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to an extreme academic case but to a likely situati'Jn. 
In fact, failures of this type have been observed 
Consequently, the following important recommendation 
can be made: the elongation to be considered when 
designing a liner using a geomembrane exhibiting yield 
should be smaller than an allowable elongation 
obtained by dividing the elongation at yield by a 
certain factor. Further studies should be undertaken 
to determine this factor. Tentatively, using a value 
of 2 for this factor can be considered to include: (i) 
the above mentioned reduction of elongation at yield; 
(ii) the effect of creep which usually affects the 
behavior of geomembranes exhibiting yield; (iii) the 
possible smaller elongation in the field biaxial 
situation as compared to a laboratory uniaxial test; 
and (iv) a factor of safety. 

An extra thickness over a large area (e.g., a patch 
or a cap strip) also tends to concentrate stresses in 
the portion of the geomembrane having the nominal 
thickness. As a result the average elongation at 
yield is significantly affected. This is important 
because this elongation governs the ability of the 

to withstand field situations where a 
given elongation is imposed to the geomembrane. 

Final l y, although the study presented above has been 
restricted to unreinforced geornernbranes, a similar 
approach can be used to analyze the behavior of a 
reinforced geomembrane after failure of the reinforcing 
fabric. A large elongation occurs in the then 
unreinforced small portion, while the elongation remains 
small in the portion where the reinforcing fabric is 
still intact. 

STRESS TRANSFER THROUGH A SEAM 

2.1 Seam Tests 

Two types of tests are used to evaluate geomembrane 
seam strength: the peel test and the shear test (Fig. 3). 

Peel Test The force per unit width causing a seam 
to fail in a peel test does not depend on the geomembrane 
thickness: its value is typically between 1 and 3 
(5 and 20 lb./in.). Such values are small, compared with 
the force per unit width at failure in a tensile test on 
a geomembrane sample without seam for which typical 
values are between 4 and 70 kN/m (25 and 400 lb./in.), 
depending on the thickness of the geomembrane. However, 
there is an exception: seams in HDPE geomembranes do not 
normally fail in peel. In other words, the peel adhesion 
of a HDPE geomembrane is at least equal to its tensile 
strength, regardless of the thickness. 

In addition, reinforced geomembrane may have a small 
ply adhesion, i.e., a small adhesion between the reinfor­
cing fabric and the polymeric compound. Many reinforced 
geomembranes have a ply adhesion smaller than peel adhe­
sion. Such geomembranes may fail by delamination next to 
a seam when the seam is subjected to a peel test. 

Shear Test The force per unit width causing a 
seam to fail in a shear test is usually 80 to 90% of the 
force per unit width at failure in a tensile test on a 
geomembrane sample without seam. However there is an 
exception: for HDPE geomembranes, the above ratio is 
usually 100%. 

The special behavior of HDPE geomembranes in peel 
and shear tests suggests that the two tests may not be 
independent. In other words, the performance of seams of 
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Fig. 3 Seam tests: (a) shear test; (b) peel test. 

Fig. 4 
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Sample with a seam subjected to a shear test: 
(a) likely shape of the seam; (b) approximaL. 
shape used in 

Fig. 5 Shape of a geomembrane bridging a depression: 
cross section of geomembrane without a seam; (b) 
cross section perpendicular to the seam of a geo­
membrane with a seam; and (c) cross sections 
along the seam (1) and parallel to the seam (2) 
showing less deflection of seam due to double 
stiffness resulting from double thickness. Double 
stiffness has only a little direct effect on 
cross section (b) because it affects only a small 
portion of this cross section, but the geomem­
brane shape in cross section (b) is significantly 
affected by continuous stiffness of the seam in 
cross section (cl). Such tridimensional effect 
would not exist if the depression was an 
infinitely long trough perpendicular to cross 
section (b). 
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geomembranes other than HDPE when subjected to a 
test may be affected by their small peel adhesion. 
is discussed in the following sections. 

2.2 Peel Component in a Seam Shear Test 

shear 
This 

When a geomembrane sample with a seam is subjected to 
a shear test, the center of the seam tends to align 
itself with the direction of the applied force (Fig. 4a). 
As a result, the seam rotates and probably does not 
remain plane. Therefore, it is difficult to define an 
angle of rotation of the seam. However, as shown in Fig. 
4b, a minimum value 0min of the angle of rotation can be 
defined as follows: 

a min 
-1 

sin (TiS) (21) 

where: T = geomembrane thickness; and S = seam width. 

As shown in Fig. 4b, the force per unit width 
applied to the sample has a component ~n normal to the 
plane of the seam: 

rr 
n Ct:. sin 0min (22) 

The seam may fail by peeling or by delamination if 
the normal component ~n is larger than peel adhesion. 
To minimize the risk, the angle am in should be as small 
as possible. Combining Eqs. 21 and 22, it appears that 
at least the following condition should be satisfied to 
ensure that ~n is smaller than ply adhesion: 

where: S = seam wid thj T = geoHlembrane thickness; 
force per unit width at failure in a tensile test 
geomembrane sample without seam; and rrp 
adhesion or ply adhesion, whichever is less. 

(23) 

Cl: f = 
on a 
peel 

Eq. 23 is necessary but not sufficient since a mi n 
defined by Eq. 21 is only a minimum value for the angle 
between the plane of the seam and the direction of the 
forces (as discussed in section 2.3). For a given 
geomembrane (characterized by T, ~f and ~p) a 
minimum seam width can be calculated using Eq. 23. 
Typical examples are presented in Table 2. The following 
comments can be made: 

The minimum seam width calculated according to Eq. 23 
varies over a wide range, from 0 . 6 mm to 65 mm (0.02 
in. to 2 .58 in.). 

The require d seam length increases when the thickness 
and the tensile strength of the geomembrane increase, 
the main factor being the tensile strength. 

Reinforced geomembranes require wider seams than 
unreinforced geomembranes due to their high tensile 
strength and low peel or ply adhesion. This is 
particularly true for heavily reinforced geomembranes 
because they have a low ply adhesion value as a result 
of small strike through (i.e., small openings of the 
reinforcing fabric, through which the polymeric 
compound on one side of the fabric can adhere to the 
polymeric compound on the other side of the fabric). 
In many instances seam width for reinforced 
geomembranes is 2S mm (1 in.) which is not sufficient 
for heavily reinforced geomembranes according to Eq. 
23, as shown in Table 2. 

Seam width required for unreinforced geomembranes is 
smaller than 12 mm (1/2 in.). Typical 2S mm (1 in.) 
wide seams can therefore be considered as satisfactory 
for unreinforced geomembranes. From the point of view 
of Eq. 23, HOPE geomembranes constitute the ideal case 
where peel adhesion is at least equal to tensile 
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strength which results in a very narrow required seam. 

The above comments should not be isolated from their 
context. Stress transfer through a seam is a complex 
phenomenon and Eq. 23, based on simple assumptions, can 
be considered only as an approach leading to qualitative 
results. Values presented in Table 2 and discussed above 
should be used only to identify trends, such as the need 
for us i ng wider seams for reinforced geomembranes than 
for unreinforced geomembranes. 

While a thorough theoretical analysis of stress 
transfer througl, a seam would be complex, testing seams 
is relatively simple. Systematic testing of seams should 
be carried out to evaluate experimentally the influence 
of parameters identified in the above discussion. 

2.3 Peel Components in Field Situations 

The analysis presented in the previous section con­
sidered only forces in the cross section of a seam (Fig. 
4). Such bidimensional analysis is not sufficient in some 
field situations where forces perpendicular to the consi­
dered cross section play an important role. A geomembrane 
bridging a depression is a typical example. The shape of 
the geomembrane with and without a seam is different, as 
explained in Fig. 5, due to seam stiffness in the 
direction perpendicular to the considered cross section . 

As a result of the shape of the geomembrane shown in 
Fig. 5b, the two geomembrane sheets tend to exhibit an 
angle 6 (Fig. 5b') larger than the minimum value e min 
defined by Eq. 21 and Fig. 4. The observed value cma x 
between the loose flap of the seam and the geomembrane 
can be considered as an upper boundary for ~ A value 
of the order of 30° has been observed by the author fo r 
0max on the seam of an unreinforced geomembrane bridging 
the corner of a reservoir afte r having undergone shrink­
age. It may therefore be assumed that values of the 
order of 5 to 10° for a are possible for unreinforced 
geomembranes. Values for a are expected to be smaller 
for reinforced geomembranes than for unreinforced geomem­
branes since reinforced geomembranes are less deformable 
and consequently exhibit less deflection when bridging a 
cavity . Expected values for a should be compared with the 
angle 0E to which a seam can resist when subjected to a 
force per unit width corresponding to a certain elonga­
tion of the geomembrane. According to Eq. 22, this angle 
does not depend on the seam length and its value is given 
by: 

(24) 

where: ~p ~ peel adhesion or ply adhesion, whichever is 
less; and ~E ~ force per unit width in the geomembrane at 
a given elongation E 

Values of 010 corresponding to a 10% elongation are 
given in Table 2. It appears that heavily reinforced 
geomembranes can withstand only small angles (2 to 4°) 
resulting from three dimensional phenomena such as the 
one depicted in Fig. 5. This results from the low 
adhesion compared with the high tensile forces existing 
in a reinforced geomembrane, even at small elongation. 
On the contrary, unreinforced geomembranes can withstand 
very large angles. Even at a SO% elongation, the 
accepted angle would still be larger than 30° for all 
unreinforced geomembranes considered in Table 2. 

2.4 Conclusions Regarding Stress Transfer Through Seams 

Due to small values of peel adhesion of all 
geomembranes except HDPE, seams are the weakest part of a 
geomembrane because in field situations, and even in a 
laboratory seam shear test, seams are subjected to peel 
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Table 2 Required seam width calculated using Eq. 23, and maximum seam angle at 10% elongation of the 
geomeulbrane calculated using 2q. 24. Tensile strength, dnd peel and ply adhesion values are 
from NSF standards (l). 

REINFORCEHENT 

Polymeric Compound 

Thickness T Jlun 0.25 
mils 10 

Tensile Strength <X f kN/m 4 
lb/in 23 

Minilllum (Peel, Ply) Adhesion <X kN/m 1. 75 
P lb/in 10 

Tensile Strength/Minimum 
ex f / '<p - 2.3 

Adhe s i OI1 

Required Seam Width mm 0.6 
(Calculated with Eq. 23) 

S 
in 0.0 2 

Force per unit width kN/m 0.2 
at 10% elongation a 10 lb/in I 

Maximum Seam Angle at 10% 
elongation (Calculated ,\, 0 

0 90 
wittl Eq. 24) 

'it .,-s c~ )m ~ : )f1 e n.t s~ The th.eorc.t LCA.] study presented qhove 

i s ;).t S oJ.d 0 11 simple ::).ssumptions and the obtained numeriC'll 
values should only be considered as a means to express 
qualitative trends. It appears that the weakening of 
seams caused by insufficient peel adhesion is more mdrked 
for heavily reinforced geomembranes than for lightly 
reinforced or unreinforced geornembranes. Further studies 
including refined theoretical analyses and systematic 
laboratory testing should be undertaken to verify the 
findings of the preliminary approach presented herein. 
If these findings were confirmed, it could be concluded 
that seams for heavily reinforced geomembranes should be 
wider than for other geomembranes. 

As for now, it is suggested that the peel test be 
considered not only as an index test for seam quality 
control but also as a means to evaluate the ability of a 
seam to withstand actual stress components in the field. 

CONCLUSIONS 

The study presented in the first part of this paper, 
although it could be further refined, leads to a clear 
conclusion: geomembranes exhibiting yield should always 
be used in situations where the elongation is smaller 
than an allowable elongation obtained by dividing the 
elongation at yield by a factor which may be of the order 
of 2. Ignoring this recommendation can lead to failures, 
just as lack of recognition of this phenomenon has led to 
failures in the past. With the increasing use of yield 
and creep-prone geomernbranes, which is justified by some 
other desirable characteristics, a thorough knowledge of 
geomembrane mechanical behavior is required on the part 
of designers. 

The study presented in the second part of this paper 
does not lead to clear-cut conclusions because the 
assumptions considered may be simplistic. Nonetheless, a 
trend has been identified: heavily reinforced 
geomembranes seem to require wider seams than lightly 
reinforced or unreinforced geomembranes. Due to the 
importance of the subject and the difficulty of 
theoretically analyzing stress transfer through a seam, a 
systematic testing program is recommended. 

The two studies presented in this paper confirm that 
common sense in engineering is as reliable as tossing a 
coin, and more dangerous since it is more believable. 
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LIGHTLY HEAVILY 
UNREINFORCED RE IN FORCED REINFORCED 

PVC HDPE CSPE (Hypalon) EIA 

0.75 1. 14 2 . 5 0.75 0.91 0.91 1. 14 1.5 0.75 
30 45 100 30 36 36 45 60 30 

12 18 26 17.5 21 35 35 52.5 70 
69 104 150 100 120 200 200 300 400 

1. 75 1. 75 26 1. 75 1. 75 1.2 1.2 1.2 1.4 
10 10 150 10 10 7 7 7 8 

6.9 10.4 1 10 12 29 29 43 50 

5.2 12 2.5 7.5 11 26 32 65 38 
0.21 0.47 0.10 0.30 0.44 1.03 1. 29 2.58 1. 50 

0.5 0.9 26 9 10.5 17.5 17.5 26 35 
3 

90 

5 150 50 60 100 100 150 200 

90 90 12 10 4 4 3 2 

Common sense dictates that a geomembrane exhibiting 7()()% 
elongation canno t fail in actual situations where imp()~ed 

elongations rarely exceed 50% and only in limited areas. 
However, such a geomembrane can indeed fail under a 1)% 
elongation as shown by analysis and experience. Again, 
common sense dictates that the stronger the 
reinforcement, the higher the factor of safety. However, 
in the cases discussed in this paper, a strong 
reinforcement may decrease the safety of seams. The same 
may occur in cases not discussed in this paper, such as 
differential settlements, where a stiff reinforcement is 
clearly detrimental. 

It is hoped that the discussions presented in this 
paper will increase designers' awareness of the need for 
a thorough knowledge of geomembrane mechanical behavior 
to meet the challenges of liner design. It is also hoped 
that more extensive research work will be undertaken to 
better understand the mechanical behavior of 
geomembranes. 

This paper results from personal and independent 
work done by the author, using published information and 
personal observati ons. The technical content of this 
paper has not been discussed prior to publication and is 
therefore the author's sole responsibility. Since some 
of the results and comments presented in this paper may 
have important practical consequences, the author 
requests that quotations from this paper not be isolated 
from relevant context. 
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