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•Application of exposed geomembrane

•Conventional wind uplift design approach

•Recommended revision to wind uplift design approach

•Design example

Presentation Outline
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INTRODUCTION



Exposed Geomembrane: Typical Applications

•Cover for landfill or other

waste containment system

• Impoundment liner

•Channel liner
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Exposed Geomembrane: Typical Applications

Evaporation Pond and Heap Leaching Pads (mining)
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Sabine Parish, LA 1999 

(60-mil HDPE)
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Exposed Geomembrane Covers (EGC)

Delaware Solid Waste Authority,

DE 1997 (35-mil fPP)

Polk County, FL 2001 (LLDPE) Yolo County, CA 2001(R-fPP)
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Advantages of EGCs

• Shorter life

• Increased runoff volume and 
shorter stormwater detention
time

• Typically only permitted
as intermediate cover
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Disadvantages of EGCs

▪ Can be placed on steep slopes

▪ Light weight

▪ Can adapt to settlement

▪ Reduce hydraulic head on geomembrane 

barrier

▪ Less leachate generation potential than soil 

intermediate cover.

▪ No cover soil erosion

▪ Reduced operation and maintenance

▪ Does not require mowing, tree removal, 

weeding/herbicide, frequent erosion damage 

repair, reseeding, sediment removal from 

SWM system

▪ require only minor patching and seaming, 

sedimentation reaching the stormwater 

system from an EGC is minor

▪ Easier inspection and repair

▪ Lower cost (~30% of conventional cover)

▪ Good for future vertical expansion

EGC: Pros and Cons
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Key Issues with Exposed Geomembrane

• Degradation due to UV exposure

• Carbon-black, antioxidants, and stabilizers added to GM

• Damage due to Temperature Change

• Most types of geomembrane can handle high temperature well

• HDPE is more prone to freeze/thaw cracking than more flexible

LLDPE

• Physical Damage: Puncture/Tear

• Add soil cover to high traffic area

• No large angular particle in contact with GM

• Chemical Leaching from Geomembrane

• Chemical Compatibility

• Wind Uplift

• Requires anchoring system

To ensure 

endurance, 

Specify: Carbon 

Black Content and 

Dispersion, 

Oxidative

Induction Time,

Oven Aging, UV

Resistance
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Artificial Turf Cover (patented)

• More aesthetically pleasing

• Reduced wind uplift potential

• Peak runoff flow rate is smaller than regular EGC

• (Advertised) Subtitle D-Compliant Alternative Cover

Exposed Geomembrane Covers:
Recent Development

Studded 

Geomembrane 

with Drainage 

capacity
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4

Earth

Anchors

Conventional New

Anchoring Systems
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Earth Anchoring System

Midshore Landfill (Maryland, 

175 acre) exposed

geomembrane cover with

earth anchors
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Conventional Design Approach



Wind Uplift: Conventional Design Approach

•Giroud et, al. (1995), Zornberg & Giroud (1997)

•Wind-induced Suction, S

λ = suction factor, v = wind velocity (km/h), z = 

elevation (m)
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Wind Uplift: Conventional Design Approach

•Effective Suction

•Solution for wind-induced strain, εw, and uplift angle, θ

μGM = mass per unit area, β = slope angle

J = GM stiffness modulus

Approx. Solution from Giroud 

(2009):

Uplift angle θ and uplift distance

u can be calculated as:
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Conservativeness in Conventional Approach

⚫ Our experience

⚫ Rain tarps held down by sand bags survived Hurricane Sandy (Wind speeds up

to 110 mph, 2012)

⚫ Calculation showed that maximum wind speed it can resist is no more than 30

km/h.

⚫ Several authors (e.g., Kashiwayanagi and Sato, 2006; Thiel et al., non-dated)

report that conventional approach yields conservative design based on field

performance.
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Flaws in Conventional Design Approach

• Pressure below the GM is assumed to be zero by default;

Suction will be created underneath the geomembrane when it is lifted.

□ v = 100 km/h; Suction Induced, S = 490 Pa ( 101,325 – 490 = 100,835 in absolute pressure)

□ Initial Volume of Void, V0 ,

□ Void Volume Increased Required to Generate 490 Pa of Suction: ΔV = 0.00486 V0

Ideal Gas Law:

+ p

p = Pressure below 

GM (assumed zero)

16/37



Flaws in Conventional Design Approach

•Wind speed varied with duration

•Unclear on wind velocity selection

Wind Velocity Contour Map (3-second gust 

speed) from ASCE 7-16 Manual

Question: Is 3-second gust speed 

appropriate for exposed geomembrane 

design?
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Recent Research Progress for Suction Factor, λ

•From original Giroud et al. (1995)

•Recent development

• Botelho, et al., (2013) conducted computational fluid dynamics

(CFD) modeling

• Perera et al., (2011) recommended to reduce the wind suction

coefficient by 23% to account for the effect of negative air pressure

under the geomembrane.

• Zhu et al., (2022) conducted wind tunnel study
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Suction Factor from Wind Tunnel

Experimental Study

•Material Tested
• Smooth HDPE geomembrane

• Studded HDPE geomembrane

• Artificial turf cover

•Measured suction factor

Source: Zhu, M., Sarkar, P., Hou, F., & Junxing, Z. Wind Tunnel Study and Uplift 

Analysis of Geosynthetic Covers. In Geo-Congress 2022 (pp. 543-553).

From Giroud et al. (1995)
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Recommended Revision to
Conventional Design Approach



Wind Uplift: Modified Design Approach

Li, C., Espinoza, D., and Morris, J. "Wind-induced uplift of 

exposed geomembrane covers: A proposed revision to 

conventional design approaches." Geotextiles and 

Geomembranes 48.1 (2020): 24-31.

EGC at Midshore Landfill (Maryland)
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Main Considerations for Modifying the
Wind Uplift Design Approach

•Pressure below EGC is not constant at zero

•Suction can develop below EGC as it is being lifted
• Absolute pressure pabs reduces as volume V increases

• Less than 0.5% volume increase will generate enough suction to
counteract uplift by wind velocity of 100 km/h.

•Suction will decrease gradually as air infiltrates through GM
defects and subsurface
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Recommended Design Approach

•Suction below EGC will help counteract uplift induced by short-

duration wind gusts. So we will use average wind speed over a 

longer duration as design wind speed.

•Estimate how long suction below GM can be maintained
(T*)

•Use average wind speed over time T* for uplift design
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•Convert 3-second wind gust speed to wind speed at longer

time to determine gust factor.

Design wind speed = 3-second gust speed/Gust factor

Recommended Modified Design Approach

Select basic wind speed (3-second

gust) (from structural design code)
Select Gust Factor based on how long suction

below GM can last (from World Meteorological 

Organization publication)
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Potential Leakage

•Air flow through GM defects

•Air flow through subsurface soils
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Estimation of Air Flow Rate Through Defects

•Air flow rate through GM defects
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Based on Air Flow through Orifice Theory



Estimation of Air Flow Rate through Soil

•Air flow through subsurface material (Darcy’s law for air flow)

v = air flow velocity, γg = unit weight of air; Δug = pressure difference over distance of ΔL,

Kgas = permeability of soil to air.

•Estimating permeability of soil to air (Kgas) using permeability to 
water (Kwater)
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Recommended design procedure

•Obtain basic wind speed (3-second gust) for Site

•Select averaging period (T*) by assuming how long suction 
below EGC will last

•Select design wind speed

•Calculate wind induced uplift distance and angle, similar to 
conventional approach

•Estimate volume of voids below GM (V)

•Estimate air flow rates into voids below GM
• Air flow rates through GM defects, QGM

• Air flow rates through subsurface material, Qsoil

•Estimate time duration to lose suction T* = V/ (QGM +Qsoil)

•Check if calculated T* is close to assumed value. If not,
repeat above steps
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Design Example



Design Example

•Landfill site on east coast USA

•Site is in-land roughly open terrain

•Basic wind speed (3-second gust) is 100 mph

•3H:1V sideslope, slope angle β = 18.3 deg
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Wind-induced Suction Calculation

•Assume T* = 1 hr (3600 sec).

•Average wind speed over time T*:

□ v = 100 / 1.75 = 57 mph = 92 km/h

d induced suction:

0.05 x 0.77 x 92 x

•Win

□ S = 92 x 1 = 326 pa

□ Se = 326- 0.91x 9.8 x cos18.3° = 317 pa
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• 60-mil HDPE geomembrane (the stiffness modulus J = 

1,015 lb/in or 177 kN/m)

• Spacing of anchorage (L) = 20 ft (6.1 m)

• Wind induced strain

= 1.7% < less than allowable 

strain 4~5 %

Tension T = 0.017x177 = 3.01 kN/m

• Uplift angle θ and distance u

= 18.7 deg

=0.50 m

• Volume of void below GM calculated to be 2.02 

m^3/m

Volume of Voids and Induced Strain

Volume of Void

= 2.02 m^3/m
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Estimate T*

(time duration to lose the suction)

•Air flow through geomembrane defects

• Assume 1 1-cm diameter hole per acre

• Driving air pressure difference = S/2 (160 pa)

Estimated flow rate = 0.0521 m3/min/ac = 1.28E-5 m/min
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Estimate T*

(time duration to lose suction)

•Air flow through subsurface soils

□ 2-ft of silt Kwater = 1 E-4 cm/sec (Kgas = 1E-5 cm/sec or 1E-7 m/sec)

□ Underneath the cover soil, there is a 1000 pa pressure buildup. Driving air 
pressure difference = 1160 pa. Gas unit weight = 12 N/m3

• = (1E-7)(1160)/[(12)(0.61)] = 1.58E-5 m/sec = 9.51E-4 m/min

•Time T* = 2.02/[6.1(9.51E-4+ 1.28E-5)] = 343 min > assumed 60

min

• (There is no wind gust factor provided for averaging period greater 
than 60 min. It is safe to use the assumed design wind speed)
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Anchorage System Design

• Option 1: Anchor trench
Anchor trench should provide pullout resistance
of 3.01 kN/m with proper factor of safety

• Option 2: Ground anchor
Ground anchor arranged in triangular pattern with
22 ft center-to-center spacing (equivalent to 20.5
ft by 20.5 ft in square pattern in area). Each
anchor will be responsible for 420 sf. Each
anchor should provide designed pullout
resistance equal to (Se x responsible area) with
proper factor of safety, which is 2,780 lbs.

• The modified design approach allows 67% 
savings in anchoring system.
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Design Implication

• It is beneficial to maintain suction below GM as long as

possible

•More airtight EGC will allow use of lower wind velocity for 
design, leading to more cost-effective design

•Maintaining EGC during service life to retain suction is
critical to avoid wind damage
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Questions??

Thank you for attending!!!

Chunling Li, Ph.D., P.E.

cli@salutinc.com
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Check out the FGI’s Website

▪ Online PDH Program

▪ Audio and Video Podcasts

▪ Latest Specifications and 
Guidelines

▪ Installation Detail Drawings 
(PDF and DWG)

▪ Technical Papers and 
Journal Articles

▪ Webinar Library (available 
to view and download)

▪ ASTM Field and Laboratory 
Test Method Videos

www.fabricatedgeomembrane.com

▪ Pond Leakage Calculator

▪ Panel Weight Calculator

▪ Photo Gallery

▪ Member Directory

▪ Material and Equipment 
Guides

▪ Industry Events Calendar

▪ Women in Geosynthetics

▪ Spanish Webinars and 
Podcasts
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Wednesday, February 5-8, 2023 

Kansas City, MO

FGI at Geosynthetics 2023 Conference

Tuesday, February 7, 2023

1:30–3 pm - Round Table Discussion: Women in Geosynthetics

Wednesday, February 8, 2023

8-9:30 am - Technical Session 1: Fabricated Geosynthetics for Water Retention Projects

9:45–11:15 am - Panel Discussion 1: Importance of Operation & Maintenance Manuals

1:30–3 pm - Technical Session 2: Applications of Fabricated Geosynthetics

3:45–5:15 pm - Panel Discussion 2: How to Write a Good Geomembrane Specification

Register Today:  geosyntheticsconference.com


