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ABSTRACT 
 
An effective lining system is an integral part of every critical containment structure.  In all 
cases, the design constraints and procedures are critical to performance.  For ponds and other 
surface containment facilities, it is impractical to provide a protective cover for the lining sys-
tem that will address all forms of potential damage, from mechanical damage caused by 
equipment or neglect, as well as climatically-imposed constraints. This paper focuses on the 
design configurations that are available for implementing these controls.  The design and 
construction of the lining system has as a primary constraint the prevention of wind uplift and 
protection of the liner from damage. 
 
INTRODUCTION  
 
A lining system which has as its principal component an exposed geomembrane is an integral 
part of every critical containment structure. In all cases, the design constraints and procedures 
are critical to performance. For ponds and other surface containment facilities, one 
characteristic that can impact the functionality is the frequent requirement to operate them at 
either end of their capacity, with prolonged periods of near-full operation offset by extended 
operations in a near-empty condition. 

For facilities with exposed geomembrane lining systems, windy conditions will tend 
to uplift the liner, in many cases displacing it and in others tearing or pulling the liner out of 
its perimeter anchor trench. Even modest wind velocities can accomplish this when the only 
resisting force is the weight of the liner itself. This has been well documented by Giroud et al 
(1995), Giroud et al (2006), and others. In many cases, the use of ballasting materials offsets 
the uplifting forces. However, especially with liquids ponds, the most appropriate 
configuration is a fully exposed geomembrane. The designer must then develop an approach 
that prevents the unwanted geomembrane uplift and displacement. This paper addresses 
design configurations and measures that are available for implementing these controls.  
 
THE MECHANISM OF WIND UPLIFT 
 
Wind uplift is a phenomenon that occurs when an unprotected (exposed) geomembrane 
experiences flow of air across its surface in certain geometries and locations that induces a 
negative pressure, or suction, which draws the geomembrane upward, resisted only by its 
mass.  The magnitude of this suction is a function of ambient air density (determined by the 
elevation of the site) and wind velocity. Hence, it is possible to determine the expected 
magnitude of suction and the force necessary to resist the uplift. Analytically, the suction is 
“the force per unit area that causes uplift and the weight per unit area is the force per unit 
area that resists uplift” (Giroud et al 1995).  The calculations used to quantify these effects 
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are simply presented in this reference and the conclusions are only referenced here for 
illustrative purposes. 
 
SUCTION AND UPLIFT 
 
Suction is the force acting on the geomembrane, caused by the flow of air over the surface 
that tends to lift the material from the supporting surface. As presented in Giroud et al 1995, 
the value of suction is represented by the equation: 
 
 S = λ ρ V2/2             (1) 
 
 where:  S = suction (Pa) 
 λ = wind suction factor (dimensionless) 
 ρ = density of air (kg/m3) 
 V = wind velocity (m/s) 
 
Figure 1 illustrates the distribution of positive uplift pressure and suction across the pond 
geometry.  It should be noted that the variable ρ (air density) does vary in relation to altitude, 
and hence is a site-specific parameter.  The wind suction factor λ varies in relation to the 
location within the pond structure. This distribution is dependent on the wind direction, 
varying between the solid line representing flow perpendicular to the crest of the 
embankment, and the dashed line representing diagonal flow from the crest.   
 

 
 
Figure 1. Pressure distribution due to wind flow across the pond surface (Giroud et 

al, 1995) 
 

As illustrated on Figure 1, suction, which may lead to uplift, occurs principally on the leeward 
slope, dissipating part way across the bottom of the pond. The suction is the force per unit 
area causing uplift and the mass per unit area (weight) of the geomembrane converts to the 
force per unit area resisting it.  When the suction value exceeds the weight, uplift can occur.  
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The wind velocity representing equivalency is the maximum velocity that the geomembrane 
can sustain without uplifting. 

Figure 2 shows the range of λ down the slope and along the bottom.  Detailed 
analysis of the suction can take these different factors into account, although for simplicity, it 
is often practical to conservatively use a default value of 0.85 when applying equation 1 (see 
Table 1). 

 

 
 

Figure 2. Wind factor λ varies in relation to geometry (Giroud et al, 1995) 
 
Table 1 presents an example calculation of suction generated by a range of wind velocities, 
based on a pond located at a surface elevation of about 330m and a temperature of 33°C, for 
which ρ is 1.089 kg/m3. 
 

Table 1. Example Suction vs Velocity 

S = 0.85*1.089*V2/2 = 0.463*V2 

Suction from Wind velocity, V (m/s) at site el. 330m,  
and temperature of 33°C (1 m/s = 3.6 km/hr) 

V (m/s) V (km/hr) S (Pa) 
5 18 11.6 
10 36 46.3 
20 72 185.2 
30 108 416.7 
40 144 740.8 
50 180 1157.5 

 
These suction values represent the uplift pressure on the exposed geomembrane, based on 
equation 1. This is the force or weight that is required to resist the uplift.  In many cases 
(Giroud et al, 2006) this can be accomplished by a ballasting fill or anchorage similar to the 
anchor trench at the limit of the liner at the top of the embankment.  Spotted ballast, such as 
sandbags, is generally not effective overall unless an extremely large number are utilized. In 
many cases, the only anchorage is the perimeter anchor trench – no intermediate anchorages 
are applied to the exposed geomembrane.  Hence, the only uplift resistance over almost all 
of the area is provided solely by the mass of the geomembrane. 

The geomembrane used for these sites is a 1.5mm thick high density polyethylene 
(HDPE).  Table 2 presents the parameters for this material and the available mass per unit 
area of geomembrane. In the absence of other anchorage, this mass is all that resists the 
uplifting of the geomembrane. 
 
Table 2. Geomembrane Mass per Unit Area (selected from Table 1, Giroud et al, 1995) 

Geomembrane Type Density (ρ) Thickness Geomembrane Mass/ 



948 
 

(kg/m3) (mm) Unit Area (kg/m2) 
HDPE 940 1.5 1.41 

 
Calculation of the correlation between geomembrane mass and wind velocity (Giroud et al, 
1995) reveals that relatively gentle winds on the order of 20 km/hr are sufficient to cause up-
lift of unrestrained HDPE geomembrane, 1.5mm thick. Any site will experience winds of this 
magnitude frequently. 
 
RESISTING WIND UPLIFT 
 
The critical element of restraint of the geomembrane from uplift is the minimization of the 
uplift force. This can effectively be accomplished by minimizing the exposed draw (the 
unrestrained length) of the geomembrane.  This should best be accomplished either by the 
provision of a secure ballasting layer, or the anchorage of the geomembrane in an anchor 
trench, or both. 

The consequences of an unsecured geomembrane have long been experienced and 
documented. As noted, the wind speed required to mobilize the geomembrane into an uplifted 
condition is quite low, and occurs with a high frequency at almost any site.  

Figures 3 and 4 illustrate the damage that can be caused by the uplift, tearing, and 
complete displacement of a geomembrane in an in-service pond. The exposed subgrade can 
rapidly deteriorate, exacerbating the damage and complicating the repair. Ironically, this 
installation had survived almost 25 years of service without specific measures to resist against 
wind effects. In that time, however, the pond had been continuously in service, with water 
levels between 2m and 10m throughout its life. Hence, the floor of the pond was protected 
from the effects of wind, and much of the 14m high sideslopes for extended periods.  
Nevertheless, a strong gust of wind tore the material and removed a sizeable section from the 
pond, at a time when the water level was depressed. 

The development of sufficient dead weight or anchorage to inhibit wind uplift can be 
implemented by a variety of means.  These include: 

• Covering the geomembrane with a soil layer: the mass of the soil holds down the 
geomembrane, but in fact eliminates the suction force by covering the geomembrane 
so that it is not exposed to wind. Although effective, this is somewhat impractical, as 
the soil cover consumes pond capacity (or necessitates over-excavation), and 
placement on slopes is problematic on steep slopes; 

• Maintaining a minimum liquid level in the pond or impoundment: a very shallow 
depth of liquid above the geomembrane is sufficient to prevent uplift by similarly 
covering the geomembrane from exposure to the wind. However, it cannot be relied 
on as a permanent measure; 

• Providing secure perimeter anchorage at the top of slope in order the avoid slippage of 
the geomembrane, which can introduce additional slack in the geomembrane, 
becoming problematic with regard to avoidance of wrinkles and susceptible to severe 
damage due to wind effects. This anchorage can take a variety of forms (Figure 5);  

• Providing secondary anchor trenches within the pond or impoundment on the 
sideslopes or the floor to mechanically resist the uplift of the geomembrane. Anchor 
trenches installed at the toe of slope can effectively remove the floor from 
consideration of uplifting; 
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• Providing a ballast layer at the toe of the sideslopes to limit the continuity of the uplift 
forces across the entire width of the pond. Alternative to a toe anchor trench, a 
roadway at the toe of slope allows vehicular access for maintenance when required 
and serves to ballast the geomembrane as effectively as an anchor trench; 

• Utilizing ballast on slopes comprising access into the pond to secure the geomembrane 
against wind effects (Figure 6); and 

• Providing a system of sandbags in a network over the geomembrane, typically limited 
to the sideslopes, to hold down the geomembrane (Figure 6). 

 

 
Figure 3. Typical damage caused by wind uplift of an unsupported geomembrane. 

  
Of these, it should be noted that the one of these measures with the most widespread usage is 
the sandbags. They are also the least effective as a stand-alone measure, inasmuch as they 
often do not have sufficient mass, are not provided with sufficient spacing (not properly 
designed), and usually are not composed of materials that stand up to ultraviolet exposure for 
extended periods.  It is clearly undesirable to incorporate a need for periodic, and potentially 
frequent, replacement of the ballast measure. Wherever possible, long term provisions for the 
protection of the geomembrane are preferred. 

 

 
Figure 4. Rapid subgrade deterioration after geomembrane displacement.  
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Figure 5. Perimeter anchorage trench for securing the geomembrane at the top of slope 
 

 
Figure 6. A combination of access roadway ballast and sandbags. 

 
Nevertheless, the provision of sandbags can be effective if the design analysis addresses the 
parametric factors associated with the potential uplift. Figure 7 illustrates sandbags provided 
to secure a lightweight sacrificial geomembrane in a landfill, which has been designed to 
protect the geocomposite above the geomembrane bottom liner – the geotextile cover of the 
geocomposite, if exposed, would be susceptible to deterioration when exposed to ultraviolet 
radiation prior to filling up to the successive levels of the cell. 

 



951 
 

 
Figure 7. Wind uplift of a sacrificial geomembrane successfully contained by sandbags 

alone 
 
OPERATIONAL CONSIDERATIONS 
 
Regardless of the measures implemented to resist wind uplift of exposed geomembranes, the 
analysis of this design element should be conducted in consideration of the specific site 
circumstances.  Clearly, prevailing/predominant wind directions are an important 
consideration, and enough so that this constraint should be considered when planning the 
location and orientation of the pond structure.  

Operation of the pond should also address the frequency and quantity of the stored 
liquids (or wastes, in the case of a landfill), so that anchorage and ballasting of the exposed 
geomembrane can be optimized to reflect the operating circumstances.  In some cases, ponds 
are filled shortly after commissioning and are maintained in a throughput type of liquids 
management; hence, the pond is not designed for the empty case.  However, circumstances 
change, and provision of these measures are a prudent consideration in design and 
construction.  Similarly, in the case of exposed geomembrane bottom liners in landfills, the 
filling progression reduces the exposure of the geomembrane to wind effects over time, but 
the initial case still applies and the system can be severely damaged if wind is ignored. 

Therefore, it is necessary to protect the geomembrane against uplift during and 
immediately after construction, before being put into service. Many systems never make it to 
operational usefulness before damages occur. That is a common circumstance, as protective 
systems are progressively installed, but the liner is still exposed to the wind. 

Unfortunately, many ponds have operations that entail frequent filling and emptying 
of the contents, often with periods of zero contents. Hence, operationally, the conditions to 
which the geomembrane is exposed can vary considerably, due to seasonal or extreme 
weather, for example.  These include: 

• wind gusts that will tend to briefly increase the suction, and could typically be 50% or 
more, higher than the sustained value; 

• the 20 km/hr velocity will apply regardless of where in the pond it occurs (subject to 
the actual variation in λ as indicated on Figure 2 – as noted, however, a simplifying 
assumption of λ = 0.85 throughout, has been applied herein); 
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• due to other variables, such as obstacles that could interfere with the air flow, it may 
not be uplifted at this value, in some locations; 

• the length of unsupported geomembrane is critical to the potential for damage of the 
uplifted material – minimizing this length will decrease the potential for damage; 

• ballast applied above the geomembrane can increase the resisting force, thus shifting 
the equivalency uplift value; however, it must usually be a continuous loading – 
sandbags would not be considered sufficient for such a large area as these ponds, even 
for a very close spacing and interconnection, which would be impractical; and 

• any continuous break in the wind/geomembrane interface would mitigate the uplift 
considerably – notably, a shallow thickness of water above the geomembrane not only 
adds weight, but eliminates the uplift – unfortunately, the bottom is not flat and this 
would only have limited effect. 

All of these considerations can affect the performance of the geomembrane in an exposed 
condition, regardless of the duration and fluctuations that may occur in the normal, or even 
emergency, operating conditions.  The best solution for each situation may be different, but 
the objectives remain the same throughout the life of the facility, namely to maintain the 
containment capability of the lining system in an intact condition. 

SUMMARY 

Many different alternatives exist for the protection of exposed geomembranes against 
potential damage due to wind uplift. These measures must be incorporated into design as a 
standard design element, regardless of the option selected.  The engineer must understand 
the constraints on performance that are imposed by the prevailing, and occasional extreme 
conditions to which the geomembrane in its exposed condition will be subjected. 

The provision of a resisting force into the design must be sufficient to counteract the 
uplift loads imposed by the wind.  This force may be composed of ballast, anchorage, 
operational conditions, or other means to disrupt the flow across the geomembrane. In 
general, the long term efficacy of the geomembrane containment is dependent on it remaining 
in an intact and unstressed condition throughout the life of the system. 
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