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Abstract: Geomembranes are an important component of modern engineered barriers to
prevent the infiltration of stormwater and runoff into contaminatatland rock as well as
waste containment faciliti®ésa function generally described as a geomembrane cover.
This paper presenta case historynvolving a novel implematation of a geomembrane
cover systemDue to this novelty, the design engineers needegtemble from disparate
sourceshe design criterifor the engineering ahe cover This papeidiscusses thdesign
methodologiesassembledy the engineering teanThis information will aid engineers
designing similarcoversystems as well as environmental and public health professionals
selecting site improvements that involve infiltration barriers.

Keywords: environmental engineeringegmembranegeocells watercontamination

1. Introduction

Geomembranes are a class of geosynthetic (a plastic used in conjunction with earthwork
construction) that act as barriers to the movement of vaatdrother liquids.The most common
geosynthetic products used to restrict water infiltration are geomembranes and geosynthetic clay liners
(GCLs). When properly installed and protected, geomembranes and GCLs offer an effectively
impervious barrier to wate©One prominent applation of geomembranes is as part of a cover system.
Cover systems are a common feature in waste containment prabise. systems are used to prevent
the infiltration of surface or storm water into wastesother subsurface materials, typically because
such infiltration would result in the transport of contaminants via the infiltrated water.

Geosyntheticcover systems as traditionally implemented in North American waste containment
practice involve the installation of geomembraaedbr GCLs beneath soil cover systemghe soil
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cover system serves in numerous roles, includnfitjration barrier, erosion control, geomembrane
armor, geomembrane ballast, and vegetation supgegetation is often needed to limit erosion of the
soil coverby precipitation Most of these cover systems achiewerall stability through the frictional
resistance of the cover to sliding down the slafaen such sliding does occur, it generally is along
the interfaces between the different layers of the cover §l$pe

Exposed geomembranes, such as the one showigume 1, undoubtedly offer benefits such as
lower construction and maintenance costs compared to geomenfaraiees overlain by soil cover.
Exposed geomembrane covers are especially attractive f@otarg or interim (e.g., less than 20
years) cover application&]. However, exposed geomembranes are susceptible to dislocation by a
number of forcesChief amongsthese forces is wind uplift.

Figure 1. Photo of 1.emm thick HDPE exposed geomembrane ezo\so0il windrows
capped with geomembrane are visible in shadowed relief on the slope face.

Figurel alsoshows typical soil windrows used to ballast the exposed geomembrane against wind
uplift. These specific windrows were sized to resist uplift throfrgttion and gravity.The wind
loading placed on the system was calculated using the methodology of &tralufB] while the load
capacity and stability of the windrows wasalyzedusing a sliding block analysiErosion of the soil
windrows isprevented by a geomembrane cap welded over the ballastinglsoMvindrows are held
in place by friction with the underlying textured geomembrdihe ballasting system described above
is sufficient for slopes shallow enough (e.g., 1 verti@ahorizonal) to support the cover system
through friction.Steeper slopes requigesupport system similar to the one describetthénfollowing
case history

The geomembrane component of an exposed geomembrane cover system is susceptible to damac
from a variety 6 sourcesExample sources include falling debris, blown debris, burrowing animals,
human vandalism, and motorized vehiclértunately, the risk of damage to steep exposed
geomembrane systems from motorized vehicles is limited by the inability of nustegeto climb
steep slopeddowever, the remaining issues must be addre$sabing debris is a major concern for
cover systems installed partly across the face of natural slopes where rocks, trees, and other debris me
fall onto the slope facdralling debris is also a concern for slope covers installed below roadways,
industrial facilities, or other inhabited ared®isk of damage from these sources can be mitigated
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through the selective use of small embankments and other debris b&igksof damag from
vandalism can be reduced by regding access through fenées typical precaution invaste
containment facilities

In the case of slopes where it is impractical to control the incidence of debris or other types of
damage to the cover system, thajiaeer has the option to design an armor system to protect the
geomembraneT he following case history describes such an armor sySteenarmorsystemincludes
a 1@M-mm layer of crushed stone aggregate. this case historythe decision to use limestone
aggregate as the armor media was influenced by aesthetic concerns, project economieffjaoyor
practical limitations of alternate media, and material availability.

In order tosuccessfully design and construdtaepgeomembrane cover system samnito the one
described in this papea number of technical issues must be addre&sazh of these issues is well
within the capability of geotechnical engineers to addressvever, thep r 0 j e cstexpdrieneem 6
with steep slope barrier installations suggests that some further background information will be useful
to practitioners contemplating the use of these systéhes.following sections discuss a number of
these specific technical issues thatieagrs must resolve in the design and construction of steep slope
barrier systems.

2. Case History Background
2.1.Project History

This paperdescribes the 2006 to 2009 design and constructiorygebmembraneoverto prevent
stormwater infiltration to pyte-bearing rock along part of the newly constructed Inter&t@td-99)
corridor in central Pennsylvani@he F99/State Rout&220 Project extendsom the Village of Bald
Eagle in Blair County, PA to the Mount Nittany Expressway (R&ute322) in Catre Gunty, PA.

The project involvedhe construction of a fotlane limited access highway witbur interchanges and
approximately 29 kilometers of roadway. The project is part of a much larger transportation project to
extend 199 to F80. Section 12 bthe project extends from North Bald Eagle Creek to the Mount
Nittany ExpresswayThis sectiorincludesthe area of concern regarding fheite-bearingrock.

Construction of Section 12 involved one major rock cut and several smaller rociVeisial
from the rock cut was subsequently used to construct bridge abutments, highway embankments, an
other earth fill applicationdn one application, a nearly tidlometer long segment of highway was
bifurcated to allow the buttressing oskding rock slope Therefore, rock removed from the large cut
became integral to the structure of several highway features.

During construction of Section 1 2003 pyrite-bearing sandstoneas exposed to air and
precipitation, creating Acid Rock Drainage (ARD) containing elevated concentrations of heavy metals
and sulfatesA photo showing the typical appearancepwfite during the projecis shownin Figure?2.

The acidity is caused by the otian of sulphide minerals with oxygen and water. The acid dissolves
and leaches minerals from the rockrtifer degrading water qualityfhe runoff from these areas
threatened the quality of two adjacent exceptional value trout streams and local edsiggatiwells.
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Figure 2. Photo showing exposed pyriteyrite deposits appear as lightalored streaks
compared to the surrounding rock.

Within Section 12, eleven areas containing pyrbearing rock were identifiedThese areas
included the rockcuts supplying this rock, temporary stockpiles of excavated rock, and permanent
embankments constructed from this ro€tke pyritebearing rock immany of the temporary stockpiles
could be safely removed and transported to a disposal site for permacapsidation.Project
managers referred to these areas as movable @#zey. areas, such dBe original rock cutsa
constructed rock buttress stabilizing a cut sjoaed embankments beneath constructed bridge
abutmentsvere considered immovabl€he pyite-bearing rock in thesenmovableareas could not be
moved without impairing human safety or incurring unacceptable costs.

The Pennsylvania Department of TransportatieenhDO7 entertained several design concepts to
mitigate the exposed pyrite theimmovable areaslhe objedte of the proposals was to encapsulate
the pyrite-bearing rocko prevent Acid Rock Drainage (ARD) frobecomingstormwater runoff.

A search for a remediation platelayed the project three yeaFollowing a series of meetings
betweenPennDOT the Pennsylvania Departmesf Environmental ProtectioP@ADEP), and the host
community, all parties agreed to a remediation program consisting ofdifferent solutions to
encapsulate the movable and immiglearock The estimated., 000,000 cubic meters of movahieck
was disposedin a doublelined landfill constructed along the right-way of the projectLandfill
construction and rock placement was sequetwetinimize stormwater runoff.
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For the immovald material,the parties agreed conceptuatlesignto construct ageomembrane
coveroverthe exposed rock slopg3ennDOTgave approval to begin a full design and preparation of
a permit applicationBoth the permit and design was subjecth® review andpproval ofPennDOT
and PADEPThus, the selectesblution for the approximately4d,000 square meters of exposed rock
slopes encompassing the immovable material area was to consgrecimambraneover. The case
history presented in this paper discugbesengineering of the immovable rock slope cover system.

2.2.Cover Design

The cover consists of a High Density Polyethylene (HDPE) Geomembrane protected by two
nonwoven geotextileand a crushed stotitled geosynthetic cellular confinement system (ggdb
layer as shown ifrigure 3. Due to thesteepness of the slopes to be cové@ratbst slope inclinations
were steeper than 3 horizontatl vertical (3H:1V) a support system to transfer the dead load of the
stonefilled geocells to the crest of slope svaeeled. While the use of geocells for erosion control is
not novel, projecspecific requirements created two interesting design challe(ijeso penetrations
through the geomembrane were allowed on the slope fac€plichited upslope area wasvailable
for anchor constructiohese constraints demanded significant engineering consideration to arrive at
an economical design for each section.

Figure 3. Slope protection system design cross section.

geocell /stone aggregatéayer

nonwoven gotextile
geomembrané textured both sides

nonwoven geotextile

Subgrade(rock)

The immovable rock slopasnge in length fron®.0 metergo 110 metersvith slope inclinations
varying from 3H:1Vto 1H:1V.The most severslope 130meters long, 1.5H: 1¥ known onsite as
the Large Cut Face, is shownhkigure4. Due to thevarious lengths and slope inclinatioasyeneral
slope coer system design was adapted to meet the specific demands of each Spetiditally, the
slope length strongly influenced the reinforcement demand while the topography of the crest of slope
limited the range of practical anchor types and dimensions.

The geosynthetic covedesign cross section is presentedrigure 3. The cover system consists of
four layers:(1) a 540 g/rhinonwoven geotextile bottom cushid@) a 1.0 mm HDPE geomembrane,



Int. J. Environ. Res. Public Heal#t011 8 224t

(3) a 540 g/rhgeotextile top cushion, ar{d) a 100mm deepstonefilled geocell.The top and bottom
cushions were selected to protect the geomembrane against damage by the crushed stone selected
the protective cover and irregularities in the subgrade, respectiMetyadequacy of the 540 ¢ffm
geotextile cushin layers was evaluated according to the methodology of WiHabmyet al. [4] by
considering a range of possible protrusion heights under the action of construction foot traffic as well
as the weight of the stone armor layBne HDPE geomembrane actsths infiltration barrrier The

crushed stone aggregdied geocell layer armorthe geomembrane against damage.

Figure 4. Photo of the Large Cut Face and neighboring temporary stockpiles (covered in
black PVC geomembrane) prior to cover system cortsbrucVehicles are shown
for scale

3. Armor Support

Including an armor layer as part of a steep slope cover system poses an additional support concerr
Adequate supporhust be engineered to prevéimé armor layefrom sliding off the slopeConditions
favorable for sliding failures arexacerbated by the presence of the geomembrane, which reduces the
available friction to resist slidinfll]. In the case of traditional waste containment cover systems with
slope inclination less than 14 degrésballower than 3H1V), the friction between the various soil
and geosynthetic layers is typically adequate to resist sliding, suchr@gsirel, despite this reduction
in friction. However, for steep cover systems, friction alone is often insuffitiestipport the weight
of the armor layern these cases, additional structural support is requtdhermore, in the case of
the selectedgtone aggregate armor system, erosion of the armor kyd$ad a major concerin this
case historyerosion ontrol is provided by geotle embedded within the stone.

Because friction alone was insufficient to prevent sliding of the cover sy#tentover armor
required additional support from tension reinforcement members anchored at the crest divabope.
different reinforcement techniques were appligd:geogrid reinforcemertieneath the geocell layer
and(2) stainless steel wire rope reinforcement of the geocell.
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In the case of geogrid reinforcememterlock of the stonaggregatavith the geogrid provied the
needed load transfer from armorttee reinforcementrFigure5 showsan example section where the
aggregate interlock with the geogrid is clearly visililae geogriditself is anchored through friction
beneath soil @llast at the crest of slope.

Figure 5. Stoneaggregatefilled geocelloverlying a geogridlayer. The slope shownvaries
in inclination from 1H:1V to 1.5H:1V.

In the case of very long slopes or slope crests with limited room for anchorage, steel wire rope,
networked together with the geocelNlasused as the tension members in lieu of geodite. network
of geocells and steel tendons provides the load trafrsi@r the armor system to theinforcement
Load transfer from the tendons to the ground was accomplisheddbyrs at thelope crestArmor
system anchorage isscussed in section 4

3.1. Geogrid

When geogrid is used to reinforce the cover systemgeloeell only provides lateral confinement
and erosion control, with all structural load being transmitted directly from the cover material to the
geogrid.The following subsections describe the engineering calculations to select the proper geogrid.
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3.1.1.Interface Friction

The first step in the analysis of the slope protection system is an evaluation of the frictional
properties of the interfaces created by the proposed déstgrfaces exist when dissimilar materials
come in contactThe frictional preerties of these interfaces depend on test conditions including
normal loading, rate of shearing, degree of submergence, size of appet@{$, Table 1tabulates
the interface shear parameters for these sideslope system inteYfaktess listed inTable 1 were
selected based appresentative direct shear test databases reporteddoger and Narejfg].

Table 1.Coversystem interfaceandinterface shear strength angleadaptedrom [6].

Interface d

crushed ston&-nonwoven geotextile 3
nonwoven geotextilkko-textured HDPE geomembrane 26°
textured HDPE geomembrat@nonwoven geotextile 26°
nonwoven geotextikko-weathered rock 3

After examining all of the interfaces listé Table 1, the critical interfaceasidentified as that
between the nonwoven geotextile and the textured geomembvdhean interface friction angle of
26° Direct shear testing of this interface was performed to determine the actual value for final design.
Direct shear testing of the spiéc products used in construction yielded a design interface friction
angle of22° for the critical interface

Applying slidingbl ock (Ainfinite slopeo) type anal ysi
only by friction is
0 O0AT wATT@®AT OAIl

oY "o~ TGo&ET GAl @

whereN is the force normal to the slope fa@éis the interface friction angle (2@ Fp is the force

tangential to the slope (the driving force, directed downsldpey the weight of the cover system,
and b is the slope inclinationF o r t he pr ojpe ndlidagon df \.pH:1¥ 43377, thé o
resulting factor of safety is 0.61, indicatitigat interface friction alone is insufficient to resist sliding.

3.1.2.Geogrid Reinforcement

The use of geogrideinforcement to support cover systems has been previously addressed by
Koerner and Soong [1Load transfer from thermor system to the geogrid reinforcement is via
interlock of the stone aggregate infill with the geogndible in Figure 5). Forces dning sliding
include the self weight of the armor and any overburden (e.g., sRowes resistingliding include
interface friction and tension in the geogriingineering of the geogrid primarily concerns the
selection of a geogrid with sufficient losigrm strength to prevent slidinghe requird reinforcing
geogrid strength was determined following design procedadepted fromKoerner[5], with the
exception that passive resistance from the toe of slope is igsiosuch toe contact is rentailable
for several slopes esite. Design conditions for the sizing of the geogrid reinforcement were based on
scenarios establisheéddrough coordination betwedPADEP and the design engine€he basic design
parameters for the two principal designrsoos are summarized Trable 2
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Table 2.Coversystem design parameters

Design Parameter Snow Design Scenario Ice Design Scenario
Interface Friction Angle 22° 0
Geocell Infill Unit Weight" 18.1 kN/n? 20.4 kN/n?
Geocell Thickness 100 mm 100 mm
Overburden Snow Unit Lo&d 1.50 kN/nf 0

Notes @ Ice infill unit weight based on stone porosity = 0.35, ice specific gravity = 0.919, stone
specific gravity = 2.70% Snow unit load based on 660m snow cover.

Introducingto Equationl the allowableresisting forcérom the geogrid for a slope of finite length
yields the following equation fahefactor of safety:
00AT 'Y wAITT@®AT 7Y 0Q nATf@AT Y

oY ——=5 G OET 5q  fOET 2

whereTg is the geogrid allowable tension,is the slope lengthd is the geocell depthy is the infill
unit weight andq is the overburden force per unit aréssing a target factor of safety = 1.5, the
allowable tension in the gend is 32.9 kN/mand34.0 KN/m for the snow and ice design scenarios,
respectively for a 20-m long slope at a 1.5H:1V inclinationThis slope and inclination is
representative of one areatbk cover reinforced with a geogri@ased on the calculated allowable
tension, the ice dag scenario controls the specification of geogrid strerfidtk. calculatedllowable
tension was further factored by the recommended reduction factors for installation andriiong
effects to obtain the design strength:

Y O YOUY 3
where Ty is the design geogrid tensile strength &RE is the cumulative reduction factor (4.0)
accounting for installation damage, creep, and chemical degradéimioe adapted from
recommendatiasiby [5]). This designvalueTy is the desigmultimatestrength specified for the geogrid
for the example design slopeor the 20m slope example giveabove, the minimum design ultimate
tensile strength specified for the geogrid was 136 kNi/s valuewasverified by widewidth tensile
testing of the set#ed geogrid producihis design procedure was repeated for all slopes selected t
receive geogrid reinforcementhroughout the entire cover system design, specified ultimate tensile
strengths were standardized to three representative values to sicoplfiyuction logistics and avoid
misplaced geogrids.

3.2. Steel Tendons

Several slopes were too long to reinforce with geogrids for the following practical reasons:
(1) commonly available geogrids were not strong enogh> 220 kN/m) and/or(2) insuffiaent
space was available at the crest of slope for an economical gravity afRghtiese slopes, stainless
steel wire rope tendons were designed to provide the required reinforcement.

When geogrid is used to reinforce the cover system, the geocelpaigdes lateral confinement
and erosion control, with all structural load being transmitted directly from the cover material to the
geogrid.When the stainless steel tendons are used, the geocell also functions as a load path from th
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cover material to th reinforcementLoad from thegeocellinfill is transferred totendons through
tension in the geocells and thstop sleevespaced ategular intervals within eachegcell panelThe

key features of the tendon design are tendon strength, tendon spacingtopnsleevespacing
(Figure 6). The same driving forces discussed for geogrid reinforcement applied to the steel tendon
design.The basic design parameters for the two prinaeaign scenarios are summarized in Table 2

Figure 6. Key tendon design parameters for geocell reinforcement

Stop sleeve
spacing

(—)Itendon Conceptuahrea supporte

; n |
spacing by one storsleeve

3.2.1.Stop Sleeve Spacing

A key consideration in the reinforcement application of gestellhe amount of load that can be
effectively trasmitted from the tendon to the geocélbad istransmitted from the geocell to the
tendon through a bearing washer and stop sleeve assdfigulye(/).

Figure 7. Photo showindypical installed copper stop sleeve/stainless steel washer bearing
assemblynside an empty geocell.

The connection of the stop sleeve to the tendon is well understood in rigging practice (e.g., for lifts
with cranes). However, the bearing resistance of the washer against the geocell is less understooc
Therefore, a laboratory study of this pullout remmsie was undertaken by the Geosynthetic Research
Institute (GRI). In this study, three different types of tests were performed on the geocells: (1) a wide
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width tension test of the geocell wall (a test similar to ASTM D4885 [7]), (2) a seam peal test to
evaluate the junction strength (a test similar to ASTM D6392 [8]),(8nhd pullout test simulating the
pullout of a stop sleeve/washer assembling from the geocell peatde 3summarizes the average
test values obtained from replicate tests.

Table 3.Sumnary of geocell laboratoriest results performed by GRI.

Test Reference Standard Average Result
wide-width tension, break strengtf,{ ASTM D4885 [7]* 1,030 N
seam peel, seam strength ASTM D6392 BJ* 1,810 N
washer bearing (Rly), break strength n/ad seeFigure 8 2,890 N

* Test was performed following procedures similar to the reference standard; test specimens were
100 mm wide.

For the pullout testsaprototype washer assembly was pulled througtyyeocell wall to simulate
the loading in thdield (Figure8). The maximunconnection load between the geocell and tendon has
three possible limitg(1) the bearing strength of the cell wall behind the wagBgthe tensile strength
of the geocell wall, an@3) the junction strength of the geocdlhe ultimate load obtained from the
GRI pullout test was,890 N for thespecified 10émm deep, 1.3nm thick HDPE geocell.This value
Is exactly twice the value predictégt the equilibrium of forces irfree body diagram of the singjgy
tendon/geoceltonnectiorshown inFigure9. With a web anglev= 45> and a web forc&,, = 1,030 N,
the anchor forcel, = 1,460 N (about half of the simulatedullout testresul). Thus, the pullout
strength for these connections is limited by the tensile strength afifaeent perforated geocell wall
sections.This conclusion is supported by the failure mode observed in the laborsifashers
installed in production geocell panddear againstveldedcell junctions where the wall material is
double in thicknessind uglope armor igartially supported in compressioitherefore, afurther
margin of safetys provided that is not modeled using this.test

Based on the results of the GRI laboratory study, engineering calculations were performed to
determine the maximumlaivable stop sleevepacingfor the proposegeocell systemrhe maximum
spacing betweestop sleeve/waher assembliedepends on the available strength of tendon/geocell
connections and the driving forces within the geocell armor sy#dapting Equatior2, the factor of
safety against pullout of a single stop sleeve/washer assembly can be calculated as

00Q n ATf@AT Y
500 R OET “)

Oy

where w is a representative width of the geocell lay€onsidering a targeES = 1.5 and the
controlling ice design scenari@’ € 0, g = 0) from Table 2, the maximum arég.x of the geocell
panel that can be supported by a single single stop sleeve/washer assembly is

y

° VY owroEl ©
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Figure 8. Photoof tendon connection pullout test.

Figure 9. Free body diagram of forces acting on geocell washerss¢epebearing assembly.

anchor force T

web anglev

web force T, web force T,

I n the case of t he pr Bguatiand giedds a mgximwraduppott .areaH @ 1
Amax = 0.86 m?. Therefore, ér a typical geocell panel measuriagb0 mm wide by8,323mm long
(21.2 m? panel area), a minimum o6Xtop sleeve/washer assemblies are requirethe case of the
projectds st e agimson Eqsationyeelds,a maxinun stpport arBaa,= 068 m?%,
requiring a minimum of 32 stop sleeve/washer assemblies per parfigle minimum 32
assemblies/panel specification was adopted for all slopes to standardize constructionTgptadk.
design details for the project distributed these askesngvenly over the geocell panel area.
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3.2.2.Tendon Spacing

The required tendon spacing depends on the length of slope supported by the tendon, the inclinatior
of the slope, the strength of the tendon, and the frictional resistance offered by thetrgeins
interface.Similarly to the analysis of geogrid reinforcement, the stability of temdofiorcedslopes
can beanalyzed using sliding block analysiollowing Equation4, the factor of safety against sliding
Is computed
D0Q nAT@AT &Y

oY 00q R OEI ©)

wheren is the number of tendons per panel widtland T, is the ultimate breaking strength of each
tendon.The minimum tendon breaking strength specified for the projeciwas57.8 kN.In the case
of a105m long 1.5H:1V slope analyzed under the ice design scenario, a minimum ®tendons is
required to achieve a minimum factor of safety FS = 1.50.

A discussion of appropriate factors of safety is useful to understand the design engineering
philosophyfor the projectTypical applications of the stainless steel wire rope product selected for the
reinforcing tendons include lifting and other rigginthis use is characterized by dynamic loads,
multiple load cycles, limited redundancy, mechanical weagressive chemical environments
(e.g., saltwater)and direct threats to human safeym overhead load€onsequently, typical factors
of safety for designs incorporatingre ropeare greater than or equal to fiote that none of these
conditions isapplicable to the geodekinforcement proposed fohis project, except a potential threat
to human safety from falling cover system materidlse static nature of the cover system support
eliminates the dynamic load and mechanical wear concerns mhbltele tendons and the frictional
resistance from theover systemncrease the system redundantie design scenarios presented in
Table 2 were expected to represent extreme, shwation loading eventdlominal loading scenarios
are expected to yielgreater factors of safetifor example Equation6 yields aminimum factor of
safety FS = 2.92 for a 105m long 1.5H:1V slope when using the measured waloé
Tut 77.8 KN, d= 22, g=18.1 KN/, andg = 0. This condition represents the nominasidge state for
most of the year.The target valueFS = 1.50 was considered appropriate for the extreme
loading events.

The above calculations wemepeated for a range of representative design slope lengths and
inclinations to producealesign charts usetb specify the reinforcement configuration for different
slopes across the sit€igure 10 presents one of these charf$ie design guidance presented in
Figure 10 was similarly produced in table forifTable 4) to aid the layout and quality assurance
verification of different reinforcement sections.
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Figure 10. Example design chart showing maximum slope length for different slope
inclinations and number of tendons per 2b%vide geocell panel.
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Table 4. Maximum design slope lengths for FS = 1(b@ designscenarig.
Slone b Number of Tendons per 2.55m Wide Geocell Panel
) 8 7 6 5 4 3 2
2H:1V 26.6° 128.7m 112.5m 96.6m 80.5m 64.3m  48.2m 32.3m
1.5H:1V 33.7° 103.7m 90.9m 77.7m 64.9m 51.8m 39.0m 25.9m
1.25H:1vV  38.7° 92.1m 80.5m 69.2m 57.6m  46.0m 34.5m 23.2m
1H:1V 45.0° 81.4m 71.3m 61.0m 50.9m 40.9m 30.5m 20.4m

3.2.3.Elongation

An important consideration in the installation of this type of armor system is the strain compatibility
between the geosythetics and the arsupport systemn the case of wire rope tendons, significantly
greater elongation of the tendons is required to mobilize full load than to mobilize friction in the
geosynthetic layersTherefore, the geosynthetics must be installed and anchored toeddénan
while the armor system in being load@the sequence of stone infill is important in this reghtdch
of the aggregate was placed in the downslopeion of the armor system first temove slack from
thetendons prior to placing stone upslopéis step was taken to minimize the required sliding of the
loaded armor system on top of the geomembrigewre11 presents a photo of stone infill in progress
on the Large Cut Fac@&his photo shows crews placing stone aggregate into the geocells slapgbe
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face with the aid of a stone sling®orkers on the face of the slope raked the stone aggregate evenly
into geocells as it was distributed by the sling@onstruction quality assurance inspectors on the
project noted that infill of the bottom 1 Bom of the slope armor system was sufficient to remove the
slack from the deployed tendon&dditional stone aggregate was required to tension and elongate
the tendons.

Figure 11.Photo showing stone aggregate infill in progress on the Large Cut Face.

The armor systendesign considered thendonreinforcement as the primary support to the cover
system, with the frictional resistance acting in reseitewever, the displacements required to
mobilize the friction within the liner system are consideraég than those requiréad straighten and
tension the 9 9 strand wire ropeField inspection of the tendons during loading of the geocell
confirmedthis statementas the tendons did not straighten in many cases until loading was nearly
complete, indicatig relatively minor contributions from the tendons to the load supfpghoto of a
completed cover system withll stone geocell infill is shown iRigure 2.



