Technical Note by J.G. Zornberg and J.P. Giroud

UPLIFT oF GEOMEMBRANES BY WIND -
EXTENSION OF EQUATIONS

ABSTRACT: Thistechnical note presents an extension of earlier analytical methods
published in 1995 by Giroud et al. for evaluating the uplift of geomembranes by wind.
The extension incorporates: (i) the influence on wind uplift of the slope inclination of
an exposed geomembrane; and (ii) amore accurate expression of thetension-strain rela-
tionship in awind uplifted geomembrane. Use of the revised methods is particularly
relevant for projects in which the exposed geomembrane mass per unit areais high, the
dopeinclination of the exposed geomembrane is steep, and the exposed geomembrane
issubjected to strains dueto mechanisms other than thewind (e.g. gravity, temperature)
prior to wind uplift. Also, the revised equations are particularly appropriate for dimen-
sioning aprotective layer placed ontop of the geomembrane to prevent wind uplift. The
information provided in this technical note may be of particular significance for pro-
jects in which an exposed geomembrane is contemplated as the final cover for waste
containment systems with steep sope configurations.
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1 INTRODUCTION

A thorough evaluation of the uplift of geomembranes by wind is presented in a pa-
per by Giroud et al. (1995). The paper presents approaches to assess the maximum
wind velocity that an exposed geomembrane can withstand without being uplifted, the
required thickness of a protective layer that would prevent the geomembrane from
being uplifted, the tension and strain induced in the geomembrane by wind loads, and
the geometry of the uplifted geomembrane. The evaluation of the uplift of geomem-
branes by wind is a design issue that deserves consideration not only for applications
in which geomembranes are temporarily exposed (e.g. during construction of conven-
tional landfill cover and liner systems), but also for challenging projects in which an
exposed geomembrane without any protective layer is contemplated for final closure
of awaste containment system.

This technical note presents revisions and extensions of the work by Giroud et al.
(1995), including: (i) revision of a number of the original eguations to account for the
influence on wind uplift of the sope inclination of an exposed geomembrane; (ii) re-
vision of the wind uplift tension-strain relationship to facilitate calculations and
graphical applications in cases where the geomembrane isaready subjected to an ini-
tial strain when wind uplifting begins; and (iii) methods for evaluating the geomem-
brane wind uplift under initial strain induced by gravity and temperature.

The revised equations may be of particular relevance when an exposed geomem-
brane is considered as the final cover for a waste containment landfill with steep slo-
pes. An example of such an application isgiven in Section 5. This example isinspired
by the feasibility evaluation of the use of an exposed geomembrane as the final cover
for the Operating Industries, Inc. (Oll) landfill located in southern California, which
isin an area of high seismicity. The landfill slopes are up to 80 m high, with inter-
mediate slopes between benches as steep as 1V:1.5H and up to 28 m high. The main
reason for having considered an exposed geomembrane cover as a potential aterna-
tive for final closure of the landfill was the difficulty in demonstrating adequate slope
stability, under static and seismic conditions, in the case of conventional covers where
geosynthetics are overlain by soil layers. In contrast, an exposed geomembrane cover
would be stable under both static and seismic conditions. Evaluation of the uplift by
wind of the geomembrane becomes, however, a key consideration in the assessment
of an exposed geomembrane as afinal cover aternative.

2 INFLUENCE OF SLOPE INCLINATION ON GEOMEMBRANE
UPLIFT BY WIND

The forces per unit area acting on ageomembrane exposed on a slope and subjected
to wind-generated suction are shown in Figure 1. The suction, S, induced by the wind
isnormal to the exposed geomembrane and, therefore, its average direction is normal
to the slope. A geomembrane exposed on a slope with inclination 8 will resist wind
uplift by itself if the component of the geomembrane weight per unit areain the direc-
tion normal to the slopeis greater than or equal to the suction S. Therefore, in order to
prevent wind uplift, it should be verified that:
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Exposed geomembrane

Figurel. Geomembrane exposed on a slope of inclination 8 and subjected to
wind-induced suction.

Ucu8 cosf = S 1)

where: usw = mass per unit area of the geomembrane; and g = acceleration due to
gravity.

The earlier equations (Giroud et a. 1995) do not include the term cos8 in Equa-
tion 1. Although these earlier equations would rigorously be valid only for exposed
horizontal geomembranes (cosg = 1), they would be appropriate for practical pur-
poses in many cases because: (i) many structures in which geomembrane uplift by
wind is an issue of concern have slopes that are not steep (cosg = 1); and (ii) the geo-
membrane weight per unit area is generally much smaller than the wind-generated
suction and, therefore, an error on the weight would have no significant impact on the
calculated value of the effective suction. However, using cos8 = 1 would not be ap-
propriate in cases where the sope of the exposed geomembrane is steep or in cases
where the mass per unit area of the geomembrane is comparatively high (e.g. if bitu-
minous geomembranes are used). The effect of the cosf term is particularly signifi-
cant when calculating the thickness of the protective layer on top of the geomembrane
which is required to prevent wind uplift.

A revised version of the earlier equations, which incorporates the effect of the slope
inclination g3, is presented in the Appendix. The revised equations can be used to esti-
mate, as a function of the dope inclination, the mass per unit area of geomembrane
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required to resist wind uplift, the threshold wind velocity below which a geomem-
brane should not be uplifted by wind, the required thickness of a protective layer that
would prevent wind uplift, and the effective suction acting on an exposed geomem-
brane. The revised equations in the Appendix supersede the original equations (Gi-
roud et al. 1995) and, to facilitate cross-referencing, the same numbering sequence is
used for the revised and original equations (e.g. Equation A-14 in the Appendix isthe
revised version of the original Equation 14).

3 UPLIFT OF GEOMEMBRANES WITH INITIAL WRINKLES OR
TENSION

3.1  Uplift Tension-Strain Relationship

The fundamental relationship for the geomembrane uplift problem is the “uplift
tension-strain relationship” defined by Equation 47 in the paper by Giroud et al.
(1995). In this relationship, the only strain component is the strain induced by the
wind. Therefore, it is proposed to use the notation ¢,, to distinguish this strain compo-
nent from the total strain in the geomembrane, ¢, which may result from multiple
causes (e.g. wind, temperature, gravity). Asthe only cause of strain considered in the
relationship presented by Giroud et al. (1995) is the wind, the notation ¢ is used in
Equation 47 of the original paper. However, this notation becomes confusing when
multiple causes of strain are considered in the analysis.

The new version of the original Equation 47 resulting from the use of the notation
&w s

en = 2L sin-! [S“L] -1 (A-47)

where: g, = geomembrane strain component induced by wind uplift; T = total geo-
membrane tension; S = effective suction; and L = length of geomembrane subjected
to suction.

It is important to emphasize that the uplift tension-strain relationship (Equa-
tion A-47) relates the strain induced only by the wind, ¢, , with the total tension in the
geomembrane, T, induced also by sources other than wind such as temperature or gra-
vity. In other words, it should be noted that Equation A-47 is not a relationship be-
tween the wind-induced strain, ¢, , and the wind-induced tension, T, . This isbecause,
while the geometry of the uplifted geomembrane is governed by the wind-induced
strain, &, , the effective suction acting over alength L isresisted by the total tension,
T, in the geomembrane (Figure 2).

Equations A-45, A-46, A-51 and A-57 presented in the Appendix were also revised
to explicitly usee,, . The uplift tension-strain relationship expressed by Equation A-47
isrepresented by the curve in Figure 3. Note that the horizontal axis of the graph pre-
sented in Figure 3 corresponds to the wind-induced component of the geomembrane
strain, &y .

190 GEOSYNTHETICS INTERNATIONAL ® 1997, VOL. 4, NO. 2



ZORNBERG AND GIROUD e Uplift of Geomembranes by Wind - Extension of Equations
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Figure2. Schematic representation of an uplifted geomembrane (based on Figure 9
from Giroud et al. 1995).
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Figure3. Normalized uplift tension-strain relationship.

Notes: This curve was established using Equation A-47. Thisis arevised version of Figure 10 presented
by Giroud et al. (1995) in which the horizontal axisis the wind-induced component of the geomembrane
strain, &, , instead of the total geomembrane strain, ¢, used in the original figure.

GEOSYNTHETICS INTERNATIONAL ® 1997, VOL. 4, NO. 2 191



ZORNBERG AND GIROUD e Uplift of Geomembranes by Wind - Extension of Equations

3.2  Graphical Application

The representation of the uplift tension-strain relationship expressed by Equation
A-47 and shown in Figure 3, where the initial horizontal axisise, instead of ¢, is use-
ful in the evaluation of the effect of initial wrinkles or initial tension on the uplift by
wind of geomembranes. A graphical determination of thetotal strain, ¢, and total ten-
sion, T, in a geomembrane after wind uplift, for the case of a geomembrane with ini-
tial wrinkles or initial tension, isshown in Figure 4. For the purposes of the discussion
presented herein, the initia strains in the geomembrane analyzed in Figure 4 are as-
sumed to be induced by temperature changes. However, the procedure illustrated in
Figure 4 can be equally used to evaluate the total tension and strain in the geomem-
brane if the initial strains are induced by other mechanisms.

Figure 4a showsatypical geomembrane tension-strain curve. The tension-strain be-
havior of the geomembrane shown in Figure 4 was extended to the “negative strain”
portion of the curve in order to illustrate the behavior of a geomembrane with wrink-
les. The axes of the geomembrane tension-strain curve are the total tension, T, and the
total strain, €, in the geomembrane. Since geomembranes do not sustain compression,
the tension is zero on the negative side of the ¢ axis. Points Ao, By , and C, represent
different possible initial state conditions of a geomembrane before it is subjected to
wind-induced suction. State A, represents a geomembrane that has not undergone
strains (neither positive nor negative) due to temperature changes, state B, represents
a geomembrane with initial wrinkles due to thermal expansion (high temperature
when uplifting begins), and state C, represents a geomembrane under initial tension
due to thermal contraction (low temperature when uplifting begins).

Figure 4b illustrates the uplift tension-strain relationship for aspecific valueof S L,
which is defined by the geometry of the exposed geomembrane and the design wind
velocity. Asdiscussed in Section 3.1, the axes of this uplift tension-strain relationship
are the total tension, T, and the wind-induced component, ¢, , of the geomembrane
strain.

Figure 4c illustrates how to estimate the final tension and strain in a geomembrane
subjected to wind-induced suction for three cases representing possible initial states
of a geomembrane when uplifting begins. The elements relevant for design provided
by the graphical analysis illustrated in Figure 4c are the total tension, T, in the geo-
membrane, which should be less than the allowable tension, and the wind-induced
strain component, ¢, , which defines the geometry of the uplifted geomembrane.

The three cases illustrated in Figure 4c are discussed below.

Case A. Inthis case, the geomembrane has no wrinkles or tension when uplifting be-
gins. Points Ao and A; along the geomembrane tension-strain curve represent the states
before and after wind uplift and can be used to define the total tension, T, , and thewind-
induced strain, ey , in the geomembrane. Point A; isthe intersection of the geomem-
branetension strain-curve, T - ¢, with the uplift tension-strain curve, T - ¢,, . Theorigin,
O, of the uplift curve for this case (Curve A) is Point A,, which represents the initial
gtate in the tension-strain curve of the geomembrane.

Case B. Inthiscase, duetothermal expansion prior to wind action, the geomembrane
has wrinkles when uplifting begins, which are characterized by a “negative strain”.
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Figure4. Uplift by wind of a geomembrane under initial strains: (a) schematic geomem-
branetension-strain (T - ¢) curve; (b) schematic geomembrane uplift tension-strain (T -
&y) relationship; (c) uplift by wind of a geomembrane under noinitial strain (from A, to
A;), with initial wrinkles (from B, to B;), and under initial tension (from C,to C;).

Points B, and B, along the geomembrane tension-strain curve represent the states before
and after wind uplift and can be used to define the total tension, Ty , and the wind-in-
duced strain, &,s . Point B, isthe intersection of the geomembrane tension-strain curve,
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T - ¢, with the uplift tension-strain curve, T - ¢, . The origin, O, of the uplift curve for
this case (Curve B) is Point B, , which represents the initial state in the tension-strain
curve of the geomembrane. Figure 4c shows that the total tension, T , in the uplifted
geomembrane issmaller than the total tension, T, , in Case A and that the wind-induced
strain, eqs , in the uplifted geomembrane is greater than the wind-induced strain, eya ,
in Case A. In summary, as stated by Giroud et al. (1995), “if a geomembrane has
wrinkles when uplifting begins, it is uplifted more, but with a smaller tension than if
the geomembrane has no wrinkles when uplifting begins.”.

Case C. Inthis case, due to thermal contraction prior to wind action, the geomem-
brane is under tension when uplifting begins. Points C, and C, along the geomembrane
tension-strain curve represent the states before and after wind uplift and can be used to
define the total tension, Tc , and the wind-induced strain, e.c , after wind uplift. Point
C. istheintersection of the geomembrane tension-strain curve, T - €, with the uplift ten-
sion-strain curve, T - ¢, . The origin, O, of the uplift curve, T - ¢, , for this case (Curve
C) ispoint C'y, the projection onthee axisof Point C,, which representstheinitial state
in the tension-strain curve of the geomembrane. Figure 4c showsthat the total tension,
Tc , inthe uplifted geomembrane isgreater than the total tension, T, , in Case A and that
the wind-induced strain, e.c , in the uplifted geomembrane is smaller than the strain,
&wn , iIN Case A. In summary, as stated by Giroud et al. (1995), “if a geomembrane is
under tension when uplifting begins, it is uplifted less, but with a greater tension than
if the geomembrane has no wrinkles when uplifting begins.”.

3.3 Discussion

Figure 4c of this technical note should be compared with Figure 25 in the paper by
Giroud et al. (1995). Both figures illustrate the same approach, which consists of
trandating parallel to the strain axis one of the following two curves: the geomem-
brane tension-strain curve (Figure 4a) or the uplift tension-strain curve (“uplift
curve”) (Figure 4b). In Figure 4c, the uplift curve is trandated, whereas in Figure 25
of the original paper the geomembrane tension-strain curve istransated. The conclu-
sionsdrawn from Figure 4c in Section 3.2 are identical to those drawn by Giroud et al.
(1995) from Figure 25. Experience has shown that some engineers prefer the ap-
proach in Figure 4c, whereas other engineers prefer the approach in Figure 25 (with
the horizontal axislabeled ¢, instead of ¢, as pointed out in Section 3.1). Therefore, it
appears useful to have both approaches available. However, regardiess of the ap-
proach selected, it isimportant that the horizontal axis of Figure 4b be labeled ¢, .

4 WIND UPLIFT OF GEOMEMBRANES UNDER INITIAL STRAINS
INDUCED BY GRAVITY AND TEMPERATURE

The analysis presented in Section 3 regarding the uplift by the wind of a geomem-
brane under initial tension due to thermal contraction can also be applied for the case
of a geomembrane under initial tension induced by other sources (e.g. gravity forces,
seismic forces, tractive forces caused by surface water flow). Similarly, the analysis
presented in Section 3 for wind uplift of ageomembrane initially with wrinkles dueto
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thermal expansion can also be applied to the case of a geomembrane initialy with
wrinkles caused by other reasons (e.g. induced during construction).

Section 4 discusses the particular case of an exposed geomembrane under initial
tension induced both by thermal contraction and gravity forces. These two sources of
initial tension in geomembranes may be particularly relevant when evaluating the
performance of geomembranes exposed on steep slopes. Geomembrane tensions in-
duced by seismic forces and tractive water forces are not considered herein as it ap-
pears unreasonable, for design purposes, to consider that the design wind would occur
simultaneoudly with a seismic event or with the design storm.

The initia strain, & , and initial tension, Ty , in the geomembrane before uplifting
begins can be estimated from:

g)=¢er+ g (2)

T)=Tr+ 1T, ©)]

where: er = geomembrane strain component induced by thermal contraction; &, = geo-
membrane strain component induced by gravity; Tr = geomembrane tension compo-
nent induced by thermal contraction; and T, = geomembrane tension component in-
duced by gravity.

The strain component induced by thermal contraction can be calculated using the
following equation, which is identical to Equation 58 in the paper by Giroud et al.
(1995):

&r = a(r - Fbase) (4)

where: a = coefficient of thermal contraction of the geomembrane; I" = temperature of
the geomembrane when uplift occurs, and .. = temperature of the geomembrane
when it rests on the supporting ground without wrinkles and without tension. After
determining the strain component induced by thermal contraction, ¢ , the correspond-
ing tension component, T , can be obtained using the nonlinear tension-strain curve
of the geomembrane as shown in Figure 5.

If the geomembrane tension-strain curve, or a portion of it, can be assumed to be
linear, determination of T; does not require a graphical solution, but it can be esti-
mated using the geomembrane tensile stiffness, J, as follows:

TT = JST (5)

The tension component induced by gravity, T, , is the component of the weight of
the geomembrane and of the geomembrane protection layer, if any, in the direction of
the dope (see Figure 1). Assuming that a geomembrane is properly anchored at the
crest of the slope, the tension component induced by gravity increases from zero at
the toe of the slope to a maximum tension at the crest of the slope. In the case of a
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Figure5. Uplift by wind of a geomembrane with nonlinear tension-strain behavior
under initial tension induced by both thermal and gravity sour ces.

Notes: The nonlinear tension-strain curve is used to graphically define: T+ from the estimated et (see[1]
in figure); &5 from the estimated value of Ty (see[2] in figure); and both T, and &, from superimposing the
geomembrane tension-strain curve on the uplift tension-strain curve (see [3] in figure).

geomembrane without a protection layer, the tension component induced by gravity at
the crest of adope of length L is:

T, = tong L sinf (6)

Since the tension component induced by gravity is not uniform along the geomem-
brane length, the average tension (i.e. half of the tension estimated using Equation 6)
would be representative of the average condition of the geomembrane. However, the
tension estimated using Equation 6 better represents the most critical section in the
geomembrane. After determining the tension component induced by gravity, T,, the
corresponding strain component, &, , can be obtained from the nonlinear tension-strain
curve of the geomembrane as shown in Figure 5. If the geomembrane tension-strain
curve, or aportion of it, can be assumed to be linear, the strain component, ¢, , can be
estimated using the geomembrane tensile stiffness, J, as follows:
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e, =T1,/J (7)

The procedure illustrated in Figure 5 assumes that thermal strains occur before the
gravity-induced strains. It should be noted, however, that for the case of a geomem-
brane with a nonlinear tension-strain behavior, adifferent initial condition (i.e. & and
To) would be obtained if the gravity-induced strains were assumed to occur before the
thermal strains. The sequence illustrated in Figure 5 implies that gravity-induced
strains occur at the moment wind uplift begins (i.e. after the thermal strains) and that,
before wind uplift, the component of the geomembrane weight parallel to the slope
was carried by shear stresses developed at the interface between the geomembrane
and the side slope. A different assumption would be to consider that gravity-induced
strains occur during placement of the geomembrane (i.e. before the thermal strains)
and that shear stresses between the geomembrane and the side slope were not mobi-
lized after construction. Nevertheless, the same initial condition (i.e. &, and To) would
be obtained, independently of the sequence in which thermal and gravity-induced
strains are assumed to occur, if the geomembrane has a linear tension-strain relation-
ship.

Oncetheinitia state of the geomembrane before uplifting begins (i.e. &, and Ty) has
been defined, the geomembrane strain and tension components induced by wind uplift
(ew and T, , respectively) can be determined following the procedure described pre-
vioudly in Figure 4. These wind-induced strain and tension components should be ob-
tained graphicaly if the geomembrane has a nonlinear tension-strain behavior.

If the geomembrane tension-strain curve, or a portion of it, can be assumed to be
linear, determination of &, does not require a graphical solution, but it can be esti-
mated using the geomembrane tensile stiffness J, the initia tension T, , the effective
suction S , and the geomembrane length L by solving the following equation, which
is adapted from Equation 57 by Giroud et al. (1995):

_ Sl G| 3L (144 (A-573)
2(T, +J ) 2(T, + T &)

The wind-induced strain component, ¢,, , can also be estimated using the geomem-
branetensile stiffness J, theinitial strain g, , and the term S L by solving the following
equivalent equation:

__S.L sin[L a+ sw)] (A-57h)
2J (eg + &) 2J (g) + &)

Expressions A-57a or A-57b may be solved by trial and error in order to determine
&w - Aninitia trial value can be defined using Table 4 from Giroud et a. (1995), which
provides ¢, for the case of a geomembrane with a linear tension-strain behavior, but
with no wrinkles or tension when uplifting begins (¢, = 0 and T, = 0).

After determining the wind-induced strain component, ¢, , the tension component,
Tw , can also be estimated using the geomembrane tensile stiffness, J :
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T,=1Je, (8)

Finally, thetotal strain, ¢, and total tension, T, in the geomembrane after wind uplift
can be defined from:

E=¢,+¢, (9)

T=T,+T, (10)

5 DESIGN EXAMPLE

Use of the equations presented in this technical note is illustrated in the following
example, which evaluates the wind uplift of ageomembrane that is exposed on asteep
landfill slope and which isinitially under tension induced by both gravity and temper-
ature before uplifting begins. These conditions are based on those considered in the
feasibility evaluation of the use of an exposed geomembrane as a final cover for the
Oll landfill mentioned in Section 1.

Example. A reinforced geomembrane hasalinear tension-strain curve characterized
by atensile stiffness of 310 kN/m and a strain at break of 23%. This geomembrane is
installed and left exposed as part of the final cover system for alandfill site located 150
m above sealevel, in an area where, during a certain season, winds with velocities up
to 115 km/h can be expected. The geomembrane is exposed on asteep (1V:1.5H) slope,
which is28 m high between benches. Thegeomembrane hasamass per unit areaof 1.41
kg/m?2and acoefficient of thermal expansion of 1.2 x 104 °C-1. Inorder to have afactor
of safety of 2, the allowable strain is 11.5%. Consider that the geomembrane is under
initial tension when uplifting begins due to its own weight and to thermal contraction
induced by atemperature change of 50° C. Assuming that the geomembrane isproperly
anchored at the crest of the Slope and that no protective layer is used on top of the geo-
membrane, predict the total strain and tension in the geomembrane when it is uplifted
by the considered wind. Calculate the thickness of a protective layer, with a density of
1600 kg/m3, which would be required to prevent the uplift of the geomembrane.

Thelength of geomembrane subjected to wind-generated suction isthe length of the
dope, which is:

L = /28 + (1.5 x 28) = 50.5m
The dope inclination is:

B = tan~'(1/1.5) = 33.69°
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Theinitial strain component induced by thermal contraction can be estimated using
Equation 4 as follows:

er = (1.2 X 1074)(50) = 0.0060 = 0.60%

From the estimated strain component, the corresponding tension component in-
duced by thermal contraction can be determined for ageomembrane with alinear ten-
sion-strain curve using Equation 5 as follows:

T, = (310)(0.006) = 1.86 kN/m

The initial tension component induced by gravity at the top of the side slope of
length L can be estimated using Equation 6 as follows:

T, = (1.41)(9.81)(50.5) sin(33.69°) = 387 N/m = 0.387 kN/m

From the estimated tension component, the corresponding strain component in-
duced by gravity can then be determined using Equation 7 as follows:

g, = 0.387/310 = 0.00125 = 0.125%

The initial strain and tension in the geomembrane before uplifting begins can be
estimated from Equations 2 and 3, respectively, as follows:

gy = 0.600 + 0.125 = 0.73%
T, = 1.860 + 0.387 = 2.25kN/m

A vaue A = 0.7 isrecommended by Giroud et al. (1995) for the suction factor if the
entire slope is considered, which is the case in this example. Using Equation A-41
presented in the Appendix, the effective suction on the side ope is calculated asfol-
lows:

S, = (0.050)(0.7)(115)? e ~(:252x10-H050 _ (9.81)(1.41) cos(33.69°)
= 45426 — 11.51 = 442.75 Pa

It should be noted that, with cosf = 1 instead of cos(33.69°) = 0.83, the error on S
is only 0.5%. This confirms a comment made in Section 2 that, when the geomem-
brane weight per unit area is much smaller than the wind generated suction (which is
often the case), using cosf = 1 does not have a significant impact on the calculated
value of the effective suction.
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Next, S L is calculated as follows:

S, L = (442.75)(50.5) = 22,359 N/m = 22.36 kN/m

The strain component induced by wind-generated suction can be calculated using
Equation A-57a as follows:

22.36 _ sin [ 22.36 1+ SW)]

2(225 + 310 ¢,) 2(2.25 + 310¢,)

The equation above must be solved by trial and error in order to obtain ¢, . Anini-
tial trial can be defined using Table 4 from Giroud et a. (1995), which solvesthewind
uplift problem for a geomembrane with a linear tension-strain relationship, but with
no wrinkles or tension when uplifting begins. Using a normalized tensile stiffness
(J/S L) = (310/22.36) = 13.86, the initial trial value defined using Table 4 is 6.4%.
Thisinitia trial value corresponds to the upper bound of the wind-induced strain on
the considered geomembrane, which is under tension when uplifting begins (see Sec-
tion 3.2). The solution obtained after solving Equation A-57a by trial and error is
&w = 0.0585 = 5.85%.

The wind-generated tension component, T, , can then be estimated using Equation
8 asfollows:

T, = (310)(0.0585) = 18.14 kN/m

Finally, the total tension and strain in the geomembrane when it is uplifted by the
considered wind can be estimated using Equations 9 and 10, respectively, asfollows:

e =0.73 +5.85 = 6.58%
T =225+ 18.14 = 20.39 kN/m

The total strain in the geomembrane after it has been subjected to wind-generated
suction is 6.58%, which is less than the allowable strain of 11.5%. Therefore the geo-
membrane should not fail intension when it is uplifted by the wind. Although the total
tension, T, in the geomembrane after wind uplift islower than the allowable tension of
the reinforced geomembrane, it is considerably higher than the allowable tensile
strength of typical nonreinforced geomembranes. The initial tension, Ty, in the ex-
posed geomembrane before uplifting begins represents 11% of the total tension, T, in
the uplifted geomembrane.

The thickness of the protective layer required to prevent uplift by wind of the geo-
membrane can be calculated using Equation A-33. Considering op = 1600 kg/m3,
ten = 1.41 kg/m2, , = 0.7, V = 115 km/h, B = 33.69°, and z = 150 m, the required
thickness, t., , is calculated asfollows:
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(0.7)(115)?

freq = c05(33.69%)

_1 | _ —1.252x 10 —4(150)
r = 7600 [ 1.41 + 0.005085 e ]

hence:

feg = o5 (= 141 + 55.52) = 0034 m = 34 mm

It should be noted that, with cos = 1 instead of cos(33.69°) = 0.83, an unconserva-
tive value of 28 mm would have been obtained for the required thickness of the pro-
tective layer, hence an 18% error. This confirms the comment made in Section 2 that
the effect of cosj is particularly significant when calculating the thickness of the pro-
tective layer.

Finally, although the static and seismic stability of the 34 mm-thick protective layer
on such a steep dope is not addressed herein, it should be recognized as an important
design consideration.

END OF EXAMPLE

6 CONCLUSIONS

Thistechnical note presents arevised version of equations aswell asan extension of
discussionsinitially presented by Giroud et al. (1995) which analyzes the phenomenon
of uplift of geomembranes by wind. The following conclusions are drawn:

* The uplift effect of wind on geomembranes depends on the inclination of the side
slope on which the geomembrane is exposed. The effect of the dope inclination is
particularly relevant if the slope of the exposed geomembrane is steep and if heavy
geomembranes are used. Also, the effect of dlopeinclination issignificant for the cal-
culation of the required thickness of a protective layer on top of the geomembrane
to prevent wind uplift. Revised equations are provided to estimate, as a function of
the slope inclination, the mass per unit area of geomembrane required to resist wind
uplift, the threshold wind velocity below which a geomembrane should not be
uplifted by wind, the required thickness of a protective layer that would prevent wind
uplift, and the effective suction acting on an exposed geomembrane.

* The“uplift tension-strain relationship” (Equation A-47) that governsthe uplift prob-
lem relates the geomembrane strain induced exclusively by wind action (and not the
total geomembrane strain) to the total tension in the geomembrane induced not only
by the wind but also by other sources such as temperature or gravity. Taking into ac-
count that the uplift relationship doesnot refer to thetotal geomembrane strain, acon-
sistent approach ispresented to assess the wind uplift phenomenon accounting for the
effect of initial wrinkles or initial tension in the geomembrane.
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* The effect of initial strains induced by multiple sources (e.g. temperature, gravity)
on the uplift of geomembranes by wind can be evaluated either graphically, if the geo-
membrane hasanonlinear tension-strain relationship, or anaytically, if the geomem-
branetension-strain curve can beassumed to belinear. M ethods are presented to eval -
uate the uplift of geomembranes under initial strains induced by multiple sources
when uplifting begins.
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NOTATIONS
Basic Sl units are given in parentheses.

=  areaof geomembrane (m?)

force applied on geomembrane by uplift suction, defined by Equation 42
of the paper by Giroud et al. (1995) (N/m)

= acceleration due to gravity (m/s?)

= geomembrane tensile stiffness (N/m)

= length of geomembrane subjected to suction (m)

= atmospheric pressure at sea level (Pa)

= radius of circular-shaped uplifted geomembrane (m)
suction (Pa)

= ‘“effective suction” defined by Equation A-35 (Pa)
= total geomembrane tension (N/m)

= tota tension in uplifted geomembrane for base case (Case A) where
geomembrane has no wrinkles and no tension when uplifting begins
(N/m)

total tension in uplifted geomembrane that has wrinkles when uplifting
begins (Case B) (N/m)

m >
I

S n T r«a@
1l

o
N
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51

gﬁmg“‘é%<<cg*o—i:|@—is—'

Er

Ew

Ewa

Ews

Ewc

Eo

Uem

HcMreq

Op
Qo

total tension in uplifted geomembrane that is under tension when
uplifting begins (Case C) (N/m)

geomembrane tension component induced by wind uplift (N/m)
geomembrane initial tension induced by gravity (N/m)
geomembrane initial tension induced by temperature changes (N/m)
geomembrane initial tension (N/m)

required thickness of protective layer (m)

geomembrane uplift (m)

wind velocity (m/s)

wind velocity that causes geomembrane uplift (m/s)

weight of geomembrane (N)

altitude above sea level (m)

coefficient of thermal expansion-contraction of geomembrane (°C1)
dope inclination (°)

temperature of geomembrane when uplift occurs (°C)

temperature of geomembrane when it rests on supporting ground without
wrinkles and without tension (°C)

total geomembrane strain (dimensionless)

geomembrane initial strain induced by temperature changes
(dimensionless)

geomembrane initial strain induced by gravity forces (dimensionless)
geomembrane strain component induced by wind uplift (dimensionless)

strain component in uplifted geomembrane for base case (Case A) where
geomembrane has no wrinkles and no tension when uplifting begins
(dimensionless)

strain component in an uplifted geomembrane that has wrinkles when
uplifting begins (Case B) (dimensionless)

strain component in an uplifted geomembrane that isunder tension when
uplifting begins (Case C) (dimensionless)

geomembrane initial strain (dimensionless)

angle between extremities of uplifted geomembrane and straight line
passing through these extremities (°)

suction factor, defined by Equation 13 of the paper by Giroud et al. (1995)
(dimensionless)

mass per unit area of geomembrane (kg/m?)

mass per unit area of geomembrane required to resist wind uplift (kg/m?)
air density (kg/m3)

density of protective layer material (kg/mS3)

air density at sealevel (kg/md3)
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APPENDIX

The following are revised equations for the evaluation of wind uplift. In order to
facilitate cross-referencing between the revised equations in this Appendix and the
original equations presented by Giroud et al. (1995), the same numbering sequence is
used in the revised and original sets of equations (e.g. Equation A-14 in this Appendix
is the revised version of the original Equation 14). Equations presented by Giroud et
al. (1995) which have not been revised are not repeated in this Appendix.

A-1 GEOMEMBRANE SENSITIVITY TO WIND UPLIFT®

(W/A)cosf = S (A-14)
QoV% _ 1
> reg = y) e % 92/po = A-17
Hem = Ucmreg 29 cosp ( )
V2
owm = Home = 0.0659 A (A-18)
cosp
with g 6y, (kg/m?) and V(km/h)
V2
ow = Howe = 0.005085 A (A-19)
cosp
with g, (kg/m?) and V(km/h)
V? _
Hon = Howe = 0.0659 1Y g (1252 x 1042 (A-20)
cosp
With g gureq(kg/m?), V(km/h) and z(m)
V? _
on = Howe = 0.005085 V" g (1252 x 10~ (A-21)
cospf
With t gureq(kg/m?), V(km/h) and z(m)
1/2
VsV, = [M] (A-22)
lQoe*@ogz/Po

(Note:  Equation 22 in the original paper contained atypographical error, p, wasused instead of g, after A in
the denominator.)
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V <V, = 3.895 /ugy, CoSB/A (A-23)

with ¥, (m/s) and p,,(kg/m?)

V <V, = 14.023 /ugy cosp/A (A-24)

with ¥, (m/s) and p,,(kg/m?)

V =V, = 3.895e620 x 10792 |, . cosB/A (A-25)

with V,,(m/s), z(m) and ueu(kg/m?)

V <V, = 14.023¢62° * 10792 [y o cosB/A (A-26)

with V,,(m/s), z(m) and u,,(kg/m?)

A-2 REQUIRED UNIFORM PRESSURE TO COUNTERACT WIND

UPLIFT®
(0pQtieq + HeuQ) COSB = S (A-28)
0 AV2
teg = i( — sy + 2 e@ogz/po) (A-29)
Op 2g cosp
V2
tg = i( ~ gy + 006592 ) (A-30)
O cosf
With treq (M), 0p (kg/M3), teu (kg/m?) and V (m/s)
V2
tg = i( — iy + 0.005085 ) (A-31)
Op cos
With treq (M), 0 (kg/M3), teu (kg/m?) and V (km/h)
\/2 _
teg = i(— gy + 00659 g-tazsz x 10 “>Z) (A-32)
O cosf
With treq (M), 0p (Kg/M3), pou (kg/m?), V (m/s) and z (m)
\/2 _
treg = i( ~ gy + 0005085 g-252 x 10 “>Z) (A-33)
O cosf

With treq (M), 0r (KG/M3), ueu (kg/m?), V (km/h) and z (m)
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A-3 EVALUATION OF EFFECTIVE SUCTION(

S =S- uem g cosp
S. = A0(V?/2) — ueug cosp

S. = 20(V?/2)e % 9 %P — g cosp

S, = 0.64651V2 — 9.81ucy COSB
with S.(Pa), V(m/s) and ucy(kg/m?)

S. = 0.0501V? — 9.81ug, cosp
with S.(Pa), V(km/h) and ugy(kg/m?)

S. = 0.64651V2e~ 122 x 107% _ 9 81y . cosp
with S(Pa), V(m/s), z(m) and ucu(kg/m?)

S. = 0.0504V2e~(122 x 107% _ 9 81y . cosp
with S(Pa), V(km/h), z(m) and uqu(kg/m?)

(A-35)

(A-36)

(A-37)

(A-38)

(A-39)

(A-40)

(A-41)

A-4 DETERMINATION OF GEOMEMBRANE TENSION AND STRAIN®

acAB 2RO
1+e, = = -
L 2Rsno
6
w=——-1
snf

206 GEOSYNTHETICS INTERNATIONAL ® 1997, VOL. 4, NO. 2

(A-45)

(A-46)

(A-47)

(A-51)



ZORNBERG AND GIROUD e Uplift of Geomembranes by Wind - Extension of Equations

L = sin L( + SW) (A-57a)
2(To + Jew) 2(Ty + Jew)
L = sin L(l + SW) (A-57b)
2J(go + €w) 2J(go + &v)

Notes: (1) Therevised equationsincorporate the effect of slopeinclination 3 through aterm cosg that did not
exist in the original equations. Also, the notation t.eq is used, instead of Dyeq in the original paper, to make it
clear that the dimension of the protective layer that isbeing cal culated is the thickness (measured perpendicu-
larly tothe slope), whereasthe notation D iscommonly used for thedepth (measured vertically). For horizontal
slopes (8 = 0) the revised equations are the same as those presented by Giroud et al. (1995).

(2) The revised equationsincorporate considerations discussed in Section 3.1 of this technical note regarding
the “uplift tension-strain” relationship, which relates the wind-induced strain component, ¢, , to the total ten-
sion, T, in the geomembrane (T = To + Ty). If theinitia strain, gy, and initial tension, Ty , in the geomembrane
arezero(i.e. if thetotal strain, ¢ = ¢, , andthetotal tension, T = T), therevised equations are the same asthose
presented by Giroud et al. (1995).
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Errata

UPLIFT oF GEOMEMBRANES BY WIND -
EXTENSION OF EQUATIONS

TECHNICAL NOTE FOR ERRATA: Zornberg, J.G. and Giroud, J.P, 1997, “Uplift
of Geomembranes by Wind — Extension of Equations’, Geosynthetics International,
Vol. 4, No. 2, pp. 187-207.

PUBLICATION: Geosynthetics International is published by the Industrial Fabrics
Association International, 1801 County Road B West, Roseville, Minnesota
55113-4061, USA, Telephone: 1/651-222-2508, Telefax: 1/651-631-9334.
Geosynthetics International is registered under 1ISSN 1072-6349.

REFERENCE FOR ERRATA: Zornberg, J.G. and Giroud, J.P, 1999, “Errata for
‘Uplift of Geomembranes by Wind — Extension of Equations”, Geosynthetics
International, Vol. 6, No. 6, pp. 521-522.

The authors inadvertently showed the wrong angle in Figure 2, p. 191 and used the
wrong units in Equations A-18, A-20, A-24, and A-26, pp. 204-205, in their technical
note, which appeared in Geosynthetics International, Vol. 4, No. 2.

ERRATUM FOR SECTION: 3.1 Uplift Tension-Strain Relationship

InFigure 2, p. 191 :

The angle at Point B (i.e. the angle between the geomembrane before uplift and the
geomembrane after uplift) should be 6 instead of 6/2.

ERRATA FOR APPENDIX: A-1 GEOMEMBRANE SENSITIVITY TO
WIND UPLIFT

Equation A-18, p. 204, replace km/h with m/sto give :

AV?
cosp
Wlth IuGMreq(kg/mz) and V(m/s)

Ham = Hemreg = 0.0659 (A-18)
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Equation A-20, p. 204, replace km/h with m/sto give :
V2 _
HUcm = IuGMreq = 0.0659;—Sﬂe(1‘252 x 10742 (A'ZO)
With 4 gyreg(kg/m?), V(m/s) and z(m)

Equation A-24, p. 205, replace m/s with km/h to give :

V <V, = 14.023 /ugy cosp/A (A-24)

with ¥, (km/h) and p,,(kg/m?)

Equation A-26, p. 205, replace m/s with km/h to give :

V =V, = 14.023¢62° x 0792 Jy . cosB/A (A-26)

with V,,(km/h), z(m) and pu,,(kg/m?)
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