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ABSTRACT: The effectiveness of lining systems imveee conditions is highly dependent on the
performance of geomembranes. However, defects aey-present problem, and for covered
geomembranes such as the ones used in landfikgeiins that most defects appear during the
placement of the granular material that forms then&y Leachate Collection System (PLCS).
Although some test methods detect and locate deifiecgeomembrane liners after the placement of
the PLCS, they are time consuming and quite expengilso, they were mainly developed for
simple liner systems consisting of a geomembraaespl over a Compacted Clay Liner (CCL) and,
in Portugal, the municipal solid waste landfilldinsystems typically consist of a geomembrane
placed over a Geosynthetic Clay Liner (GCL), ov&GL. In addition, existing methods were not
developed for double liner systems such as the geeerally used in hazardous landfills. A
research program aimed at developing a prompt acdrate test method to check geomembrane
integrity is in progress. A semi-automatic mobiftetptype equipped to record data on the location
of defects has been tested in both small and gk pilot plants. The aim of first pilot plantsva
to study the resolution and accuracy of the prg®tgnd its response to the water content of
materials in contact with the geomembrane. The rgkgnlot plant, constructed &faboratério
Nacional de Engenharia Civil, .ARLNEC) campus, has been used to study the aptfeS®e
prototype to detect and locate defects in diffetgpés of liner systems (simple and double). This
paper focuses on the tests carried out at the dguitot plant. Results obtained suggest that the
prototype is able to detect and locate defectsfiardnt types of liner systems.

1 INTRODUCTION

Landfills are engineering facilities designed amstructed with a barrier system (liner system)
intending to assure the protection of the envirommehis system includes an active barrier and a
passive barrier. The passive barrier comprisesvgaoted clay liner (CCL) and/or a geosynthetic
clay liner (GCL), while the active barrier includeggeomembrane (GM), protected by a geotextile
(GTX), and a drainage layer known as Primary LetecRallection System (PLCS).

The effectiveness of liner systems in service diomdh is closely related with the performance
of the GM, as it provides the primary barrier to@ctive and diffusive transport of contaminants.

Unfortunately, despite all precautions regardingnufiacturing, transportation, handling,
storage and installation, defects in the GM seellpetoinavoidable. For covered GMs, such as the
ones placed in landfills, it seems that most dsfegipear during the placement of the PLCS.
Indeed, data reported by Nosko and Touze-FoltzQp@ad collected at more than 300 sites from



16 countries, shows that 71% of the damages weargedaby stones during PLCS installation. In
addition, according to these authors, the numbetefécts per hectare is about 12.9. A different
value is referred by Rolliat al. (2002), which indicate a value of 17.4 defects/ha.

A few test methods are available to detect andtéockefects in GM liners after PLCS
placement, such as the soil-covered GM method ladid method (permanent). However, these
methods present several shortcomings. First, tleytime consuming. Second, they are very
expensive. Third, they were developed for linetays consisting of a GM+CCL and, in Portugal,
the municipal solid waste (MSW) landfills typicallynclude composite liners consisting of
GM+GCL+CCL. Finally, their applicability in landf§ with double composite liners (e.g.,
hazardous landfills) requires further study.

A research programme aimed at developing a tedtaddb assess the integrity of the GM after
placement of the PLCS and that overcome the lifaitatof the existing methods is in progress.

The research programme began with the developnfienpitotype, equipped to record date on
the detection and location of defects and theic@ssing in real time.

The prototype has been tested in two pilot plastsstructed in small and large scale,
respectively. The aim of first pilot was to stuthg tresolution and accuracy of the prototype and its
response to the water content of materials in cbntdth the GM. The second pilot plant,
constructed ataboratério Nacional de Engenharia Civil, .PLNEC), aims to study the aptness
of the prototype to detect and locate defects ffemint types of liner systems, namely the ones
consisting of CCL+GM, CCL+GCL+GM or double compediners.

This paper focuses mainly on studies conductetieasécond pilot plant. It describes the tests
carried out and presents the first results obtai@edclusions are drawn about the suitability ef th
prototype to detect and locate defects in diffetgmes of liner systems.

2 EXPERIMENTAL WORK

2.1 Prototype

The prototype developed (Figure 1) comprises theviing elements: (1) set of electrical potential
measurement electrodes, assembled on a mobildusau2) Global Navigation Satellite System
(GNSS); (3) embedded data acquisition system angsgmonding interface, for connecting with
the GNSS; (4) software for processing and disptayire defects located on computer screen; and

(5) laptop.
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It should be noted that this prototype is an impbwersion of the prototype used in tests
carried on small scale atstituto Superior de Engenharia de Lisb@8EL). The aim of first pilot
plant was to study the resolution and accuracyhefgrototype and its response in relation to the
water content of the materials in contact with @M. Details about its results were summarised by



Lopeset al. (2012) and will not be presented in this papettliersake of brevity. Similarly, details
on preliminary versions of the prototype and on edugd acquisition system can be found,
respectively, in Mota&t al. (2011, 2012) and in Matutinet al. (2011).

2.2 Pilot plant at LNEC

A large scale pilot plant was constructed at LNE@pus in order to study the suitability of the
prototype to detect and locate defects in diffetgpes of lining systems. The pilot plant consists
of three cells of approximately 10mx10mx1m. FigRingresents an overview of cells construction.

Escavating cells Compactig cay liner in cell 1 Cell 1 after clay liner compactation

Installing GTX over e GM in cell 1

Installing GCL over CCL in cell 3

Figure 2. Pilot plant construction

Each cell contains a different type of liner systefine lining systems adopted fulfil the
minimum requirements specified in the European dive no. 1999/31/EC on the Landfill of
Waste, which is typically followed in Portugal.

According to the European Directive, the lining teyss must protect the soil and water
(groundwater and superficial water). That protactioust be achieved by combining a geological
barrier with an artificial sealing layer (usuallysamed as a GM).

For MSW landfills, the geological barrier must havétydraulic conductivity (k) less than™10
m.s' and be at least 1 m thick. For hazardous wast¥ilsn the lining system must consist of an
artificial sealing layer plus a geological barneith k< 10° m.s* and be at least 5 m thick. If the
geological barrier does not fulfil previously thboae conditions, other materials may artificially
complement it, provided that a technically equinalprotection can be achieved. Moreover, the
minimum thickness of the equivalent barrier mustb® m, and must be complemented by a
drainage layer (minimum thickness of 0.5 m).

In Portugal, lining systems of MSW landfills typlisainclude an active barrier comprising a
drainage layerX 0.5 m) and a high density polyethylene SHDPE) gemirane, 2 mm thick, and a
passive barrier consisting of a GCL over a CCkIR® m.s*, = 0.5 m). Hazardous waste landfills
are designed with double lining systems that ingltwio levels of composite liners separated by a
drainage layer (also termed in literature as semgntachate collection system -SLCS or leakage
detection system). The aim of this layer is to parthe leachate that may flow through the primary
liner.



Pilot plant was designed taking into account tméng systems typically used in different
landfills in Portugal. Accordingly, cell 1 represgra lining system similar to the ones that have
been used in large MSW landfills. Cell 2 simulaadiing system used in small landfills and cell 3
a lining system of a hazardous landfill. Detailo@bcells design can be found in Dowrtsal.
(2012).

The cells include several layers, of both soils gedsynthetics. Before presenting the materials
used, some comments must be made about the feafutles soil used for constructing the CCL
(compacted clay liner).

The critical issue of the soil for CCL is the hydlia conductivity, as previously shown. A
value less than 10m s is required. Construction of a CCL with &K.0° m.s* requires the use of
suitable soils. It has been considered that thé aoility to achieve a specific hydraulic
conductivity depends mainly on soil characteristiod on field compaction procedures.

Concerning the soil characteristics, it has beemsidered that the soil ability to achieve a
specific hydraulic conductivity depends on its fikify characteristics, water content and particle
size.

Plasticity characteristics are quantified by liquihit (LL), plastic limit (PL) and plasticity
index (PI). The PI of the soil is perhaps the snglost frequently used indicator of the suitability
of a natural soil for use in a CCL. A minimum valasund 10% for IP is often recommended
(Oweis and Khera, 1998).

Water content refers to the amount of free watertained in a given amount of soil. Its
measurement is useful for assessing whether asoiyeeds pre-processing (moisture adjustment
or soil amendments) to yield a specific densitidraulic conductivity.

As regards particle size, a minimum percentageir@fsf (typically= 50 % passing No. 200
sieve, which has an opening size equal taum} is usually specified. A minimum of clay (fraatio
finer than 2um) is also sometimes required, suckz @ to 25 % (Bonapartt al, 2002).

The geotechnical characteristics of the soil usetthé pilot plant for constructing the CCL are
summarised in Table 1. As it can be seen, charsiitsrof the soil used are in agreement with the
above mentioned recommendations, except for hyidranhductivity, which was slightly higher.
However, the value indicated in Table 1 refers takmratory test carried out using a specimen
prepared with a moisture content equal to the aptinmoisture contenty,,) obtained in Proctor
test, whereas, according to EPA (1998), the loWwgdtaulic conductivity is achieved when the soll
is compacted to a water content of 1 to 7% abos@gtimum moisture content.

Table 1. Characteristics of clayey soil

" Hydraulic e
Percent | Percent | At berg limits Proctor conductivity Classification
fines clay S
% % nifie
o) o) (IB/IS) (I;’/(I)_) (oP/(:) ngpt' (Jﬁlmr;%) (mkz-l) Soil Classification
o) ' ' System
546 | 181 | 384 202 1709 147 18 0.7%10 cL

Notes: Percent fines = percent passing the USA 0 s2eve (openings of 7j8m); Percent clay = percent finer than
0.002 mm; LL = Liquid Limit; LP = Plastic limit; I Plasticity indexgo,y = optimum water contenyy max= maximum
dry unit weight; k= Hydraulic conductivity of the soil; CL = inorgantlays of low to medium plasticity, gravelly clays
sandy clays, silty clays, lean clays.

With respect to compaction procedures, the clayalyvgas compacted at its natural water
content, as it was impossible to dry all soil ugedhe three cells (several tons). Measurements
carried out after soil compaction to check the ifypaif the compaction (Table 2) showed that the
water content of the soil was about 3 to 5 % alibeeoptimum moisture conteribd,) obtained in
Proctor test (see Table 1). These values are witlénrange of moisture contents indicated by
EPA (1998) to achieve the lowest hydraulic conditidis, and therefore, a proper in situ value is
expected.



Table 2. Results of quality compaction control

*M oisture-Density Sand replacement * Oven
Gauge method
Cell . Water . Water Water
Compaction Compaction
ratio (%) content ratio (%) content content
(%0) (%0) (%0)

1 96.6 £2.5 13.6 +0.5 93 18.2 17.8+0.6
2 97.7+1.4 15.7 £ 0.7 103 19.2 18.2+2.0
3 95427 156 £ 1.1 95 15.3 19.6 + 3.6

*10 readings variability with 95% confidence
**5 samples variability with 95% confidence

Some comments must also be made as regards thmtieis used in the pilot plant. Several
materials with a variety of functions were usedparticular the following ones: a smooth HDPE
geomembrane, to act as barrier; a needlepunched, @Chct as barrier also; two nonwoven
geotextiles, to protect the GM against puncturitng fwo geotextiles are similar, the difference is
that they were provided by different manufactureasjonductive geotextile over the SLCS in cell
3, to facilitate the detection of defects. Figuner8sents an overview of geosynthetics used. Betail
about their design specifications can be founddned (2011) and are not included in this paper for
the sake of brevity.

Nonwoven GTX

Smooth GM

Conductive GTX

Figure 3. Overview of the geosynthetics used iatgilant

It should be noted that the geosynthetics werefuéyrénstalled, especially the geomembrane,
as it is the most important layer of the liningteyss. Since seams are vulnerable areas, they were
tested as if they were placed in a landfill. Aiegsure tests and mechanical tests (peel and shear)
were carried out, to assess, respectively, seantgady and seams strength. Results of these tests
showed that the seams were properly made.

The cells comprise the following layers, from battto top (Figure 4):

Cdll

* 0.5 mthick layer of compacted clayey soil (CCL)ast of the passive barrier;
« GCL as part of passive barrier (5000§)m

* GM as active barrier (HDPE, 2 mm tick);

« GTX to protect the GM against puncturing (polyprieme, 300g.11);

* 0.2 mthick layer of sand (0.18/2.0 mm), to simeidte PLCS.



Cdl 2

* 0.5 mthick layer of compacted clayey soil (CCL)passive barrier;
* GM as active barrier (HDPE, 2 mm tick);

« GTX to protect the GM against puncturing (polyprieme, 300g.11);
* 0.2 mthick layer of sand (0.18/2.0 mm), to simeidte PLCS.

Cdl3

* 0.5 m thick layer of compacted clayey soil (CCL)past of the secondary lining system;

« GCL as part of the secondary lining system (500Gy.m

* Geomembrane (secondary) as part of the seconahang Isystem (smooth, HDPE, 2 mm
thick);

« Geotextile to protect the GM against puncturingd@i?, white);

* 0.15 m thick layer of sand (0.18/2.0 mm), to sinwithe SLCS

» Conductive geotextile to facilitate the detectioh defects (polypropylene with black
carbon impregnation, electrical resistarctd® Q,200g.n¥);

* Geomembrane (primary) as part of the primary lirsaggtem (HDPE, 2 mm tick);

« Geotextile to protect the GM against puncturingypmpylene, 300g.);

* 0.2 m thick layer of sand (0.18/2.0 mm), to simeifdte PLCS.

cr Conductive
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Geotextil, GTX

Geomembrar, GM

Granula lavel

= (Geosynthetic clay liner, GCL

Compacted clay liner, CCL

Subgrade

Figure 4. Scheme of the lining systems used isdetb 3 (based on Doresal, 2012)

2.3 Defects detection

The methodology adopted to detect the defects Wiéh prototype is quite similar to the one
described in ASTM D7007. It locates defects in @M by creating an electrical field across the
GM and then locating with potential electrodes tm@nts of anomalous electrical potential
distribution, where electrical current flows thréugliscontinuities, as Figure 5 schematically
shows.
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Figure 5. Schematic drawing of the electrical defktection method (Motat al, 2011)

In the pilot plant, point-by-point measurements avgrerformed using a 0.3 m dipole
configuration (dipole = two electrodes) with autdeth digital data acquisition. Measurements
were conducted along survey lines both parallel papendicularly to the source electrodes
(Figure 6).

Figure 6. Electrical potential measurements withphototype

It should be noted that the defects, consistinga dfircular hole, 2 mm in diameter, were
deliberately made in GM liners. In cell 3 the halas made in upper GM (primary lining system).

3 RESULTS AND DISCUSSION

Figure 7 shows the electrical potential field obeéai with measurements performed with the
potential electrodes installed parallel and perpriar to the source electrodes at cell 2. As it ca
be seen, the electrical potential field is quitestant, in the range -100 to +100 mV, except near
the defect. In this area, a high gradient in tleeteical potential field was found (between -20d@ an
+200 mV). Although both measurements (parallel papendicular directions) show a gradient
near the defect, the most significant was obtaingle direction parallel to the source electrodes.
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Figure 7. Electrical potential field: (a) measurenseparallel to the source electrodes; (b) measemésn
perpendicular to the source electrodes

Similar results were obtained at cell 1. They aoé included in this paper for the sake of
brevity. Tests on cell 3 are still in progress avil be presented in a near future. Nevertheless,
results obtained until now for cells 1 and 2 sugtfest the prototype is able to detect and lodage t
defects in different types of lining systems.

Some problems were identified in the prototype,otare being solved. Of note is the need for
improving robustness. This issue was already adddeand an upgraded version of the prototype
is being constructed.

4 CONCLUSIONS

This paper presented and discussed experimentdd penformed in a large scale pilot plant
constructed altaboratério Nacional de Engenharia Civil, I.ALNEC) to study the suitability of a
prototype to detect and locate defects in diffetgpes of landfill liner systems. Another goal of
the experimental work was to identify and overcatme potential drawbacks of the prototype,
before producing test equipment to be used in Ibsdf

Results obtained from the pilot plant are encounggi he prototype has been able to detect and
accurately locate the defects deliberately madiéhéngeomembrane barrier of the different liner
systems.

Problems found in the prototype were addressedaangpgraded version is under construction.
This version will be tested, not only in the pifdant, but also in a landfill, before final launcpi
Nevertheless, the developments already made wetkxfsting prototype suggest that progress may
have been made in defect detection.
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