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A: ABSTRACT
(Code A)

Geosynthetics are progressively playing a dominant rolgeiotechnical engineering and
geotechnology The engineering aspects gkeosynthetics are a discipline unto themselves
based on the principles ofpplied MechanicsThrough this Lecture Rper, the Author
highlightshis experiences with geosynthetics

To date, much literature is available wvarious aspectand application®f geogrids and other
geosyntheticsNot much can bereviewed on geocells The Author has intensely worked on
several applicationswith geogrids geocells, and drainage systemsith nonwoven and
woven geotextiles as indispensablequirements of detailing While only innovative
applications with geogridand drainage geocompositésave been illustrated, theuthor has
majorlyfocussed orgeocells

Geocellsvereat onepoint oftime, the least understood geosynthetioateriak. Geocells are
one example where technology preced#te understanding of it®ngineering mechanics
The Leture Papeilinter aliaattempts to project theories defining the mechanics of geocells
and analyses by simple methods that do mequire sophisticated and expensive software
To highlight the practicality of the gedtsystemsthe Lecture Paper includes sevetake
studies

The objectives of the Lecture Papéancludeprojectingdiverse applications of geosynthetics,
the need to consider any geotechnical aspect of a project holistically rather than in isolation,
encourage oubf-the-box solutions and, most importantlyemphasie conservation of
naturalresources
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P: PROLOGUE
(Code P)
GENESIS
Basically, the application of Geosynthetics $ddwn to:

1. Gonservation of natural resourceand
2. Innovation

Ever since the existence of humankildysth has been exploited off its naturtkasures It
started with the construction ohabitats using wood for firemakingtools for agriculture,
andhuntingfor survivaliforging weapons for territorialights, greed,andambitions building
of fortifications transportationy and so, it went on and onall through Timethe Industrial
Revolution exdoiting sources of forms of energgnd most tragicallymajor warsthat have
scant respect for the elementd Nature Ancient Vedic and\vestaScripturegeveredNature
andextoled the virtues ofhe treasures oEarthd Bi Avih its soil,a Y2 loé¥as one of the five
vital elements The Scripturesinderscorethe need torespect and . INS & SNIZS b I (i dz
bounties¢ air, water, soiland rock fire, and space Yethumankindis the only species kich
never contributed to Naturewhile systematically and exponentially exploitingRealisation
of the folly hasfinally dawnedupon ussincethe last quarter of thepreviouscentury. We
marched into the new millenniurourning our fingers, buthuchthe wiser about the nuances
of climate changelndirectly, Geosynthetics is an offshoot of such realisation, at least as one
of the objectives

Soil reinforcement is not a new concegtd i prevailedback into historyThe earliest known
structure isbelieved to bethe terraced Hanging Garden of Babylon constructed around
600BC The Romans constructed roads around 300BC using reeds as reinforcement for
traversing weak subgrade soi&ections of a wall along the Northern borders of ancient China
were constructedaround 200BCConstruction continued piecemeal into the 140 17"
centuries during the Ming Dynastamboo strips were used as reinforcingelements
Thereafterglobally,the reinforced soil concepivas given a gby till the last 30 years of the

20" century.

During those ancient anbdaroqueperiods, vegetation such as reeds and bamboos, suitably
seasonedvere used aseinforcement The Industrial Revolution heralded the agegoflity

gradesteel, and thesoil reinforcement of the 1970s was essentially stdélis was followed

by the age of polymer plastics, oil derivatives way down inctlugle refining hierarchy, and
polymericsoiINB A Yy F2 NOSYSy i Kl a O2¥S gk KahKd KA aqgdIRY
steelfor this application

By 1970s, the geotechnical fraternityf Europe launched into geosynthetidsitially, the

concept was ma towardscostsavings and spaamnstrants, but the major advantageas
the judicious use of natural resources



GENESIS INNDIA

In India & the outset getting acceptance ofoil reinforcement andjeosynthetichasbeen
an uphill task But there were a few determed pioneers,and the Author paystributes to
these visioraries ¢ academicans, manufacturers, even individuats who perseveredto
eventually bring the geosyntheitechnologyand its engineerintp the current leveldespite
odds We made a modest beginnimgthe 80swith the introduction ofwoven and nonwoven
geotextiles As in the case of any namnovativedevelopmentthere were several roadblocks
which included:

1. Limitationsof the characteristics of the availabproducts n India.

2. Limitations of that time, when the repertoire of applications was cautiously restricted

that innovative spirit wasacking.

Basidnertia among geotechnical engineers to gain knowledge of theteetyvnology

4. A suspicious outlook by consultants and users towards the new technotbgge who
havea problem for anysolution.

5. Lack of guidelineand standards from global statutoagencies.

6. Thea donQd 6l yid G2 0SS |  AndokhfgitBride tlaik anbng pvenef RNR Y S =
engineers

w

The firstbold exposure to the engineering fraternity at large was in 1985, whih first
workshopon geotextiles and geomembrane®nducted by the Central Board of Irrigation

and Power(CBIP)at New Delhi The CBIP forested and identified geosynthetics as an
AYLRNIFYG FNBF NBfSOIyld G2 Ly Relldlgroagssh8R F 2 NJ
was followed by the First Indian Geosynthetics Conference (FIGC) in 1988 at IIT Bombay,
under the auspices of thimternational Geosynthetics Society atite International Society

for Soil Mechanics and Foundation Engineering with none other than Prof J P Giraud delivering

the Keynote Lecture

The International Geosynthetics Society (IGS) Council approved the fonnmditthe Indian
Chapter in October 1988he India Chapter was registered undbe Societies Registration
Act 1860 in June 199&ith its Secretariat aCBIP This was a landmark for propagating the
knowledge of geosynthetics in India.

Earliest applicaiya Ay LYRAL KIS 0SSy NBO2NRSR Ay
Geosyntheticsin Indi@9 ELISNA Sy 0S84 | yR t 2 Sy (Vankatappa RadR dz3 K (i
and Saxena, 1939The earliestmajor initiativeswhere geosynthetics were used include

(Vivek Kapadig2021):

1. UkatKakrapar Canal Lining, Gujarat with Grouted -Gettresses (1983985.
Airport Runway, Ahmedabad, Gujarat (1988

Salal Hydreelectric Projectlammu andkashmir,ReinforcedSoil Systemsl990).
LoktakHydro-electricProject, ManipuyReinforcedSoil Systems1090).
RammanHydro-electricProject (Stage 1), West BengakinforcedSoil System1Q91).

a s wDn



Geosynthetics, whatever be the type and style, as a class come undsortirenof Technical
Textiles Other Technicallextileshad been well established faliverseapplications such as
air conditioning and climate control filterair and oil filtersdust collection bagsiehicle heat
insulation linings, sound insulationmedical applicationssuch assurgical gowns and face
masks,and defenceapplications such gsarachutesprotective suits fomuclear,biological,
andchemicalarfare, and fire retardantsThere wereonly threeegablishedmanufacturers:
Tata Mills Ltd (then in the private secjpbinesh Millsand Porritts & Spencers (Aslay. Yet
geosynthetics had very few takers

Despiteall the reluctance taccept geosyntheticghere were academic stalwarts lilk&of.

M Madhay then of IIT Kanpuand Prof G V Rao, then of IIT Delimdividuals dealing in
Technical Textilefor different applicationslike Ms Auna L&l andMr YogestK Kusumgato
nametwo, who realised the potential oT echnical Textiles geotechnical engineerinfhese
academicans and individuals were persuasivthrough workshops, conferencesand
seminars Notwithstanding a dearth of appropriate types of material of quality, they
established the concept thakechnical Texels do havea major role tole to play in theivil
and geotechnical engineeringrena It was Ms Lall along with the Authan 2001 who
persuadedeluctantproject leadersn a pemier consultancy organisation to consider woven
geotextilesfor flooring and and nonwovens foratainingstructures for a paperwarehouse
in Kerala(Shahr&h Bagli et al2004).

There were pioneeringndianmanufacturerswith vision,who werebroadmindedenoughto
smelt the coffeeand takethe risk Theirventure into geosyntheticenay as well be charted
majorlyas the progress of geosynthes in Indiaduringthe 22 century. Credit is also due to
statutory bodies such as the Bureau of Indian Stand4BiIS) L y R Mini€r§ of Road
Transport andHighways (MoRTH)nd the Indian Roads Congreg¢RC}hat realised the need
of the hour and brought out several standardsjdelinesand codes of practice to rationalise
the applications of geosynthetics in general civil engineering and highways practice

INDIAB SUCCESSTORY OBEOSYNTHETICS

The Aithor is amemberof the Family ofStrataGeosystems (India) Pltd.{ { NghistonQ
could well be the success story of major Indigaosyntheticsplayers The firm was
establishedjointly with Strata Systems IndJSA Initially, geosynthetics(geogrids) were
imported till a manufacturing unit for geogrids was set up in Daman in 2809nnovative
product was added, the geocell, in 20T2e geocell was honed to greatrefinementof its
characteristics and over the years, design methods have lesetvedand adopted Various
aspects of the geocell are the major feature of this Lecture Paper

Strata secured larger projecend proved tlat Indian geosynthetics can comfortably rival
global contemporaries in qualityVith severalglobalorderson its platter,Strata became a
major international player Its geogridsales touched 30 million Hin 2016 Considering the
growing global demand for the Indan product Strata set up the largest geosynthetics
manufacturingunit in South Asiat Dahelj Gujarat in 29. ThePlant manufactures 1 lakhdm
geogrids per day



Thisid f & 2 dugtédd stofy &f geosyntheti®ther contemporary Indiamanufacturers
alsohave similar successories to tellin no small measurdn less thar20 years, from being
a reluctant user and importer of geosynthetics, Indigoday an exporter ofgeosynthetic
productsof globallyacceptedquality. The creditfor raising the bar ofuality standardgoes
not only to themanufacturergut also to the BISIoRTHandIRCA significant role has been
played byvariousinternational accreditation agencies includingy R NABRand certainly
the academi@nsfrom IITs, NITs and autonomous instituteat have been a constant source
of guidance and inspiration; all in all, a joinarmonious effort

ATRYST WITEBEOSYNTHETICS

The Author has covered extensively frons lrystswith geosynthetics It was a casual
curiosityto begin with in the 880s, but thisgrew intoan obsession over the last decade

The LecturePaperattempts to cover geosynthets across the boarbolistically However,
there are constraints of length fohe Paper and time limitations for a lecture (to be read
0SG6SSy GKS f Ay S zhenceaihe kettirdiPapésskeriafly cancaintyatedon
experiences with geogrids and geocelish a smattering of drainage, no doubt essial in

its own right

But the Prima Donnaof this Lecture Papes the GeocellSeveral aspects of geogrids have
been extensively covered by numerous authdrst there is comparatively little on geocells
The Authorwell recallsthat in 2012, the Geocell wdsastaccepted However persuasion
through successful case studies, field temtsl trialsin typical Indian conditions, as well as
evolved analyses and design methods have finally won théatdlge Geocell

Geocells have proved their worth gliverse applicationsThis geosynthetic haseen well
accepted by BIS MoRTHand IRCby bringing forth guidelines andrigid specification
requirements The Indian Geoceathay beoutpricedby certain global cheapegsroductsof low
standards However notwithstandingthe higher price,the Indian product ha scored over
inferior quality since clientdboth domestic and globatan be quite discerning over quality
andare willing to pay that extraricefor value addition

In his tryst with geosynthetics, the Author has had enlightening interactions fwiti
prominent personalities; Mr Narendra Dalmiand Mr Ashok Bhawnanboth Directorsof
Strata Geosystems, whose innovative thinking and foresight has come a long Wey in
advancement bgeosynthetics in Indiggrof Manoj Datta of IIT Delhi has provided valuable
opinionsat the Vapi landfiland alsahis ideas and insightshile designing the green verneer
with geocells at Ghazipur landfilProf GV Rao, formally ofiT Delhi and now with [IT
Gandhnagar; the Athor was in close association with him on various IRC and BIS
Committees, truly a patriarch of geosynthetics; and Prof K Rajagopal of IIT Madras, who is a
friend, philosopherand guide to the Authqgrhe is thesounding board omot only project
related issues but also for this very Lecture Paper. My deep gratitude to fbaseall,
outstanding personalities and theivaluable contributions to the advancement of
geosynthetics in India



And the Development Tea of Strata, Gautam Dalmia, Suraj Vedpathak, Yashodeep Patil,
Prashant GudaHarsh Rajpuand Pragya Mishrdor putting in long hours of contributiato

this Lecture PapeiThe Author cannot forget theupport¥ N2 Y { GNJ G} DS2aeai
Plant Mr Chandrashekhar Kanade (CtdKus al) and hislaboratory Team particularlyfor

their ideas and inputfor devise the Shear Test Apparatus for geocells.



SECTION LANDFILLECONTAINMENTSITH VERTICAL @GREEN STEEP SIDE SLOPES
- INNOVATIONS AOONZIGA VAPIAND GHAZIPUR
(Code LF)

PREAMBLE

Considering the significance of conservation of nature, the Author deems it prudent to start
with the application of geosynthetics to landfilM/hile the scope of application to landfills is
vast, for the sake of brevity, the Author hesnfined toonly certain innovative applications

of geosynthetics

With massivescaling upf manufacturing and condtiction activities, as developing nation,
India issaddled withan enormous amount of wastéevelopment produces waste, be it
village or a megapolis, a stafatbne plant or an industrial estatBach producess respective
class of waste, rangirfgom municipal wet and dry waste® normal or hazardous industrial
wastes Whatever, these wastes require careful handling and storage to prevent mingling
with the enviresystem beinga hinderance to normal lifeand damage the environment

To facilitate thdogistics and reducenroute hazards, the landfills should becatedas close
as possible to thevaste generator nodes, and yet far enougl asnot to hamper normal
activities Hence such dumps are invariably on premium land

Thedemand forstorage space increases dalorizontal spread of landfills is expensiaad
the only other option is a vertical expansion on the original footptsdlf. To storeadditional
industrialwaste with minimal land space the urban regionof the industrial town of Vapi in
Guijarat,a vertical landfill containment was designed and constructed for the first timmelia |
usingthe design and construction philosophy of reinforced soil syst@ins pioneering task
in Indiaof design and construction of the landfill came wahfair share othallenges and
unpredictable encounters

The ideaof reinforced soil containment for landfilgerminated fromthe landfill atDonzi,
Atlantain Georgia USt was here that necessity invell innovation by Strata U$he main
issue wagackof space that necessitated vertical expansion of the landtie success of this
idea in the USvas a cue foBtrata India tdhonethis innovationfurther, using its geogrids and
its uniquemodular and segmental concrete block fascia

This Section isconfined to the innovations on landfill containments and néandfill
environmental statutory matters and features The features for containments include
applications of reinforced soil techn@y and an oubf-the-box concept for greening steep
embankment slopes shrouded with untextured geomembraBesening steep containment
embankment slopes has been innovatively resolved at Vapi and Ghazipur in the Delhi National
Capital Region, cases highligd in this Section



REINFORCHEHDILSYSTEM

Reinforced soil structures asmmmonplaceoday. In India, hese structures have essentially
been used for roads and highways, generally as grade separators and apprdaches
underpasses and bridgdsssentially two reinforced soil structures are constructed with their
rear several metres apart depending on width reqdirat the top and infilled with
unreinforced compacted material thetween Unlike thetraditional earth enbankment with

a trapezodal crosssection, the structure is s, occupying a land footprint only to the extent
of its utility requirement with very steep sideslopes. And compared to a reinforced concrete
or structural steel system, its cost is justr@re fractionin comparison

Considering the advantages of a reinforced soil system, when land is at a premium, it is
prudent tohavea containment structure for a landfill comprising of a reinforced soil system
with a narrow footprint rather than a conventional trapezoidal eagimbankmentwith a

wide footprint, not utilised for landfill material storage

DoNz| ATLANTAGEORGIA IUSA

There were severatoncernsat Donzi thatguided the decision towards a reinforced soil
containment systemThe mpulation growthand development in and around Atlanta put
pressures on the existing landfill, requiring an increase in the capacity of the lanolfiever,
the landfill was laterally confined to its existing battery limits andadditional landccould be
madeavailablefor expansionWhile vertical expansion seemed to be the only option, there
was no space availableven to construct an appropriate containment embankmeint
accordance wittiraditional desigrs. Vertical expansiomvas possible only if the slopes were
steep. Another factor that required the attention of the designer was the constramftsgh
tensionpower transmissionines traversingcrosshe landfill These lines poseddangerto
rear tilting dumpers which could come within the hazardous arcing wiégteof the high
tension power linesvhile emptying their load

Considering the dire requirement of increased capacigstlaetics was notonsidered as a
governingaspect NBAYT2NOSR a2Aft af 2 | d8npusingfgdofid@ A RS R
reinforced steep slopedY:0.5H. Fascia oftone filledsteelwire-baskes wereadopted

Fig.LF1(a) shows the concept of the expansion before the filling would commeRieLF

1(b) shows the landfill profile conceptuadlfter full heightfilling has been attainedt may be
noted that the old fill was not provided with any containment but was graded to slope as seen
in FigLF1(a)



LINER SYSTEM MANHOLE AND/OR PUMP STATION
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Fig.LF1(a): Schematic @xpansion prior to fill
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- HIGH-STRENGTH GEOTEXTILE

Fig.LF1(b): Schematic of expansion after full fill

Fig.LF1: Concept of vertical expansion of Donzi Landfill

The initial landfilldump was sloped and given the appropriate environmgaatment and

backed up with well compacted soil stabilised by a reinforced soil slop&:d.3H. The
extension is arearth embankment with an inside slope oWV11H andis supported on the
outer side by a reinforced soil slométh wire basket fascia defing a slope oflV:0.5H. A

road berm has beemrovided along the outer face of the reinforced soil slapeccess the
crest

The finished height of theontainmentd  NHzOG dzZNB . A& nnQ OMHDHYD

The maximumdnd G K 2 F G KS 3 S 2TAdJercal spacing ¢f the geggdds 16 0
460mm over the initial height of 1800mm, and thereafter the spacing has been increased to
900mm.

The highttension transmissiortowers and catenariesvere relocated appropriatelyThe
maximumpermitted height for the fillingbelow the power line catenaryvas marked on the
towers. Theheight of themarking was based on thefe distance between the highepbint
of a standard unloadingpper of adumper and the lowest point on the catenary safely
prevent arcing



Fig LF2 illustrates the progressive constructiofhe old landfill is seen behind the
construction of the reinforced soil slope that would contain ddditionalmaterial

Fig. LR2(@) Thelower-levelstone filledwire  Fig. LR2(b)
basket fascia | form

S

S8 T SR A O e TR ?‘” i ?@;g, yy‘f.,jw )
Fig. LR2© Progressiveonstruction of Fig. LR2(d) Progressiveonstruction of

reinforced soil slopavith wire basket fascia reinforced soil slope

Fig. LRR© Completedeinfcv)fced soil slope
Fig. LR2 Progressiveonstruction of reinforced soil slopeith wire basket fascia

The vertical extensionf Donzi Landfill was the inspiration behind the vertical containment
structure of the landfill at Vapi



LANDFILIEEXPANSIOWMT VAP, GUIARAFORVAPIGREENENVIROLIMITED

Thethree Cells of théandfill of Vapi Green Envitdd had almost reachetheir capacitesand
required immediate expansion to cater to waste generated over yet more moAtteqjuate
spacefor expansiorwithin the existing battery limits was difficult if conventional trapezoidal
embankmens were constructed as containmenthe footprint of suckembankmens would
occupy valuable area leaving inadequate space to accommadbatanticipatedadditional
volumes of wasteA reinforced sadisystem optionwasthe only sdution.

The Three Facets the Project
Ultimately, the projectwas a harmony ahree outstanding facets:

a) Landspace optimsation despite a steep inner slope:

The landfill was built 14m higihom the ground levelThe containment was a reinforced soill
structurewith precastconcretemodular blocKascia StrataBlock). The uniqueness was that
the innerreinforced soilslopehad a steep angle of B0PET uniaxial geogrids (Stratad®rio
were wrapped around soil bags arsretchedto and connected with theprecastconcrete
modularblocksthat formed the outerfascia Acomposite lining of nofwoven geotextile and
geomembranewas provided along the slop&hich would be in contact with the landfill
material

b) The reinforced soil wall othe original earth embankmentcontainment structure

For a portion ofthe landfill extension it was necessaryo vertically extend atop the
original embankment containments This required astute intricate designingfor
strengthening the original earthen embankment with soil nails

c) Greening ofthe ExistingGeomembrane Coved Steep Slopes:

The outer slopes of the embankments containing the old landfill eediscovered with
untextured g@membraneshroud The slope is as steep a¥:1.9H. It was required to
vegetate the slopeTo vegetate a steep and smooth slope requisedout-of-the-box
solution. Geocells were considered along wigjeogridsas a support systejma creative
method since he geomembrane could not be spikéal support the geocellsalong the
slope Aunique solutiorwas also proposed fanchoing at the cressince a conventional
anchortrench was not feasiblewing to the geomembrane cover at the crest of the closed
Cell

Project Overview

This Project was taken up turnkey by Strata Geosystemsch designel, supplied all
geosynthetic materialand played the role ofgeneral contractoralong with construction



supervision Theclient is in the business of storing industrial wasteom the nearbyVapi
industries The landfill is located within the urban industrial belt of Vapi, an industrial town
SouthGujarat,weston the Indianpeninsula about 120km fronMumbai(Bombay. Theclient
required more volume for storage at its present landfill site to cater to veaatcumulating

for at least two additional yearsThe additional capacity that could be generated by
conventional containment was 150,008only whereas the required increase in capacity was
260,000m. The landfill is in a congested zone where there wassoope foradequate
horizontal expansiorFig.LF4 shows the location of the landfill within the towand a close

up, to underscorethat the final completed expansion leaves no more scope for any more
arealexpansionThe Clienthad very limited space for expansion and a conventional solution
did not provide adequate capacity to last twwore years.

Fig. LF: Thelandfill in congested industrial zone within Vapi town

Falling back on its R&D team and the Donzi experience, Strata Geosystems devised a
containment system withithe reinforced soilconcept The lean structure would generate

more space for wastethe vetical expansion ming it possible without the need for a
voluminous earth retaining structure

The landfill is divided into cells, and each cell is filled one at a. tgeLF5 shows the cells

after completion of the reinforced soil vertical containntevall for Cell 4The first three cells

were closed and covered according to statutory requiremerteyain FigLF51 & &9 EA &G A Y
/S f. ®ndy €ell 4 could be developed for accommodatirggadditionalvolume



7:; » : 4 38 ~ N -
Fig. LF5: Drone shootshowing the dvision of landfill for stagavise development; Ce

4 optimised by reinforced soil containment structure

The essence dhis innovative technique was simplicity in design and construction, iagjis
geotechnical and geosynthetic solutions to their fullest ext@iere were various facets and
challenges for which geosynthetics have been innovatively ,usighlights of which are
discussed below

Land Spac®ptimisation

The expansion portion of therojectbegan with Cell 4 Part 2 away from the earlier closed

cells The design and construction of this portion was a normal reinfosoéidstructure The
landfillexpansion is over a horizontal spread, and up to a height ofdzbwuethe ground (Fig.

LF§. 2 AGK (GKS NBAYTF2NDOSR az2Af gedyady © Slimlivertidahi A y I {
containment was constructed

The inner face of the wall wasveraparoundsteep $ope and the outer facia comprised of
precast concreteY 2 Rdzf I NJ & S3Y S y.({rhug the{ landill dollld. ke exterided
vertically to contain more waste than was previouslyisaged The containmenslimmer
than the conventionaltrapezoidalsectiongreatly contributedtowards better land use for
waste storage rather than mere containmdmtlk.
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Fig. LF6: The reinforced soil wall section resting directly on the ground, marked by
arrows

The reinforced soitontainment conprised of two reinforced soflystems

1. The inner slope that abuts the landfill material was a rudimentary form of fascia with
geogrids wrapped around soil bafisg.LF7(a)) This face was draped with a composite
of non-wovengeomembranenon-woven sandwich to prevent landfill leachate from
seeping into the containmenfig.LF7(b)). The uniqueness of this face is that the slope
was at a steep angle of X@irtually falling under the classification of a wallvo berms
were provided(Fig. LALO)to break the slope taevery 5m vertical height, also to provide
anchorage for the nomwovengeomembranenon-woven compositedudicious detailing
was very essential tprovide for a lealproof systemthat would prevent sepage of

leachate out of thdandfill system



Fig.LF7(a) Thegeogridwrapsfor the inner Fig.LF7(b): Shroudof nonwoven
face geomembranenonwoven sandwich laid
over theinner slope

2. The outer facia okegmental pecastconcrete modular blockswhich lent an imposing
appeal to the structurgFig.LF8).

r S L i .

e

Fig.LF8: The outer f:ascia glegmental precast 66ncréte modular blocks

There were challenges that arose during the excavafmmthe foundation Landfill waste was
observeal to almost 3m depth at some locations, forcitig Designerdack to the drawing board
for a rework to consider replacing the organic fill with engineeteatkfill The enormity of the
problem faced can be seenkig.LF9, which shows a typical pit displaying landfill material



Fig.LF9: Pit excavated for reinforced soil wall foundation at CelPart 2, exhibiting
landfill material

The cross section of the reinforced soil wabhewnin Fig. LAO. The top width is 8.270m whereas
the width at founding level, 1m below ground level, is 16.3m. -Nlastic soil(SP) as material for
reinforced soil was use&ince the design and detail) required the reinforcing geogrids through and
through the crosssection the nonplastic soil was placed over the entire sectidio zoning was
required, except for the gravel drainagaybehind the precast modular concrete blocks (FiglLF

The onsolidated drained strength parameteepof the nonplastic SP soil wasitially considered as
o n. Koweverin view of the vagaries of availability of the matefraim a single location andith the
prospect ofhaving toutilise material fromseveraldiscreetly locatedorrow areas, it was decided to
judiciouslyuse a conservativecpof 0 11 x
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Fig. LALO: Crossection of the reinforced soil containment wall with precast modular
concrete blocks as outer fascia and geogrid wrap as islope fascia

Fig. LA1: The gravel drainadmyand the nonplastic soil

Reinforced Soil Wall on Earth Embankment

Retrring to thedrone stoot in Fig. L5, Cell 4¢ Part 1 includes portion of the side slopes

of the containment embankmesbf the coverecand closedCell 3 bothto the East and West

of the landfill as seen in Fig. LIR. Considering the highetop level of Cell 4 as compared to
that of the covertop of Cell 3thisrequiredvertical expansionf the new containment system

on the existing side slopesdup to a height of 14m above the ground lev@bnstruction of

a reinforced soil wall on the side slopes of an existing earth embankment was an astute task;
it required intricate engineeringand spot judgement and decisions during construction



Fig. LF2: RS containment walls constructed on eliibbankmentgo the East and Wes
of landfill

The earth embankment structure required strengthening with soil nail§&eotechnical
parameters wereonservativeNR S G SNXYAY SR 2y (GKS ol aia GKI G
al TS¢ dzy RS Ndonditiorss SI8pE Atability wimalysis was carried out with these
conservative strength parameters and with the anticipated loads of the reinforced soll
structure systens on both East and West sides of the landfill (eg. LFR). Accordingly,
series ofsoil naiswere devised such that the safety factors exceeded 1.5

Nailing on the East Side

On the East side, the embankment required cutting and the soil nails were required to retain
a vertical cut in the soil embankment (Fig=13) till the reinforced soil structure was
constructed

The pictorial narrative of thereinforced soil containmentstructure on the earthen
containment embankment strengthened by soil nails is shown in.F8. Theexposecdearth
surfacewas shotcreted and weep holegere provided for pore water pressure religb cater
to percolated water during the monsoaains.
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Fig.LF13(a) EastSidecrosssection With Westdirection to left: Design of soil nails fo
exposedexcavation

Fig.LF13(b) EastSideand facingWest: Work in progress, soil naits the exposed eartt
face duringexcavation; Notehe steel mesh tdold the shotcrete
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Fig. LAL3O: Cross section dastside andfacingNorth: Design of soil nails for excavatic

Fig. LF13(d): East Side anthcing North: Shotcrete work in progress, soil nails -
excavation

Nailing on the West Side

On the West side, the eartembankment is required to support the reinforced soil
containment wall (Fig. EE4). The design is illustrated in Hifr14(a)

The reinforced compacted granular fill at the base of the reinforced soil containment wall in
Fig.LF14(a)was to provide a capable foundation for the reinforced soil structasewell as

to ensure that no pore water pressures develop within dueatty unlikely percolation of
water from the surface of the landfill



WASTE TO BE DUMPED IN FUTURE

—EXISTING WASTE

N

CCOMPACTED GRANULAR FILL
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WOVEN GEOTEXTILE
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Fig. LFL4(b): Wesside Soil nails for excavatiom progress

The reinforced soil containment on ttearthen containment embankment strengthened by soil
nails is shown in Fig.41Bb. Theexposed soil slopkas been shotcreted and weep holes have been

provided for pore water pressure relief
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Fig. LF15: West side The completed transitionat the West side reinforced soil
containment structure atop the old earth embamient strengthened by soil nails, an
shotcreted; Notehe weep holes through the shotcreteeneer

Nailing Details

Fig LFL6 illustrates drivingf soil nals. The work was executed by a specidlisE S y't€aénQ a

Fig. LA6: Typical soil nail driving by specidlisi S y't€a#nQ &



GREENING OF STEEPONTAINMENT EMBANKMENT SLOPES DRAPED WITH
GEOMEMBRANE

Conventional containments of landfills amraditional trapezoidal embankmentsThe outer
slopes are shrouded with geomembrar@uite often, the outer slopes arsteep,and the
geomembrane is untextured-rom aesthetics and mandatongquirements these oter
slopes require to be vegetated

Whileerosion controbnd greeningf steep slopes is discussed in a separate Segieening

a slope shrouded with geomembrane generally uniqueto landfill containmentsand is
therefore discussedn this Section Provision of greenery on a steep slope shrouded with
geomembraneavhich is sometimes untexturedequires innovatre techniques

VAPI GREENING 0BEOMEMBRANEOVERESTEERS. OPE®FCONTAINMENEVIBANKMENT

The concernedareais the outerslope of the North-side containmenembankmentof the
closed Cell 1The innovativeapproachof greening theuntextured geomembrane shrouded
slopehas been successfully repeated at tBeazipudandfillin the National Capital Region of
Delhi.

Initially, StrataGeosystems was not contracted to work on tter slopes of theexisting
earth embankmentgontaining the closed CellEhe outer slope of the containment is steep,
1V:1.5H and shrouded with smoothntextured HDPE geomembrariEhe slog was required
to be greened

Earlier, he Client hadmade several attempts to place soil on thetextured geomembrane
on the 1IV: 1.5Hslope butwas unsuccessfuBased orcase study reports afs past successes,
Strata Geosystems was approached duiisg/ork onCell4.

Previously Strata had successfully us8ttataWel® geocellspiked to the sloping surfade

retain soil along with vegetation on steep slopes stopeerosion protection However the
current casgosed a unique challenge since the geomembrane shroud could not be spiked to
support the geocellsThe solutionproposedwas innovativeGeogrids were used to support

the geocells along the slope

Theentire system ofjeocellsalong withthe infillingand vegetatiorand supporting geogrids
needed to be anchored at the cresin anchor trench was also né&tasibleowing to the
completed cover of theellat the crest Hence, an anchor mounalas designedo resist the
sliding forcesThe anchor mound is shown in Higz17. There was only 3m space between
the top peripheral drain and the crest edg&€he anchor mound had to be accommodated
within the space and yet provide the required resistance against sliding of the solil infilled
geoells The earth mound was designed as a reinforced soil structure to avoid flat side.slopes
The entire mound was shrouded in nonwoven geotextile carefully sealed by double needle
stitching as can be seen in Hig:17



Fig. LFL7: Anchor mound at the crest holding timdilled geocells, the holding geogrid ar
the enabling tendon

{ G NI { lgedgii#l § #0 (PET flexible knitted and coated geogrids with 40kN /m strength
in machine direction and 30kN / m in crasschine diretion) was temporarily securedut
temporary weightsand dropped down the slope, machine direction along deshope, as
shown in FigLF18. Two adjoining widths were secured by cable ties as seen ihFI@.

Fig. LAS8: { G NI { ISE40Jgdogrid laid down the slopeadjacent widths secure
together with cable ties

StrataWel® geocells SW445 125 (weld spacing 445mm, depth 125mm) was laid along the
slope,andtied to the geogrid by cable ties (Fig=19). StrataCord® tendons were used to
guide the geocells down the slopehe geocells were initially temporarily secured at the crest
After the geocells were properly secured to the geogrids, the anchor mound was constructed
at the crestto its permanent profile as seen in Fig=17.



Fig. LA9: TyindStrataWel® geocells t§ & NI { lgeddiitisR u

Theeafter, the geocellsvere infilled with organic saillhe soil was turfed (Fig. £2B). With
the monsoon rains, the slope was covered with lush greerimg system has survived the
heaviest of monsoon rains prevalent in tpiart of the country

Fig LR20(a): Geocells being infilled Fig LR20(b): The greenery after thaitial
monsoonshowers

Conclusios
The three featureshat make thisProjectuniqueare:

a) landoptimization with vertical reinforced soitontainmentstructure,
b) reinforced soilwalls constructed atopearth embankmens,
c) steep green slopes oventextured geomembraneshrouding

Despite the challenges and hurdles thabse during thisProject astute innovationssaved
the clienttime, money, and the burden of procurirgiditionallandin a prime region
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clearly tells thenarrative reinforced soil technology makes it possible to opteténd space

for landfills particularly in and around urbanised and industeedl zoneswhere land space

is at a premium

Fig LR1: . A NR @igdw db theStwo types of containment structurethe conventional
earth structure (above, North) and the reinforced soil structure (below, Soitbje the
differences in footprinareas

Geosynthetics also helped solve many other challenges that came up along thethay
greening ofsteep slopes, treinforced soiktructure onthe earth embankment, optimising

the anchor moungdetc. The Project showcases how judicious innovations created a first of its
kind landfill in India

BEROSIONPROTECTION FOR ENCASEMNERPE AGHAZIPURANDFILL

In containmentsystems for landfillsgeomembranes arenvariably used as leachate barriers,
to seal off the waste from the ground onto whitths dumped as well aghe environment in
general After the filling is completed to capacity, the landfillsisaled off using layers of
appropriate soil and geomembrane&long the sidesthe earthen embankmentsconfining

the landfill must be rendered stable with a factor of safety higher than conventional,
considering the consequences of a breaCluter slopes bsuch containment can be of the
order of 1V: 4H.

Real estate within thé&lational Capital Region of DelNGRis at a premiumThelandfill at
Ghazipur is located on prime land withine NCRTo generate a small footprint for the



containmentstructure, the outer side slopes of the containment were constrained to be
steeper than conventionallThe slopes of the containmemmbankment,constructed from
local silf were adequately stable

The surface of the slopes was lined with geomembrdieegeomembranewnas required to

be protected against physical damage and UV by soil cavexddition, the soil cover was
required to foster vegetation since treientdesired an aesthetic, green and environmentally
friendly fagade Soil cover of local silaid on geomembrane could not be sustained since the
friction between the soil and the geomembrane was I&go, the length along thaclination
was as much as 30m in many sectidasrthermore, strict deadlines required that the lining
protection be conpleted to satisfaction within six weekEhe tasks within thetime frame of

six weeksncludeddesign,Optimizeand execution

Fig. LR22 shows the initial condition of the slep

Fig. LR2-2: Original conditiorof the containment slopat the Ghazipur landfill

There were several major issues which needed addressing:

1. The slope wask2: 1V and steeper at places

2. The geomembrane over which the soil was to be placedumssxtured.
3. Geomembrane negated use of steel spikes for supporting geocells
4. Theinclinedlengths of the slopes ranged from 25m ton30

With these constraints, the solution lay in providing gdisceith asupportingsystem quite
different from what is normally adoptedut similar to that adopted at VapiThesolution
was engineered with a combination of geogrids and geocadisematically shown in Fig.-LF
23(a) The geogd-geocellsystem isanchored at the top as schematically shown in Fig. LF
23(b) anddraped down the slope with the machine directialong downslope The geocells
are connected to the supporting geogrids with high strength cablestiesvn inFig LR24(a)

Fig LR24(b)and(c)) show fixing details with cable ties

The style of geocell considered for the purpose was SW3%@eld spacing 350mm, depth
75mm)and the geogrid used wagiSS0 (uniaxial with tensile strength 30kN/m)
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Fig.LF23(a): Slope&ross section Fig.LF23(b): Anchor and drain details at crest

Fig.LF23: Typical slope details

Fig. LR25(b): Adjacent geogrids connectec Fig. LR24©: Geoells connected to
with cabletie geogridswith cable ties



Fig. LRR4(d): Two adjacent panels BtrataWel®connected together with cable ties

Fig. LF24: Use of cable ties for connecting system components

The geocells andeogridcomposite was anchored at the crest by weighing down with a
mound of gravel along the creghe schematics of which is shown in Fig2Bmb) For this, a
factor of safety of 1.5 was considered

Soil fillingof the geocell panelsvas done from topand spread manually taking substantial
care that each cell was fully fille@he soil was dressed and compacted).LF25).

Fig. LR25(a): Geocelldaid out Fig. LR25(0): Soil irfilling

Fig. LR25: Laying ouStrataWel®andin-filling

Grass seeds were sown along the slope soil cowrmittent watering was done and within
I FS¢ RIFIeaQ GAYSTI | IAINBSYy O20SN) gl a FT2aidSNBF
the landscapgFigLF26).



It may be significant to note two flaps of HDPE placed upright and parallel to the strike of
the slope perceived as black traces in EER6. This was yet another innovati on the
Projectto serve two basic purposes, essentially to prevent erosion:

1. The flap breaks the energy of surface +offiand reduces the magnitude of erosioh

soilinfill.
2. It prevents sliding of soil further down the slape

Fig. LR26(a): Seeded infilling Fig.LF26(b): Vegetation

Fig. LR26: Vegetatd infill

Eightyears have gone by since completion of the wafisual inspections have indicated that
the geocellgeogridsystem has performed very wellhe soil cover has shown no indication

of creep or slideand erosion is barely perceptiblén retrospect, while the problem was
challenging, it was obvious that oa theposers were resolvedhe startup was easyand

the work proceeded at a fast pac€he stricttimelineswere met with The major advantage

in the NCR was that there was minimal requirement of unskilled labour and no particular
trade skills were involved.

Good natural construction material such as sand is available only at a preifiertechnique
with geocellscould use locally available silthe original solution was to use concrete tiles
which did not prove successfdlhe geocell solution required no concrete

While there was an overall savings of 15% on the liner, the solution was inarguably green and
aesthetic as a landfill



SECTION: THE GEOCEAND ITS BASIC ESSENTIALS
(Code GC)

THEESSENTIALS

Geocells ardasically geosynthetic reinforcementhey arelightweight but strong three-
dimensional curvilinear rhomboidal cellular confinemesgystems

Geocells are often used fagorous heavyduty usageasin load bearingor evenelementary
applications such as level and slopgrgund erosionprotection andcontrol.

Geocellsare fabricated from ultrasonically welded HDPE strips that are expandable at site to

form the cellular structure (Fig3G1). Thecello 82 YSGAYSa NBFSNMNBR G2 |
geocell systerfor load bearing applicatiorare filled essentially with neplastc soiland non

plastic marginal materials such as pond .d§lvegetation growth is desired within geocells
particularly for erosion control applications, the cel®infilled with plastic and organic soils

to sustain greeneryor gravelor lean concrée. The cell walls are perforatdzhsicallyfor pore

water pressure reliefind for soitto-soil interaction or to maintain monolithicconditionsfir
concreteinfills, as the case may b&he walls are also textured for better soéll wall
interactionand on case of concrete infill, for better adhesion between concrete and the cell

walls to minimise crack width

Infilling is an essential requirement for functioning of geocells for any geotechnical
application The perforations and texturingf the cell walls along with the infilled negglastic

soil create a semirigid gec-composite of sortsto provide a stiff mat, particuldy for load
bearing applicationsand drainage as in gravity wall and fascia applicatitnfgling of any

soil incling gravéand concrete is essential for erosion protection and cointro

Fig. G€L(a): Geocells broughtolded
to site for ease in packaging ar
transportation

Fig. G€L(b): Expanded geocell panel

Fig GGL1. Typical geocell panel



BASICAPPLICATIONS

The geocell is a versatile product and provides ample scope for innovative engineering
Geocell panels are deployed for diverse purposes including (iaagdsupport embankment

and pavementyeinforcement, foundation stabgation, stabilityof embankments on weak
soils, slope erosion protection, gravity walls, fascia for reinforced soil embankneéntshe
latest fadamong interiors architectmcludes geocell panels on wadls décoand ceilindight
shades, and wine cellars

From enginering considerations, there affeve basic applications:

Reinforcemenfor vertical loads irbearing.
Slopeand level grounctrosionprotection.
Lining for water pondages armthannels.
Gravity walls,

Fasciadr a reinforced soil structure

abrwbdpRE

There are geocell styles feach of these applicatiort® caterto different functiors ofthe
geocell Basic keydimensionsare highlighted in Fig. GEZ Where Strata is concerned, a
geocell is defined by two basic lengiimensional parameteras seen ifrig. GE(a}

1. Distance between two congruent weldéong each strapwhich is constant for atyle of
geocellpanel this has a particular bearing forparticularapplication.
2. The depth of the geocelh.

Fig. G&(a): The collapsed cell, definii Fig. GE(b): The expanded cell defining tl
weld spacing and heiglair depth width and length
Fig. G&: Defining the basic key dimensions of a cell

A crucial ratio for geocells for load bearing applications is the ratio of depth of the ghocell

and the lengh of the side of the rhomboidal celll, Thelength of the side of thehomboidal
cell, approximated to a straight line defined as

Q- Q0 Q (GG1)



Where

‘Q and Q are measurabldength and widthalongthe rhomboid diagonalsas seen in Fig.
GG2(b).

Generally, geocell features for each of the abapelications areafollow:

1. For geocells to be designed for vertical load carrying applicationsh/th@aspectratio
should be close to.Weld spacing may be of the order of 330mm or 3%6. The depth
of the geocelh may be 100mm, 125mm, 150mm and in extreme casesm?ddt is to
be noted that generally, the depth does not exceed 200mm owingcdmpaction
constraints.

2. In case of slope erosion protectiae depthh may be 50mm, 80mm or 100mrand in
some cases, 150m. The weld spacing is generally high, of the ordedé5mm and
660mm. The aspect ratio is of no consequence for this application

3. In the case of geocells for gravity retaining wallgascia for reinfrced soil structures,
the depth of the geocelh may be as high as 200mnvhile optimizationthe h/d aspect
ratio close tol. However,jt mustbe ensured that the infilled material is well compacted
manually



SECTIONI: THEMICROLEVBUECHANICS OF LOAD BEARING GEOCELLS
(Code MIGC)

BASICPRINCIPLES

Geocells have been in use even before engineers and researchers evolveddhanics and
the mathematics behind the princig®f the load bearinggeocell At the outset, parameters
were set based on tests and experimentati@ut t was a proven fact that geoceiisfilled
with non-plastic soilsand placedover a subgradespreal the loadapplied normal to the
geocell maplaneover a wider aregas compared tthat where there is no geocelbhyer. It is
only recentlythat theories behind the functioning of geocells are being developed

Load bearing epcells are filled with nofplastic material to form a senmigid mat, capable of
distributing imposed loads over a larger arétence themagnitude ofbearing pressure on
the supporting subgrade is lower than thiithere was no geocell reinforcement

Consider a planar mat as in FiJGC1 (a), a geocell panel infilled with ngriastic soilWhen

a load is applied normal to the surface of the geocell plane, bendoments develop within

the system The bending is resisted within the system by the vertical cell walls as well as the
infill non-plastic soil as seen in FigIGG1(b). The resistance offered by the surrounding
infilled cells contributes to the ability ahe geocellsoil system to spread the load over a
larger area and thereby, the pressure bearing upon the subgrade is reduced

RESISTANCE TO BENDING OF INFILLED GEOCELLS

BENDING MOMENT i/ J \ \i

BENDING MOMENT CAUSED BY LOAD

LOAD

Fig. MGG1(a): Bending moment
generated within geocell panel to resis
imposed force

Fig. MGG1(b): Resistance to bending
within the geocell panel

Fig.MIGCL1. Mechanics of geocells

The resistance offered by the surrounding infilled cekx@ainedconsidering the mechanics
of presaures within the infilled cellbrought outby Neto et al [2013] With reference to Fig
MGG?2, iflj &s the imposed vertical pressuom the nonplastic infill of the celllateral stress
» IS generated against the walls of the cell whiglapproximated to

, QN (MIGG-1)



Where
MAEA GKS a4l O eaBprdssur® gogfiRikndifceafiécells are infilled and the cell
walls have no scope for lateral deformation
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Fig MIGG2: Pressures invoked withicells of a geocell panéhfter Netoet al)

Consider the cdlljust beyond the loaded area stressed vertically by pressug Due to
lateral stress,  generatedagainst the cell wallithin the cell stressed by vertical pressure
lj elateral stresses are also generated irglke congruent celldut which arenot vertically
stressed,as equal, and opposite reactionwhose magnitude would be lesthan (but
marginally), owing to resilience of the HDPE cell wallbese lateral stressesegenerated

in adjoining cells as reaction, one after the othEnese pressuraacrease the shear strength
of the confined norplastic soil within the cellas elaborated later hereito create a semi
rigid mat which distribugsthe imposed vertical pressurg over a larger area

What has significantipeenignz2 NER KSNB Aa GKS & R&Bwdls3IANRSN
particularly in the light of the aspect ratio approximately equeal for load bearing geocells

QREEP IIGEOCELLS

Considering thenechanics of transfer of pressures to generate load spread, it is significant to
note there is no scope for creep in load bearing applications

Creep is the tendency of any solid matetialmove slowly ordeform permanently under
external application o$ustainedstressover a periodWhile creep occurs in all solid polymers,
it is necessary to understand

1. the application of the polymeric geosynthet

2. the extent of the stress or strawis a visat yield,
3. a constantioadsustained over timeand

4. an ability to undergaosustained deformatiomt all.

In the case of polymeric geosynthetieghen the material is subjected to an appliedd, the
molecules of the material tend to mowapart and stretchThisleads to elongation of the
material in one directionThere will alsatypically be thinning of the material thickness
However,it is a major aberration when the designer applieductionfactors due to creep
when considerationof creepper seis of no relevanceSuch is the case while designing for
geocells



Load bearing @pcells as a geosynthetic comprise of three dismensional cells infilled witbrsoil
aggregate Moreover in a majoty of the applications, the geocells are either subsurfasein
foundations and pavementsy have a backing of s@i§ in a retaining structurer are closely spiked
as in the case of slope erosion contril

As the geocdls are indalled on a sparator over weak sulbgrades and infilled with good
guality compacted non-plasticsoi or aggegate, the cell wallsof the geocells do not have
any scopeto undergo spnificant expansion Ewen when loads are applied on a geocell
through a wieel load, the cell wallmemlrane strains within the geocell are very low and of
the order of less han 1%

Numerical analysis has been carried out by Gedela R and Rajagopal, K (202@weske
load on a pavementreinforced with a layer of geocell wasmulated through a 300mm
diameter plate The exactreplica of an expandecurvilinear rhomboidashape of the HDPE
geocellpanelwasincorporatedin the numerical modeds seen in FigdGG3. The objective

of the analysidy Gedelaand Rajagopalas to determine the stresses and strains in the cell
walls The findings also adequately demonstratéuht creep cannot take place in load
bearing geocells

Loading area

(a)

Fig.MIGG3: Replica of curvilinear rhomboghape of geocells in numeical model (after
Gedela & Rajagopl)

The analysis considers that theat is rigid, which is not a significaassumptionsince the
objective is to prove that creemvheregeocellsare concernegis notof relevancelLoad was
applied onarigid plateand the responseof the geocell layer was evaluated Theaverageof
memlbrane (cell wall)stressesin the geocell cell directly below the loading plate was
observed to be about 800KPa, when the plate settlement was equal to 10%of its dianeter,
and about 2,000kPa when the plate underwent very large settlement, equal to about 40%
of the plate diameter (Hg. MIGCA4).



Threecellshapes of a cell have beennsidered for weld spaagyof 356mm. It is interesting

to note that foragiver@a SG G f SYSyd 2F (GKS aeaisSyxz (KS AR
shapes demonstrate higher averageell wall stressesas compared to the realistic
curvilinear rnomboid cell shapéndicatS R | & & K 2nyFi§. MO@4Y 6 €
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Fig.MIGG4: Average cell wall stresses in the central cell beloaplate, for various
settlements and different idealised shapes ahd realisticcurvilinear rhromboidal
o0 honeycomlg shape (after Geda and Rajagopal)

Consider the stresstrainrelationship of the HDPE straps thatrh the cells of the geocell,
shown in FigMIGGS5, tested as per ASTM 663-08. The cell wallstresses of 80kPa and
2,000kPa correspond to about 0.35% and 0.85%
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Fig.MIGGC5: Tensile stresg strain response ofeocell HDPE stragffer Gedela and
Rajagopal)

Hence it igproventhat even when there is a direct load on a geocedl panel cellandtending
to enlarge t, the strains ae very low sinceeach cellis surounded by other soilinfilled cells
There is no scope for creep thie geocell straps

When geocdll panelsare used to construct gravity retaining walls or used as fascia for
reinforced soil systems, #y are subpded to verticd compesson dueto weight of soil
above and lateral thrust. Under such loadconditions, significant cell wall strains/
stresses wilhot develop within the geocell walls.

Qreep of HDPEgeocdllsis not a relevant desgn parameter.



SECTION: THEMACROLEVBUECHANICS QFOAD BEARING GEOCELLS
ELASTIEROPOSAL

(Code MAGC)

PREAMBLE

This Section isonfinedto analysis of geocells under direwirmalvertical load It highlights

a simple method to evaluatdeflection and pressure distribution below a layer load
bearing geocellsplacedon subgrade This analysis deems the geocell layed @he
subgrade below aa two-layered systenDeflectionsare evaluatedat the irterface of these
two layers The objective essentially includes determination of the spatial extent to which
geocells are effective belothe loaded areai.e.,the distance at which the pressure due to
imposed load die out

The proposed technique does not require any sophisticatealydical tools or software
20 KSN) 0Ky whizhcgn3ideaio QykashiitiS élastic characteristics

When a vertical pressure over a limited area is applied onto a geocell jpditied with
non-plastic soil a wideangle load spread has been observed by several researchers and
geocell promoter-organsations through field and laboratory testdhe geocell panel
develops itscharacteristic to spread the loatthrough infill of congruougperforated and
textured cells. Thevertical curvilinear cell wallsave adepth: average cell diameteratio
almost equal to unityas highlighted in th@revious Section The cell walls alscontribute

to the rigidity ofthe geocell matand towider load spread.

The composite structureof the geocell matis complex for analyses by conventional
mechanicsand requires techniques like the ifite element method There are hree
significant aspects to be considered:

1. The shear strength ananodulus of a nosplastic soil gnificantly improve when it is
confinedwithin the cell walls Suchmprovements in thanfill soil parametergnhances
the performance of the geoceflubgrade system

2. The elastic characteristics of the HDPE geocell wall

3. The infilledsoilgeocell wall interaction

While considering each of these factors would require a complex mathematad|, the
method of analysis suggested herein considers the composite geocell infilled wits soil
one homogeneous entity



THE TW@AYER SOLUTION

When vertical pressure over a limited area (as from a footing) is applied onto a geocell
panel, there is a widangle load dispersion by the geocells

As explained above through FidiGCL1, the geocell panel develops itgidity through
infilled congruous geocells as well as the vertical geocell walere the aspect ratio is
close to unity While the composite structure is complex for conventional mechanics
analysisone solutionis the application of théBurmisterconcept, considering the infilled
geocellmat asthe top homogeneoudayer over the subgrade, which would be the lower
second layerBoth these layers are considered elastic

ASSUMPTIONS

To relate the Burmister concept to geocells, the following asgionp need to be
considered:

1. Material properties at any point within the geocell layer are homogenetuswise,
within the subgrade, material properties at any point are similar

2. Stresg; strain solutions are characterised essentially by two material properties, elastic
modulust YR t 2A 3842y Qa NIGA2 FT2NJ 020K 3IS20Stt f

3. The cellular configuration of the geocell layer is ignored and the infilled geocell is
considered as a homogeneous and isotropic layer, notwithstanding the compartments
of soil segregated by vertical HDPE cell wilidistically, the elastic modulus of this layer
is assumed to be an isotropiet YR (U KS t 2A&&2y Qa wlkadAaz | a >

4. WhilethS 3S20Stf tF&SNJ KFa | FAYAGS RSLIK o021
depth for the sake of analysislorizontally, both geocell layer and the subgrade are
considered to be of infinite extent.

5. Properties within the geocell layer as wellaghin the subgrade are assumed to be
isotropic In other words, at any specific point, the property is the same in every direction
or orientation



6. The geocell layer and the underlying subgrade are in continuous contact and at no
location is there anyoklss of contact

7. Full friction is developed at the interface between the geocell infill material and the
underlying subgradélhere is no slippage between the laydrkis assumption is justified
by the fact that a 50mm layer of the infill material iaged below the geocell layer,
considering that the characteristics of the geocell composite extend to that.l&yer
relatively thin nonwoven geotextile separation layer is generally provided at the
interface which also justifies this assumption

8. There ae no horizontal shear forces at the surface, a reasonable assumption

B ASTICHARACTERISTICS3BOCELSYSTRV

The objective is to determine the spatial extent to which the geocell layer is effedie

is best determined by computing tistresses along the interface between the geocell layer
and the subgradeThe horizontal distance from thexternallyimposed load to thepoint
where the stress due to the imposed lo&ehd to zerq is determined This distance is
indicative of theeffective extent of the geocell layer

Tests conducted in the Dandé&lorests# Sarideet al) highlightload spreadHowever, the
extent of effectiveness of geocells need to be determined for various parameters and their
combinations, such as:

1. Variousinfill types

2. Subgrade characteristics, considering project site inputs based on basic geotechnical
investigationdata.

3. The areal geometry of the external imposed load

One particular aspechat needs to be highlighted is the improvement in tBealue of the

infilled material, and the vertical extent to which this improvement is effeio generate

Ecc This has been earlier proven through tests by Prof K. Rajagopal [2012] of IIT Madras as

well as Dr. Chandan Basu [20I33sts have also been conducted by Strata Geosystems and

the Author. All these tests have proven that tliecvalue of the system impr@s anywhere

between 2.3 and 3ines, andsomdimes >3¢ KA & A YLINR @S Y SyWiddulaisa OA G S
Improvement Factdr ®IF. The improvement ifcextends beyond thélepth of the geocells



(i.e., thickness of the geocell layespd is recommended as 50mm abae geocell and
25mm below the geocell, provided that the material above and below the geocell is the
same as the noplastic infill With the E value of the infill, one can estimate the holistic
modulus value ofhe geocell layerThe Author haconsidered aMIFof 2.5 in many cases
However, it isadvisableto compute the Ecvaluedirectlyfrom cyclic plate load Ew tests

on the infilled geocell layer, on the prototype subgrade itself in the, fadchg withthe
appropriate nonwoveigeotextie separatorfor a realistic Ecof the holisticgeocell layeas

a composite system

While conducting load tests, in order to obtain realistic moduli values for infilled geibcell,
issuggested thathe plate for the geocell tests should not exceed 300mm diamétérile

the zone of influence shoulareferablybe limited to thedepthof the geocell, the entire cell

area along with the walls of the geocell and beyond should be covered by the plate area
such that the test is more or less representative of the geocell structlree zone of
influence is bound to cover the subgrade below tle®cgll layer alsdHence it is necessary

to conduct the tests at the project site with the geocells placed on the subgrade to be
considered

For tests on the subgrade to determitiege subgradeelastic modulus, a plate of 600mm
diameter is preferred so as cover maximum depth within its zone of influence.

The two-layer theory assumes that 2 A & & 2 ¥ Q & . Qeibifiekir®y that noplastic soil
is well confined within the geocell system, tlgsarguably not a good assumptipsince
lateral defection due to vertical stress is negligiblore so dued confinement However
in elastic solutions of this type, tr@ntribution of> is not significant

BURMISTE@ TWO-LAYEFSOLUTION1945]

¢CKS a2fdziAz2zy F2NJ I 3IS20Stf 2y | &dz aANI RS
for a twolayer problem Stress and deflection values as obtained by Burmister are
dependent on the ratio of moduli of the two layelise., geocell layer at the top and the
subgrade belowksdEs Fig MAGGL1 indicates stress values below the centre of a circular
loaded area ovem two-layered system, which one may consider as an infilled geocell
overlying the subgrade

Total surface deflection for a flexible plate is:

Y p&—"0
[MAGG1]
where

Y I



p is the pressure from the circular flexilpate,
wis the radius of theircularloaded area

"Ois a dimensionless factor depending on the EGC/ES ratio as well as the depth to plate
radius ratio §j ) at the point where the déédion is measured.Curves fofO are shown

in Fig MAGCL.

Vertical stress influence coefficient = 2
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| 26 SOSNE . dzeyénsaliiidh NdRsi notlpddde the extent to which the geocell
is effective from the centre of the loading

HUANGIEXTENSION ABURMISTE® TWO-LAYERSOLUTION1993]

| dzt y3Qa .| arx0 9EGSyarzy

la |y SEGSYaA’2 ylayérerivatiahYHuang B9I0E) develpged charts for
deflection factorFto address deflections along the interface of the two layéss in the
OFasS 27 . dabéradalystiNdratermined on the basis of the assumption that
>is 0.5. The deflectiongrat points along the interface are given by the equation:

y —80 (MAGGR2)
The factor F can be determined from the charts in MI§GC3. Each chart in FigMAGC3
is for a specific EGC/ES ratio
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Determination of Extent of Effectiveness of the Geocell Layer

The curves are also characsel by the Distance Ratidr, which is the distance from the
loadingcentrein terms of the loading radius

Basedon Fdetermined from the appropriate curve iig. MAGE3, vertical deformations

Y are computed along the interface of the geocell layer and the subgrade using Equation
MAGG2. The computations fo¥  are carried out below the area of application of the load
where the Distance RatiDris <1, and also beyond the loaded area whBgds >1. The
settlement curve along the interface is plotted asig. MAGE for the illustrative example
below. To faditate further computation, the ddéction should be computed at equal,
regular intervals, as closely spaced as practical

The plot of vertical dééctionY will indicate the spatial extent to which the geocell layer

is effectiveji.e.,asY © T If the objective of the designer is only to determine the extent
to which the geocell layer is effective, the analysis may be terminated hemever, it is

also essential to determine the stress profile below the geocell from considerations of
stability of the subgrade and also for the purpose of detailing the system being designed.

Determination of Stresses at the Geoc8lubgrade Interface

It would be significant to take coggaince that the profile of the verticaleflectioncurve is
similar to the profile of the stress pattern at the interface of the geocell layer and the
subgrade.From equilibrium requirements, the area under the veat stress curve is equal

to the imposed vertical forcelhese two basic premises form the basis of determination of
vertical stresgprofile along the interface

To continue the solutions towards determination of stresses along the interface, the area
under the curveof Fig. MAGH is computed by dividing the curve into vertical strips of
equal width to facilitate computation or scaling off of the deformations at equal spacing.

The area under the vertical stress curve will be the vertical force ondbedlis The ratio
of stress at any given point at the interface and the total downward force wilhbsame
as the ratio of vertical défction at that point and the area under thdeflection curve
Hence themagnitudeof stress at that given pointan be evaluatedWhen several such
points at the interface are consideraahd the stresses are computedne can draw the
stress diagram as se@ém Fig. MAGG, which rlatesto the solved example below



Solved Example

An example has been shown belasingthe proposed theoryFor this example, aircular
footing of 1m diameter has been considerethe footing exerts ainiform pressureof
100kPaonto the geocelteinforcedlayer. The two layergor the two-layer theory are

1. the geocelreinforced layer of which total thickness is considered as 200mm,
2. the subgrade of infinite depth.

The elastic modulus improvement factor for geocells has been considered as 2.5 which will
be applied to the elastic modulus of the compacted imfilkiterial In this case the d&c=
125Mpa andEs=5Mpa hence EsdEs= 25

For EsdEs = 25,from the chart inFig. MAGE3(d), interface deflection factoiF has been
obtained and the deflections at the interface of subgrade and geocell reinforced layer are
calculated at various points using EquatiMAGGC2].

The deflection valueare plotted to obtainthe deflectionprofile at the interface which has
been shown in FIMAGCA4.

prnnnnnn g

Geocell Layer

Deflections Subgrade

Fig MAGC4: Interface deflectiomprofile (Y scale has been increased for illustration)

Based on these deflections, stresses at various points are calculdtedotal area under
the stress curve, from equilibrium considerations, shall equal to the total vertical fBrce,
imposed on the geocell system

The area under th®eflection Profile Curves divided intovertical strips of conveniently
smallwidth. The @flectionRatio ateach strip is computedeflection Ratiois the ratio of
the area of each strip and the total are under theflection Profile Curve

TheseDeflection Ratiosre the same in magnitude as tl&ress Ratios at the respective
points dong the interface Stress Ratio is the ratio of the area of each stress strip at any
location along the interface within the Stress Profile Curve, and the tota amder the



Stress Profile Curv&he area under the Stress Profile Curve shall equaldts vertical
force P imposed on the geocell lay€ig.MAGC5).

Accordingly, considering Stress Ratios equal to Deflection Ratios, stresses are computed at
the midpoint of each vertical deflection strip to obtain stress at the respective palotsy
the interface Accordingly, tle Stress Profile Curve is drawa shown in FigMAGG5.

To demonstratethe effectivenessof the geocell reinforced layerstress profiles at the
interface with geocell reinforcement is compared with the stress prdail¢he interface
without geocells in Fig. MAGCThe diagram compares not only the stress magnigiule
also the spread of streggofile with geocellswW

—— Case | - Geocell Reinforced

= = (ase 2 - Unreinforced

Fig MAGGS5: Stress Distribution in case of Geocell reinforced and unreinforced sectic

Angleof Dispersion

Based on the solved example results illustrateBimMAGGS5, the Angle of Dispersion with
respect to the vertical at the cerd of the load is of the order of 70°

Laboratory load tests have been conducted on geocells at the Indian Institute of Technology,
Madras (IITMby Prof K. Rajagop&lor repeated tests wt consistency, in order to simulate

a clay subgrade, expanded polystyrene (EPS) blocks were Tedultimate bearing
capacity of the EPS block was 10QkReese blocks exhibited California Bearing R&BFX
values ranging from 1.35% to 1.55¥hese paametersrepresent parametergor a weak
subgradealsa

The findings of the experiments conducted will be published separbteBrof Rajagopal
However, one aspect of the tests conducted netabe highlighted here

The schematic of the tests iBustrated in FigMA GGC6(a). After the load tests were
conductedwith geocell reinforced layer over the EPS subgrade in an appropriately sized
tank, the indentation on the EPS block was an approximate indicator of load spread
indentation is illustréed in FIgMIAGG6(b). Depth of the geocell used was Isf.



GEOCELL

TANK BOUNDA

b) Measurement of the indentation ot

a) Schematic of the test setup the EPS block

Fig MAGGC6: Indentation on the EPS block after laboratory load test on geocells

Prof Rajagopal recommends thdispersionbe measured in terms of Load Spread Index
(LS). LSis defined as

0 "Y'00j 0 (MAGS3)

where

O is the diameter of the settlement bowl on the EPS surface for the geocell reinforced
section

'O is the diameter of the settlement bowl on the EPS surfacafrnreinforced section

The dispersion angle for the tests with geocells is of ahger of 70. This compares well
with the dispersion angle of about 70° from the solved example

CONCLUSIONS

While designingor load on geocellsystems, the extent to which geocells need to be

provided beyond the loaded area has always been an enfgnthe designerThis Section

of the Lecturehas evolved a simple method to determine not only the extent of geocells
required, but also recommends how interface vertical ldetions and stressescan be
evaluateddza Ay 3 | dzF yI Q& &2 dslid KstemsbebJapplization bfl @ S NB R
curves recommended by Huang based on his solution for elastitayeoed system helps

in arriving at these three requirements by a simple method without having to resort to
complex and timeconsuming techniques



The essence of the solution is a basic assumption that the subgsaale elastic material
More reasonably, geocethat infilled with nonplasticis considered asnelastic layer

The load spread through analysis of a single layer of 200mm depthoig 70°with the
vertical

The solved example illustrates thetvide loaded areas would requisther athicker layer
of geocell, or multiple layers of geocelSonsidering the need for proper compaction of
non-plastic material infilling, the depthfdhe geocells is normally restricted to 20n. If
thicker layers are required, multiple layesEgeocells shoulte used

The proposed method of evaluating dsftions stressesand the operative extent of a
geocell layer will enable the designéo design an adequate geocell system as
reinforcement below loaded areas



SECTION V: THE ROAD SYSTEM
(Code RD)

PREAMBLE

Roads are an essential system for transfer of goods and passengers across the coyntry and
unlike the railway network, various classes of rqdisn expressways to rural roagsssure

the last mile connectivity The growing economy requires expansion of existing
carriageways into muliane expressways, new road routes and development of roeads

to service motorisedvehiclesinstead of the traditional animadrawn carts However
difficult subsoil conditions along with high economic and social costs of diversions, and
dearth of good construction material coupled with environmental constsajprdse major
challenges to development of the road network

COMPONENTS OF A ROAD SYSTEM
A typical roadhs asystemhas two major components:

1. The embankment supporting th@arriageway

2. The pavementwhich isthe casesoperation entity of thecarriagewaythoughthere are
severalroadswhere the pavement is supported directly on untreated / treatedd
dressed natural subgrade

The twocomponentsof the road system are structural entities and should be designed
appropriately

Themechanicsof the two componentf aroad system are different, each with its own
nuancesHence the two components atesatedin separate Sectian



SECTION¢A: THE EMBANKMENT COMPONENT OF ROADS:

GEOGRIDS AND GEOCELLS AS BASAL REINFORCEMENT
(Code EM)

PREAMBLE

This Section essentially addresses embankmentweak subgrades deriving stability with
basal reinforcementsThe embankment may be a typical earth structure with a trapezoidal
profile without or with side bermsor a reinforced soil slopes steeper than 2#reinforced

soil walls with batterg0° or higherAs in any other structure, two essential conditions need
to be satisfied:strength and serviceability

TERRAIN

Road systemseed to traverse all types of terrain, from hills to mud flatsmetimesall along

a single stretch, as an example, the-Ki8lover its traverse along the West Coast frio Thane
(Mumbai Metropolitan Region) to BharuciNH48 (i NI @ $iNEe&ain®, mudflats, zones
of good residual soils and rock, and expansive soils, all witloise 310km.

Each type of terrain poses its unique challend®oads along the coastline of India majorly
traverse through mudflatsThe groundwater table is higand the lands are susceptable t
tidal flooding The upper strata of mudflats are invariably very soft to soft soils of high
plasticity, with very low shear strengths ahdve tendencieso undergolarge settlements
over time with sustained loadsuch as from embankments and radlations. As theweak
plastic subsoil consolidates, it develops shear strenigthwever, to develop shear strength
which isadequate enough to carry the load of the embankment structure, the structure will
have to be constructed in judiciously calculated stagegtended time for construction to
allows for buildup of shear strength may not always be amenable to project economics, even
if the consolidation process is acceleratedrbgthods such aprefabricated vertical drains
(PVDs)

THE EMBANKMENT

Theembankment makes up for the difference in levels between the bottom of the pavement
systemand natural(dressed)ground b maintain therequiredtop level of the pavement It

also spreads the loads from the pavement such that the stresses at g{esuhdrale) level

are within sustainablelimits. The embankment also maintains the pavement system from
predicted flooding and tidal waters

The embankment, whether it is a conventiotr@pezoidalearth structure or a reinforced soil
structure, needs to be checked for its structural integrity (stability) as wellleftectiors /



deformations (serviceability) These two aspects must béolistically considered in
conjunction with the supporting foundation subsoil, untreatedii@ated.

Various metlods of subsoil treatment for embankmenare shown in FigEM-1(a) to (g)
These procedures may be used approprigteparatelyor in conjunction with each other
ThelLecturePaper in particular addresses construction of the structwer untreated weak
subsoilsThe subsoil may benprovedto a required conditiorby any method or combination

of methods shown in Figs EM(a) to (), Thesafetyfactor is further raised to the required
magnitude with basal reinforcementas shown schematically in Fig Hig) Basal
reinforcement is an essential component where the embankment is supported on piles or
stone columngo safely transfer loads to the piles or stone columns

|
!

Fig.EM-1(a): Stageonstruction Fig.EM-1(b): Berms

Fig.EM-1©: Fullreplacement Fig.EM-1(d): Partial replacement

Fig.EM-1©: Prefabricated vertical drains Fig.EM-1(f): Stone columns

Fig.EM-1(g): Basal reinforcement

Fig. EML: Methods of constructingmbankments over weak soils

As explained later, the purpose of treating the subsoil prior to application of basal
reinforcement is to enhance the safety factor against global shear failure to 1 or. Moee
basal reinforcement would enhance tlsafety factor equal to, or beyond the required safety
factor.

While basal reinforcement is considered for global stability of the embankment and subsaoil,
it also reinforces the earth structure against lateral slide

TYPICAEMBANKMENFAILURES
Anembankmenton weaksulbsoil is susceptible to the following modes of failure:

1. Foundation bearing capacifgilure.



2. Lateral sliding ofmbankment

3. Global failure

A singlesolution with geosynthetic reinforcement may cater to two or all three potential
failure modes.

In addition, settlements during the service life of the embankment structure should be within
limits permissible to the application

FOUNDATIONBEARINGCAPACITYAILLRE

Like in any structurgarticularly founded on weak sojlg is essential to check tredequacy
of ultimate (and corresponding safe) bearing capaoftyhe foundation of theembankment

This will not be confined to shear failures from embankment loads; dkam and longterm

settlementsalsoneed to be reviewedo check for serviceability

In case obearing capacitynadequacies, therare basically two solutions

1. Providing a basalreinforcementto act as a rigid layer to spread the load from the
embankment
2. Improving the shear strength of the weak soil below by consolidation

Both solutionsmay be adapted simultaneously to advantage embankment witha rigid
basalreinforcementlayer may be considered equivalent to a footing with a rough base on
weak soil Almeidaet al ¢ 2013) Notwithstanding using reinforcement at the base, it is
recommended that the bearing capacagnsidering theembankmentwithout the reinforced
basal layebe only marginallylower than or equal to, or higher thathe permissible stress of
the underlying wrata so that the factor is safety of the unreinforced embankmerdtiteast
marginally lower than, or equal to one, or high&he basal reinforatlayeris required only

to increase the factoof safety to thespecifiedmagnitude

Regardingsettlements, the earth embankmesgt both unreinforced and reinforcedre
flexible structures and can tolerate differential settlements better than a rigid concrete or
masonry structure Even then, service conditionsill require limiting these settlements
during operations and major percentage (preferably 90%)me related (onsolidation)
settlements are bestaken placeduring construction of the embankmentHisis highlighted

in the case study for embankmengsesented in this Section

FAILURE DUE T®@TERASLIDING OF THEVIBANKMENT

This is aroften-neglectedcheck forboth unreinforced as well as reinforced embankments
This is also relevant to embanks atmgnforced soil structures (partial wallsforces that
come to play in sliding are illustrated in Fd#2 (Almeidaet al ¢ 2013)



Fig. EM2: Sliding imn embankmentAlmeidaet al)

With respect to FigEM-2, Equation(EM-1) andEQUATIOKEM-2) give the factors of safety
against lateral sliding for the two conditions of embankment hase, unreinforced and
reinforced respectively
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where

¢ is the horizontal component of the slope rapoo D& O

0 is the active earth pressure coefficient for the embankment material;

* isthe soail friction angle;

Q andl are height and material unit weight respectively of the embankment;
n is the surcharge on top of the embankment;

“Yis the longterm design strength of the geosynthetic reinforcement;

“Y s theinteractiveshear resistance at the basas a termjt is explained below.

Equation EM-1) clearly underscores that the resisting force is by virtue of friction within the
embankment material

Equation(EM-2) highlights the interactie forcebetween theunderlyingweak soil and the
reinforcement,”Y , and thelongterm design strength of the reinforcemeri¥ A word of
caution here; as a matter of detailimig the design drawing, the designer is bound to place a
nonwoven geotextile at the interface of the embankmemidathe underlying weak sads a
separator Hence'Y  must be the force mobilised between the underlying weakand the
geotextile separatiotayer.

Where geocells are concerned, total lateral resistance is by virtue of friction between the
underlying soil and the infill material (if there is no separation geosynthetic in between), plus
the tensile characteristic of the geocell material, symbolicalyf there is a separation layer,

the preceding paragraph applies

For geocells, the philosoghof considering Ywill be governed by the orientation of the
geocells with respect to the embankment cross section:

1. When the straps of the geocell are oriented along the cross section of the embankment
Fig.EM-3(a), lateral forces from the embankment are transferred to the infill through
friction, and the infill transfers these forces to the geo@{pandedprofile. Hence the



design tensile strength of the straps is to be consideteid to be noted that thestrap is
parallel to the lateral force exerted by the embankmeatd also,roughly at 45° at the
most. Hence the resistance offered by the straps alone would be an avegagy

All cells of the geocells are infill@hd the infill, being totally comhed, will transfer the
forces to the geocell strap¥Vith the transfer of forces, the weld seam is stressddnce
the weld seam strength is also significant

“Yneeds to be checked not only with respect to the design tensile strength of the
perforated strap, but alséor the weld seam peel strengtlin this case, weld seam peel
AGNBY3IGK aKz2dZ R 6S RSGSNNAySHm @DSQRISEKAR SH
gedextiles related products, Strength of internal structural junctionst  NIi mY DS2 OS
ThedMethod 4€ style of testing ischematicallyshown inFig.EM-3 (b)

. When the straps of the geocell are oriented along the embankment longitudina] Bids

EM3©, as in the previous case, lateral forces from the embankment are transferred to the

infill through friction, and the infill transfers these forces to the geocell prafavever,

in this case, tensile resistance from the straps will not be signifieadtthe lateral forces

(other than the component resisted by friction between infill and underlying sailoe

resisted essentially by the geocell weld seamnsthis case, weld seam peel strength
aK2dzf R 6S RSUGUSNXYAYSR 0@ &la Shbwhaséhematicallyid LIS NJ
FigEM3(b).

. When the straps of the geocell are oriented along the embankment longitudinal aris as
Fig.EM-30, as in the previous case, lateral forces from the embankment are transferred
to the infill through friction, andhe infill transfers these forces to the geocell prafile
However, in this case, tensile resistance from the straps will not be significant, and the
lateral forces (other than the component resisted by friction will be resisted essentially by
the geocell wl seamsTo simulate this case, weld seam peel strerigtteterminedby
GaSiK2R . ¢ | & -IndSdeéntatically shown imEign EVo)
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Fig. EM3(a): Geocell straps alor Fig. EM3(b): Weld seam peel strength
embankmentateral direction oMethod A€
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Fig. EM3O: Geocell straps alon Fig. EM3(d): Weld seam peel strength
embankmentongitudinal direction oMethod E

It may be noted that stresses on the welded seams will be reduced owing to the confined
filling in all the cells The reduction can be significant but difficult to determine at this
juncture. Not much work has beenoncludedregarding geocells stressedong thepanel
plane in either directionFurther work is required through mathematical modelling, which
will have to be backed up by experimental research, wlegneropriateinstrumentation will

be the key factor



In case of reinforced sastructures with steep, near vertical sidésh ,Tatesalistability is
not an issue

GLOBALFAILURE

Several computed 2 T (i ¢areldvaite for global stability, also incorporating geosynthetic
reinforcement within the embankment and along the base the case of embankments,
. AaK2LIQ4a aStiK2RX O2YaARSNAYy3I OANDdz | NJ &af AL

GEOGRIDS ABASALREINFORCEMENT

Geogrids are essentially two dimensional with their major strength in one direction (uniaxial
geogrids) or two orthogonal directions (biaxial geogritiéhenuniaxialgeogrids are useds
basal reinforcementthe machine direction igwariablyplaced in he lateral direction of the
embankment cross section

The longterm design tensile strengthvis considered as an additional factor as resisting force
along thetest shear surface

It must be noted that the total tension to be taken by the geogrid ningsh sum of the tension
induced in the geogrid due tib providing lateral resistancplusthe tension induced in the
geogrid by the incipient shear failure surface determined by global failure anadfgsise

Y Y Y (EM3)
where

Y is the long term design tensile strength of the geogrid;

Y is the tension developed in the geogrid due to resisting incipientdtdide of the

embankment for the required safety factor;

Y is the tension developed in the geogrid due to resisting incipient global shear
failure of the embankment for the minimum safety factor as analysed (Figh)EM

i CRITICAL SLIP CIRCLE *
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Fig. M-4: Geogrid as basal reinforcement and critical slip circle



GEOCELLS BRSALREINFORCEMENT

When a soil structure is constructed on weak soil wiittee-dimensionalgeocells along the
subgrade level as basainforcement, the slip surface will have to pass through the geocell
reinforced section

The mechanism for resisting shear failure when geocells are used as basal reinforcement is
different from geogrids Polymeric geogrids are two dimensional and egkatively flexible
Geocells are on the contrary, stiffer thredmensional panels with the geocell straps
fabricatedupright, orthogonal to the plane of the paneThe stiffness furthermore increases

with infilling with nonplastic soilHence geocell {gers below the soil structure behave as a
stratum with layer shear strengthFig. EM5 illustrates the dobal shear failure surface
through the geocell layer

CRITICAL SUP CIRCLE

INFILLED GEOCELL AS A STRATUM
WITH COHESION (APPARENT) C,

Fig. EM5: Geocell as basal reinforcement, considered as a stratum with shear sten

As highlighted earlieand ever so oftenthe geocell is a thredimensional geosynthetic
material with interconnected curvilinear rhomboidal cell$e interconnected @ls form a
cellular confinementunit when expanded and infilled with well compacted rplastic
granular infill materialGeocells are manufactured using High Density Polyethylene (HDPE)
material of grade which has a shear strength value of the ordéblpa. Geocell elements
have a characteristic depth and an effective diameter which is a function of its weld spacing
Hence, in numerical analysis it is essential to consider geocells asdinneasional structure
andshould notbe modelled as twalimensional

Shear Parameters of Geocell Infill:

Apparent Cohesiorand Friction Angle

Bagli (Ref.2018jecommendsl Y & | LILI- NXB yparame&e Ri8siparanyeter is in
addition to the angle of internal friction of theompacted norplastic infill & ! LILIF NB y U
0O 2 K S &hasdeeiderivedby Bathurst and Rajagopal (1993) dahbas beenconfirmed by
laboratory tests that a geocell layer infilled with npfastic soil can be considered as a
stratum with an equivalent cohesiderm & (besides its friction angle), initiated by virtue

of enhanced strength of the soil infill confined by the geocell wale geocelinfill system

is best explained by the normal stress versus shear stress diagramHivFag.



Fig.EM6 illustrates the effect of lateral confining stress within the c¥|l, on confinedsoil
to generate a larger circle, whose parallel tangent intercept i @n the shear stress axis;
wAda |ftaz Ol ff SR Thelslopedf tidtghjemOrte ka$er sirdle/igthe angle
of internal frictions .

Fig. EM6: Effect of cell confinement on neplastic soik & | LILIF NB y land 2 |
friction angle

It can be derived from FigEM-6 that

& L z0At vJI- (EM4)

where

Y, A4 GKS tF 38Nt LINBaadz2NB dzyRSNJ al G NBaidé¢ 02
., p OBT;

» IS the vertical stress on the infill within the cell;
* is the angle of internal friction of the infilled (nonplastic) soil.

If his the depth of the geocell, then over a unit length, the shear capacity of the geocell layer
O2YAARSNAY3I 2yfds al LILI NByid O2KSaazy

H80 (EM5)

Shear Resistance of HDPE GeoCelllWalls

There is a need tassigma holistic value of sheaesistanceo the geocell layerA significant
component of shear resistance of a geocell lagéne shearesistance offeredbythe geocell



