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ABSTRACT

Geomembranes, and their seams, are exposed in the field to tensile loads and elevated temperatures. The
shear strength of bituminous geomembrane seams was assessed through laboratory testing under
temperatures ranging between 23 and 80°C. Constant-load (creep) tests were conducted under
temperatures ranging between 23 and 60°C to measure the seam separation rate and failure time as a
function of temperature. The results show that both the short-term shear strength of bituminous
geomembrane seams and the seam separation rate under constant loading are a function of temperature.
An equation that expresses the time to failure of the tested bituminous geomembrane seams as a function
of temperature and constant applied tensile load is provided. A theoretical analysis of the creep test results
shows that the behavior of the seams is consistent with published data on the viscosity of bitumen. In the
field, unless the tensile load exerted on a bituminous geomembrane seam dissipates (which may happen
under certain conditions), the relative displacement of two seamed geomembrane sheets is likely to
continue at a rate depending on tensile load and temperature, until full separation of the seam. Field

situations where bituminous geomembrane seams may fail due to constant loading are discussed.
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1. INTRODUCTION

The performance of geomembrane-lined
containment systems depends on the reliability of
the geomembrane seams. Indeed, the mechanical
properties of seams are likely to be lower than the
mechanical properties of the parent material. While
extensive research has been conducted on the
seams of polyethylene geomembranes, less
attention has been given to bituminous
geomembrane seams, possibly because these
materials are commonly used in the roofing industry
without any particular problems and are often
praised by geomembrane installers for their ease of
seaming. However, with the increased use of
bituminous membranes in geotechnical and
environmental applications, the long-term reliability
of seams has been questioned due to the specific
conditions prevailing in these applications, which
are different from the conditions prevailing in
roofing applications. The behavior of bituminous
geomembrane seams has been evaluated through
a testing program performed at ExcelPlas
laboratory and reported in this paper.

2. BITUMINOUS GEOMEMBRANE SEAMS

2.1. Structure of the geomembrane and seams

Bituminous geomembranes are composite
materials where the sealing function is performed
by a bituminous compound, which, for elastomeric
bituminous geomembranes, is a combination of
bitumen, mineral fillers and an elastomeric polymer,
typically Styrene-Butadiene-Styrene (SBS)
(Scheirs 2009). Formulations may vary significantly
between one geomembrane and the other. Thus,
the apparent density (mass per unit area in kg/m?
divided by the thickness in mm) of the
geomembrane tested in this project is ~1.37, while
the apparent density of many other bituminous
geomembranes is closer to ~1.20.

Two textile components provide most of the
mechanical properties of bituminous
geomembranes. These are typically: a polyester
nonwoven reinforcement, with a higher mass per
unit area generally associated with a higher mass
per unit area of the bituminous geomembrane, and
a glass-fiber component, which provides structural
stability during manufacturing as well as during
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installation. For the geomembrane evaluated in this
testing program, the glass-fiber component is a
mesh of multiflament yarns with orthogonal
orientation located at mid-height of the nonwoven.
One yarn is visible on the cross section of the
geomembrane (Fig. 1a). (In another type of
bituminous  geomembrane, the glass-fiber
component is a fleece located below the
nonwoven). A microscope view of the nonwoven is
presented in Fig. 1b. To prevent sheets from
adhering to each other when a bituminous
geomembrane is rolled after manufacturing, stored,
and/or transported in rolls, the upper side of the
geomembrane is typically covered by mineral
particles (“sanding”) while the lower side is typically
covered by a thin polyester film, or a silicon paper
on the selvages intended to be welded.
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Fig. 1: Structure of the bituminous geomembrane. (a): cross
section of the geomembrane, by optical observation of a cut
through the geomembrane with an angle to the plane of the
sheet of ~15°; (b): microscope observation of the nonwoven
after dissolution of the bitumen with toluene (the nonwoven
fiber diameter is ~38 ym).

When seaming two bituminous geomembrane
sheets, the silicon paper is removed and the
surfaces of the sheets to be joined are heated with
a torch to bring the two surfaces of bituminous
compound to a molten state (Fig. 2a). The surfaces
are then brought together, and a light pressure is
applied with a steel roller to ensure full contact and
adhesion. This process creates a layered,
composite structure in the seam area (Fig. 2b).
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Fig. 2. Execution (a) and structure (b) of a bituminous
geomembrane seam.

2.2. Behavior of the seams

When a seam is subjected to a tension (i.e. force
per unit width), this tension is transferred from a
textile component in one sheet to a textile
component in the other sheet through the
bituminous compound, which acts as the bonding
material and is subjected to shear stresses. While
the mechanical properties of the sheet (e.g., tensile
and puncture properties) are mostly determined by
the textile components, the ability of a seam to
transfer a tension is determined by the shear
strength of the bonding material (i.e., the internal
shear strength of the bituminous compound) and
the area over which the tension is transferred (i.e.,
the width of the seam for a unit length).

Contrary to most polymeric materials used to
manufacture geomembranes, such as HDPE,
LLDPE, PVC or EPDM, bitumen is a viscous
material under certain stresses and temperatures.
This feature is, in fact, a fundamental reason why
the bituminous compound is almost always
combined with a reinforcement to create a
composite structure that can be used for sealing
applications. The behavior (Fig. 3) of a viscous
material subjected to a shear stress, 7, is quantified
by the following classical equation, which gives the
rate of displacement, du/dt (where u is
displacement and t is time), as a function of
viscosity, y, and the viscous material thickness, z:

du/dt=7z/u (1
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The viscosity of bitumen and its impact on the
behavior of the seam are discussed in Section 4.2.
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Fig. 3. Viscous material exposed to a shear stress.

3. EXPERIMENTAL PROGRAM

3.1. Properties of the tested bituminous
geomembrane

The testing program presented in this paper was
conducted on an elastomeric bituminous
geomembrane where the bituminous compound
comprises bitumen, fillers and SBS. Its index
properties are summarized in Table 1.

Table 1. Index properties of the geomembrane (at 23°C).

Test
Property method Result
. ASTM | Sheet: 4.05
Thickness (mm) (Note 1) D5147 | Selvage: 3.95
Mass per unit area (g/m?) S?;é\q 5539
Bituminous compound ASTM :ﬂ;ﬁtfﬂow 12000
stability D5147 -
Dripping 125°C
Mass per unit area of the Note 2 | ~350 g/m?
reinforcement
Strength at break (kN/m) ASTM | 21.9
Strain at break (%) D7275 | 85

Note 1: There are no mineral particles and polyester film at
the selvage, hence the lower thickness.

Note 2: The reinforcement was extracted from the
geomembrane by dissolving the bitumen with toluene.

3.2. Influence of temperature on short-term
tensile properties

Testing program

A series of tests was conducted to evaluate the
influence of temperature on the short-term tensile
properties of the bituminous geomembrane sheets
and seams. Except for the temperature which was
set to a series of values between 23 and 80°C, the
test conditions specified in ASTM standards were
used, in particular: 25-mm-wide specimens for the
tensile strength of the sheets (ASTM D7275); 50-
mm-wide specimens for the shear strength of the
seams (ASTM D7056); and a displacement rate of
50 mm/min for all tests. The test specimens were
conditioned for 2 hours at the test temperature
before testing.

Results

Table 2 summarizes the tensile properties of the
sheets and the shear-strength properties of the
seams measured at various temperatures (average
of 5 specimens). Tension-strain curves of the sheet
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are presented in Fig. 4, where the term ‘tension’
refers to the force per unit width. Fig. 5 presents the
tension-displacement curves of the seams.

Table 2. Tensile properties measured on the sheet and the
seams under various temperatures.

Sheet Seam (Note 1)

Strength at Strength Failure

Temperature | ok (kN/m) | atbreak | mode
(Note 2) (kN/m) (Note 3)

23°C (Room 21.9 222 BRK
temperature)
40°C 16.7 11.3 AD
60°C 11.2 3.2 AD
80°C 9.9 0.84 AD

Note 1: The seam width is 235 mm + 3 mm.

Note 2: Strength at break in cross-machine direction

Note 3: BRK: Tensile break of the sheet near the seam;
AD: Adhesion failure.

The measured seam shear strengths (i.e., the
maximum tensions for each curve in Fig. 5) are
referred to as “short-term seam shear strengths”
since they were measured using tests lasting a few
minutes, i.e., a short time compared to the duration
of the creep tests presented in Section 3.3.
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Fig. 4. Tension-strain curves in cross-machine direction at

a test speed of 50 mm/min of the bituminous

geomembrane at different temperatures (curves for

individual specimens, hence strengths at break slightly

different from the average values reported in Table 2).
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Fig. 5. Tension-displacement curves of seams of the
bituminous geomembrane under various temperatures at a
test speed of 50 mm/min with a 300 mm initial gage length.
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The maximum values of the curves of Fig. 4 and

5 are shown in Fig. 6 using a semi-logarithmic scale.

Table 3 gives approximate values of the initial
tensile modulus of the geomembrane, graphically
obtained from the tension-strain curves or
interpolated. These values are used in Section 4.2.
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Fig. 6. Bituminous geomembrane sheet tensile strength
and short-term seam shear strength under various
temperatures at a test speed of 50 mm/min.

Table 3. Approximate values of the geomembrane initial
tensile modulus, where Tmax and emax define the end of the
approximately linear initial region of the tension-strain
curve where the modulus is applicable.

Temperature (°C)

Property | Unit =22725"T"40 | 50 | 60 | 80

Modulus | kN/m | 210 | 155 | 128 | 105 | 90 | 70

Trmax kN/m | 9.2 | 86 | 80 | 7.3 | 6.6 | 54

E max % 44 | 55 |63 |70 |73 |77

Summary of observations

It is possible to observe that:
e The short-term seam shear strength at 23°C is
very close to the strength of the sheet, and the
failure takes place in the sheet itself, not by
adhesion failure. This observation confirms that the
seamed width (235 mm) is sufficient at room
temperature to withstand the shear stress
generated by any tension up to the tension that
breaks the geomembrane sheet.
e The relation between short-term seam shear
strength and temperature is exponential, as
indicated by the equation in Fig. 4. This exponential
function is different from the power function that
characterizes the results of the creep tests
presented hereafter in Section 3.3. This difference
can be explained by the visco-elastic behavior of
the bituminous compound: this material has
essentially an elastic behavior in the case of a high
rate of displacement (as in the tests illustrated in
Fig. 4, 5 and 6) and essentially a viscous behavior
in the case of a low rate of displacement (as in the
case of the creep tests described in Section 3.3 and
as indicated in Section 2.1.). The influence of
viscosity is further discussed in Section 4.2.
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e The exponential regression for the short-term
seam shear strength (excluding the measurement
at room temperature) crosses the exponential
regression for the tensile sheet strength at a
temperature of ~32°C. It is possible to conclude that,
for this seam width (i.e., 235 mm), the maximum
shear strength that can be carried by the
bituminous compound in the seamed area is equal
to the maximum sheet strength at a temperature of
~32°C. In a seam shear test on the bituminous
geomembrane defined in Section 3.1, adhesion
failure can be expected for temperatures higher
than 32°C, while a tensile break of the sheet can be
expected for temperatures lower than ~32°C.

e The residual tensile strength of the
geomembrane sheet is equal to 76%, 51% and
45% of the tensile strength measured at 23°C when
tested at, respectively, 40°C, 60°C and 80°C. This
reduction of ~50% at a temperature of ~60-70°C is
consistent with the reduction of tensile strength
which can be expected when a polyester nonwoven
is exposed to these temperatures.

e When compared to the sheet strength at a
given temperature, the residual seam strength is
equal to 68%, 28% and 8% of the seam strength
tested at, respectively, 40°C, 60°C and 80°C.

e When compared to the sheet strength
measured at room temperature, i.e., the reference
value typically used to specify the strength of
bituminous geomembrane seams, the measured
seam strengths are respectively 51%, 15% and 4%
at 40°C, 60°C and 80°C.

3.3. Creep behavior of the seam

The rationale for a creep testing program

In the tests reported in Section 3.2 for
geomembrane sheets tensile strength (ASTM
D7275) and seams shear strength (ASTM D7056),
the specimen is subjected to a constant rate of
displacement to mobilize the tension until a failure
is observed. These tests are commonly used for
quality control because they are easy to conduct,
reliable and repeatable. However, in the field,
geomembranes (and their seams) are rarely, or
never, exposed to a constant rate of displacement.
The tensions and displacements to which
geomembranes are exposed in the field are
discussed in Blond et al. (2025). One of the field
conditions that may affect the performance of
geomembranes, possibly leading to tensile failure,
is the application of a sustained load, which results
in a more or less constant tension (i.e., force per
unit width) in the geomembrane and the seams. At
the same time, the geomembrane in the field is
subjected to temperatures that are different from
the ‘room temperature’ used in standard tests,
which is an important consideration since the
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viscosity of bitumen highly depends on temperature.

Creep testing program

To reflect the mobilization of tensile properties
of a geomembrane (and its seams) in the field,
under the field condition described above,
specimens of bituminous geomembrane seams
were exposed to constant tension (i.e., force per
unit width) in a series of tests (i.e., creep tests,)
conducted at various temperatures between 23 and
60°C. The constant tensions applied in these creep
tests are presented in Table 4. It should be noted
that, in a seam shear test on the geomembrane
defined in Section 3.1, the temperature of 32°C
corresponds to the transition between tensile failure
of the sheet near the seam and adhesion failure of
the seam, as indicated in Section 3.2 and illustrated
in Fig. 6.

Table 4. Constant tensions (kN/m) applied in the creep
tests as a percentage of the seam strength and as a
function of temperature.
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Results of the creep testing program

Results obtained for all test conditions are
summarized in Fig. 8 and 9 for the rate of
displacement and Fig. 10 and 11 for the time to
failure of the seam.
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Fig. 8. Creep test results, showing the rate of displacement
as a function of temperature for various constant applied
tensions. Note: The percentages (10 to 50%) refer to the
constant applied tensions defined in Table 4.

Seam Constant applied tension as a
percentage of the seam strength at
Temp. | strength the test temperature (Note 2)
(Note 1)

50% | 40% | 30% | 20% | 10%
23°C 22 11 - - - -
32°C 19 9.3 74 5.6 3.7 -
40°C 11 5.6 4.5 34 23 1.1
50°C 5.9 - - 1.8 1.2 0.59
60°C 3.2 - - - 0.64 | 0.32

Note 1: Seam strength values are from Figure 6.
Note 2: A test was conducted for each reported value,
no value reported = no test conducted.

The variation of displacement as a function of
time and the time to failure were measured for each
condition, with an example of individual test result
shown in Fig. 7. The rate of displacement was
calculated using the slope angle, « (Fig. 7), for the
linear portion of the curve of displacement versus
time immediately following the stabilization of the
rate of displacement.
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Fig. 9. Creep test results, showing the rate of
displacement: as a function of the constant applied tension
for various temperatures, defined in Table 4.

4.0§

_____ 3.55

Applied tension 3'08

€125 - 25¢

€100 - : =
é 75 ;
g 50 - Rate of :
L displacementt!
2 25 i

=) 0 | | F‘a\\urehmleK |
0 0.25 0.5 0.75 1 1.25

Time (hours)

Fig. 7. Creep test: Typical test result for a seam subjected,

at 40°C, to a tension of 3.37 kN/m, equal to 30% of the
short-term shear strength at 40°C: displacement versus
time; angle, ¢, used to calculate the rate of displacement;

and failure time.
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Fig. 10. Creep test results, showing the time to seam
failure in a creep test as a function of temperature for
various constant applied tensions. Note: The percentages
(10 to 50%) refer to the constant applied tensions defined
in Table 4.

A seam failure was observed for every test,
including tests where the applied tension was low:
for example, 10% of the seam strength at 40, 50 or
60°C is, in fact, 5.1%, 2.7% and 1.4% of the tensile
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strength of the sheet at 23°C. Moreover, failure
times were less than a day for all conditions tested.
This is shorter than the times to failure obtained by
Fan and Rowe (2024) for a different bituminous
geomembrane exposed to 10% of the sheet
strength at room temperature.
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Fig. 11. Creep test results, showing the time to seam
failure in a creep test as a function of the constant applied
tension for various temperatures.

4. DISCUSSION

4.1. Mathematical representation of creep tests
After a number of iterations, it has been possible
to establish the following equation to represent the
time to seam failure obtained in the tests presented
in Section 3.3:
tF = 3X107 675.5 (Tcreep /Tseam )72.2 (2)
where fris the time to seam failure in a creep test
(in hours), @is the temperature (in °C), Tcreep is the
constant applied tension in a creep test at
temperature 6, and Tseam is the short-term seam
strength measured at temperature 6.

It is important to note that Equation (2) is
applicable only to the bituminous geomembrane
described in Section 3.1. Equation (2) was used to
generate Fig. 12a and b.

Comparing Fig. 12a and 12b generated by
Equation (2) with the test results presented in Fig.
10 and 11, respectively, shows a good agreement.
Equation (2) can be refined as more tests are
performed on the same bituminous geomembrane.
Equation (2) and Fig. 12 are convenient tools for
engineers who design containment facilities lined
with the bituminous geomembrane defined in
Section 3.1 and engineers who analyze the
performance of seams of this bituminous
geomembrane.

As indicated above, Equation (2) is specific to
the geomembrane defined in Section 2.1. However,
the same type of equation can be used as a model
for summarizing test results on other
geomembranes:
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tF = A 07!7 (Tcreep /Tseam )70 (3)
where A, b and ¢ are material-specific constants.
Equations (2) and (3) should not be used at low
temperatures, because of the significant change in
behavior occurring at low temperature. Bitumen
and bituminous compounds are likely to be brittle
and prone to cracking at low temperatures, which is
different from the viscous behavior that prevails at
the temperatures above 20°C used in the tests
presented herein. The influence of low
temperatures on the behavior of bituminous
geomembranes is addressed in Blond et al. (2025).
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Fig. 12. Curves generated by Equation (2) for the time to
seam failure in a creep test: a) as a function of temperature
for various applied tensions; and b) as a function of the
applied tension for various temperatures.

4.2. Role of bitumen viscosity

The viscosity of bitumen depends on the type of
bitumen and of temperature, as illustrated in Figure
13. The influence of temperature is significant and
the curves of Fig. 13 can be represented by a power
function.

It is noteworthy that both the rate of
displacement and the time to seam failure obtained
by the creep tests presented in Section 3.3 can also
be represented by a power function as shown by
Equation (2). This similarity suggests that the
behavior, under constant tension, of the seams of
the tested bituminous geomembrane is governed
by the viscosity of the bituminous compound.
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Fig. 13. Example of viscosity of bitumen as a function of
temperature, from data provided in Fig. 6.13 of Hunter et
al. (2015). The bitumen illustrated here is a relatively soft
bitumen, representative of grades typically used in
waterproofing applications.

To further evaluate the role of viscosity on the
behavior of the tested seams, Equation (1) has
been used to derive the viscosity of the bituminous
compound from the creep test results. The terms of
Equation (1) were obtained as follows for each set
of temperature and applied tension: (i) the rate of
displacement, du/df, was measured in the creep
tests (Fig. 7, 8 and 9); (ii) the bituminous compound
thickness sheared in the seam test, z, was
considered to be 1.7 mm, as justified below; and (iii)
the shear stress, 7, was calculated as the applied
constant tension divided by the seam overlap at the
time when the rate of displacement was measured,
with the seam overlap evaluation explained
hereafter.

The thickness of the sheared bituminous
compound was obtained from the measurements
made on the tested bituminous geomembrane
cross section presented in Section 2.1 (Fig. 1b): the
bituminous compound thickness is approximately
1.8 mm above the nonwoven and 0.7 mm below,
hence a total of 2.5 mm of bituminous compound
seamed together. From these 2.5 mm, 0.8 mm was
subtracted, since the measured total thickness of
the seam is 7.1 mm (average of 10 measurements)
thatis 0.8 mm less than the thickness of two sheets
(2 x 3.95 mm). This thickness reduction is due to
the amount of bituminous squeezed out by the
pressure applied during seaming, hence a
thickness of the sheared bituminous compound of
1.7 mm (i.e., 2.5-0.8) used in the viscosity
calculation.

The seam overlap was calculated using the
following equation:

L =L, +(LO —%)g—AL )

where Ls is the seam overlap at the time the rate of
displacement is measured, Lso is the seam overlap
at the beginning of the creep test (235 mm), Lo is
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the initial length of the creep test specimen between
clamps (300 mm), ¢ is the geomembrane strain at
the time the rate of displacement is measured, and
AL is the displacement (i.e., increase of distance
between the creep test specimen clamps)
measured at the time the rate of displacement is
measured. The second term of the equation reflects
the fact that the geomembrane strain in the seam
overlap is half the strain in the rest of the
geomembrane. This term is important because the
measured displacement, AL, is due in part to the
viscous separation of the seam and in part to the
geomembrane elongation. The strain, €, in the
geomembrane outside the seam is derived from the
applied load and the geomembrane tensile
modulus (Table 3).

The results of the back-calculation of the
bituminous compound viscosity from the creep test
results are presented in Fig. 14.
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Fig. 14. Comparison of the viscosity of the bituminous
compound (e) of the geomembrane defined in Section 3.1
with the viscosity of a soft bitumen (dashed curve) and an
oxidized bitumen (solid curve). The viscosity of the
bituminous compound was calculated from the creep tests
performed with a tension 20% of the seam strength;
viscosities calculated for other tensions are close, but more
data were available for 20% tension. The curves for the
bitumen and the oxidized bitumen are from Fig. 13.

As seenin Fig. 14, the back-calculated values of
viscosities, obtained as explained above, are
significantly higher than the published values for
bitumen and oxidized bitumen presented in Fig. 13.
In particular, the back-calculated viscosities are
more than three orders of magnitude higher than
the curve for the relatively soft bitumen. This is
consistent with the fact that a higher viscosity can
be expected for a bituminous compound
comprising fillers and SBS, since fillers and SBS
are known to increase viscosity. For example,
Gunay (2022) and Li (2023) indicate that SBS
increases the viscosity of soft bitumen by several
orders of magnitude. In fact, polymers are typically
added to bitumen to modify its viscosity. For
example: APP (atactic polypropylene) is frequently
used in roofing membranes to increase their
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stability under high temperature; and SBS is used
in roofing membranes intended to be used in
freezing environments, and in most of currently
manufactured bituminous geomembranes.

Fig. 14 shows that the effect of temperature on
the back-calculated viscosity of the bituminous
compound of the tested geomembrane is similar to
the effect of temperature on bitumen. This similarity
confrms that the behavior of bituminous
geomembrane seams under sustained tension is
indeed governed by the viscosity of the bitumen,
modified with the use of SBS and fillers. Therefore,
Equation (1) is a good descriptor of the behavior of
bituminous geomembrane seams for the range of
temperature where bitumen is viscous, i.e., not
brittle. In particular, Equation (1) shows that the rate
of  displacement (du/df) of  bituminous
geomembrane seams increases for increasing

values of the thickness of bituminous compound (z).

Therefore, the thicker the bituminous compound
layer, the shortest the time to failure of a seam
subjected to a constant tension. This explains why
Francey and Rowe (2025) have observed that, for
a given bituminous geomembrane, the smaller the
thickness reduction due to compression during
seaming (i.e., the thicker the bituminous compound
layer in the geomembrane seam), the faster the
failure. For a given nonwoven reinforcement, a
thicker seam means a thicker layer of bituminous
compound being subjected to shear stresses when
a seam is subjected to tension.

Viscosity of bitumen is not a weakness per se.
Viscosity allows excellent adhesion to concrete and
intimate contact between a bituminous roofing
membrane or a bituminous geomembrane and a
rigid substrate such as concrete, thereby
preventing water migration along the interface.
However, viscosity is a weakness in cases where
shear stresses are involved.

4.3. Field situations

A review of field situations where bituminous
geomembranes are exposed to sustained tensile
loads is presented in Blond et al. (2025). This
review shows that there are several situations in the
field where bituminous geomembrane seams may
separate. This review also suggests that the safest
way to use exposed bituminous geomembranes is
on a rigid supporting material to which they adhere.
This is the case of bituminous geomembranes used
to repair leaking concrete linings in canals and
reservoirs, or bituminous geomembranes used to
repair the upstream face of leaking concrete dams.
The use of bituminous geomembranes in these
applications could benefit from decades of
experience with bituminous roofing membranes,
which must be installed on a rigid substrate to
ensure performance.
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5. CONCLUSION

The short-term shear strength of bituminous
geomembranes  decreases  significantly as
temperature increases. Furthermore, a bituminous
geomembrane seam subjected to a sustained
tensile load behaves like a viscous structure: the
time to seam separation decreases as temperature
increases and decreases with increasing values of
the bituminous compound thickness. For all the
conditions tested, separation of the seam was
observed within 24 hours. Therefore, seams of
bituminous geomembranes are likely to fail when
exposed to a sustained tension. This observation
may have a significant impact on the performance
of bituminous geomembranes when field conditions
are likely to generate an in-plane tension in the
geomembrane and its seams. The findings
presented in this paper should be beneficial to
bituminous geomembranes by providing tools for a
safer use of these geomembranes.
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