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ABSTRACT: A motorway by-pass around the town of Kildare, Ireland, which is currently being constructed, partly penetrates an aq-
uifer in a cut section. To ensure that an environmentally sensitive fen, which is 5 km from the motorway, is not affected by drawdown
of the water level, a ‘tanked system’ was devised that maintains the water level along the cut section at 1.75 m above the finished road
level. This tanked system is achieved by a combination of a geomembrane and a low-permeability soil. The total surface area of ge-
omembrane used is 203,000 m”. A bituminous geomembrane was selected on the basis of field trials evaluating the resistance to con-
struction damage of three geomembranes (PVC, LLDPE and bituminous) and theoretical analyses. The theoretical analyses consisted
of evaluating the rate of ground-water migration through the geomembrane due to diffusion and flow through geomembrane defects.

This paper describes the project, the field trials, the theoretical analyses, the construction, and the quality assurance program.

1 INTRODUCTION
1.1 Presentation of the project

With a surface area of geomembrane of 203,000 m? the project
described in this paper represents, to the best of the authors’
knowledge, the largest use of a bituminous geomembrane in a
single project of any kind. It may also be the road project with
the largest use of geomembrane of any kind.

A motorway by-pass was needed around the town of Kildare,
close to Dublin, in Ireland. Kildare County Council decided that
the motorway by-pass should be depressed in a cutting to mini-
mize environmental impact, in particular to the internationally
famous local equine industry. A 3.5 km section of this cutting
penetrates a major aquifer. To ensure that the hydrogeological
conditions at an environmentally sensitive fen, which is about 5
km from the by-pass, are not affected, ground water drawdown
had to be limited both in the long term and during construction.

To limit ground water drawdown in the long term, the road is
constructed within a ‘tanked system’. A drainage system located
under the tank is designed to control the ground water level
along the motorway to a height of 1.75 m above the finished
road level. This corresponds to the seasonally low water level.
However, the water level can vary by up to 1.5 m from this level.
The weight of the road structure is designed to counterbalance
the uplift water pressures due to the water level difference.

Ground water drawdown (achieved by deep wells and sumps)
was necessary during construction to a level 5.5 m below the
normal ground water level. In order to minimize the effect of the
drawdown on the hydrogeological conditions at the fen, the con-
struction is curtailed to 500 m long sections at any one time, and
construction is interrupted during the winter months to allow for
ground water recovery. After construction of a 500 m long sec-
tion, the ground water level in the vicinity of that section is per-
mitted to rise to 1.75 m above the finished road level, at which
level it is controlled and maintained by the drainage system lo-
cated under the tanked section.

1.2 Initial design and alternative solution

The project was initially designed with a polymeric geomem-
brane, but an alternative solution with a bituminous geomem-
brane was proposed by the general contractor, Pat Mulcair.

The cross section considered in the initial design was as fol-
lows, from top to bottom:
e alayer of compacted clay, 1.0 m thick;
e a geosynthetic clay liner (GCL);

e apolymeric geomembrane (PVC, 1.5 mm thick, or LLDPE,
2 mm thick);
e a nonwoven geotextile, with a mass per unit area of
1000 g/m?; and
e alayer of drainage material with a blinding layer.
The alternative solution was as follows, from top to bottom:
a layer of compacted clay, 1.0 m thick;
Coletanche NTP 3 bituminous geomembrane, 4.8 mm thick
(hereafter designated as “the bituminous geomembrane”);
and
e alayer of drainage material with a blinding layer.

The bituminous geomembrane comprises from top to bottom:
a bitumen coating with a fine sand surface; a polyester continu-
ous-filament needle-punched nonwoven geotextile with a mass
per unit area of 300 g/m” and a fiber glass fleece with a mass per
unit area of 50 g/m”, both impregnated with oxidized fillerised
bitumen; and a 13 um thick polyester film bonded to the bitu-
men. Each component has a specific function: the sand surface is
designed to provide high friction; the nonwoven geotextile sup-
ports the bitumen, and its large porosity (90%) makes it possible
for the bitumen that fills the voids of the geotextile to form a
continuous barrier; the fiber glass fleece is designed to provide
dimensional stability; and the polyester film is designed to pre-
vent root penetration.

The drainage material consists of crushed stone with maxi-
mum size of 40 mm. A granular material with a dgs of 10 mm is
used as a blinding layer on top of the crushed stone to limit con-
centrated stresses on the geomembrane.

The clay is a local boulder clay that, in its natural state, in-
cludes stones up to 300 mm size. This material is screened to
remove particles greater than 37.5 mm for the first lift of 200
mm and particles greater than 100 mm for the next two lifts of
200 mm each. This material is not screened for the last 400 mm.
The water content limits of the clay and the level of compaction
were selected to: (i) ensure intimacy of contact between the ge-
omembrane and the clay; and (ii) achieve a unit weight in excess
of 21 kN/m®. The design was based on a hydraulic conductivity
of 107 m/s, although this was controlled indirectly in the speci-
fication and on site through grading limits and soil condition.

1.3 Organization of the paper

The selection process of the geomembrane included field trials
and theoretical analyses. The remainder of this paper describes
the field trials and the theoretical analyses, and briefly presents
the construction and the quality assurance program.



2 FIELD TRIALS
2.1 Overview

Pre-tender field trials were conducted on the polymeric ge-
omembranes (LLDPE and PVC). Post-tender field trials were
conducted on the bituminous geomembrane after the alternative
solution had been proposed. The purpose of the field trials was to
confirm that the boulder clay could be compacted over the ge-
omembrane without damage to the geomembrane while being
sufficiently compacted to achieve: (i) a unit weight in excess of
21 kN/m’; (ii) a hydraulic conductivity lower than 1x10™ m/s;
and (iii) intimate contact with the geomembrane. These three pa-
rameters were measured as follows: (i) the unit weight of the
compacted boulder clay was measured at the field trial site using
a nuclear density gauge in direct transmission mode and was
checked in the laboratory on undisturbed samples; (ii) the hy-
draulic conductivity of the compacted boulder clay was meas-
ured in laboratory on samples taken from the field trials site and
on samples of the material recompacted within the specified
range of water contents; and (iii) contact intimacy between com-
pacted clay and geomembrane was checked visually, after care-
fully removing blocks of compacted clay. The last two parame-
ters are essential because they govern the efficiency of a
composite liner, i.e. the ability of the composite liner to control
the rate of leakage of water through defects in the geomembrane.
Indeed, as shown by Giroud and Bonaparte (1989b), the effi-
ciency of a composite liner that consists of a geomembrane and a
mineral component, such as a layer of compacted soil, is deter-
mined by the hydraulic conductivity of the soil in contact with
the geomembrane and the intimacy of contact between this soil
and the geomembrane.

Different field trials were performed with different values of
the thickness of the lower lift of boulder clay and different val-
ues of the maximum boulder clay particle size.

2.2 Field trials of the polymeric geomembranes

The field trials with polymeric geomembranes were carried out
without GCL because the use of a GCL was decided only after,
and as a result of, the field trials.

The field trials showed that, to prevent damage to the LLDPE
or PVC geomembranes, the following measures were necessary:
e A protection geotextile with a mass per unit area of 1000

g/m? was required between the drainage stone and the ge-
omembrane.

e  The maximum particle size of the boulder clay had to be
limited to 37.5 mm.

e  The first lift of boulder clay was required to be 350 mm
thick and compacted with a non-vibratory roller having a
maximum mass of 4000 kg per meter width.

This last measure, which consisted of limiting the compaction
effort, did not prevent the boulder clay unit weight from meeting
the specified value intended to prevent uplift of the road struc-
ture. However, this limitation of the compaction effort was of
concern because it affected the ability to achieve the following
two characteristics: (i) a low hydraulic conductivity of the boul-
der clay in the vicinity of the geomembrane; and (ii) intimate
contact between the boulder clay and the geomembrane. Defi-
ciencies in these two characteristics would impair the perform-
ance of the composite liner for the reasons given in Section 2.1.

In order to address concerns over the effectiveness of the
compacted boulder clay as the mineral component of the com-
posite liner, a GCL was introduced into the design over the ge-
omembrane. The GCL was then to act as the mineral component
of the composite liner as well as providing protection to the ge-
omembrane. This design was considered to be effective in terms
of its ability to act as a low permeability barrier and robust in
terms of resistance to installation damage. This was the design
that was tendered in April 2000.

In summary, the risk of mechanical damage of the LLDPE
and PVC geomembranes was minimized by limiting compaction,
which made it impossible for the compacted clay to have a hy-

draulic conductivity sufficiently low to form an effective com-
posite liner with the geomembrane, hence the need for the GCL.

2.3 Field trials of the bituminous geomembranes

In the field trials with the bituminous geomembrane, a layer of

about 200 mm of clay was compacted on top of the geomem-

brane with at least 8 passes of a vibratory compactor Bomag BW

213 D-3. This compactor has a mass of approximately 3215 kg

per meter width of roller and can be used with or without vibra-

tions.

After compaction, the clay covering the geomembrane was
carefully removed. Then the geomembrane was removed for vis-
ual inspection and laboratory testing (200 mm diameter burst
test). Based on the behavior of the geomembrane in the field tri-
als and the laboratory tests, the following conclusions were
reached:

o If a drainage aggregate with particles not greater than 40
mm was used, together with the blinding layer, the protec-
tion geotextile beneath the geomembrane could be omitted.

e Boulder clay with a maximum particle size of 100 mm
could be compacted in a 200 mm layer over the bituminous
geomembrane with vibratory roller having a mass less than
3215 kg per meter width without damage to the geomem-
brane. However, as a further precaution, the maximum
stone size permitted within the initial 200 mm lift is
37.5 mm.

e Based on laboratory tests that gave a hydraulic conductivity
of between 5 x 107'® m/s and 1.5 x 10~° m/s (for core and
recompacted samples of boulder clay, compacted in the
laboratory within the working range of water contents) and
bulk unit weights in excess of 22 kN/m>, it was concluded
that a hydraulic conductivity of 5 x 10~ m/s or less can be
achieved for the boulder clay directly overlying the bitumi-
nous geomembrane using the compaction methodology out-
lined above without damage to the geomembrane.

e  Compaction in 200 mm thick layers using the vibratory
roller gave a very good intimacy of contact between the
boulder clay and the geomembrane. The underside of the
compacted boulder clay contained very few voids and the
fine grained material showed the imprint of the rough sur-
face of the geomembrane, thus indicating intimate contact.

In summary, the bituminous geomembrane survived the field
trials without protection, even though sufficient compaction was
used to ensure: (i) high unit weight and low permeability of the
compacted clay overlying the geomembrane; and (ii) intimate
contact between the geomembrane and the overlying clay.

3 THEORETICAL ANALYSES

3.1 Purpose of the theoretical analyses

The theoretical analyses consisted of evaluating the rate of
ground water migration through the geomembrane. Two water
migration mechanisms were considered.

3.2 Water migration mechanisms

The two water migration mechanisms considered were: water
migration through intact geomembrane and water migration
through geomembrane defects.

3.2.1 Water migration through intact geomembrane
Two approaches can be considered to evaluate water migration
through intact geomembrane: advective flow and diffusion.
Advective flow is the water migration mechanism that is most
familiar to civil engineers because it is the mechanism of water
flow through porous media such as soils. Advective flow is gov-
erned by Darcy’s equation and the effectiveness of a liner (such
as a clay liner) in controlling advective flow is evaluated by the
hydraulic conductivity, &, also called coefficient of permeability.
The smaller the hydraulic conductivity, the greater the ability of



the liner to control advective flow. Polymeric and bituminous
geomembranes are not porous media and water migration
through geomembranes is not due to advective flow.

As indicated by Rowe (1998), “the only significant mecha-
nism for water migration through the geomembrane is diffu-
sion”. Accordingly, in Section 3.3.1, diffusion calculations will
be performed. However, in the early days of geomembrane use
(1970s, and even 1980s), since civil engineers were more famil-
iar with advective flow than diffusion, geomembranes were often
characterized using an equivalent hydraulic conductivity. This
approach will be used in Section 3.3.2, but, only for comparative
purposes. It is important to note that the two mechanisms of dif-
fusion and advective flow are different; advective flow is driven
by pressure gradient whereas diffusion is driven by concentration
gradient.

3.2.2  Water migration through geomembrane defects
In the field, geomembranes may have defects and, as a result,
water can flow through the defects. If the geomembrane were
both overlain and underlain by very permeable media, the migra-
tion of water through a defect in the geomembrane would be de-
scribed and quantified by the theory of free flow through an ori-
fice. However, in general, there is a low-permeability medium on
one side of the geomembrane, generally the downstream side
with respect to the flow direction. The system formed by the ge-
omembrane and the adjacent low-permeability medium is called
a “composite liner”. As described by Giroud and Bonaparte
(1989b), water migration through composite liners includes: (i)
flow through the geomembrane defect; (ii) interface flow, i.e.
flow in the space between the geomembrane and the low-
permeability medium; and (iii) advective flow in the low-
permeability medium. As a result, the parameters that govern
water migration through defects in a geomembrane associated
with a low-permeability medium are: (i) the number and size of
defects; (ii) the quality of contact between the geomembrane and
the low-permeability medium; and (iii) the hydraulic conductiv-
ity and thickness of the low-permeability medium. Therefore, to
minimize water migration through defects in geomembranes, the
following should be done:
e the number and size of defects should be minimized;
o the contact between the geomembrane and the low-
permeability medium should be as intimate as possible; and
e the hydraulic conductivity of the low-permeability medium
should be low and its thickness should be as large as practi-
cally possible.

3.3 Evaluation of water migration through intact geomembrane

3.3.1 Diffusion
As indicated by Rowe (1998), the mass flux of water through a
geomembrane is given by the following equation:

f=8D % M
where: f'= mass flux due to water diffusion through intact ge-
omembrane; S = solubility factor; D = diffusion coefficient; AC
= difference in water concentration between the two sides of the
geomembrane; and ¢ = geomembrane thickness. Basic SI units
are: f(kgm?®s™"), D (m*s™), AC (kg m™ ), and ¢ (m); S is dimen-
sionless.

The volumetric flux can be derived from Equation 1 as fol-
lows:

AC
qug =L = sp ¢ @
p pt

where: g4 = volumetric flux due to water diffusion through in-
tact geomembrane; and p = water density. Basic SI units are: g
(ms™),and p(kgm™).

Practical information on diffusion of water through geomem-
branes, based on work performed by Eloy-Giorni et al. (1996), is

provided by Rowe (1998). In particular, as indicated by Rowe
(1998), the following values can be considered for the diffusion
coefficient for water migration:

D ~2.9 x 107" m?/s for HDPE geomembranes

D~ 4.4 x 107" m¥s for PVC geomembranes

D ~ 8.0 x 107"* m?/s for bituminous geomembranes

(It should be noted that data for HDPE geomembranes are
used here since no data are readily available for LLDPE ge-
omembranes. The diffusion coefficient may be expected to be
larger for LLDPE geomembranes than for HDPE geomem-
branes.)

Also, as indicated by Rowe (1998), the following values can
be considered for the solubility coefficient for water migration:

S~ 8 x 107 for HDPE geomembranes

S~ 7 x 107 for PVC geomembranes

S~ 9 x 107 for bituminous geomembranes

Based on these values of the diffusion coefficient and the
solubility coefficient, the following rates of water diffusion were
calculated using Equation 2:

e quy=1.16x 107" m/s = 0.004 mm/year for a 2 mm thick
HDPE geomembrane
o quy=2.05x 107" m/s = 0.65 mm/year for a 1.5 mm thick
PVC geomembrane
o quy=150x 1072 m/s = 0.05 mm/year for a 4.8 mm thick
bituminous geomembrane
(Note: 1 mm/year = 1 liter/m? per year)

The above values are for the case where the upper surface of
the geomembrane is absolutely dry. In reality, the upper surface
of the geomembrane cannot be absolutely dry. In the actual field
situation, it is expected that, in general, there will be water stand-
ing on the upper surface of the geomembrane. In this case, the
concentration gradient between the lower surface and the upper
surface of the geomembrane is zero. As a result, the water diffu-
sion rate would be zero.

For the sake of conservativeness, it is assumed herein that
water might not be standing permanently on the upper surface of
the geomembrane. It is assumed that, as a result of water stand-
ing at some periods of time and the presence of humidity the rest
of time, the above values would be decreased by a factor of 10 or
more. Therefore, the following maximum values can be consid-
ered for the rate of water diffusion through the geomembranes:

o quy=1.16 x 10" m/s = 0.0004 mm/year for a 2 mm thick
HDPE geomembrane

e quyp=205x% 107 m/s = 0.065 mm/year for a 1.5 mm thick
PVC geomembrane

o qup=1.50x 107" m/s = 0.005 mm/year for a 4.8 mm thick
bituminous geomembrane

The above values indicate a lesser rate of water diffusion for
HDPE geomembranes than for bituminous geomembranes,
which is an advantage for HDPE geomembranes, but may not be
an advantage for LLDPE geomembranes because the rate of wa-
ter diffusion is likely to be greater for LLDPE geomembranes
than for HDPE geomembranes. Also, the rate of water diffusion
through intact geomembranes is negligible compared to the rate
of water migration through geomembrane defects, as indicated in
Sections 3.4.3 and 3.4.5. Therefore, even if a geomembrane had
an advantage compared to another geomembrane regarding wa-
ter diffusion, this advantage would have no practical impact on
the comparison between the two geomembranes when water mi-
gration through geomembrane defects is considered.

3.3.2 Conventional calculation considering advective flow

As noted in Section 3.2.1, the rate of water migration through in-
tact geomembranes is often calculated using an equivalent hy-
draulic conductivity with Darcy’s equation:

h+t
Gadv =k —— 3)
where: ¢,4 = volumetric flux due to assumed advective flow
through intact geomembrane; k£ = equivalent hydraulic conduc-



tivity; 4 = water head; and ¢ = geomembrane thickness. Basic SI
units are: g,q, (m ™), k (ms™), & (m), and ¢ (m).

The following values of the equivalent hydraulic conductivity
are sometimes considered:

k~ 107" m/s for LLDPE geomembranes

k~ 107 m/s for PVC geomembranes

k=~ 10" m/s for bituminous geomembranes

Using Darcy’s equation (i.e. Equation 3) with the above val-
ues of hydraulic conductivity and a water head of 3.5 m gives the
following values for the equivalent advective flow rate:

o Guw = 175 x 1072 m/s = 0.06 mm/year for a 2 mm thick
LLDPE geomembrane

o Gun =233 x 10" m/s = 7.36 mm/year for a 1.5 mm thick
PVC geomembrane

*  Gun =729 x 1072 m/s = 0.23 mm/year for a 4.8 mm thick
bituminous geomembrane

Comparing the above values to the values calculated for dif-
fusion in Section 3.3.1 shows that using advective flow as an
“equivalent representation” of diffusion tends to overestimate the
rate of water migration when the above values of water head and
equivalent hydraulic conductivity are used. However, the relative
water migration rates for the three considered geomembranes are
similar.

It is important to note that calculations based on advective
flow should only be regarded as “equivalent calculations” meant
to evaluate in a conventional way what is, in reality, water diffu-
sion. Therefore, the above water migration rates calculated for
advective flow should not be added to water migration rates ob-
tained for diffusion, because calculations performed for advec-
tive flow do not represent an additional mechanism of water mi-
gration.

3.4 Evaluation of water migration through geomembrane
defects

3.4.1 Method and calculations

The method used to calculate the rate of water migration through
geomembrane defects is the method initially developed by Gi-
roud and Bonaparte (1989b) and improved by Giroud and co-
workers (Giroud et al. 1989, 1992, 1994), and Giroud (1997).
This method has been used for the design of numerous landfills
worldwide. The following equation from Giroud (1997) was
used:

Ouer =021 [1 + 0‘1(11/:)0'95}0,0-‘ 09 (074 4)

where: Oy, = rate of flow through geomembrane defect; and a =

defect area. Equation 4 can only be used with the following

units: Qe (m®s™), a (m?), & (m), and k (m s™"). All calculations

were performed for a water head of 3.5 m.

The following values were obtained using Equation 4 for one
hole with a diameter of 2 mm (as typically considered in landfill
design, a defect size adopted for this project):

e Qs ~ 145 x 107" m’/s, in the case of the initial design
where an LLDPE or a PVC geomembrane is overlain by a
GCL. The GCL was assumed to have a typical thickness of
8 mm in the hydrated state and a typical hydraulic conduc-
tivity of 5 x 107" m/s (the maximum specified value). The
hydraulic conductivity of the compacted clay overlying the
GCL was not considered because this clay has a negligible
impact on water migration rate since its hydraulic conduc-
tivity is significantly greater than the hydraulic conductivity
of the GCL.

o Qus=2.02x 107" m¥/s, in the case of the alternative solu-
tion where a bituminous geomembrane is overlain by a
0.6 m thick layer of clay with a hydraulic conductivity of
5 x 107° m/s. This hydraulic conductivity can be achieved at
the site, as demonstrated by the results of permeability tests
conducted on samples from the field trials (Section 2.3).
The clay thickness considered in the calculations is 600
mm, not 1 m, because it is assumed that the specified value

of the hydraulic conductivity of 5 x 10~ m/s is only met by
the first three lifts of compacted clay, i.e. the lifts that con-
sist of screened material, as indicated in Section 1.2.

For the case of one defect with a surface area of 1 cm? (a
value typically used for an upper boundary of leakage evaluation
in landfill design), the following values were calculated using
Equation 4:

e Quyr= 205 x 107 m¥s, in the case of the initial design
where an LLDPE or a PVC geomembrane is overlain by a
GCL.

o Quy=285x 107 m?s, in the case of the alternative solu-
tion where a bituminous geomembrane is overlain by a
0.6 m thick layer of clay with a hydraulic conductivity of
5% 107 m/s.

It should be noted that Equation 4, used for the above calcula-
tions, is the equation for “good contact” conditions, as defined
by Giroud (1997). Contact quality is further discussed in Sec-
tion 3.4.6.

The volumetric flux (i.e. flow rate per unit area) can be de-
rived from the rate of flow through a defect using the following
equation:

Qaef
F

Qdef = ®)
where: g4, = volumetric flux due to water flowing through ge-
omembrane defects; Q. = rate of flow through geomembrane
defect; and F" = defect frequency. Basic SI units are: gz, (m s,
Ouer (m®s™), and F (m™).

In the case of the Kildare by-pass, the number of defects used
in the calculations was estimated based on published data and re-
sults of the field trials, as discussed in the following sections.

3.4.2 Data on geomembrane defect frequency

An analysis of the equations for water migration (Giroud 1997)
shows that the number of defects has more influence on the wa-
ter migration rate than the size of defects. Therefore, it is of ut-
most importance to minimize the number of geomembrane de-
fects.

Geomembranes manufactured in accordance with modern
standards (e.g. ISO 9002) have no manufacturing defects. De-
fects are caused in the field: (i) during geomembrane installation;
(i1) during placement of materials overlying the geomembrane;
and (iii) during operation of the geomembrane-lined facility. The
following is a quotation from Giroud (2000, page 90):

“Based, in particular, on results of electric leak detection and
location surveys [ . . . ], the author [ . . . ] has established the fol-
lowing approximate statistics for geomembrane defects in ge-
omembrane liners that do not exhibit any failure mode other than
localized defects:

25% of the detected leaks are due to installation problems
(including 20% inadequate seams and 5% mechanical damage);

70% of the detected leaks are due to mechanical damage
caused during placement of the overlying soil; and

5% of the detected leaks are due to problems that occurred
during operations.”

It is important to note that the above statistics were based es-
sentially on polymeric geomembranes used in landfills (i.e. es-
sentially HDPE geomembranes). It should be noted that the
above quotation is based on landfill construction, where no com-
paction or only limited compaction is used for the materials
overlying the geomembrane. Even more mechanical damage of
the geomembranes would have been observed in the surveyed
landfills if the materials overlying the geomembranes had been
compacted in accordance with typical road specifications

Regarding the number of defects to be considered at the de-
sign stage, Giroud and Bonaparte (1989a) recommended that one
to two defects per acre (2.5 to 5 defects per hectare) be consid-
ered for cases where a strict construction quality assurance pro-
gram is implemented. This recommendation is only for defects
that occur during geomembrane installation. Herein, a value of 5



defects per hectare is considered. (It should be noted that the se-
lection of the number of defects that occur during geomembrane
installation, e.g. 2.5 or 5 or any other number does not affect the
comparison between solutions presented hereafter, because this
comparison is based on proportions derived from the above sta-
tistics and not on absolute numbers.) Based on the number of de-
fects that occur during geomembrane installation (i.e. 5) and the
statistics quoted above, the following number of defects during
placement of materials overlying the geomembrane is derived:
14, i.e. 5 x 70% / 25%. Therefore, the following numbers of de-
fects can be considered for polymeric geomembranes used in
landfills:
e 4 defects per hectare due to inadequate seams;
e 1 defect per hectare due to mechanical damage during in-
stallation; and
e 14 defects per hectare due to mechanical damage during
placement of the overlying material.

(hence a total number of 19 defects per hectare, which is con-
sistent with typical results of leak detection surveys performed
after placement of material overlying geomembranes)

3.4.3 Discussion of potential geomembrane defect frequency at

Kildare by-pass

In the case of the initial design solution, the number of defects
that occur during geomembrane installation could have been ex-
pected to be the same as indicated above, since the geomem-
brane is polymeric, i.e. similar to the geomembranes used in the
statistics presented above. In other words, the number of defects
that occur during geomembrane installation could have been ex-
pected to be 5 (i.e. 4 defects per hectare due to inadequate seams,
and 1 defect per hectare due to mechanical damage during instal-
lation). In contrast, the number of defects due to mechanical
damage during placement of the overlying material would have
been expected to be much less than the value of 14 mentioned
above, because, in the initial design solution, the polymeric ge-
omembrane is better protected than the polymeric geomem-
branes used in landfills. Considering that the field trials have
demonstrated that, in the case of the initial design, the protection
of the polymeric geomembrane by the underlying geotextile is
effective, and considering that additional protection is provided
by the GCL, a small value, such as 2 defects per hectare due to
placement of overlying materials, was considered in the evalua-
tion of the solution. It should be noted that a frequency of 2 de-
fects per hectare corresponds to 0.04 defect in a 200 m” field trial
and is, therefore, not in contradiction with the fact that no defect
was observed in the field trials. Clearly, field trials provide valu-
able information on construction damage, but they do not pro-
vide statistical data. It should also be noted that the landfill con-
struction statistics on which the evaluation of the number of
defects is based do not include potential damage caused to the
geomembrane by the crew placing a GCL on top of the ge-
omembrane. However, it was deemed that this activity is not
likely to cause significant damage to the geomembrane.

In the case of the alternative solution (bituminous geomem-
brane), the number of defects that occur during geomembrane in-
stallation can be expected to be significantly less than in the case
of the initial design solution, for the following reasons: (i) seam-
ing bituminous geomembranes is more reliable than seaming
polymeric geomembranes because, in particular, it is less sensi-
tive to seaming temperature control and to weather conditions
(and, also, because it is less prone to mistakes due to the large
width of the seams, i.e. 0.20 m); and (ii) a sturdy bituminous
geomembrane, such as the one used at Kildare by-pass, is less
likely than PVC or LLDPE geomembranes to suffer from me-
chanical damage during installation. It was, therefore, considered
that the following numbers of defects are appropriate for this de-
sign: 1 per hectare for seaming and zero for mechanical damage
during installation. Regarding the number of defects due to me-
chanical damage during placement of the overlying material, a
number smaller than the number recommended above for the
polymeric geomembranes used in the initial design solution was

considered appropriate, based on the sturdiness of the bitumi-
nous geomembrane. However, since the site-specific field trials
passed with success by the initial design solution (with poly-
meric geomembrane) are similar to the site-specific field trials
passed with success by the alternative solution (with bituminous
geomembrane), the same value is proposed for the numbers of
defects due to mechanical damage during placement of the over-
lying material: 2 per hectare.

In summary, the following numbers of defects were consid-
ered appropriate: 7 per hectare for the initial design solution
(polymeric geomembranes) and 3 per hectare for the alternative
solution (bituminous geomembrane). It is important to note that
these numbers are based on an analysis of available data and are
not an arbitrary recommendation based solely on experience.
Furthermore, it is important to note that these numbers are con-
servative, i.e. they do not tend to favor the alternative solution,
which ensures that the selection of the alternative solution is
fully justified.

3.4.4 Water migration evaluation as a function of the number

of geomembrane defects

Based on the water migration rates per defect given in Section

3.4.1 and the numbers of defects indicated in Section 3.4.3, the

following water migration rates per unit area are derived for wa-

ter migration through %eomembrane defects:

*  qay~ 1.02 x 10" to 1.44 x 10" m/s = 3.2 to 4.5 mm/year
for the initial design (with a polymeric geomembrane, i.e.
LLDPE or PVC geomembrane) with 7 defects per hectare

*  qay=6.06x 10 't0 8.55 x 10" m/s = 1.9 to 2.7 mm/year
for the alternative solution (with a bituminous geomem-
brane) with 3 defects per hectare

3.4.5 Comparison between water diffusion through intact ge-
omembrane and water migration through geomembrane defects
Comparing the above values to the water diffusion rates pre-
sented in Section 3.3.1 (and even to the conventional calcula-
tions based upon equivalent advective flow presented in Section
3.3.2), shows that the rate of water diffusion through intact ge-
omembrane is negligible compared with the rate of water migra-
tion through geomembrane defects. Therefore, the following
rates of water migration can be considered:
e 4.5 mm/year for the initial design solution (LLDPE or PVC
geomembrane); and
e 2.7 mm/year for the alternative solution.

From a physical standpoint, it is important to note the follow-
ing: (i) to control water diffusion, the geomembrane works by it-
self; whereas (ii) to control water migration through geomem-
brane defects, the geomembrane works in association with the
adjacent low-permeability medium and the intimacy of contact
between the geomembrane and the low-permeability medium is
very important in this respect.

3.4.6 Effect of the quality of contact between the geomembrane
and the overlying material

As indicated in Section 3.2.2, the contact between the geomem-
brane and the adjacent low-permeability medium should be as
intimate as possible. In the case of landfills, the low-permeability
medium is located beneath the geomembrane. In contrast, in the
case of the Kildare by-pass, the low-permeability medium is lo-
cated on top of the geomembrane because, in this case, the com-
posite liner is a barrier against upward migration of water.

In the case of the alternative solution where the bituminous
geomembrane is overlain by low-permeability boulder clay, in-
timate contact is ensured by the fact that the boulder clay can be
well compacted due to the sturdiness of the bituminous ge-
omembrane. The feasibility of boulder clay compaction and the
resulting intimate contact between the bituminous geomembrane
and the clay were demonstrated by the field trials conducted spe-
cifically for this project (Section 2.3). It may be concluded that
the contact quality in the case of the alternative solution with bi-
tuminous geomembrane is better than the “good contact” condi-



tions considered in the calculations performed in Section 3.4.
Therefore, the calculations performed in Section 3.4 for the bi-
tuminous geomembrane can be considered conservative.

In the case of the initial design, the low-permeability medium
in contact with the geomembrane is a GCL. Due to the migration
of some bentonite particles through the fabric component of the
GCL, good contact conditions may be expected to exist between
a hydrated GCL and a geomembrane, at least at places where the
geomembrane is not affected by wrinkling. An LLDPE ge-
omembrane is more likely to exhibit wrinkles than a PVC or a
bituminous geomembrane, for the reasons presented by Giroud
and Morel (1992).

Based on the above discussion and the results of field trials, it
may be concluded that, in spite of the beneficial effect of ben-
tonite on contact quality, contact may be less intimate in the case
of the initial design solution with LLDPE than in the case of the
alternative solution with bituminous geomembrane. However,
for the sake of conservativeness in the comparison of the two so-
lutions (and considering that wrinkling is usually negligible with
PVC geomembranes), calculations for all geomembranes were
performed using the same “good contact” conditions.

4 PROJECT IMPLEMENTATION
4.1 Geomembrane selection

The field trials and theoretical analyses showed that all three ge-
omembranes could provide satisfactory performance: the PVC
and LLDPE geomembranes protected using geotextile and GCL,
and using the GCL as the mineral component of the composite
liner; and the bituminous geomembrane without protection and
using the compacted boulder clay as the mineral component of
the composite liner. The bituminous geomembrane alternative
solution was selected for the following reasons: installing one
geosynthetic (the bituminous geomembrane) is easier than in-
stalling three (geotextile, polymeric geomembrane, and GCL); a
bituminous geomembrane is less sensitive to wind uplift during
installation than lighter geosynthetics; installation of a GCL is
sensitive to rain; the bituminous geomembrane is very sturdy and
resistant to damage caused by construction activities; seaming
bituminous geomembranes is easy and not overly sensitive to
damp conditions, and repairs can be made easily; and bituminous
geomembranes can be tightly connected to appurtenant struc-
tures because they are bonded to concrete over the entire area in
contact, an important consideration for the Kildare by-pass due
to the large number of bridges. Also, based on available informa-
tion, it was concluded that the design life of the bituminous ge-
omembrane (as well as the design life of the LLDPE geomem-
brane) could be expected to exceed the design life of the
roadway.

4.2 Important design detail

The median strip of the road includes a large-diameter concrete
conduit. Instead of being connected to the concrete on each side
of this conduit, as initially designed, the bituminous geomem-
brane extends under the conduit. Even though bituminous ge-
omembranes are easy to connect to concrete structures, it is al-
ways preferable to select a configuration where the
geomembrane is continuous and concrete structures are entirely
contained within the waterproofed area.

4.3 Construction

Construction started in October 2001, using bituminous ge-
omembrane rolls 80 m by 5.15 m. Construction was interrupted
in early 2002 to allow recovery of general ground water levels,
after completion of a 500 m long section of the roadway. During
this period, 30,000 m® of bituminous geomembrane were in-
stalled. It is expected that the rate of installation could be as high
as 2000 m? per day in 2002, as a result of the experience gained
in 2001.

4.4 Construction quality assurance

The composite liner is being constructed with strict construction
quality assurance. Both the geomembrane and the welding crew
are certified. Since there is no certification agency for geomem-
branes in Ireland, the geomembrane manufacturer/installer, Co-
las, selected Asqual, a French certification organization with ex-
perience and recognition at the European level.

Quality control is provided by a Colas Ireland engineer full
time on site. Construction quality assurance is provided by
Golder Associates reporting directly to the Kildare County Engi-
neer.

For conformance testing of the bituminous geomembrane,
two samples are taken on every lot of 12 rolls. Tests are per-
formed by an independent laboratory (Apave in Lyon, France) to
check that the characteristics of the geomembrane meet the set of
characteristics approved by Asqual.

Seaming quality is checked in several ways: (i) visually; (ii)
nondestructively by ultrasonic testing, or vacuum box in areas
not accessible to ultrasonic testing equipment (e.g. connection of
geomembrane to concrete structures); and (iii) destructively by
cutting out seam samples, which are tested for shear strength by
the independent laboratory.

5 CONCLUSION

Design engineers working on projects requiring the use of a ge-
omembrane often limit their consideration of options to poly-
meric geomembranes, perhaps on the basis of their experience
with landfill design. This paper shows that, when a rational ap-
proach based on theoretical analyses and field trials, is used to
compare candidate geomembranes, there are cases where a solu-
tion incorporating a bituminous geomembrane is a viable alterna-
tive to a solution incorporating a polymeric geomembrane. This
should encourage design engineers to consider a broad range of
geomembranes in their designs and to use a rational approach for
geomembrane selection.
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