-Foltz & Barroso
2006):

* Hydraulic heads ranging from 0.03 to 3 m;

* Hydraulic conductivities of the soil component d¢fetcomposite liner ranging from
1x10"%to 1x10°® ms* (for excellent, good and poor contact conditions);

* Thicknesses of the soil layer component of the cam@diner ranging from 0.3 to 5 m
(for excellent, good and poor contact conditions);

e Hydraulic conductivities of the GCL component ofetlcomposite liner ranging
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from 1x10*? to 1x10° m s* (for GM-GCL contact conditions);

* Thickness values of the GCL component of the condsier ranging from 6 mm to
14 mm (for GM-GCL contact conditions).

Table 3 — Existing empirical equations for assesgiedlow rate through composite liners
due to circular defects in the GM

Circular Contact

defects | conditions Empirical equations Reference

E h 0.95
g - 0.1 1,074 Touze-Foltz &
S Excellent | Q = 0.096 h}° a®* k¢ {1+ 0. 1( j } Giroud (2003)
\Y
()
g Good |Q=0.21h%° ao-lk;’-“ 1+0. 1[ J
3 - Giroud (1997)
%]
S Poor | Q =1.15h% a% kg-” 1+0. 1(h—j
< H
\
: h,

— -3 901 K074 Ty Touze-Foltz &
~ GM-GCL | Q =2.4x10°h2°® a’ k !1+ 0. (H j ] Barroso (2006)

O 027

:T

Excellent | Q = 0.33 h2*a%*® k2" {1 01 H_

\5

0027
_ 084 018 1,077 |1 _ Touze-Foltz &
Good Q =0.64h,""a " k; [1 0. 1 } Giroud (2005)

0 027

Poor Q = 2.60 h)*a®*® k2" {1 01

100 mm< holes diameter < 600 mim

Barroso (2006)

-0.35
GM—GCL Q = 0116 hW54 04 k082 [1 O 22(H j } TOUZG-FOItZ &.

Note: the following symbols are used in this talfe= flow rate; k, = hydraulic head on top of
geomembranea = circular defect areds = soil layer hydraulic conductivity (in case of coosite
liners involving GCLs, it represents the equivalégtraulic conductivity of the soil liner plus the
GCL); Hs = soil + GCL layer thickness; ar#i= transmissivity of the interface. These equationst
be used with the following unit§ (m*s™), h,, (m), a (M), ks (m s%), Hs (M), and@ (n?’ s).

As for narrow defects of finite length where thewl at the ends of the defect cannot be
disregarded, Table 4 presents the semi-empiricatens currently available. As mentioned,
semi-empirical equations couple an empirical eguatfor circular defects with the
Equation 14. As can be inferred from Figure 5, thameter of the circular defect,
corresponding to the half-circles at the ends & defect, is equal to the width of the
defect D).
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Table 4 — Existing semi-empirical equations foreasgng the flow rate through composite liners duéefects of finite length in the GM

Width of the defect/ diametgr Contact Empirical equations Reference
of the circular defect conditions P 9
N 0.95
Excellent | Q; =(L - b)[bk{l - :—W +2 \/ ksehw(z + E_Wj +0.094 b°-2hv‘3-9k§-74[1 + O.J.(E—Wj }
hW hW 0.21,0.9,0.74 hw o Giroud &
Good | Q; =(L-b)| bk 1+ |+2 |k6h,| 2+~ | +0.205b°2h2°k>™ 1+ 0.1 a Touze-Foltz
s s s 2005
2 <b<20 mm ] _ (2005)
Poor Qr =(L- b){bks(l + E—W + 2\/k59hw(2 + H_W } +112 bozhv%gksoj{l + O-l(g_wj }
GM-GCL | Q; =(L - b)| bk |1+ M) yo a2+ M)l 4 23x10° 2202k 1+ 0.1 P 1 | Touze-Foltz &
T s H, ST w H, ' w s "L H, Barroso (2006
0027
h h h
Excellent | Q =(L —b)|bk 1+ |+2 [k.6h|—<||+032 B°*K h%* |1-01|
H S H S H S
1 0027 Giroud &
Good Q, =(L-h) {b ks(l + _Wj + 2 kSHhW(&j +0.61 ™K h2* {1 -01 (%} } Touze-Foltz
s s s (2005)
100 <b < 600 mm = o7
Poor | Q =(L-b) {b k_{l + _WJ +2 kﬁh{%} + 249 B K2 h* [1 -01 (%J }
GM-GCL | Q =(L - b)[bk,|1+ M 1o lkon 2+ ™ |+ 011160 %% 0% 1 -0.22 M 7] | Touze oz &
T g H, g H, ’ 5 YW ’ H, Barroso (2006

Note: the following symbols are used in this tal®: = flow rate per unit length; = hydraulic head on top of geomembrane; b = diamef the circular defect
corresponding to the half-circles at the ends efdbfect/ width of the defect; k soil layer hydraulic conductivity (in case ofrgposite liners involving GCLs, it represents
the equivalent hydraulic conductivity of the soidr plus the GCL); K= soil + GCL layer thickness; L = defect lengtimde® = transmissivity of the interface. These

equations must be used with the following units:(@° s™), h, (M), b (M), k (m s%), Hs (M), L (M) and® (n¥ s).
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3.3 Numerical methods

One limitation of the analytical solutions presehte Section 3.1 of this paper is that they
assume total saturation of the soil liner. This 1epla restriction of the validity of those

equations on a limited area where saturation cagubeanteed, which is the so-called wetted
area. Furthermore, as soil liners and GCLs areimbally saturated when installed, the

guestion arises of the possibility to take accafrthis partial saturation in the quantification

of flow. The only existing solution at the momenstady this point is numerical modelling.

Cartaud et al. (2005a) proved through numerical etimg) using a finite element model that
the initial hydration of the CCL has a limited ingban the flow through composite liners.
Saidi et al. (2006) undertook a similar study wikie same numerical code, METIS, for
composite liners incorporating GCLs where significalifferences between flow rates
obtained thanks to analytical solutions and nunaémeodelling were observed. Those were
attributed to the significant discrepancy betweesite@d area corresponding to the saturated
zones calculated thanks to analytical solutions aemgirical equations thus showing the
importance of taking partial saturation of GCLimiccount. They also studied the impact of
the shape of the end of longitudinal defects ow ftates. Results obtained tended to show
that while considering a circular or a square ehdefect does not change much to the result,
the way the longitudinal defect is decomposed hale, thus suggesting that a more precise
result would be obtained through 3D numerical miaagwhile quantifying advective flow.

The impact of non-uniformity of interfaces opening advective flow could also be

investigated though numerical modelling. Cartaudle{2005b) investigated the influence of
the position of a circular hole in the geomembrahéhe composite liner. They could show
the importance of the respective positions of tbke land of non-uniformities of the interface
opening on advective flow rates, that cannot bewaated for through empirical equations or
analytical solutions.

Numerical modelling can also be a useful tool whilgantifying the possible hydraulic
interaction between defects. If analytical solusi@xist for this purpose when one is dealing
with longitudinal defects, no analytical solutioabows to investigate the influence of the
distance between adjacent defects on the advetdiwe A recent investigation of this point
was performed by Saidi et al. (2007) for GM-GCL qmsite liners that puts in light a very
limited hydraulic interaction between adjacent squwles in the geomembrane.

4 CONCLUSIONS

This paper presented the recent advances on thengxmsethods for evaluating the rate of
advective flow through composite liners. The adwectlow is due to the existence of defects
in the geomembrane and depends on the featureseofaice between the geomembrane and
the underlying liner, which can be expressed eitherthe interface transmissivity, or by
contact conditions. The goal of the paper was teigeodesign engineers with a review of the
tools currently available to calculate the advextiow through composite liners.
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Two different analytical solutions were presented ascussed, one for circular defects
located in a flat area of the geomembrane (e.gctpues) and the other for two-dimensional
defects, either defects of any shape located onkies in the geomembrane resulting in
damaged wrinkles or defects of infinite length.(defect that are so long with respect to their
width that the flow at the ends of the defects bandisregarded). The main advantage of
these equations is that they are rigorous and tin@in disadvantage is the complexity,
especially for the case of circular holes locatecam area where the geomembrane has no
wrinkles.

Recent advances on empirical equations for predjc¢tie flow rates through composite liners
comprising a geomembrane and a solil liner and angetrane and a GCL liner were
presented. Equations presented take into accountcfmtact conditions: excellent, good,
poor and GM-GCL contact condition. The main advaatag these equations is their
simplicity. They are, however, valid only within artain range of parameters.

Semi-empirical equations recently purposed for ¢hses that the flow at the ends of the
defect cannot be disregarded (defects of finitgtlenwere also presented. These equations
also take into account the excellent, good, podr@nl-GCL contact conditions.

Finally, the paper briefly presented the resultauwherical investigations undertaken through
finite elements methods providing insight on theéadaour of composite liner when one is to
deal with partial saturation, non-uniformity of tlhmterface or interaction between square
defects in the geomembrane that analytical solsteomd empirical equations cannot predict
due to their limitations.
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