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DesicN oF GEOMEMBRANE ANCHORAGE
AGAINST WIND ACTION

ABSTRACT: This paper provides a method for designing anchor benches and trenches
used to secure geomembranes exposed to wind action. Only the cases where anchorage is
provided by gravity (i.e. by theweight of the material in the bench or trench) are considered.
Anchorage by tensile members is not considered. Three potential failure mechanisms are
identified for the case of anchor benches: (i) sliding of the anchor bench in the downslope
direction; (ii) sliding of the anchor bench in the upslope direction; and (iii) uplifting of the
anchor bench. Itisshownthat thefirst mechanism isthemost likely and that the third mecha-
nism is the least likely. Criteria are provided to determine the governing potential failure
mechanism as afunction of the geometry of the slope on which the geomembrane isresting
and the geomembrane tensionsinduced by wind action. Equations are provided to calculate
the required size of anchor benches for each of the three identified potential failure mecha-
nisms. It is shown that the usual method, which consists of only checking the resistance of
anchor benches against uplifting, isunconservative because, in the case of anchor benches,
lateral slidingismorelikely to occur than uplifting. The use of the proposed method asacon-
servative approach for the design of anchor trenches is discussed. Practical recommenda-
tions are made and design examples are provided.
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1 INTRODUCTION
11 Purpose

The uplift of geomembranes by wind is discussed in two papers by Giroud et al.
(1995) and Zornberg and Giroud (1997). The current paper complements the 1995 and
1997 papersby presenting amethod for designing anchorsto secure geomembranes that
are exposed to wind action.

1.2  Configuration of a Geomembrane Uplifted by Wind

Figure 1 showsthe configuration of ageomembrane that is uplifted between two an-
chors by wind action. The angle, 8, and the tension, T, can be calculated as a function
of the distance between anchors, L, the slope angle, 8, and other parameters including
the velocity of the wind and the tensile characteristics of the geomembrane, using the
method devel oped by Giroud et al. (1995) and extended by Zornberg and Giroud (1997).

1.3 Typesof Anchors

Anchorage is assumed to be provided by gravity, i.e. by the weight of the material
(e.g. sail, concrete) located in an anchor trench (Figures 2aand 2b), or an anchor bench
(Figure 2c). The case of tensile anchor members that are driven or screwed into the
ground is not considered herein.

14  Scope
Inthe current paper, equations are devel oped for the case of anchor benches. Howev-

er, these equations can also be used as a conservative approach for the case of anchor
trenches (Section 3.7).

Uplifted
geomembrane T,

Anchor

Figurel. Configuration of an uplifted geomembrane.
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Figure2. Examples of anchor trenches (a, b) and benches (c).

2 ANALYSIS
21  Assumptions

The anchor bench shown in Figure 3 is considered. It is assumed that the geomem-
brane is continuous through the anchor bench (i.e. the geomembrane is not interrupted
under the anchor bench). The interface shear strength at the interface between the geo-
membrane and the underlying soil is assumed to be purely frictional. Accordingly, it
is characterized by an interface friction angle, 6, and zero adhesion.

The bottom of the anchor benchissloping at an angle3, . Thisangle, whichisgener-
aly small (e.g. tanf, = 2%), is used to provide drainage. The angle 3, is assumed to be
less than the interface friction angle, ¢, between the geomembrane and the underlying
soil, asrequired to ensure stability of the anchor bench when thereisnowind. Theangle
Ba can be positive (as shown in Figure 3) if water isallowed to run off along the down-
slope or if there is a collector pipe or swale at Point A. The angle 8, can be negative
if thereisa collector pipe or swale at Point B. The angle 3, can be zero if no drainage
isneeded or if drainage is provided otherwise.
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The soil supporting the geomembrane issloping at an angle 34 onthe downslopeside
of the anchor bench and at an angle 3, on the upsiope side of the anchor bench (Figure

3). These two angles are often equal. If the geomembrane is on horizontal ground, the
angles 3, , Bq , and B, are equal to zero.

Bench

Geomembrane

Figure3. Anchor bench geometry.
Note: Theangle, ispositivein thefigure.

, Direction normal to
B the base of the bench

a=p.

Figure4. Forcesacting on an anchor bench when thereisno wind.
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2.2 Forces Involved

When there is no wind, the only forces involved are the weight, W, of the anchor
bench and the soil reaction, R, at theinterface between the geomembrane and the under-
lying soil (Figure 4). The soil reaction, R, isequal and opposite to the weight, W. Asa
result, the angle a between the direction perpendicular to the base of the anchor bench
and the reaction Risequal to 3, . Because 3, islessthan 6, asindicated in Section 2.1,
the anchor bench does not slide along its base when there is no wind. More generaly,
if only vertical forces act on the anchor bench, no sliding occurs along the base of the
anchor bench because 3, is less than 6.

When the wind blows, the geomembrane is uplifted, and, asaresult, it isunder ten-
sion. The forces involved are shown in Figure 5. They include: the weight, W, of the
anchor bench; the soil reaction, R, at the interface between the geomembrane and the
underlying soil; the geomembrane tension, T, , which isapplied on the downslope side
of the anchor; and the geomembrane tension, T, , which isapplied on the upslope side
of the anchor. The orientations of the two geomembrane tensions are characterized by
the angles 6, and 6, . The magnitude and orientation of the two tensions depend on sev-

\Direction Ru

Direction normal to
the base of the bench

Figure5. Forces acting on an anchor bench when the geomembrane is uplifted by wind
action.

Note: The soil reaction, R, islocated either in Ry if sliding occurs in the downslope direction (see Figure
7a) or in Ry if sliding occurs in the upslope direction (see Figure 8a).
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eral parameters, such asthewind vel ocity, the length of geomembrane exposed on each
side of the anchor, and the tensile stress-strain curve of the geomembrane (which de-
pends on temperature) (Giroud et al. 1995).

Thereaction, R, of the soil located beneath the geomembrane at the base of the bench
forms an angle a with the direction normal to the base of the bench (Figure5). The an-
chor bench doesnot slide along itsbase aslong asa issmaller than the interface friction
angle, d. If theforcesW, Ty , and T, are such that the anglea isequal tod, sliding occurs
(becauseit wasassumed in Section 2.1 that the interface shear strength between the geo-
membrane and the underlying soil is purely frictional). There are two possible direc-
tions of diding depending on whether R is on the downslope or upslope side of the
direction normal tothe baseof the bench. If Risonthedownslopeside, i.e. if Rislocated
onthedirection Ryin Figure 5, diding occursin the downslope direction. If Risonthe
upslope side, i.e. if Rislocated on the direction R, in Figure 5, sliding occurs in the
upslope direction. Thedirection of dliding isfurther discussed in Section 2.3 wherecri-
teria for the determination of the sliding direction are developed.

2.3 Criteriafor Sliding Direction
2.3.1 Development of Criteria

Asshown in Figure 6, all the forces involved can be decomposed into two compo-
nents, avertical component (with a subscript 1) and acomponent parallel to the poten-
tial diding plane, i.e. the plane of the base of the anchor bench (with a subscript 2).
Figure 6 showsthe situation where the projection, R; , of the reaction Ron the potential
diding plane isin the upslope direction, i.e. the situation where sliding tends to occur
in the downslope direction. In this case:

Tp,>T, N

where: Tq, = projection of T4 on the potential dliding plane; T,, = projection of T, on
the potentia diding plane; Ty = geomembrane tension on the downslope side of the an-
chor; and T, = geomembrane tension on the upsiope side of the anchor.

Asseen in Figure 6, Equation 1 is equivalent to:

TdH > TuH (2)

where: Ty = horizontal projection of Ty; and T,y = horizontal projection of T, . These
two projections are expressed as follows, based on Figures 5 and 6:

Ty = T, cos(0, — B) (©)
T =T, cos(0, + f.) 4

where: 6,4 = angle of the geomembrane with the slope on the downslope side of the an-

chor; 6, = angle of the geomembrane with the slope on the upslope side of the anchor;

Bq=dopeangle onthe downslope side of the anchor; and 3, = lope angle onthe upsiope

side of the anchor. Equations 3 and 4 can be used with any set of coherent units.
Similarly, dliding tends to occur in the upslope direction if:
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Direction normal to
the base of the bench

Figure6. Decomposition of theforcesacting on an anchor bench into vertical components
(subscript 1) and components parallel to the base of the anchor bench (subscript 2).

TdH < TuH (5)
Finaly, if:
Ty =T (6)

dliding cannot occur and the only potential mode of failure of the anchor bench is by
uplifting.

2.3.2 Comments

It isimportant to note that Equations 2, 5, and 6 are independent of the slope of the
geomembrane under the anchor bench, 8, . In other words, the direction of dliding
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(downslope or upslope) can be defined using the horizontal projections, Tyy and Ty ,
of the geomembrane tensions, Ty and T, , and not the projections of these tensions on
the base of the anchor bench. It is also important to note that Equations 2, 5, and 6 are
independent of W, which is the unknown in the design of an anchor bench.

It should be noted that the case of diding in the downslope direction is more likely
than the case of dliding in the upslope direction because cos(6, - f4) isgenerally signifi-
cantly greater than cos(6, + Bu), and, as aresult, the criterion expressed by Equation
2ismorelikely to be satisfied than the criterion expressed by Equation 5. However, due
to the numerous parameters that affect geomembrane tension (Giroud et al. 1995), there
are cases where T, is significantly greater than Ty , which may result in the fact that the
criterion expressed by Equation 5 is satisfied and the criterion expressed by Equation
2 isnot. Finaly, it should be noted that the case of uplifting is rare because it occurs
only when Equation 6 is satisfied, i.e. when, by chance, the horizontal projections of
Ty and T, are equal.

24  Development of Equationsfor Sizing Anchor Benches
2.4.1 Anchor Failure by Siding in the Downslope Direction

Theforcesinvolved in the case where an anchor bench is at the verge of failure due
to diding inthe downslopedirection are shownin Figure 7a. Balancing these forcescan
be done by projecting the forces on the direction XX’ perpendicular to the direction of
the soil reaction, R, in order to eliminate the unknown magnitude of R (Figure 7b). The
following equation isthus obtained for the minimum required weight of the bench, i.e.
the weight that corresponds to failure of the anchor bench:

T T,cos(0,—pB,—0 + ﬁa) T, cos(6, + .+ — ) ™

sin(d — f,)
where: W, = minimum required weight of the anchor material per unit length perpen-
diculer to the plane of the cross section; Wiin downsliding = Value of Wi, in the case where
sliding tends to occur in the downslope direction; ¢ = interface friction angle between
the geomembrane and the underlying soil; and 3, = slope of the geomembrane in the
anchor bench. The other symbolswere defined after Equation 4. The angled isaways
positive. The angle 3, is positive when the anchor bench is sloping in the downslope
direction (as shown in Figure 3) and is negative when the anchor bench issloping inthe
upslope direction. Equation 7 (aswell asthe following Equations 8 and 9) can be used
with any set of coherent units.

2.4.2 Anchor Failure by Siding in the Upslope Direction

Theforcesinvolved in the case where an anchor bench is at the verge of failure due
to dliding in the upslope direction are shown in Figure 8a. Balancing these forces can
be done by projecting the forces on the direction XX’ perpendicular to the direction of
the soil reaction, R, in order to eliminate the unknown magnitude of R (Figure 8b). The
following equation isthus obtained for the minimum required weight of the bench, i.e.
the weight that corresponds to failure of the anchor bench:

488 GEOSYNTHETICS INTERNATIONAL ® 1999, VOL. 6, NO. 6



GIROUD, GLEASON & ZORNBERG @ Design of Geomembrane Anchorage Against Wind Action

@

(b)

Figure 7. Case of anchor bench failure by diding in the downslope direction: (a) forces
acting on the anchor bench; (b) force diagram.

-T B+ 0 +B)+ T, wt Bu—0—Ba
Wmin = Wminu sliding — 2 COS(ed ﬁd 6 . ﬁ ) COS(B ﬁ 6 ﬁ ) (8)
pans sin(d + f.)

where Whin upsiidging 1S the value of Wi, in the case where sliding tends to occur in the
upslope direction.
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@

(b)

X

Figure 8. Case of anchor bench failure by diding in the upslope direction: (a) forces
acting on the anchor bench; (b) force diagram.

2.4.3 Anchor Failure by Uplifting

Theforcesinvolved in the case where an anchor bench is at the verge of failure due
to uplifting are shown in Figure 9a. Balancing these forces, considering that the inter-
face between the geomembrane and the underlying soil ispurely frictional (Figure 9b),
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@

(b)

Figure9. Caseof anchor bench failureby uplifting: (a) forcesacting on the anchor bench;
(b) force diagram.

gives the following equation for the minimum required weight of the bench, i.e. the
weight that corresponds to failure of the anchor bench:

Wmin = Wminuplifting = Td Sin(ad - ﬂd) + Tu Sin(gu + ﬂu) (9)

where Whin uiitiing 1Sthe value of Wi, in the case where anchor bench failure resultsfrom
uplifting.

244 Special Case
In the common case where the soil slope isthe same on both sides of the anchor, 34
=By =p in Equations 7, 8, and 9. On the other hand, based on information provided by

Giroud et al. (1995), it is unlikely that the angle 6 and the geomembrane tension, T,
would be the same on both sides of the anchor bench.
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25 Discussion of the Equations

For the sake of analytical completeness, it is interesting to demonstrate that there
is continuity between the three failure mechanisms presented in Section 2.4. This can
be demonstrated by showing that: (i) Equation 7 tends progressively toward Equation
9 when the criterion expressed by Equation 2 tends toward the criterion expressed by
Equation 6; and (ii) Equation 8 tends progressively toward Equation 9 when the criteri-
on expressed by Equation 5 tends toward the criterion expressed by Equation 6. This
is shown below.

Equation 7 can be transformed as follows using the classical relationships for
cos(x + y) and cos(x - y):

_ T,[cos(8, — B,) cos(d — B,) + sin(0, — B,)sin(6 — B,)]

Wmin = Wmin ownsliding :
downsliding sin(d — f.,)
_ T, [cos(0, + B.) cos(d — p.) — sin(B, + f.) sin(d — B,)]
sin(0 — B.)
(10)
hence:
W _ T, cos(0, — B,) — T, cos(0, + B.)
min downsliding tan(é _ ﬂa)
+ T, sin(6, — B,) + T, sin(6, + f.) (11)

If Equation 2 tends progressively toward Equation 6, the first term of Equation 11
tends progressively toward zero. Therefore, Wiin dounsicing te€nds progressively toward
thevalue given by Equation 9. Thisdemonstrates that there iscontinuity between Equa-
tions 7 and 9. Furthermore, Equation 2 showsthat the first term of Equation 11 isposi-
tive. Therefore, comparison of Equations 9 and 11 shows that:

> W

w min uplifting (12)

min downsliding
Similar calculations show that thereiscontinuity between Equations8 and 9 andthat:

w > Wmin uplifting (13)

min upsliding
Equations 12 and 13 will be useful for the discussion presented in Section 3.6.

2.6  Influence of Parameters

2.6.1 Influence of the Sope of the Geomembrane in the Anchor Bench

Theinfluence of the slope of the geomembrane in the anchor bench on the value of
the minimum required anchor weight can be evaluated by calculating the derivative of
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Whin With respect to 8, . After lengthy calculations, the following values are obtained
that are remarkably simple:

d Wmindownsliding _ Td COS(Gd - ﬂd) - Tu COS(Gu + ﬂu) (14)
9 B. sin2(0 — f,)

O W in upsiding _ T, cos(6, — B, — T, cos(0, + B.) (15)
0B, Sin’(d + )

From Equation 2, it isknown that the numerator of Equation 14 is positive. Because
the denominator isalso positive (sinceit isasquare), the derivative expressed by Equa-
tion 14 is positive. Therefore, Whin downsidging increases if 8, increases. In other words,
increasing 3, isdetrimental tothe anchor’sperformance inthe casewhereanchor failure
results from dliding in the downslope direction, which is physically obvious.

From Equation 5, it isknown that the numerator of Equation 15is negative. Because
the denominator is positive (sinceit isasguare), the derivative expressed by Equation
15isnegative. Therefore, Whin upsiiding decreasesif 8, increases. In other words, increas-
ing Ba isbeneficia to the anchor’sperformance in the case where anchor failure results
from dliding in the upslope direction, which is physically obvious.

Finally, Equation 9 shows that Wi upiitiing dl0es not depend on S, .

It should be noted that the influence of 8, on the value of the minimum required an-
chor weight, as evaluated in Equations 14 and 15 using derivatives, is consistent with
what could be physically expected. Thisconfirmsthe validity of the equations present-
ed in the current paper.

2.6.2 Influence of the Interface Friction Angle

Theinfluence of the interface friction angle between the geomembrane and the un-
derlying soil on the value of the minimum required anchor weight can be evaluated by
calculating the derivative of Wy, with respect to d. Lengthy calculations are avoided
by noting that 6 playsthe sameroleas-j, in Equation 7 and the sameroleasf, in Equa-
tion 8. Therefore, thederivatives of W, with respect tod can bederived from thederiv-
atives of Wi, with respect to 5, , hence:

a Wmindownsliding _ - Td COS(Gd - ﬂd) + Tu COS(Gu + ﬂu) (16)
90 sin?(0 — B.)
O W in upsiding T, cos(0, —B;) — T, cos(0, + B.) (17)
90 sin?(6 + f.)

From Equation 2, it isknown that the numerator of Equation 16 isnegative and, from
Equation 5, it isknown that the numerator of Equation 17 is negative. Because the de-
nominators of both equations are positive (sincethey are squares), the two above deriv-
atives are negative. Therefore, both Whin downsiiding @0 Whin upsiiding decrease if o
increases. In other words, increasing ¢ is beneficia to the anchor’s performance, re-
gardless of the direction of sliding, which is physically obvious.
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It should be noted that, in the case of an anchor bench, passive pressure may exist
on the upslope side of the bench, such asin the case of the lower bench in Figure 2c.
Therefore, in this case, Equation 8 (i.e. the equation for the case where dliding occurs
in the upslope direction) gives an upper boundary of the required weight of the anchor
bench material, because Equation 8 does not account for passive pressure.

Finally, Equation 9 shows that Wi, ypiitiing dl0es not depend on o .

It should be noted that the influence of 6 on the value of the minimum required an-
chor weight, as evaluated in Equations 16 and 17 using derivatives, is consistent with
what could be physically expected. Thisconfirmsthe validity of the equations present-
ed in the current paper.

3 APPLICATION AND DISCUSSION

General information on the use of equations presented in Section 2 is provided in
Sections 3.1 to 3.3. Then, the sizing of anchor benches is addressed in Sections 3.4 to
3.6, and the sizing of anchor trenches in Section 3.7. Finally, practical recommenda-
tions are made in Section 3.8.

3.1 Preliminary Calculations

Prior to using the equations presented in Section 2 to design an anchor bench or
trench, the design engineer should cal culate the geomembrane tensions (Ty and T, ) and
the angles between the uplifted geomembrane and the supporting soil (64 and 6, ) using
the method developed by Giroud et al. (1995) and extended by Zornberg and Giroud
(1997). For agiven geomembrane on agiven slope with agiven length, the largest val-
ues of the geomembrane tensions and angles are obtained for the highest wind velocity.
Based on thisfact, inspection of Equation 9 (i.e. the equation for the case where anchor
failure results from uplifting) reveals that the higher the wind velocity, the higher the
minimum required value of the weight of the anchor, W, . On the other hand, it does
not seem possible, just from inspection of Equations 7 and 8, to draw a general conclu-
sion regarding the variation of W, as afunction of wind velocity for the cases where
anchor failure results from sliding (which are the most likely cases, asindicated in Sec-
tion 2.3.2). Some guidance is provided by Figures 7b and 8b. If these figures are re-
drawn with increased values of the four wind-related parameters (Ty, Ty, 64, and 6,),
the minimum required weight of the anchor, W, , generally increases, butit ispossible
to find cases where W, decreases. However, it isnot possible to know from the force
diagram (i.e. without performing lengthy wind uplift calculations) if these cases corre-
spond to the same wind velocity increase on both sides of the anchor bench. To com-
pletely determine the variation of the minimum required value of the weight of the
anchor, W, , as a function of wind velocity would require an exhaustive parametric
study; this is beyond the scope of the current paper. In the special case where Ty = T,
and 64 = 6, , an analysis presented in the Appendix shows that the minimum required
value of theweight of the anchor isapproximately proportional tothe square of thewind
velocity. Thisconfirmsthat W, generally increases when the wind vel ocity increases.

Based on the foregoing discussion, it issufficient, in most cases, to perform calcula-
tions for the maximum wind velocity. However, a careful designer may calculate the
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values of 64, Ty, 6,, and T, for several wind velocities, as an attempt to find if there
isacase more critical than the case where the maximum wind velocity is used. Also,
acareful designer may try potential “worst cases’ by calculating 64 and Ty for acertain
wind velocity and 6, and T, for adifferent wind velocity to account for different gusts
of wind on the downsl ope portion and the upslope portion of the geomembrane. For ex-
ample, asan extreme case, the design engineer may useazerowind velocity ononeside
of the anchor and the maximum wind velocity at the site on the other side of the anchor.
Comparing Equations 7 and 8, it appears that this scenario ismostly severeif the maxi-
mum wind velocity is considered on the downsl ope side of the anchor. Thisiscontrary
to what happensin general: the wind generated suction isgenerally greater in the upper
part of a slope than in the lower part (Giroud et a. 1995).

3.2  Factor of Safety

Equations 7, 8, and 9 do not include afactor of safety. Design engineers using these
equations can chose between two approaches to cal cul ate the factored value of themini-
mum required anchor weight, i.e. the value of the weight that isincreased through the
use of afactor of safety.

Thefirst approach consists of using aglobal factor of safety onthe value of W, cal-
culated using Equations 7, 8, or 9:

Wfactored = FS Wmin (18)

A value of 1.5 is suggested for the global factor of safety, FS.

The second approach consistsof using partial factors of safety on (or ranges of values
for) the parameters likely to be affected by uncertainties, namely: Ty, Ty, 64, 6, , and
0. While the use of a partial factor of safety on ¢ is straightforward, it should be noted
that the direct use of partial factors of safety on the four wind-related parameters (Tg,
Ty, 64, a@nd 6,) isnot possible because these parameters are not independent: Ty and 64
are not independent because they are afunction of the wind velocity considered onthe
downslope sideof theanchor; and T, and 6, are not independent because they areafunc-
tion of thewind velocity considered on the upslope side of the anchor. Therefore, apar-
tial factor of safety should not be used directly on these four parameters, but could be
used onthetwowind velocities (or on thewind vel ocity if the samewind velocity iscon-
sidered on both sides of the anchor). The four wind-related parameters (T4, Ty , 64, and
6.) also depend on variables such asthe geomembrane characteristics and the tempera-
ture (Giroud et al. 1995; Zornberg and Giroud 1997); therefore, partial factors of safety
could be used on these variables (or ranges of values could be used for these variables).

The second approach, although more complex, is preferable because it is morelog-
ical. The symbol Wi,coreq 1S 8lSO used for the factored minimum required weight ob-
tained using partial factors of safety on (or ranges of valuesfor) therelevant parameters.

3.3 Required Size of the Anchor
Assuming that the anchor bench or trench is continuousin the direction perpendicu-

lar to the plane of the crosssection, therequired cross-sectional area of the anchor bench
or trench is given by:
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Areq = I/Vfactored / Y (19)

where: Wiqored = factored minimum required weight (per unit length perpendicular to
the plane of the cross section) of the anchor bench or trench, i.e. the weight (per unit
length) including a global factor of safety or partial factors of safety, as explained in
Section 3.2; and y = unit weight of the anchor material. Equation 19 can be used with
any set of coherent units.

To ensure that the pressure applied by the anchor bench or trench is not too small
near the edges of the anchor, the ratio between the height and the width of the anchor
bench should be greater than a certain minimum value (0.25 is suggested).

34  Design Examples

Three design examples are presented to illustrate the three failure mechanisms of
anchor benches described in Section 2.4.

Example 1. A geomembrane is exposed to a high-velocity wind on a 25° slope.
The following val ues were cal cul ated using the method devel oped by Giroud et al.
(1995) and extended by Zornberg and Giroud (1997): 84 = 47°, Tq = 17 KN/m, 6,
=36°,and T, = 26 KN/m. Theinterfacefrictionangl e betweenthe geomembraneand
theunderlyingsoil is21°. Theanchor bench slopeisfs =+2°. Calculatetherequired
cross-sectional area of the anchor bench.

First, the criteria expressed by Equations 2, 5, and 6 should be checked to determine
which of the equilibrium equations (Equations 7 to 9) should be used. Equation 3 gives:

Ty = 17 cos(47° — 25°) = 15.76 kN/m
and Equation 4 gives:

TuH

26 cos(36° + 25°) = 12.61 kN/m

Therefore, the criterion expressed by Equation 2 is satisfied, and sliding tendsto oc-
cur in the downslope direction. Asaresult, Equation 7 should be used to calculate the
minimum required weight of the anchor bench:

17 cos(47° — 25° — 21° + 2°) — 26 cos(36° + 25° + 21° — 2°)
Wmin = . o °
sin(21° — 2°)

— 38.28 kN/m

Then, Equation 18 can be used, for example with afactor of safety of 1.5, to obtain
the factored weight:

Wiorea = 1.5 X 38.28 = 57.42 kKN/m
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Finally, assuming that the unit weight of the compacted soil used as anchor material
is18 kN/m3, Equation 19 givesthefollowing value for the required cross-sectional area
of the anchor:

Ay = 5742 /18 = 3.19 m?

END OF EXAMPLE 1

Example 2. A geomembrane is exposed to a high-velocity wind on a 25° slope.
The following val ues were cal cul ated using the method devel oped by Giroud et al.
(1995) and extended by Zornberg and Giroud (1997): 64 = 47°, Tq = 12kN/m, 6, =
36°, and T, = 26 kN/m. Theinterface friction angle between the geomembrane and
theunderlying soil is21°. Theanchor bench slopeisf, =+2°. Calculatetherequired
cross-sectional area of the anchor bench.

First, the criteria expressed by Equations 2, 5, and 6 should be checked to determine
which of the equilibrium equations (Equations 7 to 9) should be used. Equation 3 gives:

Tin

12 cos(47° — 25°) = 11.13 kN/m

and Equation 4 gives:

T,y = 26 cos(36° + 25°) = 12.61 kN/m

Therefore, the criterion expressed by Equation 5is satisfied, and diding tendsto oc-
cur intheupslopedirection. Asaresult, Equation 8 should be used to cal culate the mini-
mum required weight of the anchor bench:

— 12 cos(47° — 25° + 21° + 2°) + 26 cos(36° + 25° — 21° — 2°)

Win = sin(21° + 2°)

30.72 kN/m

Then, Equation 18 can be used, for example with afactor of safety of 1.5, to obtain
the factored weight:

Wiiorea = 1.5 X 30.72 = 46.08 kN/m

Finally, assuming that the unit weight of the compacted soil used as anchor material
is18 kN/m3, Equation 19 givesthe following value for the required cross-sectional area
of the anchor:

Ay = 46.08 /18 = 2.56 m’

END OF EXAMPLE 2
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Example 3. A geomembrane is exposed to a high-velocity wind on a 25° slope.
The following val ues were cal cul ated using the method devel oped by Giroud et al.
(1995) and extended by Zornberg and Giroud (1997): 64 = 47°, T4 = 13.6 KN/m, 6,
=36°, and T, = 26 KN/m. Theinterfacefrictionangl e betweenthe geomembraneand
theunderlying soil is21°. Theanchor bench slopeisf, =+2°. Calculatetherequired
cross-sectional area of the anchor bench.

First, the criteria expressed by Equations 2, 5, and 6 should be checked to determine
which of the equilibrium equations (Equations 7 to 9) should be used. Equation 3 gives:

T, = 13.6 cos(47° — 25°) = 12.61 kN/m

and Equation 4 gives:
T,y = 26.0 cos(36° + 25°) = 12.61 kN/m

Therefore, the criterion expressed by Equation 6 is satisfied, and failure of the an-
chor bench tendsto occur by uplifting. Asaresult, Equation 9 should be used to calcu-
late the minimum required weight of the anchor bench:

Woin = 13.6 sin(47° — 25°) + 26.0 sin(36° + 25°) = 27.83 kN/m
Then, Equation 18 can be used, for example with afactor of safety of 1.5, to obtain
the factored weight:
Wiorea = 1.5 X 27.83 = 41.75 kN/m

Finally, assuming that the unit weight of the compacted soil used as anchor material
is18 kN/m3, Equation 19 givesthefollowing value for therequired cross-sectional area
of the anchor:

Ay = 4175 /18 = 2.32 m?

END OF EXAMPLE 3

3.5 Influence of Parameters
3.5.1 Influence of the Sope of the Geomembrane in the Anchor Bench

In Example 1, the slope of the geomembrane in the anchor bench isg, = +2° (where
the + sign indicates that the geomembrane slope has the same orientation as shown in

Figure 3). Calculations done using Equation 7 for the same case with different values
of B, givethefollowing valuesfor the minimum required weight of the anchor material:
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Wi = 36.55 kN/m for §, = —2°
Wi = 37.33 kN/m for S, 0°
W, = 38.28 kN/m for §, = + 2°

Itisinteresting to compare these values with those obtained using the derivative cal-
culations presented in Section 2.6.1. For 8, = + 1° (i.e. average between 0° and + 2°),
Equation 14 gives:

oW, idi
min downsliding = 26.99 kN/m

9 Ba

Anincresseinf, of +2° (i.e. 0.349radians) resultsin anincrease of Whin downsliding Of:

AW i downsiiaing = 26.99 X 0.0349 = 0.94 kN/m

Thisis consistent with the difference 38.28 - 37.33 = 0.95. (One should not expect
the derivative and the difference to give exactly the same result because 2° is not an
infinitesimal increment.)

In Example 2, the slope of the geomembrane in the anchor benchisg, = + 2° (where
the + sign indicates that the geomembrane slope has the same orientation as shownin
Figure 3). Calculations done using Equation 8 for the same case with different values
of B, givethefollowing valuesfor the minimum required weight of the anchor material:

Wiw = 31.53 kN/m for §, = —2°

Wi = 31.09 kN/m for , = 0°
Wi = 30.72 kN/m for §, = + 2°

Itisinteresting to compare these values with those obtained using the derivative cal-
culations presented in Section 2.6.1. For 8, = + 1° (i.e. average between 0° and + 2°),
Equation 15 gives:

O W i usiidi
min upsliding = —10.54 kN/m
d B

Anincreaseinf, of +2° (i.e. 0.349 radians) resultsin adecrease of Whin ypsiicing Of:
AW iupstiaing = — 10.54 X 0.0349 = — 0.37 kN/m
Thisis consistent with the difference 30.72 - 31.09 = -0.37.
In the above examples, the influence of 3, is not very large. However, the influence
of B, can be large if the numerator of Equation 14 or 15 islarge.

3.5.2 Influence of the Interface Friction Angle

Using the values of the parameters of Example 1, with the exception of taking 3, = 0°
and consdering 6 avariable, the following values are obtained for Wi, using Equation 7:
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W, = 37.33 kN/m for §, =0° and 6 = 21°
W, = 36.55 kN/m for §, = 0° and 6 = 23°

Itisinteresting to compare these values with those obtained using the derivative cal-
culations presented in Section 2.6.2. For 6 = 22°, which is average of 21° and 23°,
Equation 16 gives:

oW, idi
mtgd(t;wnshdmg = — 2250 kN/m

Anincreaseind of +2° (i.e. 0.349 radians) resultsin anincrease of Whin downsliding Of:

AW,

min downsliding

= —22.50 x 0.0349 = — 0.79 kN/m

Thisisconsistent with the difference 36.55 - 37.33 = -0.78. (One should not expect
the derivative and the difference to give exactly the same result because 2° is not an
infinitesimal increment.)

In the above examples, the influence of J is not very large. However, the influence
of 0 can be large if the numerator of Equation 16 or 17 is large.

3.6 Influence of the Failure M echanism Considered

The senior author has designed anchor trenches to secure geomembranes subjected
towind action sincethe 1970s. Thiswasalways done by evaluating the required weight
of the anchor trench to prevent uplifting of the anchor trench, asrecommended in apa
per by Giroud and Huot (1977). Apparently, no paper was published on the subject in
the English language technical literature until 1998, when Gleason et al. (1998) pub-
lished a paper where the use of an equation identical to Equation 9 of the current paper
(i.e. the equation for uplifting) for the design of an anchor trench is mentioned. While
it may be legitimate to design anchor trenches by considering only the mode of failure
by uplifting (as discussed in Section 3.7), this practice is not appropriate in the case of
anchor benches, as discussed below.

In the case of anchor benches, considering apurely frictional interface between the
geomembrane and the underlying soil, it has been shown in Section 2.5 that, for any
given case, Equation 9 (i.e. the equation for uplifting) givesvalues of the minimum re-
quired weight that are lower than the values obtained using Equations 7 and 8 (i.e. the
equations for diding). Therefore, in the case of anchor benches, it is unconservative to
follow the practice that consists of only considering the mode of failure by uplifting (ex-
cept, of course, in the case where uplifting isthe mode of failure of the anchor bench,
but thiscaseisrare, asindicated in Section 2.3.2). The magnitude of the error thusmade
may be significant, asillustrated by the two examples below.

In Example 1, if Equation 9 had been used instead of Equation 7 the following value
would have been obtained for the minimum required val ue of the anchor bench weight:

Woin = Winpiing = 17 sIn(47° = 25°) + 26 sin(36° + 25°) = 29.11 kN/m
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Using 29.11 kN/m instead of 38.28 kN/m results in a 24% underestimation of the
required weight of the anchor bench.

In Example 2, if Equation 9 had been used instead of Equation 8 the following value
would have been obtained for the minimum required val ue of the anchor bench weight:

Woin = Winupiing = 12 SIn(47° = 25°) + 26 sin(36° + 25°) = 27.24 kN/m

Using 27.24 kN/m instead of 30.72 kN/m results in an 11% underestimation of the
required weight of the anchor bench.

From the foregoing discussion and examples, it may be concluded that, in the case
of anchor benches, it is unconservative to follow the practice that consists of only con-
sidering the mode of failure by uplifting. Therefore, the equations presented in the cur-
rent paper, which make it possible to design anchor benches not only against uplifting
but also against dliding, should lead to better designs.

3.7 Application to the Case of Anchor Trenches

The equations presented in Section 2 correspond to the case of an anchor bench. The
only mechanism of resistance to lateral dliding considered in the development of the
equations presented in Section 2 istheinterface friction between the geomembrane and
the underlying material (i.e. no cohesive component was considered for the interface
shear strength). If anchorage is provided by an anchor trench (Figures 2a and 2b), the
passive pressure on the trench side, opposite to the direction of potential sliding, adds
to the dliding resistance provided by the interface friction between the geomembrane
and the underlying material. Therefore, inthe case of an anchor trench, Equations 7 and
8 (i.e. the equations for diding) give an upper boundary of the required weight of the
anchor trench material. However, if, for a specific anchor trench, the design engineer
estimates that there isno risk of diding (as discussed bel ow), the use of Equations 7 and
8 may not be necessary.

If the edges of an anchor trench provide sufficient passive pressure against lateral
dliding (which may well bethe case with most anchor trenches), the likely mode of fail-
ureof the anchor trench isuplifting. Inthiscase, it isadeguate to only consider uplifting.
Equation 9 (developed for the uplifting of anchor benches) can then be used for anchor
trenches because, when failure results from uplifting, an anchor trench and an anchor
bench that have the same geometry are equivalent since the passive pressure at the
edges of the trench is not maobilized.

3.8 Practical Recommendations

The required cross-sectional areas obtained in Examples 1 to 3 are of the order of
3 m2. If the width available for the bench is only 3 or 4 m, there is not enough space
to construct a soil bench with a cross-sectional area of 3 m? due to the soil angle of re-
pose. Furthermore, a soil bench with sloping edges may not perform well because the
pressure applied on the geomembrane near the edgesissmall, which may result in uplift
of the edge of the bench and partial destruction of the bench when the wind uplifts the
exposed portion of the geomembrane. It isimportant that the bench act as a monoalith,
thereby applying a pressure as uniform as possible on the geomembrane

GEOSYNTHETICS INTERNATIONAL ® 1999, VOL. 6, NO. 6 501



GIROUD, GLEASON & ZORNBERG @ Design of Geomembrane Anchorage Against Wind Action

Based on the foregoing discussion, it isrecommended that: (i) theratio between the
height and the width of the anchor bench be greater than a certain minimum value (0.25
is suggested); and (ii) the soil in the bench be confined and/or reinforced in order to
construct abench with vertical or quasi-vertical edges. Methodsthat can beused to con-
fine and/or reinforce the soil include the following: (i) soil bags can be used, at least
at the periphery of the bench; (ii) the entire bench can be encapsulated in a geomem-
brane, which prevents the desiccation of compacted soil, thus maintaining theintegrity
of the bench, atechnique known as membrane-encapsulated soil layer (MESL); (iii) the
edges of the bench can be constructed quasi-vertical using “wrapped-around” geotex-
tiles, geomembranes, or geogrids (a technique similar to that used for the construction
of some reinforced soil walls); (iv) layers of soil-filled geocells can be stacked on top
of each other; and/or (v) layers of geosynthetics, such as geotextiles, geogrids, and poly-
meric straps, can be used to provide internal reinforcement to the bench. Several of
these methods can be combined. Alternatively, concrete could be used to construct an
anchor bench, or an anchor trench could be used.

If an anchor trench is used, it isimportant that the edges be as vertical as possible.
This will ensure that the pressure applied on the geomembrane at the bottom of the
trench isasuniform as possible, thereby minimizing the risk of uplift of the edge of the
trench and partial destruction of the trench when the wind uplifts the exposed portion
of the geomembrane (a potential problem already mentioned above for anchor
benches). Anexample of anchor trench with quasi-vertical edges, specifically designed
to resist geomembrane uplift by wind action, is described in a paper by Gleason et a.
(1998). Also, asfor anchor benches, the ratio between the height and the width of the
anchor bench should be greater than a certain minimum value (0.25 is suggested).

4 CONCLUSIONS

Designing an exposed geomembrane against wind action requires accurate predic-
tion of the tensions induced by wind in the geomembrane and proper sizing of the an-
chors used to secure the geomembrane. Accurate prediction of the tensions induced by
wind in the geomembrane can be done by using the method developed by Giroud et al.
(1995) and extended by Zornberg and Giroud (1997). This method has already been
used to design several exposed geomembranes (see, for example, the paper by Gleason
et al. 1998).

Sizing of the anchors used to secure the geomembrane is the subject of the current
paper. Only cases where anchorage is provided by gravity (i.e. by the weight of the ma-
terial in abench or a trench) are considered. Anchorage by tensile members that are
driven or screwed into the ground is not considered. The interface shear strength be-
tween the geomembrane and the underlying soil isassumed to be purely frictional. The
equations presented were developed for anchor benches (Figure 2c); however, they can
also be used for anchor trenches (Figures 2a and 2b), as discussed below.

Theanalysis presented in the current paper showsthat anchor benchesare morelike-
ly tofail by lateral sliding than by uplifting. The analysisalso showsthat sliding ismore
likely to occur in the downsl ope direction than in the upslope direction. However, slid-
ing inthe upslope direction is possible; accordingly, criteria are provided in the current
paper to determine what isthe likely failure mechanism of the anchor bench depending
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onthe geomembrane tensionsinduced by wind. Identifying the governing failure mech-
anism makes it possible to select the appropriate equation for sizing the considered an-
chor bench.

The equations presented in the current paper (which make it possible to size anchor
benches based on both lateral sliding and uplifting) are an improvement compared to
the current state of practice, which consists of designing anchor benches based only on
resistance to uplifting. Indeed, the discussion presented in Section 3.6 showsthat sizing
anchor benches based only on resistance to uplifting is unconservative.

Themethod presented inthe current paper can a so be used for the case when the geo-
membrane isanchored using an anchor trench. Inthiscase, the equations presented tend
to overestimate (which is conservative) the required cross-sectional area of the anchor
trench. Thisisbecause the lateral passive pressure developed on the trench sidesisnot
accounted for in the equations that were developed for anchor benches.

Asgeomembranes areincreasingly used without any protective layer inlandfill caps
and other applications, designing against wind action becomes more important than
ever before. Addressing this important problem, the current paper provides arational,
though still simple, design method for dimensioning anchor benches and trenches used
to secure geomembranes exposed to wind action.
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NOTATIONS

Basic Sl units are given in parentheses.

Aveg
FS =

Wactored =

Wmi n

Wmi n downsliding

Wmin uplifting

Wmin upsliding

Ba =
Ba =
Bu =

504

required cross-sectional area of anchor (m?)

global factor of safety (dimensionless)

distance between anchors (m)

reaction at interface between geomembrane and underlying soil (N/m)

= vertical projection of R (Figure 6) (N/m)

projection of R on the direction of diding plane (Figure 6) (N/m)
geomembrane tension (N/m)

geomembrane tension on downslope side of anchor bench (N/m)
horizontal projection of Ty (N/m)

= vertical projection of Ty (N/m)

projection of T4 on adirection parallel to base of anchor bench (N/m)
geomembrane tension on upslope side of anchor bench (N/m)
horizontal projection of T, (N/m)

= vertical projection of T, (N/m)

projection of T, on adirection parallel to base of anchor bench (N/m)

weight of anchor material per unit length perpendicular to plane of cross
section (N/m)

factored minimum required weight of anchor material per unit length
perpendicular to plane of cross section (N/m)

minimum required weight of anchor material per unit length
perpendicular to plane of cross section (N/m)

value of W, in the case where sliding tends to occur in downslope
direction (N/m)

value of W, in the case where anchor bench failure tends to occur as
result of uplifting (N/m)

value of W, inthe case where dliding tendsto occur in upslopedirection
(N/m)

angle between direction perpendicular to base of anchor bench and
reaction R (°)

dope angle (°)

dope angle of geomembrane in anchor bench or trench (°)

dlope angle on downslope side of anchor (°)

dope angle on upslope side of anchor (°)
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y = unit weight of anchor material (N/m3)

) = interface friction angle between geomembrane and underlying material
()

0 = angle of uplifted geomembrane with slope at edge of anchor (°)

04 = angle of uplifted geomembrane with 9 ope on downd ope side of anchor (°)

0, = angle of uplifted geomembrane with slope on upslope side of anchor (°)
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APPENDI X

An analysis of the influence of wind velocity on the minimum required weight of
an anchor bench is presented in this Appendix for a special case defined by the follow-
ing conditions:

ﬂd = ﬂu = ﬂa =0 (A_l)

Itisalso assumed that the length of exposed geomembrane, L, and the wind velocity,
V, arethe same on both sides of the anchor bench. Based on these assumptions and Equa-
tion A-1, the following relationships exist according to Giroud et al. (1995):

T,=T,=T 6,=6,=0 (A-2)

In this case, the criterion expressed by Equation 2 is met and Equation 7 should be
used to obtain the minimum required weight of the bench. Combining Equations 7, A-1,
and A-2 gives:

Tcos(@—pf—0)—Tcos(@+p+9
Wmindownsliding = ( ﬂ )Sln (S ( ﬂ ) (A_3)

Using classical trigonometric relationships, Equation A-3 becomes:
W __T

min downsliding sin o

{[cos Ocos(B +9) + sinfsin(B + 6)] - [cos Ocos(B +9)— sinfsin(B + 6)]}

(A-4)
hence:
W in downsiiaing = 2 T'SIN 6 % (A-5)
From Giroud et al. (1995), the following relationship exists:
SQT L~ 25i1n0 (A-6)

where: § = effective suction exerted on the geomembrane by the atmospheric depres-
sion caused by the wind; and L = length of geomembrane exposed to the wind on each
side of the anchor bench.

Combining Equations A-5 and A-6 gives:
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I sin(8 + J)

sin 0

W,

min downsliding =S e (A—7)

From Giroud et al. (1995) and Zornberg and Giroud (1997), the following relation-
ship exists:

Se~10% (A-8)

where: 4 = wind suction factor defined by Giroud et al. (1995); ¢ = air density; and V
= wind velocity.
Combining Equations A-7 and A-8 gives:

w ELSIH(ﬂ+6)

. = A-9
min downsliding /1 0 2 sin (S ( )

Equation A-9 shows that Wi, increases approximately proportionally to V2.
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