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A:  ABSTRACT 

(Code A) 

Geosynthetics are progressively playing a dominant role in geotechnical engineering and 

geotechnology. The engineering aspects of geosynthetics are a discipline unto themselves, 

based on the principles of Applied Mechanics. Through this Lecture Paper, the Author 

highlights his experiences with geosynthetics.  

To date, much literature is available on various aspects and applications of geogrids and other 

geosynthetics. Not much can be reviewed on geocells. The Author has intensely worked on 

several applications with geogrids, geocells, and drainage systems, with nonwoven and 

woven geotextiles as indispensable requirements of detailing. While only innovative 

applications with geogrids and drainage geocomposites have been illustrated, the Author has 

majorly focussed on geocells.  

Geocells were at one point of time, the least understood geosynthetic materials. Geocells are 

one example where technology preceded the understanding of its engineering mechanics. 

The Lecture Paper inter alia attempts to project theories defining the mechanics of geocells 

and analyses by simple methods that do not require sophisticated and expensive software. 

To highlight the practicality of the geocell systems, the Lecture Paper includes several case 

studies.  

The objectives of the Lecture Paper include projecting diverse applications of geosynthetics, 

the need to consider any geotechnical aspect of a project holistically rather than in isolation, 

encourage out-of-the-box solutions and, most importantly, emphasise conservation of 

natural resources.  
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P:  PROLOGUE 

(Code P) 

GENESIS 

Basically, the application of Geosynthetics boils down to:   

1. Conservation of natural resources, and 

2. Innovation 

Ever since the existence of humankind, Earth has been exploited off its natural treasures. It 

started with the construction of habitats, using wood for fire, making tools for agriculture, 

and hunting for survival; forging weapons for territorial rights, greed, and ambitions; building 

of fortifications; transportation; and so, it went on and on all through Time; the Industrial 

Revolution; exploiting sources of forms of energy; and most tragically, major wars that have 

scant respect for the elements of Nature. Ancient Vedic and Avesta Scriptures revered Nature 

and extoled the virtues of the treasures of Earth άDêǘƛέ with its soil, ά½ŀƳoέ as one of the five 

 vital elements. The Scriptures underscore the need to respect and ǇǊŜǎŜǊǾŜ bŀǘǳǊŜΩǎ 

bounties ς air, water, soil and rock, fire, and space. Yet humankind is the only species which 

never contributed to Nature, while systematically and exponentially exploiting it. Realisation 

of the folly has finally dawned upon us since the last quarter of the previous century. We 

marched into the new millennium burning our fingers, but much the wiser about the nuances 

of climate change. Indirectly, Geosynthetics is an offshoot of such realisation, at least as one 

of the objectives.  

Soil reinforcement is not a new concept and it prevailed back into history. The earliest known 

structure is believed to be the terraced Hanging Garden of Babylon constructed around 

600BC. The Romans constructed roads around 300BC using reeds as reinforcement for 

traversing weak subgrade soils. Sections of a wall along the Northern borders of ancient China 

were constructed around 200BC. Construction continued piecemeal into the 14th to 17th 

centuries during the Ming Dynasty. Bamboo strips were used as reinforcing elements. 

Thereafter globally, the reinforced soil concept was given a go-by till the last 30 years of the 

20th century.  

During those ancient and baroque periods, vegetation such as reeds and bamboos, suitably 

seasoned were used as reinforcement. The Industrial Revolution heralded the age of quality 

grade steel, and the soil reinforcement of the 1970s was essentially steel. This was followed 

by the age of polymer plastics, oil derivatives way down in the crude refining hierarchy, and 

polymeric soil ǊŜƛƴŦƻǊŎŜƳŜƴǘ Ƙŀǎ ŎƻƳŜ ǘƻ ǎǘŀȅ ŀǎ άƎŜƻǎȅƴǘƘŜǘƛŎǎέ ǿƛǘƘ ŀƭƭ ƛǘǎ ŀŘǾŀƴǘŀƎŜǎ ƻǾŜǊ 

steel for this application.  

By 1970s, the geotechnical fraternity of Europe launched into geosynthetics. Initially, the 

concept was more towards cost savings and space constraints, but the major advantage was 

the judicious use of natural resources.  

 



GENESIS IN INDIA 

In India at the outset, getting acceptance of soil reinforcement and geosynthetics has been 

an uphill task. But there were a few determined pioneers, and the Author pays tributes to 

these visionaries ς academicians, manufacturers, even individuals ς who persevered to 

eventually bring the geosynthetics technology and its engineering to the current level, despite 

odds. We made a modest beginning in the 80s with the introduction of woven and nonwoven 

geotextiles. As in the case of any new innovative development, there were several roadblocks 

which included:   

1. Limitations of the characteristics of the available products in India.  

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

that innovative spirit was lacking.  

3. Basic inertia among geotechnical engineers to gain knowledge of the new technology.  

4. A suspicious outlook by consultants and users towards the new technology; those who 

have a problem for any solution.  

5. Lack of guidelines and standards from global statutory agencies. 

6. The άL donΩǘ ǿŀƴǘ ǘƻ ōŜ ŀ ƎǳƛƴŜŀ ǇƛƎέ {ȅƴŘǊƻƳŜΣ an unfortunate trait among owner-

engineers.  

The first bold exposure to the engineering fraternity at large was in 1985, with the first 

workshop on geotextiles and geomembranes conducted by the Central Board of Irrigation 

and Power (CBIP) at New Delhi. The CBIP forecasted and identified geosynthetics as an 

ƛƳǇƻǊǘŀƴǘ ŀǊŜŀ ǊŜƭŜǾŀƴǘ ǘƻ LƴŘƛŀΩǎ ƴŜŜŘ ŦƻǊ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ŘŜǾŜƭƻǇƳŜƴǘΣ including roads. This 

was followed by the First Indian Geosynthetics Conference (FIGC) in 1988 at IIT Bombay, 

under the auspices of the International Geosynthetics Society and the 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 formation of the Indian 
Chapter in October 1988. The India Chapter was registered under the Societies Registration 
Act 1860 in June 1992 with its Secretariat at CBIP. This was a landmark for propagating the 
knowledge of geosynthetics in India. 
 

Earliest applicatiƻƴǎ ƛƴ LƴŘƛŀ ƘŀǾŜ ōŜŜƴ ǊŜŎƻǊŘŜŘ ƛƴ ŀ ǇǳōƭƛŎŀǘƛƻƴ ŜƴǘƛǘƭŜŘ ά¦ǎŜ ƻŦ 

Geosynthetics in India ς 9ȄǇŜǊƛŜƴŎŜǎ ŀƴŘ tƻǘŜƴǘƛŀƭέ ōǊƻǳƎƘǘ ƻǳǘ ōȅ ǘƘŜ /.Lt (Venkatappa Rao 

and Saxena, 1989). The earliest major initiatives where geosynthetics were used include 

(Vivek Kapadia, 2021):   

1. Ukai-Kakrapar Canal Lining, Gujarat with Grouted Geo-mattresses (1983-1985). 

2. Airport Runway, Ahmedabad, Gujarat (1988).  

3. Salal Hydro-electric Project, Jammu and Kashmir, Reinforced Soil Systems (1990).  

4. Loktak Hydro-electric Project, Manipur, Reinforced Soil Systems (1990).  

5. Rammam Hydro-electric Project (Stage II), West Bengal, Reinforced Soil System (1991).  



Geosynthetics, whatever be the type and style, as a class come under the domain of Technical 

Textiles. Other Technical Textiles had been well established for diverse applications such as 

air conditioning and climate control filters, air and oil filters, dust collection bags, vehicle heat 

insulation linings, sound insulation, medical applications such as surgical gowns and face 

masks, and defence applications such as parachutes, protective suits for nuclear, biological, 

and chemical warfare, and fire retardants. There were only three established manufacturers: 

Tata Mills Ltd (then in the private sector), Dinesh Mills, and Porritts & Spencers (Asia) Ltd. Yet 

geosynthetics had very few takers.  

Despite all the reluctance to accept geosynthetics, there were academic stalwarts like Prof. 

M Madhav, then of IIT Kanpur and Prof G V Rao, then of IIT Delhi; individuals dealing in 

Technical Textiles for different applications, like Ms Aruna Lall and Mr Yogesh K Kusumgar to 

name two, who realised the potential of Technical Textiles in geotechnical engineering. These 

academicians and individuals were persuasive through workshops, conferences, and 

seminars. Notwithstanding a dearth of appropriate types of material of quality, they 

established the concept that Technical Textiles do have a major role tole to play in the civil 

and geotechnical engineering arena. It was Ms Lall along with the Author in 2001, who 

persuaded reluctant project leaders in a premier consultancy organisation to consider woven 

geotextiles for flooring and rand nonwovens for retaining structures for a paper warehouse 

in Kerala (Shahrokh Bagli et al, 2004).  

There were pioneering Indian manufacturers with vision, who were broadminded enough to 

smelt the coffee and take the risk. Their venture into geosynthetics may as well be charted 

majorly as the progress of geosynthetics in India during the 21st century. Credit is also due to 

statutory bodies such as the Bureau of Indian Standards (BIS), LƴŘƛŀΩǎ Ministry of Road 

Transport and Highways (MoRTH) and the Indian Roads Congress (IRC) that realised the need 

of the hour and brought out several standards, guidelines, and codes of practice to rationalise 

the applications of geosynthetics in general civil engineering and highways practice.  

 

INDIAΩS SUCCESS STORY OF GEOSYNTHETICS   

The Author is a member of the Family of Strata Geosystems (India) Pvt Ltd. {ǘǊŀǘŀΩs history 

could well be the success story of major Indian geosynthetics players. The firm was 

established jointly with Strata Systems Inc, USA. Initially, geosynthetics (geogrids) were 

imported till a manufacturing unit for geogrids was set up in Daman in 2009. An innovative 

product was added, the geocell, in 2012. The geocell was honed to greater refinement of its 

characteristics and over the years, design methods have been evolved and adopted. Various 

aspects of the geocell are the major feature of this Lecture Paper.  

Strata secured larger projects and proved that Indian geosynthetics can comfortably rival 

global contemporaries in quality. With several global orders on its platter, Strata became a 

major international player. Its geogrid sales touched 30 million m2 in 2016. Considering the 

growing global demand for the Indian product, Strata set up the largest geosynthetics 

manufacturing unit in South Asia at Daheli, Gujarat in 2019. The Plant manufactures 1 lakh m2 

geogrids per day.  



This is ŀƭǎƻ LƴŘƛŀΩǎ success story of geosynthetics. Other contemporary Indian manufacturers 

also have similar success stories to tell in no small measure. In less than 20 years, from being 

a reluctant user and importer of geosynthetics, India is today an exporter of geosynthetic 

products of globally accepted quality. The credit for raising the bar of quality standards goes 

not only to the manufacturers but also to the BIS, MoRTH and IRC. A significant role has been 

played by various international accreditation agencies including LƴŘƛŀΩǎ NABL, and certainly 

the academicians from IITs, NITs and autonomous institutes that have been a constant source 

of guidance and inspiration; all in all, a joint, harmonious effort.  

 

A TRYST WITH GEOSYNTHETICS   

The Author has covered extensively from his trysts with geosynthetics. It was a casual 

curiosity to begin with in the 1980s, but this grew into an obsession over the last decade.  

The Lecture Paper attempts to cover geosynthetics across the board holistically. However, 

there are constraints of length for the Paper and time limitations for a lecture (to be read 

ōŜǘǿŜŜƴ ǘƘŜ ƭƛƴŜǎ ŀǎ άŀǘǘŜƴǘƛƻƴ ǎǇŀƴέΗύ, hence the Lecture Paper essentially concentrates on 

experiences with geogrids and geocells with a smattering of drainage, no doubt essential in 

its own right. 

But the Prima Donna of this Lecture Paper is the Geocell. Several aspects of geogrids have 

been extensively covered by numerous authors; but there is comparatively little on geocells. 

The Author well recalls that in 2012, the Geocell was least accepted. However, persuasion 

through successful case studies, field tests and trials in typical Indian conditions, as well as 

evolved analyses and design methods have finally won the day for the Geocell.  

Geocells have proved their worth in diverse applications. This geosynthetic has been well 

accepted by BIS, MoRTH and IRC by bringing forth guidelines and rigid specification 

requirements. The Indian Geocell may be outpriced by certain global cheaper products of low 

standards. However, notwithstanding the higher price, the Indian product has scored over 

inferior quality since clients, both domestic and global, can be quite discerning over quality 

and are willing to pay that extra price for value addition.  

In his tryst with geosynthetics, the Author has had enlightening interactions with four 

prominent personalities ς Mr Narendra Dalmia and Mr Ashok Bhawnani, both Directors of 

Strata Geosystems, whose innovative thinking and foresight has come a long way in the 

advancement of geosynthetics in India; prof Manoj Datta of IIT Delhi has provided valuable 

opinions at the Vapi landfill and also his ideas and insights while designing the green verneer 

with geocells at Ghazipur landfill; Prof GV Rao, formally of IIT Delhi and now with IIT 

Gandhinagar; the Author 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, philosopher and guide to the Author, he is the sounding board on not only project 

related issues but also for this very Lecture Paper.  My deep gratitude to these four tall, 

outstanding personalities and their valuable contributions to the advancement of 

geosynthetics in India.  



And the Development Team of Strata, Gautam Dalmia, Suraj Vedpathak, Yashodeep Patil, 

Prashant Guda, Harsh Rajput and Pragya Mishra for putting in long hours of contributions to 

this Lecture Paper. The Author cannot forget the support ŦǊƻƳ {ǘǊŀǘŀ DŜƻǎȅǎǘŜƳΩǎ 5ŀƘŜƭƛ 

Plant, Mr Chandrashekhar Kanade (CVK to us all) and his laboratory Team, particularly for 

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

 

  



SECTION I:  LANDFILLS ς CONTAINMENTS WITH VERTICAL OR GREEN STEEP SIDE SLOPES   

- INNOVATIONS AT DONZI GA, VAPI AND GHAZIPUR   

(Code:  LF)   

 

PREAMBLE 

Considering the significance of conservation of nature, the Author deems it prudent to start 

with the application of geosynthetics to landfills. While the scope of application to landfills is 

vast, for the sake of brevity, the Author has confined to only certain innovative applications 

of geosynthetics.  

With massive scaling up of manufacturing and construction activities, as a developing nation, 

India is saddled with an enormous amount of waste. Development produces waste, be it 

village or a megapolis, a stand-alone plant or an industrial estate. Each produces its respective 

class of waste, ranging from municipal wet and dry wastes to normal or hazardous industrial 

wastes. Whatever, these wastes require careful handling and storage to prevent mingling 

with the enviro-system, being a hinderance to normal life, and damage the environment.  

To facilitate the logistics and reduce enroute hazards, the landfills should be located as close 

as possible to the waste generator nodes, and yet far enough so as not to hamper normal 

activities. Hence such dumps are invariably on premium land.  

The demand for storage space increases daily. Horizontal spread of landfills is expensive, and 

the only other option is a vertical expansion on the original footprint itself. To store additional 

industrial waste with minimal land space in the urban region of the industrial town of Vapi in 

Gujarat, a vertical landfill containment was designed and constructed for the first time in India 

using the design and construction philosophy of reinforced soil systems. This pioneering task 

in India of design and construction of the landfill came with a fair share of challenges and 

unpredictable encounters.  

The idea of reinforced soil containment for landfills germinated from the landfill at Donzi, 

Atlanta in Georgia US. It was here that necessity invoked innovation by Strata US. The main 

issue was lack of space that necessitated vertical expansion of the landfill. The success of this 

idea in the US was a cue for Strata India to hone this innovation further, using its geogrids and 

its unique modular and segmental concrete block fascia.  

This Section is confined to the innovations on landfill containments and not landfill 

environmental statutory matters and features. The features for containments include 

applications of reinforced soil technology and an out-of-the-box concept for greening steep 

embankment slopes shrouded with untextured geomembrane. Greening steep containment 

embankment slopes has been innovatively resolved at Vapi and Ghazipur in the Delhi National 

Capital Region, cases highlighted in this Section.  

 



REINFORCED SOIL SYSTEM   

Reinforced soil structures are commonplace today. In India, these structures have essentially 

been used for roads and highways, generally as grade separators and approaches to 

underpasses and bridges. Essentially two reinforced soil structures are constructed with their 

rear several metres apart depending on width required at the top and infilled with 

unreinforced compacted material in-between. Unlike the traditional earth embankment with 

a trapezoidal cross-section, the structure is slim, occupying a land footprint only to the extent 

of its utility requirement, with very steep side-slopes. And compared to a reinforced concrete 

or structural steel system, its cost is just a mere fraction in comparison.  

Considering the advantages of a reinforced soil system, when land is at a premium, it is 

prudent to have a containment structure for a landfill comprising of a reinforced soil system 

with a narrow footprint rather than a conventional trapezoidal earth embankment with a 

wide footprint, not utilised for landfill material storage.  

 

DONZI, ATLANTA GEORGIA IN USA   

There were several concerns at Donzi that guided the decision towards a reinforced soil 

containment system. The population growth and development in and around Atlanta put 

pressures on the existing landfill, requiring an increase in the capacity of the landfill. However, 

the landfill was laterally confined to its existing battery limits and no additional land could be 

made available for expansion. While vertical expansion seemed to be the only option, there 

was no space available even to construct an appropriate containment embankment in 

accordance with traditional designs. Vertical expansion was possible only if the slopes were 

steep. Another factor that required the attention of the designer was the constraints of high-

tension power transmission lines traversing across the landfill. These lines posed a danger to 

rear tilting dumpers which could come within the hazardous arcing distance of the high-

tension power lines while emptying their loads.  

Considering the dire requirement of increased capacity, aesthetics was not considered as a 

governing aspect. ! ǊŜƛƴŦƻǊŎŜŘ ǎƻƛƭ ǎƭƻǇŜ ǿŀǎ ǇǊƻǾƛŘŜŘ ό{ǘǊŀǘŀ{ƭƻǇŜϰύ, comprising of geogrid-

reinforced steep slopes (1V: 0.5H). Fascia of stone filled steel wire-baskets were adopted.  

Fig. LF-1(a) shows the concept of the expansion before the filling would commence. Fig. LF-

1(b) shows the landfill profile conceptually after full height filling has been attained. It may be 

noted that the old fill was not provided with any containment but was graded to slope as seen 

in Fig LF-1(a).  

 



 
Fig. LF-1(a):  Schematic of expansion prior to fill 

 

 

 
Fig. LF-1(b):  Schematic of expansion after full fill 

 

Fig. LF-1:  Concept of vertical expansion of Donzi Landfill 

 

The initial landfill dump was sloped and given the appropriate environment treatment and 

backed up with well compacted soil stabilised by a reinforced soil slope of 1V: 0.3H.  The 

extension is an earth embankment with an inside slope of 1V: 1H and is supported on the 

outer side by a reinforced soil slope with wire basket fascia defining a slope of 1V: 0.5H.  A 

road berm has been provided along the outer face of the reinforced soil slope to access the 

crest.  

The finished height of the containment ǎǘǊǳŎǘǳǊŜ ƛǎ плΩ όмнΦнƳύ.  

The maximum lenƎǘƘ ƻŦ ǘƘŜ ƎŜƻƎǊƛŘ ƛǎ нуΩ όуΦрƳύ. The vertical spacing of the geogrids is 

460mm over the initial height of 1800mm, and thereafter the spacing has been increased to 

900mm.  

The high-tension transmission towers and catenaries were relocated appropriately. The 

maximum permitted height for the filling below the power line catenary was marked on the 

towers. The height of the marking was based on the safe distance between the highest point 

of a standard unloading tipper of a dumper and the lowest point on the catenary to safely 

prevent arcing.  



Fig LF-2 illustrates the progressive construction. The old landfill is seen behind the 

construction of the reinforced soil slope that would contain the additional material.  

 

  
Fig. LF-2(a) The lower-level stone filled wire 

basket fascia 

Fig. LF-2(b) Wire basket fascia in collapsed 

form 

  
Fig. LF-2© Progressive construction of 

reinforced soil slope with wire basket fascia 

Fig. LF-2(d) Progressive construction of 

reinforced soil slope 

 
Fig. LF-2© Completed reinforced soil slope 

Fig. LF-2 Progressive construction of reinforced soil slope with wire basket fascia 

 

The vertical extension of Donzi Landfill was the inspiration behind the vertical containment 

structure of the landfill at Vapi.  



 

LANDFILL EXPANSION AT VAPI, GUJARAT FOR VAPI GREEN ENVIRO LIMITED   

The three Cells of the landfill of Vapi Green Enviro Ltd had almost reached their capacities and 

required immediate expansion to cater to waste generated over yet more months. Adequate 

space for expansion within the existing battery limits was difficult if conventional trapezoidal 

embankments were constructed as containment. The footprint of such embankments would 

occupy valuable area leaving inadequate space to accommodate the anticipated additional 

volumes of waste. A reinforced soil system option was the only solution.  

 

The Three Facets of the Project 

Ultimately, the project was a harmony of three outstanding facets:   

a) Land space optimisation despite a steep inner slope:   

The landfill was built 14m high from the ground level. The containment was a reinforced soil 

structure with precast concrete modular block fascia (StrataBlockϰ). The uniqueness was that 

the inner reinforced soil slope had a steep angle of 70х. PET uniaxial geogrids (StrataGridϰύ 

were wrapped around soil bags and stretched to and connected with the precast concrete 

modular blocks that formed the outer fascia. A composite lining of non-woven geotextile and 

geomembrane was provided along the slope, which would be in contact with the landfill 

material.  

b) The reinforced soil wall on the original earth embankment containment structure:  

For a portion of the landfill extension, it was necessary to vertically extend atop the 

original embankment containments. This required astute intricate designing for 

strengthening the original earthen embankment with soil nails.  

c) Greening of the Existing Geomembrane Covered Steep Slopes:   

The outer slopes of the embankments containing the old landfill cells are covered with 

untextured geomembrane shroud. The slope is as steep as 1V:1.5H. It was required to 

vegetate the slope. To vegetate a steep and smooth slope required an out-of-the-box 

solution. Geocells were considered along with geogrids as a support system, a creative 

method since the geomembrane could not be spiked to support the geocells along the 

slope. A unique solution was also proposed for anchoring at the crest since a conventional 

anchor trench was not feasible owing to the geomembrane cover at the crest of the closed 

Cell.  

 

Project Overview   

This Project was taken up turnkey by Strata Geosystems, which designed, supplied all 

geosynthetic material, and played the role of general contractor along with construction 



supervision. The client is in the business of storing industrial wastes from the nearby Vapi 

industries. The landfill is located within the urban industrial belt of Vapi, an industrial town in 

South Gujarat, west on the Indian peninsula, about 120km from Mumbai (Bombay). The client 

required more volume for storage at its present landfill site to cater to waste accumulating 

for at least two additional years. The additional capacity that could be generated by 

conventional containment was 150,000m3 only whereas the required increase in capacity was 

260,000m3. The landfill is in a congested zone where there was no scope for adequate 

horizontal expansion. Fig. LF-4 shows the location of the landfill within the town, and a close-

up, to underscore that the final completed expansion leaves no more scope for any more 

areal expansion. The Client had very limited space for expansion and a conventional solution 

did not provide adequate capacity to last two more years. 

 

 

 
 

Fig. LF-4:  The landfill in congested industrial zone within Vapi town 

 

Falling back on its R&D team and the Donzi experience, Strata Geosystems devised a 

containment system with the reinforced soil concept. The lean structure would generate 

more space for waste, the vertical expansion making 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 time. Fig.LF-5 shows the cells 

after completion of the reinforced soil vertical containment wall for Cell 4. The first three cells 

were closed and covered according to statutory requirements, shown in Fig. LF-5 ŀǎ ά9ȄƛǎǘƛƴƎ 

/Ŝƭƭǎέ. Only Cell 4 could be developed for accommodating the additional volume.  

 



 
Fig. LF-5:  Drone shoot showing the division of landfill for stage-wise development; Cell 

4 optimised by reinforced soil containment structure 

 

The essence of this innovative technique was simplicity in design and construction, utilising 

geotechnical and geosynthetic solutions to their fullest extent. There were various facets and 

challenges for which geosynthetics have been innovatively used, highlights of which are 

discussed below.  
 

Land Space Optimisation  

The expansion portion of the Project began with Cell 4 ς Part 2, away from the earlier closed 

cells. The design and construction of this portion was a normal reinforced soil structure. The 

landfill expansion is over a horizontal spread, and up to a height of 14m above the ground (Fig. 

LF6). ²ƛǘƘ ǘƘŜ ǊŜƛƴŦƻǊŎŜŘ ǎƻƛƭ ŎƻƴŎŜǇǘ ǳǎƛƴƎ {ǘǊŀǘŀDǊƛŘϰ t9¢ geogrids, a slim vertical 

containment was constructed.  

The inner face of the wall was a wraparound steep slope and the outer facia comprised of 

precast concrete ƳƻŘǳƭŀǊ ǎŜƎƳŜƴǘŀƭ {ǘǊŀǘŀ.ƭƻŎƪϰ. Thus, the landfill could be extended 

vertically to contain more waste than was previously envisaged. The containment slimmer 

than the conventional trapezoidal section greatly contributed towards better land use for 

waste storage rather than mere containment bulk.  

 

N 



 
Fig. LF-6:  The reinforced soil wall section resting directly on the ground, marked by 

arrows 

 

The reinforced soil containment comprised of two reinforced soil systems:   

1. The inner slope that abuts the landfill material was a rudimentary form of fascia with 

geogrids wrapped around soil bags (Fig. LF-7(a)). This face was draped with a composite 

of non-woven-geomembrane-non-woven sandwich to prevent landfill leachate from 

seeping into the containment (Fig. LF-7(b)). The uniqueness of this face is that the slope 

was at a steep angle of 70х virtually falling under the classification of a wall. Two berms 

were provided (Fig. LF-10) to break the slope at every 5m vertical height, also to provide 

anchorage for the non-woven-geomembrane-non-woven composite. Judicious detailing 

was very essential to provide for a leak-proof system that would prevent seepage of 

leachate out of the landfill system.  

 



  
 

Fig. LF-7(a) The geogrid wraps for the inner 

face 

 

Fig. LF-7(b):  Shroud of nonwoven-

geomembrane-nonwoven sandwich laid 

over the inner slope 

 

2. The outer facia of segmental precast concrete modular blocks, which lent an imposing 

appeal to the structure (Fig. LF-8).  

 

 
Fig. LF-8:  The outer fascia of segmental precast concrete modular blocks 

 

There were challenges that arose during the excavation for the foundation. Landfill waste was 

observed to almost 3m depth at some locations, forcing the Designers back to the drawing board 

for a rework, to consider replacing the organic fill with engineered backfill. The enormity of the 

problem faced can be seen in Fig. LF-9, which shows a typical pit displaying landfill material.  

 



 
 

Fig. LF-9:  Pit excavated for reinforced soil wall foundation at Cell 4 ς Part 2, exhibiting 

landfill material 

 

The cross section of the reinforced soil wall is shown in Fig. LF-10. The top width is 8.270m whereas 

the width at founding level, 1m below ground level, is 16.3m.  Non-plastic soil (SP) as material for 

reinforced soil was used. Since the design and detailing required the reinforcing geogrids through and 

through the cross section, the non-plastic soil was placed over the entire section. No zoning was 

required, except for the gravel drainage bay behind the precast modular concrete blocks (Fig. LF-11).  

The consolidated drained strength parameter ˒ CD of the non-plastic SP soil was initially considered as 

опх. However, in view of the vagaries of availability of the material from a single location and with the 

prospect of having to utilise material from several discreetly located borrow areas, it was decided to 

judiciously use a conservative ˒CD of олх.  

 



 
 

Fig. LF-10:  Cross-section of the reinforced soil containment wall with precast modular 

concrete blocks as outer fascia and geogrid wrap as inner slope fascia 

 

 
 

Fig. LF-11:  The gravel drainage bay and the non-plastic soil 

 

Reinforced Soil Wall on Earth Embankment   

Referring to the drone shoot in Fig. LF-5, Cell 4 ς Part 1 includes a portion of the side slopes 

of the containment embankments of the covered and closed Cell 3, both to the East and West 

of the landfill, as seen in Fig. LF-12. Considering the higher top level of Cell 4 as compared to 

that of the cover top of Cell 3, this required vertical expansion of the new containment system 

on the existing side slopes and up to a height of 14m above the ground level. Construction of 

a reinforced soil wall on the side slopes of an existing earth embankment was an astute task; 

it required intricate engineering, and spot judgement and decisions during construction.  

 



  
 

Fig. LF-12:  RS containment walls constructed on old embankments to the East and West 

of landfill 

 

The earth embankment structure required strengthening with soil nails. Geotechnical 

parameters were conservatively ŘŜǘŜǊƳƛƴŜŘ ƻƴ ǘƘŜ ōŀǎƛǎ ǘƘŀǘ ǘƘŜ ŜȄƛǎǘƛƴƎ ǎǘǊǳŎǘǳǊŜ ǿŀǎ άƧǳǎǘ 

ǎŀŦŜέ ǳƴŘŜǊ ǘƘŜ ŜȄƛǎǘƛƴƎ conditions. Slope stability analysis was carried out with these 

conservative strength parameters and with the anticipated loads of the reinforced soil 

structure systems on both East and West sides of the landfill (see Fig. LF1-2). Accordingly, 

series of soil nails were 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. LF-13) till the reinforced soil structure was 

constructed.  

The pictorial narrative of the reinforced soil containment structure on the earthen 

containment embankment strengthened by soil nails is shown in Fig. LF-13. The exposed earth 

surface was shotcreted and weep holes were provided for pore water pressure relief, to cater 

to percolated water during the monsoon rains.  

 



 
 

Fig. LF-13(a) East Side cross section. With West direction to left:  Design of soil nails for 

exposed excavation 

 

 
 

Fig. LF-13(b) East Side and facing West:  Work in progress, soil nails on the exposed earth 

face during excavation; Note the steel mesh to hold the shotcrete 

 



 
 

Fig. LF-13©:  Cross section of East side and facing North:  Design of soil nails for excavation 

 

  
 

Fig. LF-13(d):  East Side and facing North:  Shotcrete work in progress, soil nails for 

excavation 

 

Nailing on the West Side 

On the West side, the earth embankment is required to support the reinforced soil 

containment wall (Fig. LF-14). The design is illustrated in Fig LF-14(a).  

The reinforced compacted granular fill at the base of the reinforced soil containment wall in 

Fig. LF-14(a) was to provide a capable foundation for the reinforced soil structure, as well as 

to ensure that no pore water pressures develop within due to any unlikely percolation of 

water from the surface of the landfill.  



 
 

Fig. LF-14(a):  West side:  Design of soil nails for excavation 

 

 
 

Fig. LF-14(b):  West side:  Soil nails for excavation in progress 

 

The reinforced soil containment on the earthen containment embankment strengthened by soil 

nails is shown in Fig. LF-15. The exposed soil slope has been shotcreted and weep holes have been 

provided for pore water pressure relief.  

 



 
 

Fig. LF-15:  West side:  The completed transition at the West side; reinforced soil 

containment structure atop the old earth embankment strengthened by soil nails, and 

shotcreted; Note the weep holes through the shotcrete veneer 

 

Nailing Details 

Fig LF-16 illustrates driving of soil nails. The work was executed by a specialist ŀƎŜƴŎȅΩǎ team.  

 

  

 

Fig. LF-16:  Typical soil nail driving by specialist ŀƎŜƴŎȅΩǎ team 

 



 

GREENING OF STEEP CONTAINMENT EMBANKMENT SLOPES DRAPED WITH 

GEOMEMBRANE   

Conventional containments of landfills are traditional trapezoidal embankments. The outer 

slopes are shrouded with geomembrane. Quite often, the outer slopes are steep, and the 

geomembrane is untextured. From aesthetics and mandatory requirements, these outer 

slopes require to be vegetated.  

While erosion control and greening of steep slopes is discussed in a separate Section, greening 

a slope shrouded with geomembrane is generally unique to landfill containments and is 

therefore discussed in this Section. Provision of greenery on a steep slope shrouded with 

geomembrane which is sometimes untextured, requires innovative techniques.  

 

VAPI:  GREENING OF GEOMEMBRANE COVERED STEEP SLOPES OF CONTAINMENT EMBANKMENT 

The concerned area is the outer slope of the North-side containment embankment of the 

closed Cell 1. The innovative approach of greening the untextured geomembrane shrouded 

slope has been successfully repeated at the Ghazipur landfill in the National Capital Region of 

Delhi. 

Initially, Strata Geosystems was not contracted to work on the outer slopes of the existing 

earth embankments containing the closed Cells. The outer slope of the containment is steep, 

1V: 1.5H and shrouded with smooth, untextured HDPE geomembrane. The slope was required 

to be greened.  

Earlier, the Client had made several attempts to place soil on the untextured geomembrane 

on the 1V: 1.5H slope but was unsuccessful. Based on case study reports of its past successes, 

Strata Geosystems was approached during its work on Cell 4.  

Previously, Strata had successfully used StrataWeb® geocells spiked to the sloping surface to 

retain soil along with vegetation on steep slopes for slope erosion protection. However, the 

current case posed a unique challenge since the geomembrane shroud could not be spiked to 

support the geocells. The solution proposed was innovative. Geogrids were used to support 

the geocells along the slope.  

The entire system of geocells along with the infilling and vegetation and supporting geogrids 

needed to be anchored at the crest. An anchor trench was also not feasible owing to the 

completed cover of the cell at the crest. Hence, an anchor mound was designed to resist the 

sliding forces. The anchor mound is shown in Fig. LF-17. There was only 3m space between 

the top peripheral drain and the crest edge. The anchor mound had to be accommodated 

within the space and yet provide the required resistance against sliding of the soil infilled 

geocells. 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 Fig. LF17. 



 

 

 
Fig. LF-17:  Anchor mound at the crest holding the infilled geocells, the holding geogrid and 

the enabling tendon 

 

{ǘǊŀǘŀDǊƛŘϰ geogrid Sgi 40 (PET flexible knitted and coated geogrids with 40kN /m strength 

in machine direction and 30kN / m in cross-machine direction) was temporarily secured but 

temporary weights and dropped down the slope, machine direction along down-slope, as 

shown in Fig. LF-18. Two adjoining widths were secured by cable ties as seen in Fig. LF-18.  

   

 

  
 

Fig. LF-18:  {ǘǊŀǘŀDǊƛŘϰ Swi40 geogrid laid down the slope; adjacent widths secured 

together with cable ties 

 

StrataWeb® geocells SW445 125 (weld spacing 445mm, depth 125mm) was laid along the 

slope, and tied to the geogrid by cable ties (Fig. LF-19). StrataCord® tendons were used to 

guide the geocells down the slope. The geocells were initially temporarily secured at the crest. 

After the geocells were properly secured to the geogrids, the anchor mound was constructed 

at the crest to its permanent profile as seen in Fig. LF-17. 

 



  

 

Fig. LF-19:  Tying StrataWeb® geocells to {ǘǊŀǘŀDǊƛŘϰ geogrids 

 

Thereafter, the geocells were infilled with organic soil. The soil was turfed (Fig. LF-20). With 

the monsoon rains, the slope was covered with lush greenery. The system has survived the 

heaviest of monsoon rains prevalent in this part of the country.  

 

  

 

Fig LF-20(a):  Geocells being infilled 

 

Fig LF-20(b):  The greenery after the initial 

monsoon showers 

 

Conclusions 

The three features that make this Project unique are:   

a) land optimization, with vertical reinforced soil containment structure,   

b) reinforced soil walls constructed atop earth embankments,   

c) steep green slopes over untextured geomembrane shrouding.  

Despite the challenges and hurdles that arose during this Project, astute innovations saved 

the client time, money, and the burden of procuring additional land in a prime region.  



! ōƛǊŘΩǎ ŜȅŜ ǾƛŜǿ ƻŦ ǘƘŜ ŎƻƳǇƭŜǘŜ ±ŀǇƛ DǊŜŜƴ 9ƴǾƛǊƻ ƭŀƴŘŦƛƭƭ ƛǎ ǎŜŜƴ ƛƴ CƛƎΦ LF21. The picture 

clearly tells the narrative; reinforced soil technology makes it possible to optimise land space 

for landfills, particularly in and around urbanised and industrialised zones, where land space 

is at a premium.  

 

 

 

Fig LF-21:  .ƛǊŘΩǎ ŜȅŜ-view of the two types of containment structures; the conventional 

earth structure (above, North) and the reinforced soil structure (below, South); Note the 

differences in footprint areas 

 

Geosynthetics also helped solve many other challenges that came up along the way ς the 

greening of steep slopes, the reinforced soil structure on the earth embankment, optimising 

the anchor mound, etc. The Project showcases how judicious innovations created a first of its 

kind landfill in India.  

 

EROSION PROTECTION FOR ENCASEMENT SLOPE AT GHAZIPUR LANDFILL   

In containment systems for landfills, geomembranes are invariably used as leachate barriers, 

to seal off the waste from the ground onto which it is dumped, as well as the environment in 

general. After the filling is completed to capacity, the landfill is sealed off using layers of 

appropriate soil and geomembranes. Along the sides, the earthen embankments confining 

the landfill must be rendered stable with a factor of safety higher than conventional, 

considering the consequences of a breach. Outer slopes of such containment can be of the 

order of 1V: 4H.  

Real estate within the National Capital Region of Delhi (NCR) is at a premium. The landfill at 

Ghazipur is located on prime land within the NCR. To generate a small footprint for the 



containment structure, the outer side slopes of the containment were constrained to be 

steeper than conventional. The slopes of the containment embankment, constructed from 

local silt, were adequately stable.  

The surface of the slopes was lined with geomembrane. The geomembrane was required to 

be protected against physical damage and UV by soil cover. In addition, the soil cover was 

required to foster vegetation since the client desired an aesthetic, green and environmentally 

friendly façade. Soil cover of local silt laid on geomembrane could not be sustained since the 

friction between the soil and the geomembrane was low. Also, the length along the inclination 

was as much as 30m in many sections. Furthermore, strict deadlines required that the lining 

protection be completed to satisfaction within six weeks. The tasks within the time frame of 

six weeks included design, Optimize and execution.  

Fig. LF-22 shows the initial condition of the slope.  

 

 
 

Fig. LF-2-2:  Original condition of the containment slope at the Ghazipur landfill 
 

There were several major issues which needed addressing:   

1. The slope was 2H: 1V and steeper at places.  
2. The geomembrane over which the soil was to be placed was untextured.  
3. Geomembrane negated use of steel spikes for supporting geocells.  
4. The inclined lengths of the slopes ranged from 25m to 30m.  
 

With these constraints, the solution lay in providing geocells with a supporting system quite 

different from what is normally adopted, but similar to that adopted at Vapi.  The solution 

was engineered with a combination of geogrids and geocells, schematically shown in Fig. LF-

23(a). The geogrid-geocell system is anchored at the top as schematically shown in Fig. LF-

23(b) and draped down the slope with the machine direction along down-slope. The geocells 

are connected to the supporting geogrids with high strength cable ties shown in Fig LF-24(a). 

Fig LF-24(b) and (c)) show fixing details with cable ties.  

The style of geocell considered for the purpose was SW356 75 (weld spacing 350mm, depth 

75mm) and the geogrid used was Sgi 30 (uniaxial with tensile strength 30kN/m).  



 

 

 
 

Fig. LF-23(a):  Slope cross section 
 

Fig. LF-23(b):  Anchor and drain details at crest 
 

Fig. LF-23:  Typical slope details 
 

 
Fig. LF24(a):  High strength cable tie 

 

  
 
Fig. LF-25(b):  Adjacent geogrids connected 
with cable tie 

 
Fig. LF-24©:  Geocells connected to 
geogrids with cable ties 



 
 

Fig. LF-24(d):  Two adjacent panels of StrataWeb® connected together with cable ties 
 

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

The geocells and geogrid composite was anchored at the crest by weighing down with a 

mound of gravel along the crest, the schematics of which is shown in Fig. LF-23(b). For this, a 

factor of safety of 1.5 was considered.  

Soil filling of the geocell panels was done from top and spread manually taking substantial 

care that each cell was fully filled. The soil was dressed and compacted (Fig. LF-25).  

 

 
 

 
Fig. LF-25(a):  Geocells laid out 

 
Fig. LF-25(b):  Soil in-filling 

 
Fig. LF-25:  Laying out StrataWeb® and in-filling 

 

Grass seeds were sown along the slope soil cover. Intermittent watering was done and within 

ŀ ŦŜǿ ŘŀȅǎΩ ǘƛƳŜΣ ŀ ƎǊŜŜƴ ŎƻǾŜǊ ǿŀǎ ŦƻǎǘŜǊŜŘ ƳŀƪƛƴƎ ǘƘŜ ǎƭƻǇŜ ŀŜǎǘƘŜǘƛŎΣ ōƭŜƴŘƛƴƎ ǿŜƭƭ ǿƛǘƘ 

the landscape (Fig.LF-26).  



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 Fig. LF-26. This was yet another innovation on the 

Project to serve two basic purposes, essentially to prevent erosion:   

1. The flap breaks the energy of surface run-off and reduces the magnitude of erosion of 

soil infill.  

2. It prevents sliding of soil further down the slope.  

 

 

 

 

 
Fig. LF-26(a):  Seeded infilling 

 
Fig. LF-26(b):  Vegetation 

 
Fig. LF-26:  Vegetated infill 

 

Eight years have gone by since completion of the work. Visual inspections have indicated that 

the geocell-geogrid system has performed very well. The soil cover has shown no indication 

of creep or slide, and erosion is barely perceptible. In retrospect, while the problem was 

challenging, it was obvious that once the posers were resolved, the start-up was easy, and 

the work proceeded at a fast pace. The strict timelines were 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 premium. The technique 

with geocells could use locally available silt. The original solution was to use concrete tiles 

which did not prove successful. The 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 II:  THE GEOCELL AND ITS BASIC ESSENTIALS   

(Code:  GC)   

 

THE ESSENTIALS 

Geocells are basically geosynthetic reinforcement. They are lightweight but strong, three-

dimensional, curvilinear rhomboidal cellular confinement systems.  

Geocells are often used for rigorous, heavy-duty usage as in load bearing, or even elementary 

applications such as level and sloping ground erosion protection and control.  

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

form the cellular structure (Fig. GC-1). The cells όǎƻƳŜǘƛƳŜǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǇƻŎƪŜǘǎέύ of a 

geocell system for load bearing applications are filled essentially with non-plastic soil and non-

plastic marginal materials such as pond ash. If vegetation growth is desired within geocells 

particularly for erosion control applications, the cells are infilled with plastic and organic soils 

to sustain greenery, or gravel, or lean concrete. The cell walls are perforated basically for pore 

water pressure relief and for soil-to-soil interaction, or to maintain monolithic conditions fir 

concrete infills, as the case may be. The walls are also textured for better soil-cell wall 

interaction and 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 texturing of the cell walls along with the infilled non-plastic 

soil create a semi-rigid geo-composite of sorts, to provide a stiff mat, particularly for load 

bearing applications, and drainage as in gravity wall and fascia applications. Infilling of any 

soil including gravel and concrete is essential for erosion protection and control.  

 

 

 

  

Fig. GC-1(a): Geocells brought folded 

to site for ease in packaging and 

transportation 

 

Fig. GC-1(b): Expanded geocell panel 

Fig. GC-1. Typical geocell panel 



BASIC APPLICATIONS 

The geocell is a versatile product and provides ample scope for innovative engineering. 

Geocell panels are deployed for diverse purposes including road (i.e., support embankment 

and pavement) reinforcement, foundation stabilisation, stability of embankments on weak 

soils, slope erosion protection, gravity walls, fascia for reinforced soil embankments, etc. The 

latest fad among interiors architects includes geocell panels on walls as décor and ceiling light 

shades, and wine cellars.  

From engineering considerations, there are five basic applications: 

1. Reinforcement for vertical loads in bearing.  

2. Slope and level ground erosion protection.  

3. Lining for water pondages and channels.  

4. Gravity walls,   

5. Fascia for a reinforced soil structure.  

 

There are geocell styles for each of these applications to cater to different functions of the 

geocell. Basic key dimensions are highlighted in Fig. GC-2. Where Strata is concerned, a 

geocell is defined by two basic length-dimensional parameters as seen in Fig. GC-2(a):   

1. Distance between two congruent welds along each strap, which is constant for a style of 

geocell panel; this has a particular bearing for a particular application.  

2. The depth of the geocell, h.  

 

 
 

  

Fig. GC-2(a):  The collapsed cell, defining 

weld spacing and height or depth 

Fig. GC-2(b):  The expanded cell defining the 

width and length 

Fig. GC-2:  Defining the basic key dimensions of a cell 

 

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

and the length of the side of the rhomboidal cell, d. The length of the side of the rhomboidal 

cell, approximated to a straight line is defined as  

Ὠ  Ὠ Ὠ                   (GC-1) 



Where 

 Ὠ and  Ὠ are measurable length and width along the rhomboid diagonals, as seen in Fig. 

GC-2(b). 

 

Generally, geocell features for each of the above applications are a follow:   

1. For geocells to be designed for vertical load carrying applications, the h/d aspect ratio 

should be close to 1. Weld spacing may be of the order of 330mm or 356mm. The depth 

of the geocell h may be 100mm, 125mm, 150mm and in extreme cases, 200mm. It is to 

be noted that generally, the depth does not exceed 200mm owing to compaction 

constraints.  

2. In case of slope erosion protection, the depth h may be 50mm, 80mm or 100mm, and in 

some cases, 150mm. The weld spacing is generally high, of the order of 445mm and 

660mm. The aspect ratio is of no consequence for this application.  

3. In the case of geocells for gravity retaining walls or fascia for reinforced soil structures, 

the depth of the geocell h may be as high as 200mm, while optimization the h/d aspect 

ratio close to 1. However, it must be ensured that the infilled material is well compacted 

manually.  

 

 

 

 

  



SECTION III:  THE MICROLEVEL MECHANICS OF LOAD BEARING GEOCELLS   

(Code:  MIGC)   

 

BASIC PRINCIPLES 

Geocells have been in use even before engineers and researchers evolved the mechanics and 

the mathematics behind the principles of the load bearing geocell. At the outset, parameters 

were set based on tests and experimentation. But it was a proven fact that geocells infilled 

with non-plastic soils and placed over a subgrade, spread the load applied normal to the 

geocell mat plane over a wider area, as compared to that where there is no geocell layer. It is 

only recently that theories behind the functioning of geocells are being developed.  

Load bearing geocells are filled with non-plastic material to form a semi-rigid mat, capable of 

distributing imposed loads over a larger area. Hence the magnitude of bearing pressure on 

the supporting subgrade is lower than that if there was no geocell reinforcement.  

Consider a planar mat as in Fig. MIGC-1 (a), a geocell panel infilled with non-plastic soil. When 

a load is applied normal to the surface of the geocell plane, bending moments 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 Fig. MIGC-1(b). The resistance offered by the surrounding 

infilled cells contributes to the ability of the geocell-soil system to spread the load over a 

larger area and thereby, the pressure bearing upon the subgrade is reduced.  

 

 
 

 

 

 
 

Fig. MIGC-1(a):  Bending moment 

generated within geocell panel to resist 

imposed force 

Fig. MIGC-1(b):  Resistance to bending 

within the geocell panel 

Fig. MIGC-1. Mechanics of geocells 

 

The resistance offered by the surrounding infilled cells is explained considering the mechanics 

of pressures within the infilled cell, brought out by Neto et al [2013]. With reference to Fig. 

MGC-2, if ǉє is the imposed vertical pressure on the non-plastic infill of the cell, lateral stress 

„  is generated against the walls of the cell which is approximated to 

„  Ὧή               (MIGC-1) 



Where 

Ὧ ƛǎ ǘƘŜ άŀǘ ǊŜǎǘ ŎƻƴŘƛǘƛƻƴέ earth pressure coefficient since akk cells are infilled and the cell 

walls have no scope for lateral deformation.  

 
 

Fig. MIGC-2:  Pressures invoked within cells of a geocell panel (after Neto et al) 

  

Consider the cells just beyond the loaded area stressed vertically by pressure ήȢ    Due to 

lateral stress „   generated against the cell wall within the cell stressed by vertical pressure 

ǉє, lateral stresses are also generated in those congruent cells but which are not vertically 

stressed, as equal, and opposite reaction, whose magnitude would be less than (but 

marginally) „  owing to resilience of the HDPE cell walls.  These lateral stresses are generated 

in adjoining cells as reaction, one after the other. These pressures increase the shear strength 

of the confined non-plastic soil within the cells as elaborated later herein to create a semi-

rigid mat which distributes the imposed vertical pressure q0 over a larger area.  

What has significantly been ignƻǊŜŘ ƘŜǊŜ ƛǎ ǘƘŜ άŘŜŜǇ ƎƛǊŘŜǊ ŜŦŦŜŎǘέ ƻŦ ǘƘŜ cell walls, 

particularly in the light of the aspect ratio approximately equal to 1 for load bearing geocells.  

 

CREEP IN GEOCELLS   

Considering the mechanics 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 material to move slowly or deform permanently under 

external application of sustained stress over a period. While creep occurs in all solid polymers, 

it is necessary to understand:   

1. the application of the polymeric geosynthetic,   

2. the extent of the stress or strain vis a vis at yield,   

3. a constant load sustained over time, and   

4. an ability to undergo sustained deformation at all.  

In the case of polymeric geosynthetics, when the material is subjected to an applied load, the 

molecules of the material tend to move apart and stretch. This leads to elongation of the 

material in one direction. There will also typically be thinning of the material thickness. 

However, it is a major aberration when the designer applies reduction factors due to creep 

when consideration of creep per se is of no relevance. Such is the case while designing for 

geocells.  



Load bearing geocells as a geosynthetic comprise of three dismensional cells infilled with soil or 

aggregate.  Moreover in a majority of the applications, the geocells are either subsurface as in 

foundations and pavements, or have a backing of soil as in a retaining structure, or are closely spiked 

as in the case of slope erosion contril.   

As the geocells are installed on a separator over weak subgrades and infilled with good 

quality compacted non-plastic soil or aggregate, the cell walls of the geocells do not have 

any scope to undergo significant expansion. Even when loads are applied on a geocell 

through a wheel load, the cell wall membrane strains within the geocell are very low and of 

the order of less than 1%.  

Numerical analysis has been carried out by Gedela R and Rajagopal, K (2020) where a wheel 

load on a pavement reinforced with a layer of geocell was simulated through a 300mm 

diameter plate. The exact replica of an expanded curvilinear rhomboidal shape of the HDPE 

geocell panel was incorporated in the numerical model as seen in Fig. MGC-3. The objective 

of the analysis by Gedela and Rajagopal was to determine the stresses and strains in the cell 

walls. The findings also adequately demonstrated that creep cannot take place in load 

bearing geocells.  

 
 

Fig. MIGC-3: Replica of curvilinear rhomboid shape of geocells in numerical model (after 
Gedela & Rajagopl) 

 

The analysis considers that the mat is rigid, which is not a significant assumption since the 

objective is to prove that creep, where geocells are concerned, is not of relevance. Load was 

applied on a rigid plate and the response of the geocell layer was evaluated. The average of 

membrane (cell wall) stresses in the geocell cell directly below the loading plate was 

observed to be about 800kPa, when the plate settlement was equal to 10% of its diameter, 

and about 2,000kPa when the plate underwent very large settlement, equal to about 40% 

of the plate diameter (Fig. MIGC-4).  



Three cell shapes of a cell have been considered for weld spacing of 356mm. It is interesting 

to note that for a given ǎŜǘǘƭŜƳŜƴǘ ƻŦ ǘƘŜ ǎȅǎǘŜƳΣ ǘƘŜ ƛŘŜŀƭƛǎŜŘ ǎǉǳŀǊŜ ŀƴŘ άŘƛŀƳƻƴŘέ 

shapes demonstrate higher average cell wall stresses as compared to the realistic 

curvilinear rhomboid cell shape, indicatŜŘ ŀǎ άƘƻƴŜȅŎƻƳōέ in Fig. MIGC-4.  

 

 

 

Fig. MIGC-4:  Average cell wall stresses in the central cell below the plate, for various 

settlements and different idealised shapes and the realistic curvilinear rhomboidal 

όάhoneycombέύ shape (after Gedela and Rajagopal) 

 

Consider the stress-strain relationship of the HDPE straps that form the cells of the geocell, 

shown in Fig. MIGC-5, tested as per ASTM 6693-08. The cell wall stresses of 800kPa and 

2,000kPa correspond to about 0.35% and 0.85%.  



 

 

Fig. MIGC-5:  Tensile stress ς strain response of geocell HDPE strap (after Gedela and 

Rajagopal) 

 

Hence it is proven that even when there is a direct load on a geocell panel cell and tending 

to enlarge it, the strains are very low since each cell is surrounded by other soil infilled cells. 

There is no scope for creep of the geocell straps.  

When geocell panels are used to construct gravity retaining walls or used as fascia for 

reinforced soil systems, they are subjected to vertical compression due to weight of soil 

above and lateral thrust. Under such load conditions, significant ce l l  wa l l strains / 

stresses will not develop within the geocell walls.  

Creep of HDPE geocells is not a relevant design parameter.  

 

 

  



SECTION IV:  THE MACROLEVEL MECHANICS OF LOAD BEARING GEOCELLSς 

ELASTIC PROPOSAL   

(Code:  MAGC)   

 

PREAMBLE   

This Section is confined to analysis of geocells under direct normal vertical load. It highlights 

a simple method to evaluate deflection and pressure distribution below a layer of load 

bearing geocells, placed on subgrade. This analysis deems the geocell layer and the 

subgrade below as a two-layered system. Deflections are evaluated at the interface of these 

two layers. The objective essentially includes determination of the spatial extent to which 

geocells are effective below the loaded area, i.e., the distance at which the pressure due to 

imposed load die out.  

The proposed technique does not require any sophisticated analytical tools or software 

ƻǘƘŜǊ ǘƘŀƴ IǳŀƴƎΩǎ ŎǳǊǾŜǎ which consider two layers with elastic characteristics.  

When a vertical pressure over a limited area is applied onto a geocell panel infilled with 

non-plastic soil, a wide-angle load spread has been observed by several researchers and 

geocell promoter-organisations through field and laboratory tests. The geocell panel 

develops its characteristic to spread the load through infill of congruous perforated and 

textured cells. The vertical curvilinear cell walls have a depth: average cell diameter ratio 

almost equal to unity as highlighted in the previous   Section. The cell walls also contribute 

to the rigidity of the geocell mat and to wider load spread. 

The composite structure of the geocell mat is complex for analyses by conventional 

mechanics and requires techniques like the finite element method. There are three 

significant aspects to be considered:   

1. The shear strength and modulus of a non-plastic soil significantly improve when it is 

confined within the cell walls. Such improvements in the infill soil parameters enhances 

the performance of the geocell-subgrade system.  

2. The elastic characteristics of the HDPE geocell wall.  

3. The infilled soil-geocell wall interaction.  

 

While considering each of these factors would require a complex mathematical model, the 

method of analysis suggested herein considers the composite geocell infilled with soil as 

one homogeneous entity.  

 

 

 



THE TWO-LAYER SOLUTION   

 

When vertical pressure over a limited area (as from a footing) is applied onto a geocell 

panel, there is a wide-angle load dispersion by the geocells.  

As explained above through Fig. MiGC-1, the geocell panel develops its rigidity through 

infilled congruous geocells as well as the vertical geocell walls, where the aspect ratio is 

close to unity. While the composite structure is complex for conventional mechanics 

analysis, one solution is the application of the Burmister concept, considering the infilled 

geocell mat as the top homogeneous layer over the subgrade, which would be the lower 

second layer. Both these layers are considered elastic.  

 

ASSUMPTIONS 

 

To relate the Burmister concept to geocells, the following assumptions need to be 

considered:   

 

1. Material properties at any point within the geocell layer are homogeneous. Likewise, 

within the subgrade, material properties at any point are similar.  

 

2. Stress ς strain solutions are characterised essentially by two material properties, elastic 

modulus, ŀƴŘ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŦƻǊ ōƻǘƘ ƎŜƻŎŜƭƭ ƭŀȅŜǊ ŀƴŘ ǘƘŜ ǎǳōƎǊŀŘŜ ǊŜǎǇŜŎǘƛǾŜƭȅ.  

 

 

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 walls. Holistically, the elastic modulus of this layer 

is assumed to be an isotropic EGC ŀƴŘ ǘƘŜ tƻƛǎǎƻƴΩǎ wŀǘƛƻ ŀǎ ˃GC.  

 

 

4. While thŜ ƎŜƻŎŜƭƭ ƭŀȅŜǊ Ƙŀǎ ŀ ŦƛƴƛǘŜ ŘŜǇǘƘ όƻǊ ǘƘƛŎƪƴŜǎǎύΣ ǘƘŜ ǎǳōƎǊŀŘŜ ƛǎ ƻŦ άƛƴŦƛƴƛǘŜέ 

depth for the sake of analysis. Horizontally, both geocell layer and the subgrade are 

considered to be of infinite extent.   

 

 

5. Properties within the geocell layer as well as within 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 any loss of contact.  

 

 

7. Full friction is developed at the interface between the geocell infill material and the 

underlying subgrade. There is no slippage between the layers. This assumption is justified 

by the fact that a 50mm layer of the infill material is placed below the geocell layer, 

considering that the characteristics of the geocell composite extend to that layer. A 

relatively thin nonwoven geotextile separation layer is generally provided at the 

interface which also justifies this assumption.  

 

 

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

 

 

ELASTIC CHARACTERISTICS OF GEOCELL SYSTEM   

 

The objective is to determine the spatial extent to which the geocell layer is effective. This 

is best determined by computing the stresses along the interface between the geocell layer 

and the subgrade. The horizontal distance from the externally imposed load to the point 

where the stress due to the imposed load tend to zero, is determined. This distance is 

indicative of the effective extent of the geocell layer.  

Tests conducted in the Dandeli Forests (# Saride et al) highlight load spread. However, the 

extent of effectiveness of geocells need to be determined for various parameters and their 

combinations, such as:   

1. Various infill types.  

 

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

investigation data.  

 

 

3. The areal geometry of the external imposed load.  

 

One particular aspect that needs to be highlighted is the improvement in the E value of the 

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

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

well as Dr. Chandan Basu [2013]. Tests have also been conducted by Strata Geosystems and 

the Author. All these tests have proven that the EGC value of the system improves anywhere 

between 2.3 and 3 tines, and sometimes >3. ¢Ƙƛǎ ƛƳǇǊƻǾŜƳŜƴǘ ƛǎ ŎƛǘŜŘ ŀǎ ǘƘŜ άModulus 

Improvement FactorέΣ MIF. The improvement in E extends beyond the depth of the geocells 



(i.e., thickness of the geocell layer) and is recommended as 50mm above the geocell and 

25mm below the geocell, provided that the material above and below the geocell is the 

same as the non-plastic infill. With the E value of the infill, one can estimate the holistic 

modulus value of the geocell layer. The Author has considered a MIF of 2.5 in many cases. 

However, it is advisable to compute the EGC value directly from cyclic plate load / Ev2 tests 

on the infilled geocell layer, on the prototype subgrade itself in the field, along with the 

appropriate nonwoven geotextile separator for a realistic EGC of the holistic geocell layer as 

a composite system.  

While conducting load tests, in order to obtain realistic moduli values for infilled geocell, it 

is suggested that the plate for the geocell tests should not exceed 300mm diameter. While 

the zone of influence should preferably be limited to the depth of 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 structure.  The zone of 

influence is bound to cover the subgrade below the geocell layer also. Hence 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 determine the subgrade elastic modulus, a plate of 600mm 

diameter is preferred so as to cover maximum depth within its zone of influence.   

 

The two-layer theory assumes that tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ˃  Ґ лΦр.  Considering that non-plastic soil 

is well confined within the geocell system, this is arguably not a good assumption, since 

lateral deflection due to vertical stress is negligible, more so due to confinement. However, 

in elastic solutions of this type, the contribution of ˃  is not significant.  

 

BURMISTERΩS TWO-LAYER SOLUTION [1945]   

 

¢ƘŜ ǎƻƭǳǘƛƻƴ ŦƻǊ ŀ ƎŜƻŎŜƭƭ ƻƴ ŀ ǎǳōƎǊŀŘŜ Ƴŀȅ ōŜ ŀǇǇǊƻŀŎƘŜŘ ǘƘǊƻǳƎƘ .ǳǊƳƛǎǘŜǊΩǎ ǎƻƭǳǘƛƻƴ 

for a two-layer problem. Stress and deflection values as obtained by Burmister are 

dependent on the ratio of moduli of the two layers, i.e., geocell layer at the top and the 

subgrade below, EGC/ES. Fig. MAGC-1 indicates stress values below the centre of a circular 

loaded area over a two-layered system, which one may consider as an infilled geocell 

overlying the subgrade.  

 

Total surface deflection ɲ for a flexible plate is: 

 

Ў ρȢυ Ὂ                       

[MAGC-1] 

where 



p is the pressure from the circular flexible plate,   

ὥ is the radius of the circular loaded area,   

Ὂ is a dimensionless factor depending on the EGC/ES ratio as well as the depth to plate 

radius ratio (ᾀὥϳ ) at the point where the deflection is measured.  Curves for Ὂ are shown 

in Fig. MAGC-1.  

 

 
 

Fig. MAGC-1:  .ǳǊƳƛǎǘŜǊΩǎ influence curves for points below the centre of a loaded area on 

infilled geocells 

 

 

 
 

Fig. MAGC-2:  Two-ƭŀȅŜǊ ƛƴŦƭǳŜƴŎŜ ŦŀŎǘƻǊ Cн ŦƻǊ .ǳǊƳƛǎǘŜǊΩǎ two-layer theory considering 

infilled geocells (Equation MAGC-1) 

 



IƻǿŜǾŜǊΣ .ǳǊƳƛǎǘŜǊΩǎ ǘǿƻ-layer solution does not provide the extent to which the geocell 

is effective from the centre of the loading.  

 

 

HUANGΩS EXTENSION OF BURMISTERΩS TWO-LAYER SOLUTION [1993] 

 

IǳŀƴƎΩǎ .ŀǎƛŎ 9ȄǘŜƴǎƛƻƴ 

 

!ǎ ŀƴ ŜȄǘŜƴǎƛƻƴ ǘƻ .ǳǊƳƛǎǘŜǊΩǎ ǘǿƻ-layer derivations, Huang [1993] developed charts for 

deflection factor F to address deflections along the interface of the two layers. As in the 

ŎŀǎŜ ƻŦ .ǳǊƳƛǎǘŜǊΩǎ ǘǿƻ-layer analysis, F is determined on the basis of the assumption that 

 ˃is 0.5.  The deflections ɲIF at points along the interface are given by the equation: 

 

Ў ȢὊ             (MAGC-2) 

 

The factor F can be determined from the charts in Fig. MAGC-3. Each chart in Fig. MAGC-3 

is for a specific EGC/ES ratio.  

 

 

  
 

a) F for EGC/ES=1 

 

b) F for EGC/ES=5 

Fig: MAGC-3. F Factor for various EGC/ES. Numbers on curves indicate the Distance Ratio, DR, i.e., distance 

from loading center in terms of loading radius (after IǳŀƴƎύ Χ. (Continued) 



  
 

c) F for EGC/ES=10 

 

d) F for EGC/ES=25 

 

 

  

 

e) F for EGC/ES=50 

 

f) F for EGC/ES=100 

 

Fig. MAGC-3: (Continued). F Factor for various EGC/ES. Numbers on curves indicate the Distance Ratio, DR, 

i.e., distance from loading centre in terms of loading radius (after Huang) 

 

 

 



Determination of Extent of Effectiveness of the Geocell Layer  

 

The curves are also characterised by the Distance Ratio DR, which is the distance from the 

loading centre in terms of the loading radius.  

Based on F determined from the appropriate curve in Fig. MAGC-3, vertical deformations 

Ў  are computed along the interface of the geocell layer and the subgrade using Equation 

MAGC-2. The computations for Ў  are carried out below the area of application of the load 

where the Distance Ratio DR is <1, and also beyond the loaded area where DR is >1.  The 

settlement curve along the interface is plotted as in Fig. MAGC-4 for the illustrative example 

below. To facilitate further computation, the deflection should be computed at equal, 

regular intervals, as closely spaced as practical.  

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

is effective, i.e., as Ў ᴼπ. If the objective of the designer is only to determine the extent 

to which the geocell layer is effective, the analysis may be terminated here. However, 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 Geocell-Subgrade Interface   

 

It would be significant to take cognisance that the profile of the vertical deflection curve 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 vertical stress curve is equal 

to the imposed vertical force. These two basic premises form the basis of determination of 

vertical stress profile along the interface.  

To continue the solutions towards determination of stresses along the interface, the area 

under the curve of Fig. MAGC-4 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 on the geocells. The ratio 

of stress at any given point at the interface and the total downward force will be the same 

as the ratio of vertical deflection at that point and the area under the deflection curve. 

Hence the magnitude of stress at that given point can be evaluated. When several such 

points at the interface are considered and the stresses are computed, one can draw the 

stress diagram as seen in Fig. MAGC-5, which relates to the solved example below.  

 

 

 



Solved Example 

 

An example has been shown below using the proposed theory. For this example, a circular 

footing of 1m diameter has been considered. The footing exerts a uniform pressure of 

100kPa onto the geocell reinforced layer. The two layers for the two-layer theory are:   

1. the geocell reinforced 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 infill material. In this case the EGC = 

125Mpa and ES = 5Mpa hence, EGC/ES = 25.  

 

For EGC/ES = 25, from the chart in Fig. MAGC-3(d), interface deflection factor F has been 

obtained and the deflections at the interface of subgrade and geocell reinforced layer are 

calculated at various points using Equation [MAGC-2]. 

 

The deflection values are plotted to obtain the deflection profile at the interface which has 

been shown in Fig. MAGC-4. 

 

 
 

Fig. MAGC-4:  Interface deflection profile (Y scale has been increased for illustration) 

 

Based on these deflections, stresses at various points are calculated. The total area under 

the stress curve, from equilibrium considerations, shall equal to the total vertical force, P, 

imposed on the geocell system.  

The area under the Deflection Profile Curve is divided into vertical strips of conveniently 

small width. The Deflection Ratio at each strip is computed. Deflection Ratio is the ratio of 

the area of each strip and the total are under the Deflection Profile Curve.  

These Deflection Ratios are the same in magnitude as the Stress Ratios at the respective 

points along 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 total area under the 

P 



Stress Profile Curve. The area under the Stress Profile Curve shall equal the total vertical 

force P imposed on the geocell layer (Fig. MAGC-5).  

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 points along 

the interface. Accordingly, the Stress Profile Curve is drawn as shown in Fig. MAGC-5.  

To demonstrate the effectiveness of the geocell reinforced layer, stress profiles at the 

interface with geocell reinforcement is compared with the stress profile at the interface 

without geocells in Fig. MAGC-5. The diagram compares not only the stress magnitudes but 

also the spread of stress profile with geocells. W  

 

 
 

Fig. MAGC-5:  Stress Distribution in case of Geocell reinforced and unreinforced sections 

 

Angle of Dispersion 

 

Based on the solved example results illustrated in Fig. MAGC-5, the Angle of Dispersion with 

respect to the vertical at the centre of the load is of the order of 70°.  

Laboratory load tests have been conducted on geocells at the Indian Institute of Technology, 

Madras (IITM) by Prof K. Rajagopal. For repeated tests with consistency, in order to simulate 

a clay subgrade, expanded polystyrene (EPS) blocks were used. The ultimate bearing 

capacity of the EPS block was 100kPa. These blocks exhibited California Bearing Ratio (CBR) 

values ranging from 1.35% to 1.55%. These parameters represent parameters for a weak 

subgrade also.  

The findings of the experiments conducted will be published separately by Prof Rajagopal. 

However, one aspect of the tests conducted needs to be highlighted here.  

The schematic of the tests is illustrated in Fig.MA GC-6(a). After the load tests were 

conducted with 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. The 

indentation is illustrated in Fig MAGC-6(b). Depth of the geocell used was 150mm.  

P 



 

 

 

 

a) Schematic of the test setup 

 

b) Measurement of the indentation on 

the EPS block 

 

Fig. MAGC-6:  Indentation on the EPS block after laboratory load test on geocells 

 

Prof Rajagopal recommends that dispersion be measured in terms of Load Spread Index 

(LSI). LSI is defined as   

 

ὒὛὍὈ Ὀϳ              (MAGS-3) 

 

where 

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

section   

Ὀ  is the diameter of the settlement bowl on the EPS surface for an unreinforced section.  

The dispersion angle for the tests with geocells is of the order of 70ꜛ. This compares well 

with the dispersion angle of about 70° from the solved example.  

 

CONCLUSIONS   

While designing for load on geocell systems, the extent to which geocells need to be 

provided beyond the loaded area has always been an enigma for the designer. This Section 

of the Lecture has evolved a simple method to determine not only the extent of geocells 

required, but also recommends how interface vertical deflections and stresses can be 

evaluated, ǳǎƛƴƎ IǳŀƴƎΩǎ ǎƻƭǳǘƛƻƴ ŦƻǊ ǘǿƻ ƭŀȅŜǊŜŘ Ŝƭastic systems. Direct application of 

curves recommended by Huang based on his solution for elastic two layered system helps 

in arriving at these three requirements by a simple method without having to resort to 

complex and time-consuming techniques.  



The essence of the solution is a basic assumption that the subgrade is an elastic material. 

More reasonably, geocell mat infilled with non-plastic is considered as an elastic layer.  

The load spread through analysis of a single layer of 200mm depth is about 70° with the 

vertical.  

The solved example illustrates that a wide loaded areas would require either a thicker layer 

of geocell, or multiple layers of geocells. Considering the need for proper compaction of 

non-plastic material infilling, the depth of the geocells is normally restricted to 200mm. If 

thicker layers are required, multiple layers of geocells should be used.  

The proposed method of evaluating deflections, stresses, and the operative extent of a 

geocell layer will enable the designer to 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 country and, 

unlike the railway network, various classes of roads, from expressways to rural roads, assure 

the last mile connectivity. The growing economy requires expansion of existing 

carriageways into multi-lane expressways, new road routes and development of rural roads 

to service motorised vehicles instead of the traditional animal-drawn carts. However 

difficult subsoil conditions along with high economic and social costs of diversions, and 

dearth of good construction material coupled with environmental constraints pose major 

challenges to development of the road network.  

 

COMPONENTS OF A ROAD SYSTEM   

A typical road as a system has two major components: 

1. The embankment supporting the carriageway.  

2. The pavement, which is the cases operation entity of the carriageway, though there are 

several roads where the pavement is supported directly on untreated / treated and 

dressed natural subgrade.  

 

The two components of the road system are structural entities and should be designed 

appropriately.  

The mechanics of the two components of a road system are different, each with its own 

nuances. Hence the two components are treated in separate Sections.  

 

 

 

  



SECTION V ς A:  THE EMBANKMENT COMPONENT OF ROADS:   

GEOGRIDS AND GEOCELLS AS BASAL REINFORCEMENT 

(Code:  EM)   

 

PREAMBLE   

This Section essentially addresses embankments on weak subgrades deriving stability with 

basal reinforcements. The embankment may be a typical earth structure with a trapezoidal 

profile without or with side berms, or a reinforced soil slopes steeper than 27°, or reinforced 

soil walls with batters 70° or higher. As in any other structure, two essential conditions need 

to be satisfied: strength and serviceability.  

 

TERRAIN   

Road systems need to traverse all types of terrain, from hills to mud flats, sometimes all along 

a single stretch, as an example, the NH-48 over its traverse along the West Coast frio Thane 

(Mumbai Metropolitan Region) to Bharuch). NH-48 ǘǊŀǾŜǊǎŜǎΩ hilly terrains, mudflats, zones 

of good residual soils and rock, and expansive soils, all within those 310km.  

Each type of terrain poses its unique challenges. Roads along the coastline of India majorly 

traverse through mudflats. The groundwater table is high, and the lands are susceptable to 

tidal flooding. The upper strata of mudflats are invariably very soft to soft soils of high 

plasticity, with very low shear strengths and have tendencies to undergo large settlements 

over time with sustained loads such as from embankments and reclamations. As the weak 

plastic subsoil consolidates, it develops shear strength. However, to develop shear strength 

which is adequate enough to carry the load of the embankment structure, the structure will 

have to be constructed in judiciously calculated stages.  Extended time for construction to 

allows for build-up of shear strength may not always be amenable to project economics, even 

if the consolidation process is accelerated by methods such as prefabricated vertical drains 

(PVDs).  

 

THE EMBANKMENT   

The embankment makes up for the difference in levels between the bottom of the pavement 

system and natural (dressed) ground to maintain the required top level of the pavement. It 

also spreads the loads from the pavement such that the stresses at ground (subgrade) level 

are within sustainable limits. The embankment also maintains the pavement system from 

predicted flooding and tidal waters.  

The embankment, whether it is a conventional trapezoidal earth structure or a reinforced soil 

structure, needs to be checked for its structural integrity (stability) as well as deflections / 



deformations (serviceability). These two aspects must be holistically considered in 

conjunction with the supporting foundation subsoil, untreated or treated. 

Various methods of subsoil treatment for embankments are shown in Fig. EM-1(a) to (g). 

These procedures may be used appropriately, separately or in conjunction with each other. 

The Lecture Paper in particular addresses construction of the structure over untreated, weak 

subsoils. The subsoil may be improved to a required condition by any method or combination 

of methods shown in Figs EM-1 (a) to (f), The safety factor is further raised to the required 

magnitude with basal reinforcement as shown schematically in Fig EM-1(g). Basal 

reinforcement is an essential component where the embankment is supported on piles or 

stone columns to safely transfer loads to the piles or stone columns.  

 

  
Fig. EM-1(a):  Stage construction Fig. EM-1(b):  Berms 

  
Fig. EM-1©:  Full replacement 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. EM-1:  Methods of constructing embankments 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 more. The 

basal reinforcement would enhance the safety factor equal to, or beyond the required safety 

factor. 

While basal reinforcement is considered for global stability of the embankment and subsoil, 

it also reinforces the earth structure against lateral slide.  

 

TYPICAL EMBANKMENT FAILURES   

An embankment on weak subsoil is susceptible to the following modes of failure:   

1. Foundation bearing capacity failure.  



2. Lateral sliding of embankment.  

3. Global failure.  

A single solution 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.  

 

FOUNDATION BEARING CAPACITY FAILURE   

Like in any structure particularly founded on weak soils, it is essential to check the adequacy 

of ultimate (and corresponding safe) bearing capacity of the foundation of the embankment. 

This will not be confined to shear failures from embankment loads; short-term and long-term 

settlements also need to be reviewed to check for serviceability.  

In case of bearing capacity inadequacies, there are basically two solutions:   

1. Providing a basal reinforcement to 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 solutions may be adapted simultaneously to advantage. An embankment with a rigid 

basal reinforcement layer may be considered equivalent to a footing with a rough base on 

weak soil (Almeida et al ς 2013). Notwithstanding using reinforcement at the base, it is 

recommended that the bearing capacity considering the embankment without the reinforced 

basal layer be only marginally lower than, or equal to, or higher than the permissible stress of 

the underlying strata so that the factor is safety of the unreinforced embankment is at least 

marginally lower than, or equal to one, or higher. The basal reinforced layer is required only 

to increase the factor of safety to the specified magnitude.  

Regarding settlements, the earth embankments, both unreinforced and reinforced are 

flexible structures and can tolerate differential settlements better than a rigid concrete or 

masonry structure. Even then, service conditions will require limiting these settlements 

during operations, and major percentage (preferably 90%) time related (consolidation) 

settlements are best taken place during construction of the embankment. THIS is highlighted 

in the case study for embankments presented in this Section. 

 

FAILURE DUE TO LATERAL SLIDING OF THE EMBANKMENT   

This is an often-neglected check for both unreinforced as well as reinforced embankments. 

This is also relevant to embanks atop reinforced soil structures (partial walls). Forces that 

come to play in sliding are illustrated in Fig. EM-2 (Almeida et al ς 2013).  

 



 
 

Fig. EM-2:  Sliding in an embankment (Almeida et al) 
 

With respect to Fig. EM-2, Equation (EM-1) and EQUATION (EM-2) give the factors of safety 

against lateral sliding for the two conditions of embankment base, i.e., unreinforced and 

reinforced respectively.  

Ὂ
Ȣz ᶻ ᶻ ᶻ

Ȣz ᶻ
                (EM-1) 

Ὂ
ᶻ

Ȣz ᶻ
                (EM-2) 

where 
ὲ is the horizontal component of the slope ratio ρὠ ḊὲὌ; 
ὑ  is the active earth pressure coefficient for the embankment material; 
•  is the soil friction angle; 
Ὤ  and ‎  are height and material unit weight respectively of the embankment; 
ή is the surcharge on top of the embankment; 
Ὕ is the long-term design strength of the geosynthetic reinforcement; 
Ὓ  is the interactive shear resistance at the base; as a term, it 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 interactive force between the underlying weak soil and the 

reinforcement, Ὓ , and the long-term design strength of the reinforcement Ὕ. A word of 

caution here; as a matter of detailing in the design drawing, the designer is bound to place a 

nonwoven geotextile at the interface of the embankment and the underlying weak soil as a 

separator. Hence Ὓ  must be the force mobilised between the underlying weak soil and the 

geotextile separation layer.  

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, symbolically Ὕ. If there is a separation layer, 

the preceding paragraph applies.  

For geocells, the philosophy of considering Ὕ will 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 ς 

Fig. EM-3(a), lateral forces from the embankment are transferred to the infill through 

friction, and the infill transfers these forces to the geocell expanded profile. Hence the 



design tensile strength of the straps is to be considered. It is to be noted that the strap is 

parallel to the lateral force exerted by the embankment; and also, roughly at 45° at the 

most.  Hence the resistance offered by the straps alone would be an average πȢψυὝ.  

All cells of the geocells are infilled and the infill, being totally confined, will transfer the 

forces to the geocell straps. With the transfer of forces, the weld seam is stressed. Hence 

the weld seam strength is also significant.  

Ὕ needs to be checked not only with respect to the design tensile strength of the 

perforated strap, but also for the weld seam peel strength. In this case, weld seam peel 

ǎǘǊŜƴƎǘƘ ǎƘƻǳƭŘ ōŜ ŘŜǘŜǊƳƛƴŜŘ ōȅ άaŜǘƘƻŘ !έ ŀǎ ǇŜǊ 9b L{h мопнс-м άDŜƻǘŜȄǘƛƭŜǎ ŀƴŘ 

geotextiles related products ς Strength of internal structural junctions ς tŀǊǘ мΥ DŜƻŎŜƭƭǎέ 

The άMethod Aέ style of testing is schematically shown in Fig. EM-3 (b).  

1. When the straps of the geocell are oriented along the embankment longitudinal axis ς Fig. 
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 profile. However, 
in this case, tensile resistance from the straps will not be significant, and the lateral forces 
(other than the component resisted by friction between infill and underlying soil) will be 
resisted essentially by the geocell weld seams. In this case, weld seam peel strength 
ǎƘƻǳƭŘ ōŜ ŘŜǘŜǊƳƛƴŜŘ ōȅ άaŜǘƘƻŘ .έ ŀǎ ǇŜǊ 9b L{h мопнс-1   shown schematically in 
Fig.EM 3(b).  

 

2. When the straps of the geocell are oriented along the embankment longitudinal axis as in 
Fig. EM-3©, 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 profile. 
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 weld seams. To simulate this case, weld seam peel strength is determined by 
άaŜǘƘƻŘ .έ ŀǎ ǇŜǊ 9b L{h мопнс-1m schematically shown in Fig. EM-3 (d).  

 

 

 



 

 

Fig. EM-3(a):  Geocell straps along 
embankment lateral direction 

Fig. EM-3(b):  Weld seam peel strength ς 
άMethod Aέ 

 

 

Fig. EM-3©:  Geocell straps along 
embankment longitudinal direction 

Fig. EM-3(d):  Weld seam peel strength ς 
άMethod Bέ 

 

It may be noted that stresses on the welded seams will be reduced owing to the confined in 

filling in all the cells. The reduction can be significant but difficult to determine at this 

juncture. Not much work has been concluded regarding geocells stressed along the panel 

plane in either direction. Further work is required through mathematical modelling, which 

will have to be backed up by experimental research, where appropriate instrumentation will 

be the key factor.  



In case of reinforced soil structures with steep, near vertical sides όҔ тлхύ, lateral stability is 

not an issue.  

 

GLOBAL FAILURE   

Several computer ǎƻŦǘǿŀǊŜΩǎ are available for global stability, also incorporating geosynthetic 

reinforcement within the embankment and along the base. In the case of embankments, 

.ƛǎƘƻǇΩǎ aŜǘƘƻŘΣ ŎƻƴǎƛŘŜǊƛƴƎ ŎƛǊŎǳƭŀǊ ǎƭƛǇǎ ǿƻǳƭŘ ǎǳŦŦƛŎŜ.  

 

GEOGRIDS AS BASAL REINFORCEMENT   

Geogrids are essentially two dimensional with their major strength in one direction (uniaxial 

geogrids) or two orthogonal directions (biaxial geogrids). When uniaxial geogrids are used as 

basal reinforcement, the machine direction is invariably placed in the lateral direction of the 

embankment cross section.  

The long-term design tensile strength Ὕ is considered as an additional factor as resisting force 

along the test shear surface.  

It must be noted that the total tension to be taken by the geogrid must be a sum of the tension 

induced in the geogrid due to it providing lateral resistance plus the tension induced in the 

geogrid by the incipient shear failure surface determined by global failure analysis. Hence   

Ὕ  Ὕ  Ὕ                 (EM-3) 

where 

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

Ὕ   is the tension developed in the geogrid due to resisting incipient lateral slide of the 

embankment for the required safety factor;   

Ὕ    is the tension developed in the geogrid due to resisting incipient global shear 

failure of the embankment for the minimum safety factor as analysed (Fig. EM-4).   

 

 
 

Fig. EM-4:  Geogrid as basal reinforcement and critical slip circle 
 



GEOCELLS AS BASAL REINFORCEMENT   

When a soil structure is constructed on weak soil with three-dimensional geocells along the 

subgrade level as basal reinforcement, 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 are relatively flexible. 

Geocells are on the contrary, stiffer three-dimensional panels with the geocell straps 

fabricated upright, orthogonal to the plane of the panel. The stiffness furthermore increases 

with infilling with non-plastic soil. Hence geocell layers below the soil structure behave as a 

stratum with layer shear strength. Fig. EM-5 illustrates the global shear failure surface 

through the geocell layer.  

 

 
 

Fig. EM-5:  Geocell as basal reinforcement, considered as a stratum with shear strength ὧ 
 
As highlighted earlier and ever so often, the geocell is a three-dimensional geosynthetic 

material with interconnected curvilinear rhomboidal cells. The interconnected cells form a 

cellular confinement unit when expanded and infilled with well compacted non-plastic 

granular infill material. Geocells are manufactured using High Density Polyethylene (HDPE) 

material of grade which has a shear strength value of the order of 12Mpa. 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 as three-dimensional structure 

and should not be modelled as two-dimensional.  

 

Shear Parameters of Geocell Infill:   

Apparent Cohesion and Friction Angle:   

Bagli (Ref.2018) recommends ŀƴ άŀǇǇŀǊŜƴǘ ŎƻƘŜǎƛƻƴέ parameter. This parameter is in 

addition to the angle of internal friction of the compacted non-plastic infill. ά!ǇǇŀǊŜƴǘ 

ŎƻƘŜǎƛƻƴέ has been derived by Bathurst and Rajagopal (1993) and it has been confirmed by 

laboratory tests that a geocell layer infilled with non-plastic soil can be considered as a 

stratum with an equivalent cohesion term ὧ (besides its friction angle •), initiated by virtue 

of enhanced strength of the soil infill confined by the geocell walls. The geocell-infill system 

is best explained by the normal stress versus shear stress diagram in Fig. EM-6.  



Fig. EM-6 illustrates the effect of lateral confining stress within the cell, Ў„ on confined soil 

to generate a larger circle, whose parallel tangent intercept is at ὧ on the shear stress axis; 

ὧ ƛǎ ŀƭǎƻ ŎŀƭƭŜŘ άŀǇǇŀǊŜƴǘ ŎƻƘŜǎƛƻƴέ. The slope of the tangent of the larger circle is the angle 

of internal friction •.  

 

 
 

Fig. EM-6:  Effect of cell confinement on non-plastic soil ς άŀǇǇŀǊŜƴǘ ŎƻƘŜǎƛƻƴέ and 
friction angle 

 

It can be derived from Fig. EM-6 that 

ὧ
Ў

ÔzÁÎτυЈ                 (EM-4) 

where 

Ў„ ƛǎ ǘƘŜ ƭŀǘŜǊŀƭ ǇǊŜǎǎǳǊŜ ǳƴŘŜǊ άŀǘ ǊŜǎǘέ ŎƻƴŘƛǘƛƻƴ ŀŎǘƛƴƎ ƻƴ ǘƘŜ ƎŜƻŎŜƭƭ ŎŜƭƭ ŀƴŘ ƛǎ Ŝǉǳŀƭ ǘƻ 
„ ρ ÓÉÎ• ; 
„ is the vertical stress on the infill within the cell; 
• is the angle of internal friction of the infilled (nonplastic) soil. 

If h is the depth of the geocell, then over a unit length, the shear capacity of the geocell layer 

ŎƻƴǎƛŘŜǊƛƴƎ ƻƴƭȅ άŀǇǇŀǊŜƴǘ ŎƻƘŜǎƛƻƴ  is 

  ὧȢὬ                  (EM-5) 

 

Shear Resistance of HDPE Geocell Cell Walls   

There is a need to assign a holistic value of shear resistance to the geocell layer. A significant 

component of shear resistance of a geocell layer is the shear resistance offered by the geocell 

• 


