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Introduction

As a discipline within the broader context of ge-
otechnical engineering, environmental geotechnics 
can trace its roots back to the early days of geotech-
nical engineering and the work on flow through soil 
and compaction of soil for reducing permeability 
(e.g., in earth dams). However, over about the last 
35 years, it has evolved considerably and one might 
wonder if it has now matured or if there are still sig-
nificant challenges to address? This paper attempts 
to highlight some of the advances over the past four 
decades in terms of minimizing the impact to the en-
vironment of waste by containment. The paper spe-
cifically focuses on barrier systems (e.g., Fig. 1) where 
contaminants are to be contained such as landfills, 
heap leach pads, and barriers for containing spills 
and to minimize the impact of contaminated soil ei-
ther during or after partial remediation. 

In the context of this paper, a barrier system is 
likely to be comprised of a drainage layer to collect 

leachate, or pregnant liquor in the case of a heap 
leach pad, and a liner. The liner may be a geomem-
brane (GMB: typically 1.5 to 2 mm thick high den-
sity polyethylene, HDPE for landfills), a compacted 
clay liner (CCL: typically 600 to 1200 mm thick), a 
geosynthetic clay liner (GCL; typically a 5 to 10 mm-
thick layer of low permeability clay between two ge-
otextiles), or most commonly when contaminants 
are to be contained, a composite liner comprised of 
GMB and clay liner working together as a system to 
minimize leakage. 

A recent paper [ROWE, 2018] has looked in some 
detail at the effects of the hydration and dehydration 
on the performance of GCLs as a barrier to fluids (liq-
uids or gases). A second paper by ROWE and YU [2018] 
reviewed the strains that can develop in a GMB from 
gravel above and below it and from down-drag due to 
the weight of waste and from subsequent degradation 
and consolidation of that waste. These strains play a 
critical role with respect to the long-term performce 
of the GMB. A third paper [ROWE, 2017] considered 
the leakage through polyethylene GMBs used alone 
or as part of a composite liner. ROWE [2017] exam-
ined composite liner leakage assuming construction 
quality assurance (CQA) was such that:
1) there were a limited number of holes in the 

GMB;
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2) the system was designed and constructed to en-
sure adequate protection of the GMB from ex-
cessive sustained tensile strains (< 5%); 

3) the GCL was correctly installed on an appropri-
ately prepared subgrade to allow the GCL hy-
drated before it was needed to perform its barri-
er function; and

4) the composite liner was covered in a timely man-
ner and without defects arising from negative in-
teractions with the environment. 
ROWE [2017] then discussed the evaluation of 

how long the GMB could be expected to remain a 
good hydraulic barrier limiting the leakage to that 
calculated (i.e., the GMB service-life). 

The achievement of leakages at the levels re-
ported by ROWE [2017] implicitly assumes that the 
design and construction plan have been devel-
oped taking a systems approach to environmen-
tal geotechnical design [ROWE, 2009]. This pa-
per explores the challenges of taking a systems 
approach to environmental geotechnical design. 
It discusses the often overlooked interaction be-
tween the component of a liner the barrier sys-
tem can have a negative effect on the long-term 
performance of a GMB liner. However, not all in-
teractions are negative! The paper identifies posi-
tive interactions between GMBs and adjacent ma-
terials (like GCLs) that can substantially reduce 
leakage and discusses the factors still requiring 
further detailed investigation in this area. Finally, 
the paper touches on construction issues where 
there is a need for far more awareness in the in-
dustry because of their implications with respect 
to barrier system performance. Good design, 
specifications, and construction are all essential 
to good long-term performance of a barrier sys-
tem. Nowhere is the adage “you get what you in-
spect, not what you expect” more applicable than 
in the construction of barrier systems where full 
time qualified inspection at all times is essential 
to minimizing leakage.

1. The barrier system

Figures 1 and 2 schematically illustrate a number 
of components of landfill barrier systems of increas-
ing complexity. In all cases there is a drainage layer 
comprised of a layer of gravel and an upper separa-
tion/filter geotextile between the waste and the un-
derlying barrier system. Then there is a protection 
geotextile and GMB. As shown, the GMB has a hole 
or it could schematically also represent a wrinkle in 
the GCL with a hole. Figure 1a shows a single com-
posite liner with the GMB underlain by a GCL un-
derlain by the subgrade. Figure 1b also has a single 
composite liner but in this case with a CCL instead 
of a GCL. Figure 1c is a single composite liner with 
a GMB over a GCL over a CCL over the subgrade. 
Figure 2a has a double composite liner system with 
a primary GMB and GCL underlain by a drain re-
ferred to herein as the leak detection system (LDS) 
which also serves as a secondary leachate collection 
layer underlain by a secondary composite liner with 
a GMB and GCL on the subgrade. Finally, figure 2b 
has a double composite liner system similar to that 
in figure 2a except the secondary composite liner 
has a CCL instead of a GCL on the subgrade. There 
are many other variations on these systems such as 
a CCL in the primary composite liner or a second-
ary composite liner with a GMB/GCL/CCL. The ad-
vantages and limitations of these various systems and 
some of the implications of construction issues and 
interactions with the environment will be discussed 
in the following sections since they can profoundly 
affect, as will be shown, the performance of the bar-
rier system.

2. Leachate collection System (LCS)

The clogging of leachate collection layers was 
a subject of considerable research over the last 30 
years. It is now well known that although sand and 

Fig. 1 – Single composite liners.
Fig. 1 – Esempi di barriere di impermeabilizzazione composite semplici. 
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even some gravels started with an adequate hydrau-
lic conductivity, k, to control leachate heads in land-
fills to acceptable levels, in as little as a few years this 
sand or gravel experiences a decrease in k by several 
orders of magnitude and ceases to control the head 
to below the typical 0.3 m or 0.5 m limit. Studies pri-
or to 2005 were reviewed by ROWE [2005] and this 
examination of the literature was updated by ROWE 
and YU [2010]. 

Past research has clearly established that the 
clogging and consequent significant decrease in k 
was due to biologically induced “clogging” of the lea-

chate collection pipes (Fig. 3), sand (Fig. 4), 19 mm 
gravel (Fig. 5), 50 mm tire shreds (Fig. 6), and geo-
textiles wrapping leachate collection pipes [CANCEL-
LI and CAZZUFFI, 1987; KOERNER and KOERNER, 1989; 
1999; CAZZUFFI et al., 1991; BRUNE et al., 1991; FOURIE et 
al., 1994]. The three major mechanisms for the clog-
ging of porous media in landfills were identified as 
the: a) growth of biomass; b) precipitation of miner-
als; and c) deposition of suspended solids from the 
leachate as it passed through the drainage media 
[ROWE and YU, 2010]. 

Based on the findings from both the field and 
laboratory studies, a sophisticated numerical mod-
el, Bioclog, was developed to examine the clogging 
of porous media [COOKE et al., 1999, YU and ROWE, 
2012]. It was validated against laboratory and field 
data [ROWE and YU, 2012; 2013(a,b)] and used to 
predict the effect of gravel grain size [YU and ROWE, 
2011; 2013], leachate characteristics [VANGULCK and 

Fig. 2 – Double composite liners with a primary composite liner, a leak detection (secondary leachate collection) system, and 
a secondary composite liner.
Fig. 2 – Esempi di barriere di impermeabilizzazione composite doppie, costituite da una barriera composita primaria, un sistema di 
captazione delle perdite (raccolta del percolato secondario) e una barriera composita secondaria. 

Fig. 3 – Clogging of a leachate collection pipe.
Fig. 3 – Intasamento di un collettore di raccolta del percolato.

Fig. 4 – Biologically induced clogging (and cementation) 
of sand (photo courtesy of R. McIsaac).
Fig. 4 – Intasamento di origine biologica (e cementazione) in 
sabbia.
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ROWE, 2004, YU and ROWE, 2014], and geotextile fil-
ters [ROWE and YU, 2013b] on the service life of LCSs. 

The laboratory and field data [FLEMING et al., 
1999; ROWE et al., 2000a,b; 2002, FLEMING and ROWE, 
2004, VANGULCK and ROWE, 2003; ROWE and MCISAAC, 
2005; MCISSAC and ROWE, 2006; 2007; 2008] and mod-
elling cited above has shown that the clogging rate 
of the drainage layer is increased with: a) increasing 
mass loading (i.e., increased leachate strength, in-
creased flow rate, or both), and b) decreasing grain 
size or uniformity of drainage material. Also, a prop-
erly designed continuous geotextile over the drain-
age layer was shown to increase the service-life of the 
leachate drainage gravel and hence the LCS. Based 
on the available data, it appears that LCS service-life 
can be maximized by: 
– avoiding a build up of leachate in the drainage 

layer (i.e., it should not be saturated under nor-
mal conditions) and certainly not used for lea-
chate storage; 

– having a continuous blanket of uniformly grad-
ed gravel with a D10 of not less than 19 mm, a 
uniformity coefficient (D60/D10) of less than 2.0, 
and not more than 1.0% passing the US #200 
sieve [MOECC,2012] requires D85 of not less 
than 37 mm; figure 7;

– having a minimum drainage blanket thickness of 
0.3 m with minimum of 0.5m at leachate collec-
tion pipes;

– having high density polyethylene (HDPE) lea-
chate collection pipes at a regular spacing (e.g., 
≤ 50 m) with a minimum internal diameter of 
150 millimetres and with perforations not less 12 
mm diameter along and around the pipe;

– having a filter-separator layer between the waste 
material and drainage layer to minimize the 
physical intrusion of waste material into the up-
per zone of drainage layer and reduce the rate of 
clogging of the underlying gravel;

Fig. 5 – Biologically induced clogging (and cementation) 
of 19 mm gravel (photo courtesy of R. McIsaac).
Fig. 5 – Intasamento di origine biologica (e cementazione) in 
una ghiaia con grani di 19 mm.

Fig. 6 – Biologically induced clog material bridging the 
gap between 50 mm tire shreds (photo courtesy of R. McI-
saac).
Fig. 6 – Materiale responsabile dell’intasamento di origine 
biologica, che riempie lo spazio tra frammenti di pneumatico di 
50 mm.

Fig. 7 – Gravel drainage layer (37 mm nominal) with perforated 150 mm internal diameter HDPE pipe.
Fig. 7 – Strato drenante di ghiaia (diametro nominale 37 mm) con collettore perforato in polietilene ad alta densità, di diametro interno 
pari a 150 mm.
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– inspecting and cleaning the leachate collection 
pipes on a regular basis. 
Looking back: ROWE and YU [2013c] have pro-

duced a very practical, spreadsheet based, technique 
for estimating service-life of MSW LCSs and demon-
strated its use with typical parameters for western 
municipal solid waste landfill leachate. Looking for-
ward: more research is needed to get appropriate pa-
rameters for waste streams (e.g., in many parts of the 
Middle East and Asia) with much higher organic (es-
pecially food) waste than is normal for western coun-
tries. 

Geocomposite drains are not considered suita-
ble as a primary means of leachate collection in the 
bottom of a MSW landfill due to both a) the poten-
tial for clogging, and b) the lack of data on their 
long-term performance and service-life. Looking 
forward: much more research is needed regarding 
the performance of geocomposite drains as leak de-
tection and secondary LCSs in landfills under sus-
tained long-term loading. 

One of the consequences of minimizing the 
risk of clogging of LCSs is the need to use relative-
ly coarse gravel (typically requiring a nominal par-
ticle size of 25 mm or greater). This is the first in-
stance of where attention to the system, and not just 
a component, is crucial since it can have critical im-
plication for the design of the protection layer be-
tween the drainage layer and any underlying GMB. 
In many jurisdictions, the GMB protection layer is 
only designed to protect the GMB from short-term 
ductile puncture by gravel. This issue of gravel in-
duced strains in a GMB and the adequacy of protec-
tion layers typically in use (except in Germany where 
the issue gets serious attention) is discussed in much 
more detail by ROWE and YU [2018] and the implica-
tions for the service–life of the GMB are examined by 
ROWE [2017]. The knowledge exists to design a pro-
tection layer that will minimize strains and ensure a 
long service-life of HDPE GMBs and one approach 
has been in use in Germany for about 20 years. This 
issue needs to be more commonly addressed else-
where in the world.

3. Compacted clay liners (CCLs)

Compacted clay was probably the first area of en-
vironmental geotechnics to be addressed by exten-
sive research. The basic concepts were elucidated 
by LAMBE [1958; 1960] and MITCHELL et al. [1965] is 
a seminal paper linking compaction and hydraulic 
conductivity. The short-term hydraulic conductivity, 
kL, of a CCL will depend [ROWE et al., 2004] on:
– the plasticity and grain size distribution of the 

soil; 
– the moisture content at which it is compacted 

(typically 2-4% above (wet) of standard Proctor 

optimum water content with the upper end of-
ten being close to the plastic limit – although the 
desirable compaction water content needs to be 
evaluated for each case);

– the method of compaction; and
– the effective stress.

In the long-term, the value of kL will depend on:
– interaction between the leachate permeat-

ing the CCL and the clay minerals (e.g., GREEN 
et al., 1981; BROWN and ANDERSON, 1983; BROWN 
et al., 1983, 1984; FERNANDEZ and QUIGLEY, 1985; 
1988;1991), 

– desiccation [BOWDERS and DANIEL, 1987]
– applied effective stress, and
– temperature [ROWE, 2005].

A detailed discussion of these issues up to 2004 
is provided by ROWE et al. [2004] and ROWE [2005] 
with an update to 2011 by ROWE [2012]. Experience 
has shown that with the right soil and good construc-
tion [BENSON et al., 1994, 1999; DANIEL and KOERNER 
1995; ROWE et al., 2004], CCLs can readily achieve 
the typical design kL = 1×10-9 m/s and, in fact, many 
often readily achieve kL = 5×10-10 m/s and have been 
reported with kL ~ 3-5×10-11 m/s after consolida-
tion (e.g., ROWE et al., 1993; KING et al.,1993; ROWE, 
2005) in landfill applications. However, good de-
sign and construction are not as a common as they 
should be! Even today not enough engineers work-
ing in the field are fully aware of what is required to 
build a good CCL and, in particular, the essential na-
ture of qualified continuous inspection during CCL 
construction. Unless suitable care is taken in the se-
lection of the soil and compaction, a CCL may also 
readily have 1×10-9 m/s < kL < 1×10-8 m/s. 

Even when well constructed, CCL desiccation is 
a major challenge. This is so even for low plasticity 
clays compacted 1-2% wet of standard Proctor opti-
mum water content (Fig. 8), and especially so if the 
CCL is compacted near or above the plastic limit. 
Desiccation can be even more problematic for high-

Fig. 8 – Desiccation of CCL of low plasticity.
Fig. 8 – Fenomeni di essiccamento nelle barriere di argilla 
compattata.
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ly plastic clays. Desiccation may occur: a) after con-
struction of the clay liner and before placing the 
drainage layer or GMB; b) after placing the GMB and 
before covering with the drainage layer; and/or c) 
due to thermal gradients under field conditions. Al-
though it is always desirable to minimize desiccation. 
When a properly designed and constructed CCL is 
the sole liner, then a little desiccation (0.3-1 cm) of 
the final upper CCL surface itself will have little im-
pact on the overall vertical bulk hydraulic conductiv-
ity of a 0.6 m or thicker CCL; it just reduces the ef-
fective thickness of the liner by, at worst, the depth 
of desiccation. However, while not widely appreciat-
ed, even 0.3 to 1 cm of significant desiccation could 
greatly affect the performance of a composite liner 
with a GMB on a CCL due to its impact on the com-
posite liner system as will be discussed later.

4. Geosynthetic clay liners (GCLs)

GCLs are most commonly comprised of a “car-
rier” geotextile, a layer of relatively low permeabili-
ty sodium bentonite, and an upper needle-punched 
nonwoven “cover” geotextile that are all held togeth-
er by needle-punching the upper cover geotextile 
fibers through the bentonite and into the carrier ge-
otextile. They may be coated or laminated with a 0.1 
mm to 1 mm thick layer of polypropylene or poly-
ethylene (referred to herein as a geofilm) to form a 
multi-component GCL. They are delivered to site on 
rolls and laid down with adjacent panels overlapped 
to provide a continuous layer of GCL. The perfor-
mance of a GCL can be influenced [ROWE, 2014] by: 
a) the type of bentonite (e.g., natural sodium, sodi-
um activated, calcium, polymer modified); b) the 
particle size of the bentonite (e.g., powdered, fine 
granular, or coarse granular); c) the mass of benton-
ite per unit area; d) the type and mass per unit ar-
ea of the geotextiles used; e) the needle-punching; 
f) whether the needle-punched fibers are thermal-
ly fused to the carrier geotextile; g) the presence 
of a geofilm bonded to the GCL, the nature of the 
geofilm, and how the geofilm is bonded to the carri-
er geotextile; h) the characteristics of the GCL panel 
overlap; i) whether or not the GCL is part of a com-
posite liner; j) the physical and hydraulic character-
istic of the interface between the GCL and the ad-
jacent GMB or other materials; k) the presence of 
wrinkles in the GMB; l) the initial water content and 
particle size distribution of the soil above and/or be-
low the GCL; m) geochemical interactions between 
the bentonite and the pore water in the soil adjacent 
to the GCL; n) chemical interaction of the bentonite 
with the fluid to be retained; o) the amount of cover 
soil over the GCL; p) the level of exposure to ther-
mal cycles; q) sustained thermal gradients; r) the hy-
draulic gradient (in some cases); and s) the stress on 

the GCL. These factors themselves interact to affect 
the performance. Much has been written on these 
different aspects and this has been reviewed by ROWE 
et al. [2004; 2016a] and ROWE [1998; 2005; 2012; 
2014; 2016 and 2018]. Most recently, ROWE [2018] 
examined many factors affecting the hydration, and 
dehydration under a thermal gradient, of GCL and 
how this could influence both the hydraulic conduc-
tivity of the GCL and the transmissivity of the GMB/
GCL interface (which is shown to be poorly correlat-
ed with GCL hydraulic conductivity). 

A properly installed and reasonably hydrated 
GCL prior to contact with leachate can reduce the 
leakage through holes in a GMB by one to two orders 
of magnitude relative to the same holes in a GMB 
over a CCL. Good GCL hydration is best achieved by 
ensuring the subgrade is adequate for GCL hydra-
tion and at a suitable moisture content (e.g., less than 
field capacity to avoid pooling of free water) before 
the GCL is placed to allow slow and controlled hy-
dration from the subsoil. The composite liner then 
needs to be covered in a timely manner. Excessive 
hydration can be problematic with respect to main-
taining GCL integrity and slope stability. 

There are subgrades where good hydration can-
not be achieved at any reasonable foundation water 
content (see ROWE, 2018) or when the GCL is encap-
sulated between two plastic layers. In these cases, the 
design should be on the basis of the GCL hydraulic 
conductivity and GMB/GCL transmissivity evaluated 
assuming the GCL hydrates with the proposed lea-
chate. 

Looking forward: what has, until relatively re-
cently, been largely neglected is the effect of system 
interactions on these properties and the effect of 
this on the hydraulic performance of the composite 
composite liners. Some aspects will be discussed in 
the section on composite liners.

5. Geomembranes (GMBs)

There are many types of GMB but those most 
commonly encountered in environmental geotech-
nics are high density polyethylene (HDPE), linear 
low density polyethylene (LLDPE), and polyvinyl 
chloride (PVC). In landfill bottom liners, HDPE is 
most commonly used because of its chemical resist-
ance and the knowledge base available for its use. 
HDPE and LLDPE are most commonly used in heap 
leach applications [ROWE et al., 2013a]. LLDPE and 
PVC tend to be more flexible than HDPE, although 
the effect of thickness and polymer and flexibili-
ty are often confused and the perception that LLL-
DPE is more flexible than HDPE is more associated 
with thicker HDPE being compared with a thinner 
LLDPE than the polymer. Nevertheless, LLDPE and 
PVC are sometimes preferred for cover applications 
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where this flexibility is seen as more important than 
chemical resistance. 

For dam liners, polyethylene is popular in some 
regions such as the Americas while PVC has an ex-
cellent reputation in parts of Europe [CAZZUFFI et al., 
2010]. Composite GMBs (e.g., PVC laminated with 
a needle-punched nonwoven geotextile) have al-
so been very successfully used as both the liner for 
embankment dams and in the rehabilitation of con-
crete dams [CAZZUFFI et al., 2010; CAZZUFFI and GIOF-
FRÈ, 2017; Fig. 9].

GMBs may be regarded as essentially impermea-
ble to water for their service-life if there are no holes. 
However, as indicated by GIROUD [2017]: “Claims such 
as ‘zero leakage’ or ‘absolutely impermeable liner’ should not 
be made and should not be believed. In reality, all liners 
may leak. Therefore, the consequences of leakage should be 
analyzed and the design of the reservoir should be adapted 
in accordance with the results of the analysis.” Thus, from 
the perspective of leakage through a proposed GMB 
liner, the key questions that need to be addressed 
are:
a) how many holes and what size are expected? 
b) what is the likely leakage through these holes for 

the proposed design conditions? 
c) is the calculated leakage acceptable for the pro-

posed application? 
d) what is the expected service-life of the GMB for 

the proposed design conditions? and
e) is the expected GMB service-life acceptable for 

the proposed application?
If the answer to either question c) or e) is no, 

then a redesign is required. 
The number of holes can be minimized by in-

cluding an electrical leak location survey in the CQA 
both before and after the GMB is covered. However, 
this needs to be thought about in advance and all of 
the provisions to ensure an effective survey need to 
be addressed. These surveys have lower sensitivity at 
wrinkle locations and may miss holes in wrinkles that 
they would detect if they were in direct contact with 
the clay liner.

There have been many papers addressing at least 
parts of questions a), b) and d) and two recent pa-
pers in particular [GIROUD, 2016; ROWE, 2017] have 
addressed key parts of a) and aspects of b) and d) 
and apart from basic essentials will not be repeated 
here. Both GIROUD [2016] and ROWE [2018] have as-
sumed generally good design and CQA in their leak-
age calculations. One might hope that this would in-
deed always be the case; sadly, too often it is not even 
in modern day North America and Western Europe 
and even less so in many other parts of the world. In 
the presumption that this is simply due to a failure 
to appreciate the significance of not following good 
practice, the next section of this paper examines the 
implications of not doing so for a number of situa-
tions that arise far too commonly.

6. Environmental interactions affecting leakage 
through a geomembrane (GMB) liners

To provide some context for the following dis-
cussion, reference is initially made to a study of 122 
double-lined landfill cells installed in New York 
State with construction quality assurance (CQA) 
but no leak location survey [BECK, 2015]. From the 
data presented it can be inferred that the leakage 
through the primary liner exceeded: 10 litres per 
hectare per day (lphd) in 95% of cases, 100 lphd 
in about 50% of cases, 200 lphd in 20% of cases, 
300 lphd in about 10% of cases, and 1000 lphd in 
about 1% of cases. This data set is biased to of this 
leakage data from cells with a significant thickness 
(> 30m) of waste and in some cases partial or fi-
nal covers. Therefore, this data set is not conserva-
tive; leakage for new cells should have much larg-
er averages. Unfortunately, BECK [2015] does not 
distinguish between liners with GCLs and those 
with CCLs but since leakage tends to be an order of 
magnitude higher (or more) for CCLs than GCLs 
[ROWE, 2006] one can expect that the higher leak-
ages are CCL related and that for GCLs the leakag-
es associated with these probabilities are typically 

Fig. 9 – Composite PVC geomembrane installed with a ge-
onet between GMB and concrete at the 42 m high Publino 
concrete gravity dam, Italy. Pictured during installation in 
1989 (after CAZZUFFI and GIOFFRE, 2017).
Fig. 9 – Geomembrana in PVC con una georete tra la 
geomembrana e il calcestruzzo, nella diga a gravità in 
calcestruzzo di Publino, Italia. Fotografia effettuata durante 
l’installazione, nel 1989.
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about an order of magnitude lower. With this qual-
ification, these values can be used for comparison 
with numbers arising from examples in the follow-
ing subsections.

Single GMB liner

Consider a composite liner with a GMB with a 
very permeable material on the side away from the 
fluid being retained (e.g., the composite PVC GMB 
in Fig. 9). In this case it is well know that the leak-
age through hole j can be predicted using Bernoul-
li’s equation:

 QBj = π CB roj
2 √(2ghw)   [1a]

where QBj (m3/s) is the leakage through hole j, CB 
(-) is a coefficient related to the shape of the edg-
es of the hole with CB = 0.6 for sharp edges [GIROUD 
and BONAPARTE, 1989a], roj (m) is the radius of hole 
j, g (m/s2) is acceleration due to gravity, and hw (m) 
is the head on the GMB. Summing of the number of 
holes per hectare (ha), the total leakage per hectare 
is given by: 

QB = Σ QBj for j= 1 to N where N = the number of 
holes per hectare (m3/s/ha or lphd) [1b]

Based on equation 1, the leakage would be 
quite high. For only 0.15 m of head on the liner, 
a 1 mm-diameter hole (area 0.8 mm2) would al-
low a leakage of about 70 litres per hectare per day 
(lphd) and for a “typical” hole of 11.3 mm-diameter 
(area 100 mm2) this increases to about 8900 lphd. 
In the application shown in figure 9, the same holes 
at a depth of 5 m below the waterline would allow 
a leakage of 400 lphd for 1 mm-diameter hole and 
51000 lphd for the 11.3 mm-diameter per hole. 

Even with very good field quality assurance, 
there are typically 5-6 holes per hectare if there is 
no location survey [GIROUD, 2016] and, for a sin-
gle GMB liner, the leakage is more likely to be 
5-6 times that indicated above. In the case of the 
dam application (Fig. 9), with six 11.3 mm-diame-
ter holes uniformly distributed between 0.3 m and 
5m depth the leakage of 210000 lphd (2.4 L/s) 
could be managed by pumping and in this case 
the holes could be detected and presumably re-
paired if this leakage was of concern. However, at 
the bottom of landfill or a heap leach pad it is not 
practical to make repairs once the waste or ore 
has been placed and if the fluid is escaping (i.e., if 
there is a single GMB liner and no secondary lin-
er or concrete dam as in Fig. 9), leakages of this 
magnitude (i.e., greater than 400 lphd) could be 
very environmentally significant. This is a key rea-
son for the adoption of double liners in lagoons 
and composite liners in landfill and similar appli-
cations. 

Single composite liner: geomembrane (GMB) in direct 
contact with clay liner

The leakage through a hole in a GMB in direct 
contact with a clay liner (Fig. 1a or 1b) will depend 
on the number and size of the holes, the head above 
and below the liner, the thickness, HL, and hydraulic 
conductivity, k, of the clay liner, and the transmissivi-
ty, θ, of the interface between the GMB and clay lin-
er. There is an analytical solution that can be devel-
oped for the leakage and the distance to which water 
flows at the interface between the GMB and clay lin-
er [BROWN et al.,1987; JAYAWICKRAMA et al., 1988; ROWE 
1998; TOUZE et al., 1999]; however, the analytic solu-
tion is in terms of Bessel functions and one typically 
needs a computer program to calculate specific val-
ues and so the output is often represented in design 
charts. GIROUD and BONAPARTE [1989b; 2001] and GI-
ROUD [1997] developed a simple set of design equa-
tions by obtaining an empirical fit to the data in the 
BROWN et al. [1988] design charts. Perhaps the most 
commonly used version is for a circular or quasi-cir-
cular defect:

Qdcj = Cqo [1 + 0.1 (hw/HL)0.95] aj
0.1 hw

0.9 kL 0.74  [2a] 

where Qdc (m3/s) is the rate of liquid migration 
through a GMB hole; Cqo (-) is a contact quality fac-
tor established semi-empirically by GIROUD et al. 
[1989b] as Cqo (-) = 0.21 for good contact between 
the GMB and clay liner and Cqo (-) = 1.15 for poor 
contact; hw (m) is the hydraulic head on top of the 
liner; HL (m) is the thickness of the clay liner below 
the GMB; aj (m2) is the area of hole j; and kL (m/s) 
is the hydraulic conductivity of the clay liner. Sum-
ming of the number of holes per hectare (ha), the 
total leakage per hectare is given by: 

Qdc = Σ Qdcj for j= 1 to N (N= number of holes per 
hectare) (m3/s/ha or lphd) [2b]

With respect to Cqo, GIROUD [1997] defined (i) 
good contact conditions as corresponding to a GMB 
installed, with «as few wrinkles as possible, on top of a 
low-permeability soil layer that has been adequately compact-
ed and has a smooth surface and where there is sufficient 
compressive stress to maintain the geomembrane in contact 
with the low-permeability soil layer »; and (ii)  poor con-
tact conditions correspond to a GMB that has been 
«installed with a certain number of wrinkles, and/or placed 
on a low-permeability soil that has not been well compacted 
and does not appear smooth ». The wrinkles mentioned 
here should only be considered to be very minor un-
dulations (less than 1 cm high) of very limited lateral 
extent (< 1m). Larger wrinkles, especially those with 
a height greater than 3 cm, should be considered ex-
plicitly as described in the next section and not as 
poor contact.

GIROUD and BONAPARTE [1989b; 2001] established 
some clear limitations to the use of equation 2 and 
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similar equations. According to these limitations, 
equation 2 should not be used unless all the follow-
ing are satisfied: a) 0.5 mm ≤ 2ro ≤ 25 mm. b) hw 
≤ 3m, and c) kL ≤ kLmax to ensure a smooth transi-
tion between equation 2 and equation 1, although 
due to the need to consult a table and the nature of 
the transition equation, some people simply check 
that Qdc [Eq. 2] ≤ QB [Eq. 1] or else Qdc [Eq. 2] = QB 
[Eq. 1].

Consider a landfill bottom liner with an average 
head of 0.15 m (half-the a typical design head). The 
leakage was calculated (Tab. I) for both a 0.6 m-thick 
CCL and 0.01 m-thick GCL as the clay component of 
the composite liner and underlain by a leak detec-
tion system in a double lined landfill. For the CCL, 
consideration was given to both good CCL con-
struction assuming an operational k = 5×10-10 m/s 
and good GMB/CCL contact as defined by GIROUD 
[1997] as well a poorer (but still acceptable) CCL 
construction meeting a typical design operational 
value of k = 10-9 m/s and poor GMB/CCL contact as 
defined by GIROUD [1997]. For the GCL k = 5×10-11 
m/s was based on the geometric mean of 10 tests of 
five different GCLs permeated with a synthetic mu-
nicipal solid waste leachate (total dissolved solids of 
5000 mg/l; ionic strength 110 mM; Na+ at 660 mg/l, 
Ca2+at 380 mg/l, Mg2+ at 190 mg/L, and K+ at 190 
mg/l; partially based on Bradshaw and Benson 2014) 
at 70kPa. Both good and poor GMB/GCL contact 

[GIROUD, 1997] were examined. Table I shows the 
calculated leakage based on equation 2, assuming 
direct contact for a range of cases with 5 holes/ha 
(good CQA) and 20 holes/ha (spot check CQA). 

For the 122 landfill cells examined by BECK 
[2015], all are expected to have had good CQA and 
so one would expect the contact conditions to be 
good, the number of holes to be around five. As-
suming the holes are about 100 mm2 in area (11.3 
mm-diameter) on average, this gives leakages of 
about 0.4 lphd for the GCL and only 0.9 lphd for the 
good CCL if there is direct contact between GMB 
and clay liner. If on the other hand, assuming spot 
check CQA and poorer CCL construction then for 
twenty (20) 25 mm-diameter (a = 2000 mm2 = 2×10-

3 m2) holes per hectare, the leakage is less than 10 
lphd for the GCL and less than 40 lphd for the CCL. 
Based on the field monitoring data cited at the start 
of this section, the probability that the leakage would 
be as small as given in Table 1 would be less than 5% 
for a GCL and less than 30% for a CCL assuming ex-
tremely limited CQA, and less than 1-2% if there was 
good construction and CQA as expected. This begs 
the questions “Why?”. This will now be addressed.

The effect of wrinkles in the GMB of a composite liner on 
leakage

Although ROWE [1998] presented a simple equa-
tion for calculating the leakage that could be expect-
ed if there were holes in wrinkles and postulated that 
the observed leakages were likely to be much larg-
er than thought based on direct contact calculations 
unless there was aggressive effort to eliminate win-
kles (i.e., as is the case in Germany), there was gen-
eral skepticism (outside of Germany) that wrinkles 
could be that important. It was not until 2005 that a 
convincing argument was made in the context of ob-
served field data that wrinkles were playing a large 
role in the leakage being observed in North Ameri-
ca (and likely elsewhere except Germany) and ROWE 
[2005] inferred the possible lengths of wrinkles re-
quired to explain the observed leakage. 

Extensive field investigations [TAKE et al., 2007; 
CHAPPEL et al., 2012(a,b); ROWE et al., 2012(a,b); RENTZ 
et al., 2017] have shown that wrinkles are comprised 
of construction wrinkles and thermally induced wrin-
kles. With good installation, there will be very few con-
struction wrinkles. The thermally induced wrinkles 
arise due to the sun heating the GMB causing thermal 
expansion and buckling (wrinkling) of the GMB at 
local geometric irregularities in the GMB or underly-
ing materials (Fig. 10). Even in Canada, a black GMB 
can heat to almost 70oC on a sunny summer day. In 
spring, when the ambient temperature is just below 
freezing, on a sunny day exposed black GMB heats to 
well above freezing and wrinkles (Fig. 11). 

Hole Contact*

Number 
holes/ha

(-)

Leakage

diameter
Condi-
tions

GCL CCL

(mm) (-) (lphd) lphd

11.3 Good 5 0.36 0.9

11.3 Good 20 1.4 3.5

11.3 Poor 5 2.0 8.1

11.3 Poor 20 7.9 32

25 Good 5 0.42 1.0

25 Good 20 1.7 4.1

25 Poor 5 2.3 9.4

25 Poor 20 9.3 38

Tab. I – Leakage calculated from Eq. (2) [GIROUD and BO-
NAPARTE, 1998b; 2001; GIROUD, 1997] assuming GMB in di-
rect contact with a clay liner in the primary liner of a dou-
ble lined system for a range of cases (numbers rounded).
Tab. I – Calcolo della perdita mediante l’Eq. (2) [GIROUD 
e BONAPARTE, 1998b; 2001; GIROUD, 1997] assumendo la 
geomembrana a diretto contatto con l’argilla nella barriera 
principale, in un sistema a barriera doppia, per diversi casi 
(valori arrotondati).

* As defined by GIROUD [1997]; hw = 0.15m, Good construc-
tion: Cq0 = 0.21, GCL k = 5×10-11 m/s, CCL k = 5×10-10 m/s;  
Poorer construction: Cq0 = 1.15, GCL k = 5×10-11 m/s, CCL 
k = 1×10-9 m/s.
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The studies cited above indicate that the typical 
wrinkle width in HDPE is about 0.2-0.3 m wide (un-
stressed; widths up to 0.5 m have been observed) and 
has an average height of about 0.06 m (although the 
height can exceed 0.2 m). The area beneath a wrin-
kle network can range from essentially nothing to 
over 30% of the covered area depending on the time 
of day and weather conditions. Depending on the 
time of day, the length of wrinkles can range from 
virtually nothing to over 6000 m for a single inter-
connected wrinkle on a sunny day when the GMB 
is at 60-70oC. A white GMB will reduce the tempera-
ture of the GMB by up to about 20oC on a sunny day 
[RENTZ et al., 2016] and while it does not eliminate 
wrinkles, a white GMB reduces the number of wrin-
kles at a given time of day [RENTZ et al., 2017]. The 
critical issue is the number of wrinkles present at the 
time the liner is covered by a ballast layer (e.g., lea-
chate collection gravel). When covered, the wrinkles 

get locked in and while they may get smaller (their 
width may reduce by about 50% and height by about 
33%), they do not go away but rather they increase 
the tensile strains in the GMB [BRACHMAN and GUDI-

Fig. 10 – Interconnected thermally induced wrinkles.
Fig. 10 – Increspature interconnesse di origine termica.

Fig. 12 – Hole in wrinkle created when GMB was covered 
and only detected because of an electrical leak location 
survey (photo courtesy of A. Gilson-Beck).
Fig. 12 – Foro creatosi in una increspatura quando la 
geomembrana era coperta e individuato solo a seguito di un 
rilievo di tipo geoelettrico finalizzato alla localizzazione delle 
perdite.

Fig. 13 – Hole at seam and wrinkle created when GMB was 
covered with gravel and only detected because of an elec-
trical leak location survey (photo courtesy of A. Gilson-
Beck).
Fig. 13 – Foro nella giuntura e increspatura creatosi quando la 
geomembrana era coperta di ghiaia e rilevato solo a seguito di 
un rilievo di tipo geoelettrico finalizzato alla localizzazione delle 
perdite.

Fig. 11 – Thermally induced wrinkles forming in on a sun-
ny day in spring when ambient temperature is still freezing. 
Note the white snow on the liner to the left and right of the 
photo.
Fig. 11 – Increspature di origine termica formatesi in un giorno 
soleggiato di primavera, quando la temperatura esterna è ancora 
gelida. Si noti la neve sul rivestimento a destra e a sinistra della 
foto.
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NA, 2008] and hence need to be considered in de-
sign. Electrical leak location surveys after the GMB 
has been covered have shown that process of cover-
ing the GMB is a particularly critical time when holes 
are introduced to the GMB and hence in wrinkles 
[BECK, 2014; Figs. 12 and 13].

The length of buried wrinkles needs to be min-
imized if low leakages are required. No wrinkles 
should be the objective but are rarely practically 
achieved. What is acceptable wrinkling will depend 
on the allowable leakage for the project and the na-
ture of the clay liner, as discussed. In any event, the 
area below wrinkles should generally a) be less than 
about 8% of the area to be covered at time of cover-
ing, and b) have a height no greater than 50 mm at 
time of covering. 

The equation for the leakage through a wrin-
kle with a hole (referred to as holed-wrinkle here-
in), assuming no interaction between wrinkles (the 
more complex case of interaction is also considered 
by ROWE, [1998] but is not examined here) is given 
by (Fig. 14; ROWE, 1998):

 Qwj = Lj [2bj kLb + 2(kLa HL θ)0.5] hd / HL  [3a]

where Qwj (m3/s) is the rate of liquid migration 
through a GMB wrinkle with a hole; Lj (m/ha) is 
the length of the hydraulically connected wrinkle j 
per hectare with a hole; 2b (m) is the compressed 
(i.e., after loading) width of the wrinkle (e.g., often 
about 50% of the initial wrinkle width before cove-
ring); kLb (m/s) is the hydraulic conductivity of the 

clay liner directly beneath the wrinkle (zero stress); 
kLa (m/s) is the hydraulic conductivity of the clay li-
ner away from the wrinkle where the compressive 
stress of the overlying material is applied; HL (m) 
is the thickness of the clay liner below the GMB; θ 
(m2/s) is the transmissivity of the interface between 
the GMB and clay liner; hd (m) is the head loss across 
the liner where hd = hw + HL – ha ; and hw (m) is the 
hydraulic head on top of the liner; while ha (m) is 
the hydraulic head at the bottom of the liner (often 
zero). Summing over the number of wrinkles with 
holes per hectare (ha), the total leakage per hecta-
re is given by: 

Qw = Σ Qwj for j=1 to n where n = the number of 
wrinkles with holes/ha [3b]

The leakage, Qwj, cannot exceed the limit im-
posed by the size of the hole in that GMB wrinkle as 
given by Bernoulli’s equation (Eq. 1; i.e., Qwj ≤ QBj for 
all j) and the leakage that would occur if there were 
no GMB (as given by Darcy’s Law), viz:

 Qw ≤ QDL  [4a]

 QDL = 10000 kL hd / HL   [4b]

where QDL (m3/s) is the rate of liquid migration 
through the clay liner (per ha) if no GMB were pres-
ent, kL (m/s) is the hydraulic conductivity of the clay 
liner; hd (m) is the head loss across the liner as de-
fined above; and HL (m) is the thickness of the clay 
liner.

While the focus above was on wrinkles, equa-
tion 3 is applicable whenever there is a hole in the 
GMB and the GMB is not in intimate contact with 
the subgrade for a distance greater than three times 
the width of the feature. This can occur for exam-
ple at the toe of a slope or when there is a liner rut 
in a CCL (e.g., a truck or scraper tire track or a dis-
continuity between passes of a smooth drum finish-
ing roller so one side is lower than the other due to 
a difference in water content and number of roller 
passes). 

BECK [2014] cites a field case where the primary 
liner in a double lined landfill exceeded an allowa-
ble leakage rate in a test where the primary liner was 
flooded with water. An electrical leak location sur-
vey found six pinholes at patches over panel inter-
sections at the toe of the slope and one ~5 mm di-
ameter hole close to the sump. All of the pinholes 
were located where the GMB did not have good con-
tact with the subgrade, but the contact was typical 
of repair patches at the toe of the slope for HDPE 
GMBs. Knowing the locations, the head above the 
holes could be established and using this Beck cal-
culated leakage using the GIROUD [1997] equation 
(i.e., Eq. 2 assuming direct contact) and the ROWE 
(1998) equation (i.e., Eq.3). The four measurements 
of leakage over four days averaged 280 lphd. BECK’s 

Fig. 14 – Schematic cross-section of a holed-wrinkle (wrin-
kle with a hole of radius ro and area a = πro

2) of length L 
(perpendicular to the cross-section), width 2b, with inter-
face transmissivity θ between GMB and CL where they are 
in contact. Total flow (leakage) Q is the sum of lateral flow, 
qh, in interface to left and right if wrinkle plus vertical flow 
directly below the wrinkle. 
Fig. 14 – Sezione schematica di una increspatura con un 
foro (raggio del foro ro ed area a =  πro

2), di lunghezza L 
(perpendicolare alla sezione trasversale), larghezza 2b, con 
trasmissività θ all’interfaccia tra la geomembrana e la barriera 
in argilla quando sono a contatto. Il flusso complessivo (perdita) 
Q è la somma del flusso orizzontale, qh, nell’interfaccia verso 
sinistra e verso destra della increspatura e del flusso verticale 
sotto l’increspatura.
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[2014] predicted leakage from the Giroud equation 
for good contact (average of 4 lphd) and for poor 
contact (average of 22 lphd), and the Rowe equa-
tion (average 250 lphd for a “wrinkle” 190 m long 
and 0.3 m wide at low stress). These were compared 
with the observed average 280 lphd leakage. For the 
Rowe equation there was a 10% difference between 
the observed leakage and the leakage calculated us-
ing equation 3 with the difference indicated to have 
been in good agreement with the leakage measured 
after the holes in question were repaired (35-40 
lphd). The difference and remaining leakage could 
be due to small holes undetected by the leak loca-
tion survey but some may be due to residual mois-
ture draining from the primary GCL. In contrast, 
assuming direct contact using the Giroud equation 
underestimated the observed leakage by more than 
an order of magnitude for poor contact and by al-
most two orders of magnitude for good contact. BECK 
[(2014] concluded “that the Rowe equation for leaks on 
wrinkles is the more appropriate approach to calculating 
leakage for this particular landfill, which is likely represent-
ative of other North American landfills.” 

Following from the example for direct contact, 
consider again a landfill bottom liner with a lea-
chate head of 0.15 m (half-the typical design head). 
The leakage was calculated (Tab. II) for a GMB over 
both a 0.6 m-thick CCL or 0.01 m-thick GCL as the 

clay component of the composite liner underlain 
by a leak detection system in a double lined landfill 
where the GMB had 5 holes/ha with 100 mm2 area 
(11.3 mm-diameter) with only one of these holes in-
tersecting a wrinkle. For “CCL good” conditions in 
table II, it was assumed that there was: (a) good CQA 
and CCL construction, (b) an operational k = 5×10-

10 m/s, and (c) good GMB/CCL contact conditions 
with interface transmissivity of θ = 1.6×10-8 m2/s for 
the CCL [ROWE 2012]. For “CCL poor” conditions 
in table II, it was assumed that there was: a) limited 
CQA and poorer but still typically acceptable CCL 
construction, b) an operational k = 1×10-9 m/s, and 
c) poor GMB/CCL contact conditions with interface 
transmissivity of θ = 1 ×10-7 m2/s for the CCL [ROWE, 
2012]. For “GCL good” conditions in Table II, it was 
assumed that: (a) due to leachate-bentonite inter-
action at zero stress, kLb = 2×10-10 m/s directly be-
low the wrinkle, (b) kLa = 5×10-11 m/s away from the 
wrinkle under a vertical stress ≥ 70 kPa, and (c) good 
GMB/GCL interface contact with θ = 2×10-11 m2/s 
[ROWE, 2012]. 

The leakages calculated (using Eq. 3; Tab. II) 
for the wrinkle with a hole are substantially higher 
than those with five holes in direct contact and simi-
lar construction conditions (Tab.I). Thus, for exam-
ple, over a GCL a single hole in a 100 m long wrin-
kle would allow 5 lphd and the other four in con-
tact combined would allow 0.3 lphd (i.e., ~6% of the 
total). With a CCL and poor interface conditions, a 
100 m long wrinkle with a hole would allow 170 lphd 
while the four in direct contact combined for anoth-
er 6 lphd (i.e., ~3% of the total). The relative signif-
icance of the holes in direct contact becomes even 
smaller with the length of the holed-wrinkle since 
as the leakage increases linearly with holed-wrinkle 
length. 

For the case considered in table II, the leakage 
with good construction for a CCL is an order of mag-
nitude higher than that for a GCL for a given wrin-
kle length (Tab. II). Given this observation and as-
suming that the same holds true in the landfills ex-
amined by BECK [2015], one can infer that for a typ-
ical landfill with good CQA, there is a greater than 
70% probability that the wrinkle with a hole exceeds 
100 m, a greater than 45% probability that it exceeds 
200 m, an about 15% probability it exceeds 500 m, 
and about a 4% probability it exceeds 1000 m for 
both composite liners with CCLs and GCLs. Based 
on this, with good CQA, a “typical” site can be ex-
pected to have a hole in a wrinkle length of about 
200 m/ha with an approximately equal probability 
it will be larger or smaller. When dealing with wrin-
kles, the overall leakage, other things being equal, 
would be similar for a 200 m-long holed-wrinkle per 
hectare or multiple holed-wrinkles with a summed 
length of holed-wrinkles of about 200 m per hectare. 
That the “expected” leakage might be calculated for 

Tab. II – Leakage calculated assuming GMB with one wrin-
kle with a hole (holed-wrinkle) /ha in the primary liner of 
a double lined system for a range of cases without desicca-
tion (numbers rounded).
Tab. II – Calcolo della perdita nell’ipotesi di una increspatura 
con un foro/ha della geomembrana nella barriera principale 
di un sistema a doppia barriera, per una serie di casi (valori 
arrotondati).

Wrinkle
Length

(m)

Leakage

GCL
Good 
(lphd)

CCL
Good 
lphd

CCL
Poor 
lphd

100 5 50 170

200 10 96 340

500 25 240 840

1000 50 480 1080+

2000 100 540+ 1080+

hw = 0.15m: one wrinkle with a 11.3 mm-diameter hole; 
wrinkle initially 0.3m but compressed width for calcula-
tion: 2b=0.15m
GCL kLa = 5×10-11 m/s, kLa = 2×10-10 m/s, θ = 2×10-11 m2/s
CCL; good construction: k = 5×10-10 m/s, θ = 1.6×10-8 m2/s 
CCL; poorer construction: k = 1×10-9 m/s, θ = 1×10-7 m2/s  
+ Leakage limit imposed by Darcy’s law Eq. (4) for the head 
and k if there were no GMB
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L = 200 m (50% probability of it being exceeded and 
50% probability it will be less) and a “worst-case” (i.e., 
less than 5% probability of it being exceeded) for L = 
1000 m. The expected length and worst-case length 
would be reduced if there was an aggressive attempt 
to minimize wrinkles at time the liner is being cov-
ered by the ballast layer. 

The forgoing calculations (Tab. II) were for a 
set of conditions involving an operational leachate 

head half the design head, and is the base case con-
ditions that might be expected with good CQA to al-
low an estimate of a realistic probability of the leak-
age reported by BECK [2015] being associated with 
holed-wrinkles of various lengths. However, design 
calculations are generally conducted with the max-
imum design head and a range of key variables. To 
provide some insight into the role of key variables, a 
sensitivity study was performed (Tab. III).

L = 200 L = 1000
θ kLa kLb 2b Q Q

Case (m2/s) (m/s) (m/s) (m) (lphd) (lphd)
1a GCL 2×10-11 5×10-11 2×10-10 0.2 25 124
1b “ “ “ “ 0.15 19    97
2a GCL 3×10-11 5×10-11 2×10-10 0.2 25 127
2b “ “ “ “ 0.15 20 101
3a GCL 4×10-11 5×10-11 2×10-10 0.2 26 130
3b “ “ “ “ 0.15 21 104
4a GCL 3×10-11 5×10-11 5×10-11 0.2 9    47
4b “ “ “ “ 0.15 8    41

5
CCL V. go-
od/good

1.6×10-8 5×10-11 5×10-11 0.2   16   80

6a
CCL good/

good
1.6×10-8 5×10-10 5×10-10 0.2 116 578

6 b “ “ “ “ 0.15 115 575

7
CCL good/

poorer
1.6×10-8 1×10-9 1×10-9 0.2 165 825

8
CCL poor/

poorer
1×10-7 1×10-9 1×10-9 0.2 405 1300+

9
XCCL/CCL 

good
1.9×10-8 5×10-10 5×10-10 0.2 126 630

10 “ 6.4×10-8 “ “ “ 230   650+

11 “ 1.5×10-7 “ “ “ 350   650+

12 “ 5.1×10-7 “ “ “ 640   650+

13
XCCL/CCL 

poor
1.9×10-8 1×10-9 1×10-9 “ 180 900

14 “ 6.4×10-8 “ “ “ 325 1300+

15 “ 1.5×10-7 “ “ “ 495 1300+

16 “ 5.1×10-7 “ “ “ 910 1300+

 

17
GMB/GCL
GCL/CCL

3×10-11

0
5×10-10 1×10-9 5×10-10 1×10-9 0.2 10 50

18
GMB/GCL
GCL/CCL

3×10-11 

0
5×10-10 1×10-9 2×10-10 1×10-9 0.2 11 54

19
GMB/GCL
GCL/XCCL

3×10-11 

1.9×10-5
5×10-11

1×10-9
5×10-11

1×10-9 0.2 18 90

Tab. III – Leakage calculated assuming GMB with one holed-wrinkle/ha in the primary liner of a double lined 
system for a range of cases (numbers rounded); hw=0.3m.
Tab. III – Calcolo della perdita nell’ipotesi di una increspatura con foro/ha della geomembrana nella barriera principale di un sistema a 
doppia barriera, per una serie di casi (valori arrotondati); hw = 0.3 m. 

XCCL implies top of CCL is desiccated (transmissivity corresponds to parameters in table IV). Leakage limit imposed by 
Darcy’s law (Eq. 4) for the head and k if there were no GMB.
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To examine the effect of head, the leakage was 
recalculated for the “good CQA” case in table II but 
for a design head of 0.3 m. For good CQA and a 
holed-winkle of about average length of 200 m, the 
leakage of 10 lphd for hw = 0.15 m (Tab. II) increased 
to 19 lphd for hw = 0.3 m (Case 1b, Tab. III) for the 
GCL and from 96 lphd for hw = 0.15 m (Tab. II) to 
115 lphd for hw = 0.3 m (Case 6b, Tab. III) for the 
CCL (i.e., in direct proportion to the increase in gra-
dient). Also, the leakage increased linearly, by a fac-
tor of five with an increase in holed-wrinkle length 
from 200 to 1000 m (Tabs. II and III). These results 
could be easily anticipated from inspection of equa-
tion. 3; however the effect of other variables, and in 
particular their interaction, are not so obvious. 

For a GCL, the GCL-GMB interface transmissiv-
ity with a conventional GCL under a vertical stress > 
50-100 kPa is reported to be in the range of 2 ×10-11 
≤ θ ≤ 4×10-11 m2/s [ROWE, 2012]. Varying the trans-
missivity within this range had a very small effect on 
the leakage for the GCL (Cases 1-3, Tab. III) and a 
median value of θ = 3×10-11 m2/s is used in subse-
quent calculations. Far more significant for a GCL is 
the hydraulic conductivity of the GCL beneath the 
wrinkle. Away from the wrinkle the GCL has limited 
exposure to the leachate and for a typical MSW lea-
chate under a vertical stress ≥ 70 kPa, test data sug-
gest that kLa = 5×10-11 m/s is a reasonable value (al-
though higher values could be obtained with a solu-
tion having a much higher ionic strength or a lower 
applied stress). However, below the winkle where the 
hydration and permeation of the GCL is at low stress, 
kLb could range from a low of 5×10-11 m/s for a be-
nign fluid to a value of the order of 2×10-10 m/s for 
a typical MSW leachate. The most appropriate value 
should be used for a given design situation since the 
effect can be significant as is evident from compar-
ing the leakage of 9 lphd for kLb = 5×10-11 m/s and 25 
lphd for kLb = 2×10-11 m/s (Cases 2 and 4, Tab. III, 2b 
= 0.2 m and other parameters remaining the same). 
Also comparing the results for the two values of 2b 
in Case 2 with those for Case 4, it is evident that the 
width of the wrinkle assumes much greater impor-
tance for kLb >> kLa.

For a CCL, construction and hence CQA is es-
pecially critical in term of getting good contact (as 
defined above by GIROUD [1997]; θ = 1.6×10-8 m2/s 
[ROWE, 1998]. With spot checks or poor CQA one can 
get poor contact (θ = 1×10-7 m2/s; [ROWE, 1998]). For 
a CCL, the operational hydraulic conductivity can be 
assumed to be such that kLb ≈ kLa provided that 2b/
HL ≤ 0.3 but for an acceptable liner the operational 
value may range from 1 ×10-9 (poorer) ≤ kLa ≤ 5×10-

11 m/s (very good) depending on the clay, CQA, lea-
chate-clay interaction, and vertical stress. 

For a CCL both θ and kL play an important role. 
For a 2b = 0.2 m wide and 200 m long holed- wrin-
kle and good interface transmissivity (θ = 1.6×10-

8 m2/s), the calculated leakage ranged between 16 
lphd (kLb ≈ kLa ≈ 5×10-11 m/s; Case 5, Tab. III), 116 
lphd (kLb ≈ kLa ≈ 5×10-10 m/s, Case 6a), and 165 lphd 
(kLb ≈ kLa ≈ 1×10-9 m/s; Case 7, Tab. III). Note that 
the leakage does not increase linearly with kL.

The importance of kL is relatively obvious; the 
role of interface transmissivity is not so obvious. For 
kLb ≈ kLa ≈ 1×10-9 m/s, increasing θ from 1.6×10-8 
m2/s (good contact) to 1×10-7 m2/s (poor contact) 
increased the leakage through 200 m holed-wrinkle 
from 166 lphd (Case 7) to 405 lphd (Case 8, Tab. 
III). Increasing the holed-wrinkle length from 200 m 
to 1000 m generally increases the leakage by a factor 
of 5; however, the leakage must be checked against 
Bernoulli’s equation (Eq. 1) and the Darcy limit (Eq. 
4). For Case 8 with L =1000 m, Eq. 4 limits the leak-
age to 1300 lphd and under these conditions the 
GMB has, to all intents and purposes, ceased to be 
an effective advective barrier and reliance is being 
place on the CCL due to poor CCL construction and 
CQA even if the GMB was reasonably well installed 
and the CCL met the typical design limit of kL= 1×10-

9 m/s. Thus more attention needs to be paid to the 
CCL interface conditions – it does matter! 

To this point, the discussion of leakage has fo-
cused on past advances (prior to 2018). The forgo-
ing results represent a basis for comparison with cal-
culations showing the effect of various construction 
related activities and reflects an established state of 
knowledge in 2018. The paper now turns its atten-
tion to emerging issues and future challenges with 
respect to composite liner leakage. 

Leakage with Desiccation of CCL

As discussed earlier, desiccations of a CCL can 
occur when the CCL is exposed to sun and wind 
(Fig. 8). It can also occur when the CCL is covered 
by a GMB but in this case it is hidden from the eye 
of even the best CQA inspector! The heating of the 
GMB that gives rise to wrinkles will also cause water 
to evaporate from the upper parts of the clay and the 
water vapour will migrate to the airspace below wrin-
kles. At night, when the water condenses, it will gen-
erally not rehydrate the CCL and desiccations cracks 
will form. 

In a composite liner, desiccation cracks assume 
a much greater significance than in a CCL alone 
since those cracks substantially increase the inter-
face transmissivity between the GMB and the intact 
CCL. It is well known in rock mechanics that the 
transmissivity of a fractured rock mass will be relat-
ed to the aperture width of the fractures and can be 
approximated as being proportional to the cube of 
the fracture aperture width (the “cube law”; with the 
initial theoretical basis due to BOUSSINESQU, 1868). 
By analogy, the same can be expected to be approxi-
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mately true for desiccated clay. Thus, the transmissiv-
ity of the desiccated zone will depend on: (i) the av-
erage spacing between most significant desiccation 
cracks (they will dominate over small cracks due to 
the cube law), (ii) the thickness of the significantly 
desiccated zone (i.e., the depth of the significant des-
iccation cracks), and (iii) the aperture width of the 
significant cracks.

For the purposes of illustrating the potential im-
portance of desiccations cracks, it was assumed that 
the most significant cracks were horizontally spaced 
at 0.25 m (e.g., Fig. 8) and, based on the cube law, 
the variation in the transmissivity of the significant 
cracked thickness with crack aperture width and 
depth was calculated for a range of cases (Tab. IV). 

The leakage for a desiccated CCL below the GMB 
can be approximately calculated using equation 3 
by adjusting the interface transmissivity. The lower 
bound interface transmissivity is imposed by good 
construction/CQA (taken here to be 1.6×10-8 m2/s). 
For good construction and CQA such that the liner 
is good (kLb ≈ kLa ≈ 5×10-10 m/s) and only slight des-
iccation with apertures of 0.1 mm at 250 mm spac-
ing, the transmissivity increases marginally to 1.9×10-

8 m2/s (Tab. IV) and for a 200 m holed-wrinkle the 
leakage increases from 116 lphd (no desiccation; 
Case 6a, Tab. III) to 126 lphd for this slight desic-
cation e×tending 3 mm deep (Case 9, Tab. III) and 
130 lphd for this slight desiccation extending 10 mm 
deep (Case 10, Tab. III). However, due to the power 
of the Cube law, a small increase in aperture to 0.2 
mm increases the leakage for a 200 m holed-wrinkle 
to 350 lphd for desiccation extending 3 mm deep 
(Case 11, Tab. III) and 640 lphd for them extend-
ing 10 mm deep (Case 12, Tab. III). The latter case 
is close to the limit imposed by Darcy’s law (Eq. 4b) 
and so even with good CQA and a good liner, the ef-
fectiveness of the GMB can be compromised by only 
relatively slight desiccation. 

A higher kL liner (kLb ≈ kLa ≈ 1×10-9 m/s) only 
exacerbates the effect of desiccation (compare Cas-
es 9 and 13, 10 and 14, 11 and 15, and 12 and 16) 
although the “poor” interface transmissivity of 1×10-

7 m2/s leakage is not reached until the desiccation 
apertures are almost 0.2 mm and 3 mm deep at 250 
mm spacing.

Minimizing CCL Desiccation and/or its effect on leakage

There are situations where a CCL has many ad-
vantages but in a composite liner, as indicated in the 
previous section, even with good CCL construction 
and GMB installation, leaving a GMB (especially a 
black GMB) exposed to the sun appears to have the 
potential to have a significant effect on leakage, and 
the leakages calculated above all fit within the con-
text of observed leakages for monitored composite 

primary liners as reported by BECK [2015]. Desicca-
tion of a CCL below a GMB has been well recognised 
for decades – but the implications have not! Looking 
forwards, this issue needs more attention than the 
brief outline of the problem above. However, since 
the problem is real – what are some solutions? 

Ideally covering the GMB before exposure to sig-
nificant temperatures due to solar radiation would 
be the best solution (i.e., the German approach). If 
it cannot be covered quite so quickly, using a white 
GMB and a white geotextile protection layer [RENTZ 
et al., 2017] and covering with ballast/drainage layer 
as quickly as possible will minimize (but depending 
on exposure may not eliminate) the problem. 

If solar heating of the GMB cannot be avoided, 
another possible means of mitigating the effects of 
desiccation of the CCL is the use of a GCL between 
the GMB and CCL (Figs. 1c and 2b). In this case, the 
GCL might be anticipated to act as a thermal and 
partial hydraulic barrier to the evaporation of water 
from the CCL reducing, but probably not eliminat-
ing, desiccation of the CCL. Given the water reten-
tion characteristics of the CCL, the hydration from 
the CCL may be limited and, if so, the GCL will hy-
drate from either rainwater accumulated in the LCS 
reaching the GCL through the hole(s) in the GMB 
and spreading out below the GCL at low stress (be-
fore the waste is placed) or, if this does not happen, 
then from the leachate. The values of kL will be lower 
in the former than the latter case. Virtually no work 
has been published on this approach and the objec-
tive here is to highlight that this issue needs more re-
search in the future. 

As an example of the potential interaction of 
GCL and CCL, firstly, consider a best case scenario 
with no desiccation of the CCL and intimate contact 
between the GCL (kLb ≈ kLa ≈ 5×10-11 m/s) and CCL 
(kLb ≈ kLa ≈ 1×10-9 m/s) so in this case the only trans-
missive zone is at the GMB/GCL interface (taken to 
be θ = 3×10-11 m2/s as examined above). For a GMB 
with a 2b = 0.2 m wide holed-wrinkle and hw = 0.3m, 
the leakage can be calculated from equation 3, using 
the harmonic mean of the kLGCL and kLCCL to be 10 
and 50 lphd for L = 200 m and 1000 m, respectively 
(Case 17, Tab. III) compared to 9 and 47 lphd for L 
= 200 m and 1000 m (Case 4a) for the GCL alone or 
116 and 578 lphd for L = 200 m and 1000 m (Case 
6a). 

Considering the same case as above except now 
assuming that the potential interaction between 
the leachate and GCL below the wrinkle increases 
kLa(GCL) to 2×10-11 m/s, the leakage increases to 11 
and 54 lphd for L= 200 m and 1000 m, respectively 
(Case 18, Tab. III) which is much lower than 25 and 
127 lphd for L = 200 m and 1000 m (Case 3a) for the 
GCL alone or 116 and 578 lphd for L = 200 m and 
1000 m (Case 6a). In this case, the considerable de-
crease in leakage is due to the CCL below the wrin-
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kle offsetting the high kLa in the wrinkle while the 
low interface transmissivity between the GMB and 
GCL reduces leakage compared to the much higher 
value for the GMB/CCL in Case 6. 

The foregoing cases 17 and 18 represent the situ-
ation with negligible transmissivity between the GCL 
and CCL. This may be close to reality for a very good 
CCL surface with no desiccation of the CCL. To il-
lustrate the possible effectiveness of the GCL even 
for a desiccated CCL, consider desiccated CCL (kLb 
≈ kLa ≈ 1×10-9 m/s) with apertures of 1 mm at 250 
mm spacing and 0.3 mm deep with a transmissivity 
of 1.9×10-5 m2/s (Tab. IV) where a GCL (kLb ≈ kLa 
≈ 5×10-11 m/s) is placed over the CCL followed by 
a GMB with a 2b = 0.2 m wide holed-wrinkle. In this 
case, there will be two transmissive layers: (i) at the 
GMB/GCL interface (taken to be θ = 3×10-11 m2/s 
as examined above), and (ii) the desiccated zone be-
low the GCL with θ = 1.9×10-5 m2/s. This case cannot 
be modelled using equation 3 and a numerical mod-
el is needed to calculate the leakage. Doing so, the 

leakage increases to 18 and 90 lphd for L=200 m and 
1000 m, respectively (Case 18, Tab. III). These are 
higher than the 11 and 54 lphd for intimate contact 
between GCL and intact CCL in Case 18 (Tab. III) 
but less than the 25 and 127 lphd for Case 3a with 
the GCL alone or 116 and 578 lphd for Case 6a with 
CCL alone.

More research is required on this issue, but the 
forgoing suggests that for low leakage, a GCL/CCL 
combination is likely to be much better than either 
alone and in particular it mitigates most of the effect 
of surface desiccation of the CCL. As always, it is im-
portant to check stability of all interfaces under real-
istic hydration and loading conditions

Down-slope erosion and GCL seam separation

The thermal cycles resulting from leaving a com-
posite liner exposed to the sun can result in both 
shrinkage of the GCL panels (e.g., THIEL and RICH-

Thickness of cracked zone (m) 0.003 0.005 0.01
Crack aperture Transmissivity

(m) (m2/s)
0.0001 1.9 ×10-8 3.2 ×10-8 6.4 ×10-8

0.0002 1.5 ×10-7 2.6 ×10-7 5.1 ×10-7

0.0005 2.4 ×10-6 4.0 ×10-6 8.0 ×10-6

0.001 1.9 ×10-5 3.2 ×10-5 6.4 ×10-5

Tab. V – Leakage calculated assuming GMB with one wrinkle with a hole/ha in the primary liner aligns with a defect in the 
GCL which creates a GCL-opening for a range of cases (numbers rounded); hw=0.3m.
Tab. V – Calcolo della perdita nell’ipotesi di una increspatura con un foro/ha della geomembrana nella barriera principale allineato con 
un’imperfezione della barriera geosintetico-argilla, che crea un’apertura nello strato GCL, for diversi casi (valori arrotondati); hw = 0.3m.

Tab. IV – Estimated transmissivity of the desiccated zone in a CCL beneath a GMB.
Tab. IV – Stime della trasmissività della zona essiccata in una barriera di argilla compattata al di sotto di una geomembrana.

GCL kLa = 5x10-11 m/s, kLa = 2x10-10 m/s, θ = 3x10-11 m2/s, wrinkle 2b = 0.3m, L=200 m
* Leakage limit imposed by Bernoulli’s equation  for the head and hole size indicated

Subgrade
below GCL ks 

GMB hole area
aGMB

GCL-opening area 
aGCL

Q

Case GMB hole GCL defect (m/s) (m2) (m2) (lphd)

H1a   11.3mm dia 25mm-dia ∞ 1×10-4 2×10-3 13,000*

H1b   11.3mm dia 25mm-dia 1×10-1 1×10-4 2×10-3 13,000*

H1c   11.3mm dia 25mm-dia 1×10-2 1×10-4 2×10-3 2600

H1d   11.3mm dia 25mm-dia 1×10-3 1×10-4 2×10-3 284

H1e   11.3mm dia 25mm-dia 1×10-4 1×10-4 2×10-3 50.9

H1f   11.3mm dia 25mm-dia 1×10-5 1×10-4 2×10-3 27.6

H1g   11.3mm dia 25mm-dia 1×10-6 1×10-4 2×10-3 25.3

H2a   11.3mm dia Gap 0.05m×20m 1×10-4 1×10-4 1 13,000*

H2b   11.3mm dia Gap 0.05m×20m 1×10-5 1×10-4 1 1,300

H2c   11.3mm dia Gap 0.05m×20m 1×10-6 1×10-4 1 155

H2d   11.3mm dia Gap 0.05m×20m 1×10-7 1×10-4 1 38
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ARDSON, 2005; THIEL et al., 2006; ROWE, 2012; ROWE et 
al., 2018; BRACHMAN et al., 2018), and a phenomena 
called down-slope erosion which removes the ben-
tonite from the GCL at discrete locations, especially 
below wrinkles [ROWE et al., 2014a, 2016a,b; TAKE et 
al., 2015a,b; BRACHMAN ET al. 2015; RENTZ et al.; 2016; 
ROWE and LI, 2016a,b]. 

These problems can be completely avoided by 
covering of the liner in a timely manner as recom-
mended by GCL manufacturers. 

In the event that this is not possible there are 
some GCL products much less prone to shrinkage 
and down-slope erosion [ASHE et al., 2014; Rowe et 
al., 2014b : 2016a,b] that may be used. Irrespective 
of the product used, it is highly recommended that 
GCLs covered by a GMB be placed with a 0.3 m over-
lap between adjacent panels (more at the end of 
panels) and with sufficient supplemental bentonite 
to provide a good reliable and consistent seam below 
any remaining wrinkles when the GMB is covered. 

On steep side slopes, another option is to en-
capsulate the GCL between two plastic layers. In 
these cases, the design should be on the basis of the 
GCL hydraulic conductivity and GMB/GCL trans-
missivity where the GCL hydrates with the proposed 
leachate. 

In the event that a hole due to downslope-ero-
sion occurs or there is a separation of panels then a 
gap/hole forms (referred to here as the “GCL-open-
ing” to distinguish it from a GMB hole), the effect of 
this gap/hole on leakage will depend on:
a) whether a hole in the GMB is hydraulically con-

nected to the GCL-opening. This will occur if 
the GCL-opening is directly below the hole or a 
holed-wrinkle, or if it is within the wetted radius 
of a hole or holed-wrinkle in the GMB; and

b) the hydraulic resistance of the soil or other ma-
terials directly below the GCL at the location of 
the GCL-opening.
Considering the simplest case of a composite pri-

mary liner (for hw = 0.3 m) over a leak detection sys-
tem (Fig. 2a). If GCL-opening occurs and aligns with 
a hole in the GMB or a holed-wrinkle, then the leak-
age will be governed by Bernoullis’ equation (Eq. 1) 
and the size of the hole in the GMB if that hole is 
smaller than the GCL-opening. Thus, for example, 
a median hole with 11.3 mm-diameter would allow 
a leakage of about 13,000 lphd (Case H1, Tab. V). 

If the same 11.3 mm-diameter GMB hole in a 200 
m x 0.2 m wrinkle intersected/overlay a GCL-open-
ing for a GCL on a subgrade with hydraulic conduc-
tivity ks, then for a 25 mm-diameter downslope ero-
sion hole, the leakage would range from 13000 lphd 
(limited by the GMB-hole) for ks = 10-1 m/s (Case 1b, 
Tab. V), 284 lphd for ks = 10-3 m/s, 27.6 lphd for ks 
= 10-5 m/s, and 25.3 lphd for ks = 10-6 m/s. The lat-
ter approaches the leakage with no defect (25 lhpd; 
Case 2a, Tab. III). 

Now consider shrinkage that causes a gap aver-
aging 0.05 m wide and 20 m long (as observed at 
the Queen’s University environmental liner test site 
(QUELTS; BRACHMAN et al., 2007; 2018; ROWE et al., 
2018) on a subgrade with hydraulic conductivity ks 
and located intersecting or totally below the 11.3 
mm-diameter holed-wrinkle (200 m x 0.2 m). In this 
case the leakage would range from 13000 lphd (lim-
ited by the GMB-hole) for ks = 10-4 m/s (Case 2a, 
Tab. V), 1300 lphd for ks = 10-5 m/s, 155 lphd for ks = 
10-6 m/s, 38 lphd for ks = 10-7 m/s, and 26.3 lphd for 
ks = 10-8 m/s. The latter approaches that with no de-
fect (25 lphd; Case 2a Tab. III). 

From the foregoing it follows that while GCL 
defects should be avoided, a limited number of de-
fects can be tolerated without massively increasing 
the leakage provided that the subgrade below the 
defect is not too permeable. Indeed it is likely that 
if these defects do occur, they would go undetected 
(i) for a double lined system if the defect is not too 
severe (i.e. leakage is within the range reported by 
BECK [2015], or (ii) for a single composite liner rely-
ing on discretely located monitoring wells to detect 
leakage. What is meant by “too permeable” will de-
pend on the size of the GCL defect (e.g., see Tab. V), 
the k of the soil below the GCL, and the allowable 
leakage. From the forgoing, a 1m2 gap between pan-
els gave a calculated leakage of 155 lphd (Case H2c, 
Tab.V) on a subgrade at 10-6 m/s. To put this in con-
text, it is less than 165 lphd calculated for average 
CCL (10-9 m/s) with a good GMB/CCL interface 
and falls well within the range of leakages reported 
by BECK (2015). This illustrates that a composite liner 
with GCL is fairly robust and can withstand a limited 
number of defects and still perform well.

7. Diffusion of contaminants through soils

Diffusion is a process involving the movement 
of molecules or ions in air, water or a solid (e.g., a 
GMB) as a result of their own random movements 
from a region of higher concentration to a region of 
lower concentration. It can occur without any bulk 
air or water movement (i.e., without advection) or 
even against a small counter advective flow [ROWE et 
al., 1993; 2000]. For many practical situations [ROWE 
et al., 2004], contaminant transport through the soil 
component of barrier systems can be modelled by 
solving the equation for one dimensional contami-
nant transport of a single reactive solute through a 
porous media: 

 
 

t
cKρ

z
cnD

t
cn dd2

2

e �
�

�
�
�

�
�
�

 [5]

subject to appropriate boundary and initial condi-
tions, where c (mg/l) is the concentration at depth 
z and time t; n (-) is the effective porosity; De (m2/s) 
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is the effective diffusion coefficient; ρd (kg/m3) is the 
dry density; and Kd (m3/kg) is the partitioning coef-
ficient. ROWE et al. [2004] discuss how the parameters 
are obtained and documents published values of n, 
De, and Kd.

Considerable progress was made in the 20th Cen-
tury in understanding the role of diffusion in natu-
ral clays deposits [DESAULNIERS et al., 1981; QUIGLEY et 
al., 1983; ROWE and SAWICKI 1992] that occurred over 
a period of 10,000-12,000 years since the soil was de-
posited with the retreat of the last ice age from South-
ern Ontario (Canada). Excellent data has also been 
obtained with respect to diffusion through natural 
clay from landfills [GOODALL and QUIGLEY, 1977, QUIG-
LEY and ROWE, 1986 ; ROWE et al., 1988 1989; YANFUL 
et al., 1988a,b ; BARONE et. al., 1989] and compacted 

clay liners [BARONE et al., 1992; KING et al., 1993, OTH-
MAN et al., 1996, ROWE et al., 2004; ROWE, 2005; LAKE 
and ROWE, 2005a]. This work has been summarized 
by ROWE et al. [2004] and will not be repeated here. 

This century considerable progress also has been 
made in understanding diffusion of both inorganic 
[LAKE and ROWE, 2000(a-b); LANGE et al., 2007; 2009; 
2010] and organic contaminants through GCLs 
[LAKE and ROWE, 2004; 2005b]. 

8. Diffusion of contaminants through geomem-
branes (GMBs)

Provided the leakage is limited, the primary trans-
port for some contaminants though a GMB is by mo-

Dg Sgf Pg Reference

(m2/s) (-) (m2/s)

Chloride - ≈ 0 < 4×10-18 This paper

BPA1 - ≈ 0 < 2.9×10-15 SAHELI et al. [2016]

MWCNT2 - ≈ 0 < 5.1×10-15 SAHELI et al. [2017]

Benzene 1.1 × 10-13 110 1.2 × 10-11 JONES and ROWE [2016]

Toluene 1.0 × 10-13 200 2.0 × 10-11 “

Ethylbenzene 9.0 × 10-14 420 3.8 × 10-11 “

M&P Xylene 9.0 × 10-14 650 5.9 × 10-11 “

O-Xylene 9.0 × 10-14 480 4.3 × 10-11 “

Phenol 1.7×10-14 3.5 5.9×10-14 SAHELI et al. [2016]

Methylphenols

2-MP 9.3×10-14 0.61 5.6×10-14 SAHELI et al. [2016]

4-MP <2.3×10-14 3.9 <8.9×10-14 “

2,4-DMP 2.9×10-14 2.0 5.9×10-14 “

3,4-DMP 3.5×10-14 0.83 2.9×10-14 “

Chlorophenols

2-CP 2.3×10-14 0.93 2.2×10-14 “

4-CP 1.6×10-14 1.5 2.4×10-14 “

2,4-DCP 6.4×10-14 8.6 5.5×10-13 “

2,4,6-TCP 1.6×10-14 21 3.4×10-13 “

2,3,5,6-TeCP <1.4×10-14 21 <2.9×10-13 “

2,3,4,6-TeCP 9.3×10-15 31 2.9×10-13 “

PCP 9.3×10-15 31 2.8×10-13 “

PCB3 1 × 10-14 150,000 1.5×10-10 ROWE et al. [2016c]

PBDE4 3.7 × 10-15 1,800,000 6.7×10-9 ROWE et al. [2016d]

Tab. VI – Some recent HDPE diffusion parameters at room temperature (rounded to 2-signifcant digits) Sgf ≈ 0 implies ne-
gligibly low (too small to measure).
Tab. VI – Alcuni recenti parametri di diffusione dell’HDPE a temperatura ambiente (valori arrotondati a 2 cifre significative) Sgf ≈ 0 
significa che è basso e pertanto trascurabilmente (troppo piccolo per essere misurato).

1 BPA = Bisphenol-A
2 MWCNT = Multiwall carbon nanotubes
3 PCB = Polychlorinated biphenyl 
4 PBDE  = Polybrominated diphenyl ether (DE-71 mixture of six congeners); values vary depending on specific congener
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lecular diffusion. As described in more detail by ROWE 
[2005], and briefly summarized here, this diffusion 
through a GMB is a molecule activated process which 
occurs by molecules jumping over a series of poten-
tial barriers, following the path of least resistance with-
in the molecular structure of what to the eye is a sol-
id GMB. For contaminants in a dilute aqueous solu-
tion being contained by a GMB, it involves three steps 
[HAXO and LAHEY, 1988; PARK and NIBRAS, 1993 ; PRASAD 
et al., 1994; SANGAM and ROWE, 2001]: (i) partitioning 
of the contaminant molecule between the source solu-
tion and contacting surface of the GMB (adsorption); 
(ii) diffusion of the contaminant molecule through 
the GMB; and (iii) partitioning of the contaminant 
molecule between the outer surface of the GMB and 
the outer, receptor, solution (desorption). This con-
taminant diffusion involves a cooperative rearrange-
ment of the contaminant molecules within the GMB 
near polymer chain segments and requires an availa-
ble localization of energy to allow a diffusive jump of 
the contaminant molecule in the polymer structure. 
The contaminant molecule and part of the polymer’s 
molecular chain may share some common space both 
before and after the jump. The rate of diffusion will 
depend on the available energy (temperature) and 
the size and shape of the contaminant molecule. 

In the first and third stage, where the GMB is in 
contact with a aqueous solution, the concentration 
at the surface of the GMB, cg (mg/l), can be related 
to the concentration in the solution, cf (mg/l), by a 
relationship analogous to Henry’s law:

 cg = Sgf cf  [6]

where the partitioning coefficient, Sgf (-) is generally 
a constant for a given contaminant and GMB at the 
temperature of interest. The most commonly pub-
lished values for Sgf are for a dilute aqueous solution 
in contact with the GMB. This can be related to the 
value in air by the traditional Henry’s coefficient, 
Haf such that the partitioning coefficient from air to 
GMB is given by

 Sga = Sgf / Haf  [7]

At the second stage of the diffusive migration, 
diffusion of the sorbed contaminant within the GMB 
can be described by Fick’s first law:

 D-f d
dc
dz

g�   [8]

where, f (g/m2/s) is the mass flux, Dg (m2/s) is the 
diffusion coefficient in the GMB, cg (g/m3) is the 
concentration of diffusing contaminant in the GMB, 
and z(m) is the direction parallel to the direction of 
diffusion. For steady state conditions a particularly 
useful form of equations 7 and 8 can be used in hand 
calculations of the mass flux through a GMB is:

 f = Sgf Dg  = Pg  = ∆cg   [9]

where Pg = Sgf Dg (m2/s) is called the permeation co-
efficient, ∆cg (g/m3) is the difference in contami-
nant concentration on the two sides of the GMB, 
and H (m) is the thickness of the GMB, and the ra-
tio Pg/H (m/s) is a measure of the diffusive resistan-
ce offered by the GMB (the lower the better). Rowe 
et al. [2004] discuss how these parameters are obtai-
ned and document published values of Sgf , Dg, and Pg 
available prior to 2004. 

A method of establishing the diffusion proper-
ties of a GMB used by the author involves a diffusion 
cell where a source compartment is separated from 
a receptor compartment by the GMB (Fig. 15). The 
concentration in the source and receptor are moni-
tored with time. It can be shown that the data from 
the two compartments can be used to infer both Sgf 
and Dg [SANGAM and ROWE, 2001; ROWE et al., 2004]. 
The early time rate of decrease in the source is pri-
marily a function of Sgf while the rate of increase in 
the receptor is primarily a function of Pg (i.e., both 
Sgf and Dg). Thus, qualitatively, a rapid drop in the 
source usually means a high Sgf while a negligible 
drop usually means a very low Sgf (Sgf < < 1). A rapid 
increase in concentration in the receptor concentra-
tion usually means a relatively high Dg while a negli-
gible increase usually means either a very low Dg or 
very high Sgf ; which can be distinguished by consid-
ering both the source and receptor. A rapid rate of 
decrease in the source and negligible increase in the 
receptor usually mean a very high Sgf while a simi-
lar decrease in source and rapid increase in receptor 
signals a modest Sgf and relatively high Dg. This qual-

Fig. 15 – Diffusion cell and schematic for diffusion of vola-
tile organic compounds through a GMB.
Fig. 15 – Cella di dispersione e schema della diffusione di 
composti organici volatili attraverso una geomembrana. 
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itative explanation is given here to provide context 
to the following discussion. Modelling [ROWE et al., 
2004] of the test allows the explicit quantification of 
both Sgf and Dg. 

The permeation coefficient, Pg, is highly de-
pendent on the similarity of the contaminant and 
GMB polymer. HDPE is non-polar and hydropho-
bic. ELOY-GIORNI et al. [1996] reported that for wa-
ter-HDPE, Sgf = 8×10-4 and Dg = 2.9×10-13 m2/s giv-
ing a very low Pg = 2.3 × 10-16 m2/s. The author has 
been running a chloride diffusion test through a 
2 mm-thick HDPE GMB for the last 25 years (still 
ongoing) and the concentration in the receptor is 
still below a detection limit equal to 0.01% of the 
source concentration. Because there is no measur-
able loss of chloride from the source, the value of 
the partitioning coefficient (Sgf) is unmeasurable 
low (i.e., negligible; Sgf << 1 with Sgf  0). Based on 

the detection limit and the length of the test one 
can infer an upper bound for the permeation coef-
ficient Pg < 4×10-18 m2/s for chloride-HDPE (Tab. 
VI) and similarly for sodium. Consistent with this 
chloride result, and based on 4 years of testing, AU-
GUST et al. [1992] found that there was negligible dif-
fusion of heavy metal salts (Zn2+, Ni2+, Mn2+, Cu2+, 
Cd2+, Pb2+) from a concentrated (0.5M) acid solu-
tion (pH=1-2) through HDPE. Given the very low 
Sgf, ions like chloride, sodium, and the heavy metals 
are unlikely to diffuse significantly as ions through 
an HDPE GMB and their dominate means of escape 
is by advection (leakage).

Recent research into diffusion of contaminants 
through HDPE GMBs has included several contam-
inants of emerging concern. These include the or-
ganic contaminant bisphenol-A (BPA) which has 
been extensively used in polycarbonate and epoxy 

* Ratio of Pg/H for a product to that of LLDPE/EVOH/LLDPE++
+,++ are for the same GMB in has same test but the second value is after 4.3 additional years of testing
JONES and ROWE [2016]
MCWATTERS and ROWE [2009]
MCWATTERS and ROWE [2010]- +after 2.2 years of testing
SANGAM and ROWE [2001]
MCWATTERS and ROWE [2015]- ++ after 6.5 years of testing

Barrier
Thickness

(mm)
Dg

(m2s-1)
Sgf

(-)
Pg

(m2s-1)
Pg /H
(ms-1)

Ratio* Ref.

VB4-PE 0.35 1.0×10-13 500 5.0 × 10-11 2.3×10-7 850 a

Nylon VBP15 0.38 0.7× 10-13 120 8.5 × 10-11 2.2×10-7 815 c

VB2-PE 0.37 1.4×10-13 590 8.3 × 10-11 2.2×10-7 815 a

VB1-PE 0.28 1.0×10-13 575 5.8 × 10-11 2.1×10-7 780 a

VB3-PE 0.36 1.2×10-13 530 6.4 × 10-11 1.8×10-7 670 a

PVC 0.76 1.0 × 10-12 130 13 × 10-11 1.7×10-7 630 b

LLDPE 0.53 4.0 × 10-13 180 7.0 × 10-11 1.3×10-7 480 c

PVC 1.02 1.0 × 10-12 120 1.2 × 10-10 1.2×10-7 440 a

LLDPE 0.76 4.0 × 10-13 200 8.0 × 10-11 1.1×10-7 410 b

PET1 0.84 2.1 × 10-13 220 4.6 × 10-11 5.5×10-8 200 a

PET2 0.81 1.8 × 10-13 245 4.4 × 10-11 5.4×10-8 200 a

LLDPE 1.14 3.5 × 10-13 155 5.4 × 10-11 4.7×10-8 170 a

CSPE 1.14 2.7 × 10-13 140 3.8 × 10-11 3.3×10-8 120 a

HDPE 0.79 1.1 × 10-13 200 1.2 × 10-11 1.5×10-8 56 a

HDPE 2.0 3.5 × 10-13 30 1.1 × 10-11 5.3×10-9 20 d

LLDPE/EVOH/
LLDPE+ 0.53

< 0.09 × 
10-13 200

< 0.18 × 
10-11 < 8 ×10-9 c

LLDPE/EVOH/
LLDPE++ 0.53 0.008× 10-13 173 0.014 × 10-11 2.7 ×10-10 1 e

Tab. VII – Comparison of best estimate partitioning coefficient, Sgf, diffusion coefficient, Dg, and permeation coefficient, Pg, 
for benzene and a range of vapour barriers  at 22oC (modified from JONES and ROWE, 2016).
Tab. VII – Confronto fra le migliori stime del coefficiente di ripartizione, Sgf, coefficiente di diffusione, Dg e coefficiente di permeazione, Pg, 
per il benzene e una gamma di barriere al vapore a 22 °C (modificato da JONES e ROWE, 2016).
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resin production and has become a concern be-
cause of its potential impact on human health (e.g., 
the prostate gland in fetuses, infants, and children) 
and the environment [SAHELI et al., 2016]. Products 
containing BPA are disposed in landfills. Like chlo-
ride, diffusion tests conducted for over 4 years in 
contact with HDPE observed negligible reduction in 
the source concentration and hence the partitioning 
coefficient (Sgf) was unmeasurable low (i.e., negligi-
ble; Sgf << 1). Based on the detection limit and the 
length of the test an upper bound for the permea-
tion coefficient of Pg < 2.9×10-15 m2/s was deduced 
for PBA-HDPE (Tab. VI; SAHELI et al., 2016). Given 
the very low Sgf, BPA is unlikely to diffuse significant-
ly through an HDPE GMB and its dominant means 
of escape is by advection (leakage).

Multiwall carbon nanotubes, MWCNTs range 
from about 2.5 nm to 50 nm in diameter and from 
a few tens of nm to several µm in length. They have 
unique electrical, mechanical and thermal charac-
teristics that are exploited in polymer, metal, and 
ceramic composites which are ultimately disposed 
in landfills. There are environmental concerns re-
garding MWCNTs reaching ground and surface wa-
ters [SAHELI et al., 2017]. Diffusion tests conducted 
for over almost 2 years in contact with a HDPE GMB 
did not show any measurable diffusion or partition-
ing of MWCNTs with the partitioning coefficient 
(Sgf) being unmeasurable low (i.e., negligible; Sgf << 
1). Based on the detection limit and the length of 
the test an upper bound for the permeation coef-
ficient of Pg < 5.1×10-15 m2/s was deduced for MW-
CNT-HDPE (Tab. VI; SAHELI et al., 2017). Given the 
very low Sgf, MWCNT is unlikely to diffuse significant-
ly through an HDPE GMB and its dominant means 
of escape is by advection (leakage).

Unlike the contaminants discussed above, aro-
matic hydrocarbons like benzene, toluene, ethylben-
zene and xylene (known as the BTEX compounds) 
all deplete very appreciably in the source and, for 
HDPE, can be detected in the receptor of a diffusion 
test in less than two weeks. This is reflected by 100 
< Sgf < 700 and Dg ≈ 1.0×10-13 m2/s which is in the 
range where there is considerable potential for dif-
fusion through HDPE GMBs and hence contamina-
tion of aquifers and vapour intrusion of these vola-
tile organic compound (VOCs) into buildings (to be 
discussed below). 

In contrast, to the BTEX compounds, the phe-
nolic compounds (i.e., phenol, methylphenols, and 
chlorophenols listed in Tab. VI) all have a relative-
ly modest Sgf (0.6 <Sgf <31) and 1×10-14 m2/s < Dg < 
1×10-13 m2/s which combined give Pg values about 3 
orders of magnitude less than those for the BTEX 
compounds and this means that, relatively speaking, 
they are less mobile than the BTEX group (but far 
more mobile than chloride, heavy metals, BPA and 
MWCNTs). 

The last group of compounds to be considered 
are polychlorinated biphenyls (PCBs, once widely 
used but now banned) and polybrominated diphe-
nyl ethers (PBDEs, flame retardants that have been 
used in many household products). These com-
pounds are of major concern because they (i) bio-
accumulate, (ii) have heath impacts, and (iii) are 
very stable and resist degradation. They have rela-
tively low Dg (e.g., bulk 3×10-15 m2/s < Dg < 1×10-14 
m2/s; Tab. VI) but remarkably high Sgf (150,000 < 
Sgf < 1,800,000) which means that they are attracted 
to the GMB but very reluctant to leave (despite the 
very high Pg values). A soon to be published study of 
a PCB storage facility after 25 years operations has 
shown that the GMB was extremely effective at cap-
turing and preventing further notable migration of 
PCBs. HDPE GMB can be expected to be even more 
effective for PBDEs in a modern landfill. Thus al-
though they have a high Pg, these contaminants are 
in fact very well retained by a HDPE GMB in a land-
fill where the amount of contaminant is limited. 

Thus for different reasons, a HDPE GMB in a 
landfill can be expected to be a very good barrier 
to the diffusive transport of water, ions like chloride 
(and its companion sodium), heavy metals, BPA, and 
MWNCT, PCBs (based on up to 25 years field data) 
and PBDE. In contrast, the BTEX group of aromat-
ic hydrocarbons can migrate very quickly through 
HDPE. Thus, even with negligible leakage, VOCs 
can readily diffuse through conventional GMBs and 
this may be especially problematic where there is an 
unsaturated permeable zone below a less permeable 
cap layer and thin (e.g., GMB/GCL) barrier system 
such as is often used on steeper side slopes. The de-
sign must either:
a) use a sufficient thickness of attenuation layer to 

control the diffusion to acceptable levels (e.g., 
see ROWE et al., 2004; ROWE and BRACHMAN, 2004; 
LAKE and ROWE, 2004), or/and

b) use a GMB resistant VOC diffusion (e.g. PE/
EVOH/PE). 

9. Remediation and Brownfield development – 
an emerging role for new GMBs

Hydrocarbons have contaminated considerable 
volumes of land over the past 80 years. Often that 
land is left destitute until its value becomes such that 
the cost of clean-up is no longer an inhibition to its 
redevelopment. However, despite clean-up, the re-
mediated soil is often left with residual volatile or-
ganic hydrocarbons such as BTEX, perchloroeth-
ylene (PCE) and trichloroethylene (TCE). Vapour 
barriers have been historically used to minimize 
moisture movement into building but are now being 
used as contaminant barriers. This begs the question 
as to how effective they are for limiting the diffusion 



29

OTTOBRE - DICEMBRE 2018

SIXTEENTH CROCE LECTURE - ENVIRONMENTAL GEOTECHNICS: LOOKING BACK, LOOKING FORWARD

of VOCs such as BTEX, PCE and TCE given the find-
ings of the previous section.

By diffusing through vapour barriers and cracks 
in concrete floors and concentrating in the indoor 
air space of home basements and buildings, VOCs 
can become a human health hazard [JOHNSON et al., 
2002]. An effective barrier for preventing VOC mi-
gration must be able to keep the peak indoor air 
quality of a building below the guidelines. In the case 
of benzene, for example, the concentrations should 

be kept below the U.S. National Institute Occupa-
tional Safety and Health’s (NIOSH) recommended 
exposure limit (REL) of 3.2 mg/m3 (Centers for Dis-
ease Control and Prevention 2015). 

JONES and ROWE [2016] examined the diffusive 
properties of four polyethylene based vapour barriers 
and six different GMBs with respect to BTEX (e.g., as 
given for benzene in Tab. VII). MCWATTERS and ROWE 
[2009; 2010] considered a number of GMBs/vapour 
barriers and their results are also presented in table 

Fig. 16 – Placement of a GCL and GMB composite liner for a Biopile in Antarctica to be covered with a protection layer and 
then hydrocarbon contaminated soil (photo courtesy of R. McWatters).
Fig. 16 – Posizionamento di una barriera composita costituita da un sistema argilla-geosintetico (GCL) e da una geomembrana (GMB) 
per un trattamento in biopile in Antartide da rivestire con uno strato di protezione e quindi con terreno contaminato da idrocarburi.

Fig. 17 – Biopile in Antarctica covered with a geotextile to prevent windblown loss of hydrocarbon contaminated soil.
Fig. 17 – Trattamento in biopile in Antartide ricoperto da un geotessile per prevenire la perdita di terreno contaminato da idrocarburi per 
effetto del vento.  
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VII. As discussed in the 
context of equation 9 
earlier, the ratio of the 
vapour barrier/GMB 
permeation coefficient 
to thickness Pg/H is a 
measure of the diffusive 
resistance offered (the 
lower the better). Com-
paring Pg/H, all four 
vapour barriers exam-
ined by JONES and ROWE 
[2016] performed com-
parably and similar to 
the nylon examined by 
MCWATTERS and ROWE 
[2010]. Of the mon-
olithic and compos-
ite GMBs in table VII, 
HDPE had the lowest Pg 
and greatest diffusive re-
sistance to BTEX, while 
PVC had highest Dg (by 
an order of magnitude 
compared to HDPE) 
and the least diffusive 
resistance to BTEX. LL-
DPE (linear low densi-
ty polyethylene), CSPE 
(chloro-sulphonated 
polyethylene) and two 
ketone ethylene ester/
ethylene interpolymer 
alloy GMBs performed 
similarly, bounded by 
HDPE and PVC. 

None of the vapour barriers or traditional GMBs 
in table VII are especially good diffusive barriers to 
volatile organic compounds. This has led to the de-
velopment of new co-extruded GMBs for use in this 
application. MCWATTERS and ROWE [2010; 2015] ex-
amined a 0.53 mm-thick coextruded GMB with LL-
DPE outer layers and inner ethylene vinyl alcohol 
(EVOH) core. The GMB was so effective that after 
2.2 years testing MCWATTERS and ROWE [2010] could 
only estimate an upper bound to the permeation co-
efficient and other diffusive parameters but, after 
6.5 years testing, best estimate parameters were ob-
tained [MCWATTERS and ROWE, 2015] with a Pg about 
two orders of magnitude lower than that for HDPE 
and 3 orders of magnitude lower than for PVC (Tab. 
VII). Consequently, even a relatively thin (0.53 mm-
thick) co-extruded LLDPE/EVOH/LLDPE materi-
al had a diffusive resistance 20 times better (lower) 
than a 2 mm HDPE, 55 times lower than a 0.79 mm 
HDPE, and 480 times lower than a similar 0.53 mm-
thick LLDPE. The relative diffusive resistance of the 
various products is indicated by the ratio of Pg/H val-
ues in table VII, where the ratio indicates the mass 
flux through the vapour barrier/GMB relative to the 
0.53 mm-thick co-extruded LLDPE/EVOH/LLDPE 
(the smaller the ratio the better the resistance) for a 
given difference in contaminant concentration, ∆cg, 
on the two sides of the vapour barrier/GMB. The 
0.53 mm-thick co-extruded LLDPE/EVOH/LLDPE 
is 500-800 times better as a diffusive barrier than the 
traditional vapour barriers listed in table VII.

Just as one can model the escape of VOCs dif-
fusing through a landfill bottom liner or cover, so 
too one can model their ingress and build up in 
building from residual contaminant in the under-
lying soil. JONES and ROWE [2016] showed how one 
can evaluate different vapour barriers and GMBs by 
modelling, using the measured thickness and diffu-
sion and partitioning coefficients, a warehouse situ-
ated over remediated soil. They reported that none 
of the traditional vapour barriers examined main-
tained the benzene concentration to an acceptable 
level and only 0.79 mm (or greater) HDPE or a 0.53 
mm co-extruded LDPE/EVOH/ LLDPE were an ad-
equate barrier in their example case. 

As an example of a practical application, MCWAT-
TERS et al. [2018] evaluated a traditional LLDPE and 
a coextruded extrude LLDPE/EVOH/LLDPE for 
use in constructing a building over remediated (hy-
drocarbon contaminated) foundation soil in Antarc-
tica using a vapour intrusion model similar to that 
used by JONES and ROWE [2016]. They showed that 
the LLDPE/EVOH/LLDPE barrier was consistently 
superior at reducing diffusive migration of benzene, 
xylenes and naphthalene compared to a more tradi-
tional LLDPE. The building was recently construct-
ed using the LLDPE/EVOH/LLDPE barrier and is 
reported to be performing well. 

Fig. 18 – The author wor-
king on a the edge of the 
biopile composite liner in 
Antarctica. Note very gra-
nular and non-ideal nature 
of the subgrade in the fore-
ground.
Fig. 18 – L’autore lavora su un 
bordo della barriera composita 
del trattamento in biopile, in 
Antartide. In primo piano, si 
noti la natura granulare e non 
ottimale del sottofondo. 

Fig. 19 – Exhumation of a biopile showing GCL and frozen 
very coarse subgrade (photo courtesy of R. McWatters).
Fig. 19 – Dissotterramento di un trattamento in biopile, che 
mostra la barriera argilla-geosintetico (GCL) ed il sottofondo 
molto grossolano, congelato.
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Composite liners have been used successfully 
with a GCL as part of a composite liner (Fig. 16) to 
contain hydrocarbon contaminated soil in biopiles 
while it is remediated in Antarctica [MCWATTERS et 
al.. 2015; 2016]. In this application the contaminat-
ed soil is placed over the composite liner, fertilizer is 
added, and the biopile is covered with a geotextile 
to prevent windblown escape of contaminated soil 
(Fig.17). The liner is crucial to prevent the escape of 
hydrocarbon contaminated and nutrient rich (from 
the fertilizer) leachate into the very granular sub-
grade (Figs.18 and 19). Figure 20 shows the installa-
tion and welding of a 1.5 mm-thick HDPE/EVOH/
HDPE GMB that has been used to prevent any diffu-
sion of hydrocarbons from the biopile. The leachate 
is recirculated to encourage activity by native Antarc-
tic bacteria which break down the hydrocarbons in 
the soil with a half-life for total petroleum hydrocar-
bons of about 12 months despite the fact that the 
biopiles are frozen about nine months of the year 
(Figs. 19 and 21) leaving only about 3 months for bi-
odegradation. Monitors below the biopiles indicate 
that there has been no advective or diffusive escape 
of hydrocarbons from the biopiles (McWatters, pers. 
comm). However, these Antarctic conditions are es-
pecially severe on geosynthetics as will be discussed 
in more detail in a forthcoming paper. 

The forgoing illustrates how innovation contin-
ues in the geosynthetic discipline and in addition 
to the coextruded GMB cited above, other prod-
ucts and contaminants are being developed so look-
ing forward we can expect some significant advance 
in available materials and applications. Also, while 
these new materials have proven excellent as barri-

ers for BTEX, more research is needed to evaluate 
their usefulness of other contaminants such as PCE, 
TCE etc. 

10. Closing discussion and Conclusions

Looking back, some of the considerable advanc-
es since the advent of environmental geotechnics, al-
beit primarily from a landfill barrier system perspec-
tive, have been discussed. In many respects, knowl-
edge has matured substantially with regard to lea-
chate collection systems (LCSs), compacted clay lin-
ers (CCLs), geosynthetic clay liners (GCLs), and ge-
omembranes (GMBs) over the past three to five dec-
ades. That said, going forward the paper has sought 
to show that there are still significant challenges to 
address from both the perspective of the applica-
tion of existing knowledge more consistently in en-
gineering practice as well as areas in need of more 
research. 

Despite the very important advances made in un-
derstanding the performance of barrier system com-
ponents, the paper has highlighted the fact that too 
little attention is generally being paid to the inter-
actions between the components of the system and 
how they can degrade or improve overall system per-
formance and consequent environmental protec-
tion. 

Leakages many orders of magnitude larger 
than would be expected based on typical design 
calculations have been observed through the pri-
mary composite liner in generally well (by North 
American standards) constructed and monitored 
double composite landfill liners, with good con-
struction quality assurance (CQA). This is not be-
cause the typical leakage calculations, in and of 
themselves, are fundamentally wrong but because 

Fig. 20 – Welding a 1.5 mm co-extruded HDPE/EVOH 
GMB as part of a composite liner system for a 6 m x 55 
m biopile in Antarctica. The barrier system will contain 
hydrocarbon contaminated soil and leachate (photo 
courtesy of R. McWatters).
Fig. 20 – Raccordo di una geomembrana HDPE/EVOH 
coestrusa, dello spessore di 1.5 mm, parte di un sistema di 
barriera composito per un trattamento in biopile di dimensioni 6 
m x 55 m, in Antartide.

Fig. 21 – Biopiles in Antarctica are frozen about 9 months 
of the year and active about 3 months of the year (photo 
courtesy of R. McWatters).
Fig. 21 – I trattamenti in biopile in Antartide sono ghiacciati per 
circa 9 mesi all’anno e sono attivi nei restanti 3 mesi dell’anno.
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the typical assumptions are wrong. This is in part 
an issue of design, and part an issue of construc-
tion and CQA. The root of the problem is part-
ly due to some practitioners not being aware of 
the issues but in part because of decisions to mini-
mize short-term cost at the expense of much high-
er long-term cost (usually paid by society and not 
the facility owner). The first can be addressed by 
practitioners keeping up-to-date (education). The 
second will require regulations to be tightened to 
reflect the knowledge of the 21st Century rather 
than that of the 1980’s and 1990’s when most reg-
ulations written were based on, what we now know 
was, a somewhat simplistic understanding of how 
barrier systems work. Much has been learned since 
then! Examples of areas where a much more con-
sistent application of existing knowledge (as it al-
ready implemented in a limited number of places) 
are noted below:
1) With the right soil and good construction, CCLs 

can readily achieve the typical design kL = 1×10-

9 m/s, many often achieve kL = 5×10-10 m/s, and 
some have kL ~ 3-5×10-11 m/s after consolida-
tion in landfill applications. However, in the au-
thor’s experience, the good design and construc-
tion needed to achieve these numbers are not as 
common as they should be. Good specifications 
and qualified visual inspection during CCL con-
struction is needed to achieve a good CCL. 

2) While desiccation of a CCL can be controlled be-
fore it is covered, once it is covered by a GMB 
unobserved desiccation can occur very quickly if 
the GMB is left in the sun (especially, but not 
solely, a below black GMB). While limited des-
iccation (e.g., 0.3 to 1 cm deep cracks with crack 
openings of only 0.1 mm to 0.2 mm) may not sig-
nificantly affect the CCL vertical bulk hydraulic 
conductivity, they can significantly increase the 
GMB/CCL interface transmissivity reducing the 
performance of a composite liner and substan-
tially increasing leakage through any hole in the 
GMB or a holed-GMB-wrinkle. The problem can 
be addressed by:
a.  covering the GMB before exposure to signif-

icant temperatures due to solar radiation; or, 
if it cannot be covered quite so quickly,

b. using a white GMB and a white geotextile 
protection layer, and covering with ballast/
drainage layer as quickly as possible to re-
duce (but, depending on expose, not elimi-
nate) the problem; or, if solar heating of the 
GMB cannot be avoided, another possible 
means of mitigating the effects of desicca-
tion of the CCL is 

c. the use of a GCL between the GMB and CCL 
(but remember to check stability of all inter-
faces under realistic hydration and loading 
conditions). 

3 Leakage through a GMB forming part of a com-
posite liner will depend on holes in the GMB 
but especially holes in wrinkles which spread the 
leachate over a much larger area than a hole in 
direct contact ever could. This will increase the 
leakage even with a perfect underling clay liner. 
Based on the author’s interpretation of report-
ed primary liner monitoring data [BECK, 2015], 
even with good CQA but no leak location sur-
vey, there is about a 50% probability that there 
will be a notable hole in a wrinkle of length of 
about 200 m per hectare (and likely longer with-
out good CQA). The length of buried wrinkles 
needs to be minimized if low leakages are re-
quired. No wrinkles should be the objective of 
installation but it is rarely achieved. What is ac-
ceptable wrinkling will depend on the allowa-
ble leakage for the project and the nature of the 
clay liner. In any event, the area below wrinkles 
should generally (a) be less than about 8% of the 
area to be covered at the time of covering, and 
(b) have a height no greater than 50-60 mm at 
time of covering. 

4. Including an electrical leak location survey in 
the CQA both before and after the GMB is cov-
ered. This needs to be thought about in advance 
and all of the provisions to ensure an effective 
survey need to be addressed. Also, these sur-
veys have lower sensitivity at wrinkle locations 
and may miss holes in buried wrinkles that they 
would detect if they were in direct contact with 
the clay liner.

5. Ensuring that CQA first and foremost focuses on 
having very knowledgeable individual(s) actually 
watching what is happening during construction 
and ordering corrective action as soon as a devia-
tion is observed. Although larger holes in a GMB 
can be detected by an electrical leak location sur-
vey, too often buried problems tend to only be 
recognised when the leakage has occurred and 
it is too late to fix. As noted earlier “you get what 
you inspect not what you expect”. Documenta-
tion is important but does not replace observa-
tion – what is not seen is not documented!

6. A properly installed and reasonably hydrated 
GCL prior to contact with leachate can reduce 
the leakage through holes in a GMB by one to 
two orders of magnitude relative to the same 
holes in a GMB over a CCL. 
a) Good GCL hydration is best achieved by en-

suring the subgrade is adequate for GCL hy-
dration and at a suitable moisture content 
(e.g., less than field capacity to avoid pool-
ing of free water) before the GCL is placed 
to allow slow and controlled hydration from 
the subsoil. The composite liner then needs 
to be covered in a timely manner. Excessive 
hydration can be problematic with respect to 
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maintaining GCL integrity and slope stabili-
ty. 

b) There are situation’s where good hydration 
cannot be achieved (e.g., for some subgrades 
(see ROWE, 2018) or when the GCL is encap-
sulated between two plastic layers) prior to 
contact with leachate. In these cases, the de-
sign should be on the basis of the GCL hy-
draulic conductivity and GMB/GCL trans-
missivity where the GCL hydrates with the 
proposed leachate. 

7. The risks associated with desiccation and, in the 
case of GCLs, shrinkage and downslope erosion 
in composite liners should be minimized by
a) covering the composite by the ballast layer 

in a timely manner, where “timely” will be 
site specific (e.g., it will depend on subgrade, 
time of year, and weather ); 

or, where this is not possible,
b) designing to minimize the risks when the lin-

er is left exposed (e.g., using a white GMB 
and selecting a GCL which has proven to 
minimize the risk or encapsulation of GMB 
between GMBs on steep side slopes – but see 
also Items 6 and 8-10). 

8) Recognising that a gravel used in a good LCS 
can not only cause short-term holes in a GMB 
but also induce strains that will affect how long 
it performs its design function (service-life). In 
many jurisdictions, the GMB protection layer is 
only designed to protect the GMB from short-
term ductile puncture by gravel. However, these 
protection layers can allow excessive strains (as 
discussed in more detail by ROWE and YU [2018] 
and ROWE [2019]). The knowl edge exist s t o de-
sign a protection layer that will minimize strains 
and ensure a long service-life of HDPE GMBs 
and one approach has been used in Germa-
ny for over 20 years. However, this knowledge 
needs to be commonly used elsewhere in the 
world.

9) Minimizing tensile strains due to downdrag, es-
pecially on slopes steeper than 3 horizontal : 1 
vertical (see ROWE and YU, 2018).

10 Even with negligible leakage, contaminants can 
still escape a containment facility by diffusion. A 
HDPE GMB is an extremely effective diffusive 
barrier to many contaminants. However, volatile 
organic compounds (VOCs) can readily diffuse 
through conventional GMBs and this may be es-
pecially problematic where there is an unsatu-
rated permeable zone and thin (e.g., GMB/GCL 
barrier system) such as on steeper side slopes. 
The design must either 
a. use a sufficient thickness of attenuation layer 

to control the diffusion to acceptable levels 
(e.g., see ROWE et al., 2004; ROWE and BRACH-
MAN, 2004, LAKE and ROWE, 2004), or/and

b. use a GMB resistant VOC diffusion (e.g. PE/
EVOH/PE) 

Areas identified as requiring more research in-
clude:

11. Understanding how to design effective leachate 
collection for waste with much higher organic 
(especially food) waste than is normal for west-
ern countries. 

12. Investigating the performance of geocomposite 
drains as leak detection and secondary leachate 
collection systems in landfills under sustained 
long-term loading. 

13. Recognizing that GMBs have been very effec-
tive diffusion barriers, to ions like chloride, so-
dium and the heavy metals, as well as some con-
taminants of emerging concern such as BPA and 
MWCNTs and even PCBs and PBDE at concen-
trations likely in landfills and remediated sites, 
this is not the case for VOCs which can readi-
ly diffuse through typical polymers (e.g., HDPE, 
LLDPE & PVC). While typical landfill barriers 
systems with a significant thickness clay liner of 
near saturated attenuation zone are often suffi-
ciently robust to withstand this diffusion without 
significant environmental impact, this is not nec-
essarily so for thin composite liners in landfills 
(e.g., on side slopes) or when these materials are 
used as vapour barriers for construction over re-
mediated contaminated soil. More research is 
need in this area. 

14. Recognising that a relatively new co-extruded 
0.53 mm-thick LLDPE/EVOH/LLDPE barrier 
has been shown to be 500-800 times better as a 
diffusive barrier to benzene than the traditional 
vapour barriers, research is needed to assess the 
effectiveness of these materials (and other simi-
lar materials) to other contaminants of concern 
such as PCE, TCE etc.
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12. Notation

a Area of a hole in GMB (m2 or mm2)
b Half-width of a wrinkle (under operational 

conditions) (m)
BPA Bisphenol-A
BTEX Benzene, toluene, ethylbenzene and xylene
c Contaminant concentration at a point in 

space and time (mg/l or g/m3)
cf Contaminant concentration in a fluid at a 

point in space and time (mg/l or g/m3)
cg Contaminant concentration in a GMB at a 

point in space and time (mg/l or g/m3)
CB Coefficient related to the shape of the edges 

of the hole in GMB (-)
Cqo A contact quality factor established semi-em-

pirically by GIROUD et al. [1989b]. Cqo= 0.21 
for good and 1.15 for poor contact between 
the GMB and CL.

CL Clay liner (either CCL or GCL)
CCL Compacted clay liner
CQA Construction quality assurance
CSPE Chloro-sulphonated polyethylene
Dx D is the effective diameter of the soil parti-

cles and subscript x (10 and 60) denote the 
percent which is smaller.

De Effective diffusion coefficient (m2/s)
Dg Diffusion coefficient in a GMB (m2/s)
EVOH Ethylene vinyl alcohol
f Mass flux of a contaminant (g/m2/s)
GCL Geosynthetic clay liner
GMB Geomembrane
GTX Geotextile
g Acceleration due to gravity (9.8 m/s2)
ha Hydraulic head at the bottom of the liner 

(often zero)

hd Head loss across the liner; hd = hw + HL – ha  (m)
HL Thickness of clay liner (m)
hw Leachate head on liner (m)
H Thickness of a GMB
Haf Henry’s coefficient (-) 
HDPE High density polyethylene
k Hydraulic conductivity/permeability (m/s)
kL Hydraulic conductivity of clay liner (m/s)
kLa Hydraulic conductivity of clay liner away 

from a wrinkle where there is direct contact 
and significant applied stress between the 
GMB and CL(m/s)

kLb Hydraulic conductivity of clay liner below a 
wrinkle where there is no stress between the 
GMB and CL(m/s)

Kd Partitioning coefficient (m3/kg)
L Length of connected wrinkle (m)
lphd Litres per hectare per day
LCS Leachate collection system
LDS Leak detection system
LLDPE Linear low density polyethylene
lphd Litres per hectare per day
MSW Municipal solid waste
N Number of holes or holed-wrinkles per hec-

tare in a GMB (-)
n Soil porosity  (-)
Pg Permeation coefficient for a given contami-

nant, GMB and temperature
PCE Perchloroethylene or tetrachloroethene 

(commonly used as dry cleaning fluid)
PVC Polyvinyl chloride
Q Leakage (m3/s or lphd)
QB Leakage (m3/s or lphd) calculated using 

Bernoulli’s equation [Eq. 1]
Qdc Leakage (m3/s or lphd) calculated assu-

ming direct contact using the GIROUD [1997] 
equation [Eq. 2]

QDL Leakage (m3/s/ha or lphd) calculated from 
Darcy’s law [Eq. 4b] assuming no GMB and 
as gven

Qw Leakage (m3/s or lphd) calculated assuming 
a holed-wrinkle (i.e., a wrinkle with a hole) 
using the ROWE [1998] equation [Eq. 3]

QUELTS   Queen’s University Environmental Liner 
Test Site

ro Radius of a hole in a GMB (m)
Sga Partitioning coefficient between a GMB and 

air (-)
Sgf Partitioning coefficient between a GMB and 

an aqueous solution (-)
TCE Trichloroethylene or trichloroethene (a 

common industrial solvent).
VOC Volatile organic compound
USA United States of America
∆cg Difference in contaminant concentration 

on the two side of the GMB (g/m3)
θ GMB/CL interface transmissivity (m2/s)
ρd dry density of soil (kg/m3)
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Geotecnica ambientale: uno sguardo al 
passato per guardare al futuro 

Sommario

Con riferimento al passato, l’articolo intende mettere in 
evidenza alcuni progressi significativi degli ultimi 30-50 anni 
in merito al progetto e alla costruzione dei sistemi di raccolta del 
percolato (LCSs), delle barriere di argilla compattata (CCLs), 
di argilla geosintetica (GCLs) e delle geomembrane (GMBs). 
Con riferimento al futuro, l’articolo identifica le sfide ancora da 
affrontare, sia per quel che riguarda un’applicazione più coerente 
delle attuali conoscenze nella progettazione ingegneristica e nella 
costruzione, sia con riferimento a quelle aree che ad oggi richiedono 
un’ulteriore attività di ricerca. Il lavoro evidenzia come, mentre 
sono stati fatti progressi molto importanti nella comprensione delle 
prestazioni dei componenti che costituiscono i sistemi di barriera, 
si presti generalmente ancora poca attenzione alle interazioni tra 
i diversi componenti del sistema e al modo in cui essi possono 
far deteriorare o migliorare la prestazione dell’intero sistema e, di 
conseguenza, la protezione dell’ambiente. Vengono analizzate le 

ragioni per cui le perdite osservate in presenza di barriere composite 
sono di qualche ordine di grandezza superiori a quelle previste 
dalla progettazione. A questo proposito, si pone l’accento sulla 
necessità di un controllo di qualità del processo di costruzione 
(CQA), che comporta un costante e qualificato monitoraggio 
visivo durante la costruzione. Ulteriori temi discussi nell’articolo 
riguardano la necessità di ridurre al minimo le increspature, per 
l’impatto molto significativo che hanno nelle perdite osservate, 
l’effetto dell’essiccamento di una barriera in argilla compattata 
(CCL) una volta ricoperta da una geomembrana (GMB), i 
benefici che derivano dal contemplare nel piano di controllo della 
qualità del processo di costruzione anche dei rilievi geoelettrici, 
sia prima sia dopo la copertura della geomembrana, al fine di 
individuare eventuali perdite e, in ultimo, la necessità di strati 
di protezione che permettano non solo di minimizzare nel breve 
termine l’eventuale formazione di fessurazioni nella geomembrana, 
ma anche di mantenerne basse le deformazioni a trazione nel 
lungo termine. I settori che si ritiene necessitino di ulteriori 
approfondimenti riguardano il miglioramento della progettazione 
dei sistemi di raccolta del percolato (LCS) per discariche con 
un contenuto organico significativamente più elevato di quello 
normalmente presente nei paesi occidentali, le prestazioni nel lungo 
termine dei geocompositi drenanti come elementi di captazione 
delle perdite e sistemi secondari di raccolta del percolato (LCSs) 
nelle discariche, sotto il prolungato carico di compressione (con 
conseguenti deformazioni a trazione) indotto dal peso dei rifiuti 
sovrastanti, l’adeguatezza delle nuove geomembrane (GMB) 
coestruse, la cui efficacia come barriera è già stata verificata 
nel caso di contaminanti come il benzene, ad essere utilizzate in 
presenza di altri contaminanti, ai fini della riqualificazione di 
aree già contaminate.




