AN ASSESSMENT OF THE USE OF GEOGRIDSIN EARTH RETAINING STRUCTURES
Alan McGown

University of Strathclyde and University of Nottingham, Unikedydom. (mcgowns@btinternet.com)

INTRODUCTION

Many years before the introduction of geogrids as areniforcement, the relevant Civil Engineering Code of
Practice in United Kingdom defined Earth Retaining Structases...any type of structure required to retain soils at
a slope steeper than that which they would naturally assume, or tecpsdtil banks against destructive agerities
Further, it suggested that the design of such structurleslétt; “ ... all things needful to make it fulfil its purpose, i.e.
to ensure that it be strong, durable, economical in first cost and emsinte and pleasing in appearahdastitution
of Structural Engineers (1951). In this single Code of Rmadlil the available types of gravity, reinforced ceter
steel and timber soil retaining structures, cribworl eevetments were included and the design criteria givéimisn
code remain applicable.

In the late 1960’sTerra Armee{Reinforced Earth), was developed, Schlosser and VidaBj196was generally
applied to the construction of retaining walls and veegstslopes and involved the reinforcement of well coneplact
granular soils with metal strips. In the early 1970'syparic strips and straps, (some formed into grids), geleext
geonets and geomeshes were introduced as reinforcemergtining walls, steep slopes and embankment side
slopes. In the early 1980’s, geogrids with integral junstiorere added to the range of geosynthetics used as soil
reinforcements, but by that time, reinforced soil inét@ walls and very steep slopes, (370vere, for mainly
regulatory reasons, separately designed and assessed(1DT®). This separate consideration of reinforced soll
retaining structures from other forms of Earth Retajrtructures and the split between reinforced soil walésy
steep slopes and other reinforced slopes including danteant side slopes, has persisted to the present day.

Although geogrid reinforced soil retaining structures aoev mealt with in design codes and standards, the
approach taken to their design and performance asses$memntemained essentially the same as that initially
introduced forTerra Armeewhich assumes the development of the Ka stress st#te ireinforced soil. However,
from the early 1980’s onwards a great deal of researslpdxen undertaken on the properties of the various tfpes
geogrid reinforcements. In contrast, much less resdmstbeen undertaken on the properties of the soilefitigo
reinforced and on the composite behaviour of theasallreinforcement. Therefore at this time theeesame aspects
of geogrid reinforced soil retaining structures which hiaeten well researched and for which little further aede is
needed, whilst there are other aspects which requireefurtsearch and development in order to gain the full
technical, cost and environmental benefits from thee.

In this paper, the various forms of geogrid reinforcedwalls and slopes are identified and their components are
described. The nature of the loads to be supported andritteal deformations developed are then identified.
Following this the current level of knowledge of the behawiof each structural component and of the overall
structure is assessed and areas of possible future reselated to these are suggested. Present and future design
approaches are discussed and the need for more appropniaéical models is presented. The important role of
construction methods is emphasised and the need to denetn@mtive techniques is identified. Finally the techhic
cost and environmental benefits of the use of geogridored soil structures are considered and the possibility
gaining a better understanding of these is suggested.

STRUCTURAL FORMS, COMPONENTSAND FUNCTIONS

Forms

The lateral boundary of a geogrid reinforced soil strestis normally formed by one or more linear, or stepped,
sections which have slope angles as high 3s(@értical), or as low as 30(approximately the constant volume angle
of friction of the soil to be reinforced). Dependingtbe slope angle of the lateral boundary, it may be dextas a
wall, steep slope (battered wall), slope or embanknidatstope. In some situations a combination of a amdl a
slope is used to form the lateral boundary of the strectur

The main technical reasons given for splitting theotegiforms of reinforced soil retaining structures intolsval
very steep slopes and other slopes, including embanlgitenslopes, are the need for facing units and theegrea
requirements for a stable sub-soil for walls and vergpstdopes, Bonaparte et al (1985), BS8006 (1995), Jewell
(1996) and Floss (2004). However, this split is particularly quesie for geogrid reinforced soil structures as there
are other factors which can be critical to the deartgh performance of different forms of these structutésnce it is
suggested that it is appropriate to treat all forms o§gd reinforced soil retaining structures as a singbelg.

A particular example of a critical factor related te gerformance of geogrid reinforced soil retaining stmest is
whether or not the particle size distribution of tlod 0 be reinforced and the aperture size of the geognies
appropriately matched. If not well matched then thle-sgeogrid interaction mechanism will rely mainly on faige
friction rather than on soil interlock. Thus the gedgerinforced soil will behave in a similar mannef&rra Armee
and to other types of geosynthetic reinforced soilvelf matched to the soil, the geogrid will develop higbrees of



soil interlock and this can produce a truépimposite material”. In fact, geogrid reinforced soil structures which have
a high degree of soil interlock can behave in a similanner to the gravity wall / slope structures death wi the
Code of Practice for Earth Retaining Structures, Ingitubf Structural Engineers (1951). Additionally, Kupeakt
(2008) have suggested that non-linear, variable angle ldtesaldaries for Earth Retaining Structures have many
technical advantages and geogrid reinforced soils which ddwgh degree of soil interlock are particularly sugabl
for use in such structures.
Components
The components of geogrid reinforced soil retaining strastunay contain some or all of the following
components:
Facing Units
Connections
Wall Foundations
Geogrid Reinforcements
Reinforced Soll
Retained Fill
In-situ Sail
Sub-soll
Functions
The basic functions of geogrid reinforced soil retairstrgctures are to allow on a temporary or permanei,bas
a change in ground level, protection of an existinginaditslope and / or resistance to external loading.pdrform
these functions, they are required to resist a wide rahigads and imposed deformations which may vary witfe ti
As result they may be subject to various forms dfeseents and lateral movements, including:

Loads - construction equipment; compaction forces; saight, traffic loading; loads from
supported or adjacent structures; seismic loading; impadifg; ground water tables
and flow; wave action.

Deformations- compaction, settlement or collapse of the sub-sdiltesgent of the reinforced fill,
retained fill or in-situ soil; vertical and lateral mavent of facing units, connections and
wall foundations; strains in the reinforcements.

FACTORS TO BE CONSIDERED IN DESIGNS AND PERFORMANCE ASSESSMENTS

The first step in any design / performance assessmarngengrid reinforced soil retaining structure should ke th
specification / consideration of the construction precesed to build the structure. All too often this step is
overlooked and possibly the most critical loads and deftoms to which the structure will be subject are not
identified. Therefore, only after full considerationshiazeen given to the construction stage, should the design
performance assessment of the “as-built” structunenidertaken.

The factors to be considered in designs and performarsgssasents of geosynthetic, including geogrid,
reinforced soil retaining structures were previously idiedt by McGown et al., (1998). They suggested that these
factors could be grouped into three categories, viz., Gability, ‘internal’ Ultimate and Overall’ Ultimate Limit
State criteria.

The Serviceability Limit State criteria are relatedallowable limits for:

i) Vertical and / or lateral deformations of the facimdaderal boundary surface,
i) Settlement and creep strains within the reinforced fill

iii) Settlement and creep strains within the sub-soill,

iv) Collapse of part of the sub-sail,

V) Deformations induced in supported or adjacent structures.

The Internal Ultimate Limit State criteria are teld to the failure of the components of the reinforcef] as

follows:
i) The stability of the reinforced fill close to thededl boundary,
i) Rupture or pull-out of the connections
iii) Rupture or pull-out of the reinforcements
iv) The stability of the wall foundation.

The Overall Ultimate Limit State criteria are reldto the overall stability of the structure, as follows

i) Base sliding,

i) Bearing capacity failure in the sub-soil,
iii) Lateral spreading of the sub-soll,

iv) Overturning of the reinforced soil block,
V) Global stability.

It should be noted that it is possible to develop contbinternal and Overall Limit States.



CURRENT LEVEL OF KNOWLEDGE AND RESEARCH NEEDSRELATED TO COMPONENTS

Generadl

Only some aspects of the properties of the differentpoorants and their interaction are well understood, thus
there are a number of areas of research and develophagrgtitl require to be undertaken. The current level of
knowledge and the research needs related to the comparendgscribed in the following sections.

Facing Units, Connections and Wall Foundations

The factors controlling the choice of facing unitslime aesthetic appearance, protection from UV light,
prevention of surface erosion, wave attack, vandalfg® protection and environmental requirements sucthas
need for a greeri facing. As a result there are now many differepiety of facing and these are usually associated
with particular types of connections to form so calltihg systenisJones (1996).

The technical specification for the mechanical, durgbéind environmental properties of the facings systems a
usually available from or are provided by the manufactoresupplier of the geogrid. Often there are test results
show compliance of the facing systems with the requinésnaf existing standards and codes of practice. Theie are
number of technical papers published on the design, cotistr@nd testing of facing systems for geogrids of which
Jas et al (2004) and Jenner et al (2004) are two recenpkesam

Depending on the type of facing, a simple wall foundatioteeelling pad may be required. Such foundations
can sometimes be required to prevent erosion, scounstr damage at the base of the facing. Once agan, th
technical specification for this component is usually giediby the manufacturer or supplier of the geogrid.

Geogrid Reinfor cements

Geogrid reinforcements are manufactured from a wide rahgelymers which may be extruded into bars, fibres,
filaments that are drawn to alter their physical aretmanical properties. They are then formed into tmoare sets
of ribs which are connected at cross over points, (jomg}j by entanglement, heat or chemical bonding or by
welding. Alternatively they may be formed by drawing ed&d punched sheets to produce geogrids with integral
junctions.

The drawing processes change the molecular alignméhe gfolymers from amorphous to semi-crystalline and
as a result the load-strain-time-temperature chardateref the polymers are improved, but it should be ntitatlin
any geogrid the alignment of the polymer is not necdgsariform. Particularly at or near junctions, thenay be
gradually varying degrees of alignment from amorphous witiénjunctions to semi-crystalline at the end ofribs.
Thus in order to ascertain the operational propertiggofrid products it is always necessary to test repetsant
samples of products rather than individual parts sucmgkesibs or junctions.

Until recently geogrids could be divided into two main greupsaxial and biaxial products, Fig. 1. However
triaxial, (tri-directional) products are now being manufaetl and used in practice, therefore there are now three
separate types of geogrids.
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Figure 1: Various Types of Uniaxial and Biaxial Geogrids, (McGownl &upec, 2008)

In order to assess the consistency of the propertiéseofeogrid products to be used in applicatio@sjality
Assurance testing is required using standardised test methodsalkmcindexX tests, which are carried out on
representative samples. Manufacturers may also catryQuality Controf tests on non-representative samples,
including Index tests on single ribs or junctions. It is ingu to recognise the differences between theseypast
of Index tests. Further, in order to determine the ¢jpaia performance characteristics of geogrids it isessary to
carry out operational Performanceé tests, Murray and McGown (1982). Only properties detegthifirom



Performance tests should be used for design or perfoenzmsessment purposes. Some correlations between Inde

and Performance test data for geogrids have been proposearibys authors, but such correlations are at best

product specific due to the different and complex moleculactstres of the polymers forming the geogrid products.
Geogrids may be used agritary’ or “secondary reinforcements in reinforced soil retaining structuréehe

role of the primary reinforcements is to provide battal and overall stability to the structure wherégsdecondary

reinforcements are required to provide only local §tghit or near the facing, usually at points intermexliat the

primary reinforcements, Fig.2.
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Figure 2: An Example of the Use of Primary and Secondary Geogiitféteements, (Berg et al, 1990)

For both primary and secondary geogrid reinforcemenrgg, dperational load-strain-time-temperature behaviour
and their ability to interact with the soil in whighey are placed, are critical to their performancencestheir
introduction, a considerable amount of research has beemtakete on developing test methods to determine the
operational properties of geogrids. In this section dhé/ research related to determining their load-straie-t
temperature properties will be discussed. Their satattion behaviour will be dealt with in a later g@tt

The operational load-strain-time properties of “as martufad” geogrids are now undertaken on representative
samples using standardised test methods, e.g. ISO / (84 {8999) and ASTM D5262 (2002). These are based on
the research work on geogrids reported on by McGown €985a and b) and are often carried out at different
ambient temperatures ranging between 5 anfi@Qo assess the influence of temperature on the mhasf the
geogrids. These tests are all carried auair”, using sustained uniaxial tensile loads, Fig. 3, asienfent in-soil
has not so far been shown to significantly influetheeload-strain-time characteristics of geogrids.
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Figure 3: Sustained Loading (Creep) Testing of Geogrids



The application of the data obtained from tests am rhanufacturédgeogrids, to the design of reinforced soil
retaining structures is detailed in many Codes of PraatideDesign Standards, such as BS 8006 (1995) and EBGEO
(1997). Necessarily these codes and standards employ aofdPaeial Factors to allow for various manufacturing,
service, physical damage and environmental degradatiartefféhese Partial Factors are highly significart ean
greatly reduce the serviceability and ultimate strengthd imseesigns or in back-analysis of structures. Thege a
many approaches to determining these Partial Factitts,almost all related to the ultimate conditions, udiogh
load or strain criteria, Voskamp (1989) and McGown (2000).

Reinfor ced Soil

WhenTerra Armeewas introduced, the soil type to be reinforced was clagstgified. It was defined as a well
compacted, free draining, well graded granular. sdihe restrictions on the level of compaction to bedusirainage
properties and grading of the soil to be reinforced weiith) notable exceptions, continued over to the early
geosynthetic reinforced soil retaining structures,udiclg the early geogrid reinforced structures. One cpresee
of this was that the aperture sizes in geogrids werene £xtent selected to match the particle size disioib of the
soil originally defined for use ifferra Armee. The relationship between the particle size distributibthe soil and
the aperture size of the geogrid, was identified by Jg@@B0) and Jewell et al (1984). Thus in order to achieve a
high degree of interlock between most geogrid reinfoergnproducts and the soil in which they are embedded,
designers require to specify a soil type close to thetlsailwas originally used foFerra Armee. Unfortunately the
in-situ soils at or close to many sites where geoggiforced soil structures are to be used do not conforthe
original Terra Armeespecification. Thus the soil to be reinforced haseeitb be imported or a lower degree of
interlock accepted in the design.

Very often, the importation of soil onto a site ist monsidered to be environmentally desirable / acceptabl
hence the use of a much wider range of soil types,raiatails or waste products), is of major importanchis Thay
require either modification of the locally availableils or waste products, the use of geogrids with spedifical
matched aperture sizes and shapes and / or the proweiséxtensive drainage, Jones (1995).

Another aspect of the initial adoption of therra Armeedesign philosophy for geogrid reinforced soil structures
was the use of the peak angle of friction, (or the cahstalume angle of friction), to represent the bebawiof the
soil. Terra Armeeemployed steel strips and these achieved their desigmgtétrat extremely low deformations /
strains. Thus limit equilibrium design considerationseagenerally appropriate Geogrid reinforcements nicesns
significantly in order to develop their design stresgthence either Serviceability or Ultimate Limit t8s&amay be
critical to the performance of the structure. Additibnat may be that the strain induced in the geogrid#erstrain
induced in the soil is the limiting factor. For thésson, knowledge of the relationship between the metitangle of
friction and the strain in the soil is as importarst knowledge of the load-strain behaviour of the geogrid
reinforcement.

Soil Reinforcement Interaction

In most Codes of Practice or Design Standards, aadrfctor is the determination of the pull-out resiseaot
the geogrid reinforcement from the soil in which itémbedded. This determines the length of the geogrid
reinforcement layers, although in some cases therenimimum length prescribed, e.g. BS8006 (1995). Based on the
original work on geogrid interaction with granular soilsdawell et al (1985), a considerable amount of testing has
been undertaken using both shear box and pull-out boagpatatus, Figs. 4 and 5.
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Figure 5: Pull-out Testing Apparatus for Geogrids, (Koerner, 1999)

To date such tests have not provided all the informatguired on other effects of the interaction betwéen
geogrid and the soil, such as the local confining effe¢hersoil, the so-calleddynamic Interlock effect, McGown
et al (1990). Additionally they have not identified the ektef the zone of influence of the geogrid on the soil i
which they are embedded. Nevertheless, these factordeavery important to the design and performance
assessment of geogrid reinforced soil retaining strestur

Retained Fill, In-situ-soil and Sub-soil

It is suggested that the present level of knowledge of thavileur of the retained fills, in-situ-soils and sub-soil
is well understood for the purposes of designing and asseabsimerformance of geogrid reinforced soil retaining
structures.

CURRENT LEVEL OF KNOWLEDGE AND RESEARCH NEEDS RELATED TO THE OVERALL
BEHAVIOUR OF STRUCTURES

The analysis of the overall stability of geogrid reinforseil retaining structures is usually taken to be the same
as for conventional Earth Retaining Structures and deduwonsideration of sliding, overturning, tilting / tlegrand
overall slip failures, Fig.6.
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Figure 6: Assumed Overall Failure Mechanisms for Geogrid Reiefbr$oil Retaining Structures
The basic assumption made is that the reinforced $mik bbehaves as a rigid body. The validity of this

assumption depends on the amount of reinforcement useleadddree of interlock between the soil and the geogrid
reinforcements. For lightly reinforced structuresl dor low degrees of interlock combined overall and intertial s



surfaces may develop and the reinforced block may behaaeflexible rather than a rigid manner, with resulting
changes in the base pressure distribution. These chailbegluence the mechanisms of overturning and tilting /
bearing failure. Additionally, Kupec et al (2008) have satggbthat variable angle lateral boundaries can redace th
lateral boundary earth pressures and the maximum basegres the reinforced soil block. Thus the mechanisms of
overturning and tilting / bearing failures would once agamtodified and be less conservative than those ngrmall
assumed.

CURRENT LEVEL OF KNOWLEDGE AND RESEARCH NEEDS RELATED TO DESIGNS AND
PERFORMANCE ASSESSMENTS

Generadl

Since the introduction of geosynthetic reinforced seiining structures in the 1970’s, design methods have
gradually evolved, but the resulting outcome designs haveanmd greatly. Indeed, it has been suggested that if
anything, they have become more conservative, Bead) (@998) and Greenway et al (1999). The reason for this is
that as design method were developed, many veslébtated through the choice of values for the Global Factdrs o
Safety and Partial Factors to be adopted. Theseaheszn to ensure that the outcome designs were stmifaose
from design methods previously employed.

In this section, the particular aspects of the design martbrmance assessments of geogrid reinforced soil
retaining structures to be considered are the chargatien of the Actions to be resisted and the analytiethaals to
be used.

Actions

The operational behaviour of geogrid reinforced soilimatg structures is controlled by the Actions imposed on
the structure. These Actions have been classifi&lnocode 7 (1995) a®frect Action$, which are loads or forces
applied to the structure, anthtiirect Action, which are imposed or constrained deformations. iém\of the range
of Actions that can affect the operational behaviouhefstructures, their design and performance can fieuttito
model. Further it should be recognised that some typa&stimins may vary considerably with time. Thus it been
suggested by McGown (2000) that Actions should be spilt ineetigeneral categories, viSustained Actioris
“Equivalent Sustained Actidnand “Sustained plus Short-term ActionBig.7.

Sustained Actions and Equivalent Sustained Actions reprefigypes and combinations of Actions that can be
reasonably represented as long term sustained loads ondgéms and are terme&ihgle Stage Actiohs Sustained
plus Short-term Actions are those which must be tdeiatelesigns or performance assessments as a servassfdr
deformations acting for different periods of time, eitbembined or separately, and are ternmiddilti-stage Action’
McGown (2000) has considered the use of an Isochronous StrergyEapproach to represent the possible
combinations of Actions in designs and performance siss®¥s, but much more work is required on how this should

be applied in practice.

Y

v ¥

N - . Related to
Vary;_ng with|]  Varying structural Permanent || Variable
ime spatially response
— 1
Hp{ Permanent Fixed Static
H»| Variable Free Dynamic
-r; Accidental
% J
v
| Various combinations possible |
Critical
Groupings
v v ¥
i Sustained
Sustained Actions Eaulyalent +

Sustained Actions | | Short Term Actions

Figure 8: Classification and Grouping of Actions (McGown, 2000)

Analytical Methods

The first step in the development of design and performassessment methods was the useEofipirical
methods. These were based on the design approach developedrd Armeebut modified to take account of the
experience gained from the early trial and monitored gelstintreinforced soil retaining structures. Nekiriit



Equilibrium” methods were introduced which were based on classidaingchanics principles for Earth Retaining
Structures with the addition of geosynthetic reinforenta treated as pseudo-steel reinforcements. In adtitiga
Global Factors of Safety were used which had the effetitniting deformations at operational conditions. tte
early 1990’s the “Limit State Approach” was introduced. Heeve rather than move completely away from
Empirical and Limit Equilibrium design methods, manyigesodes and standards introduced a modified version of
the Limit State Approach. This modification involved ih&oduction of both Partial Factors and Global Factdrs
Safety to ensure that the outcome designs were muclathe &s for previously employed design methods. Such
modified methods may be termedybrid” design methods. As a result of this continuing procéssalibration’ of

the various methods using Global and Partial Factoesy#éist majority of outcome designs have remained very
conservative and very few failures have been repoB&dud (1999).

In order to progress the design of geogrid reinforcedretaining structures there should be a move away from
the Hybrid design approach to a “true” Limit State Apptoa Within these new design methods, much more
emphasis should be placed on the determination of defamsatat working and serviceability conditions.
Additionally they should not involve the use of any GldBattors of Safety and should involve the use of much less
conservative Partial Factors. An approach worthgoofsideration is the use of a much greater range oésdbr the
Partial Factors. They should be closely linked to rigky wimple low risk structures having the absolute minimum
possible values of Partial Factors applied in the demighmore complex, high risk structures having much higher
values applied. In this way, economies may be obtaioeth& vast majority of geogrid reinforced soil retagi
structures which are essentially low risk structuresl get complex structures in high risk situations mal =t
designed conservatively.

With the development of computing capacity, numericadellimg / analysis has been advancing, particularly for
performance assessments. Within these, the numeragls used to represent the behaviour of the various
components are gradually becoming more appropriaielitidnally the modelling of construction processes is
becoming more common. A key issue will be the chofdaput data to represent the soils, the geogrid
reinforcement, soil geogrid interaction and the propedid¢se other components. The suggestions made inopievi
sections, with regard to the testing and representafithe various components of geogrid reinforced stilmag
structures in designs, are critical to the developmienéw numerical modelling techniques.

CURRENT LEVEL OF KNOWLEDGE AND RESEARCH NEEDS RELATED TO CONSTRUCTION
TECHNIQUES

Several aspects of the construction process employedrto deogrid reinforced soil retaining structures are
known to be critical to their operational performaané should be specified. These include:

® Placing and supporting the facing system

(i) Storing, handling and laying the geogrid reinforcement
(iii) Storing, laying and compacting the soil to be reirgdrc
(iv) Connecting the facing system to the geogrid reinfoezgm

A great deal of research, testing and monitoring of filessstructures has been undertaken to establish the
influence of the construction procedures on the varigoies of facing systems and their connection to thgrggko
reinforcement, Jones (1996). It has been shown thattdoedures adopted during the construction stage may greatly
influence the earth pressures at or near the facingtian distribution of loads along the geogrid reinforcement,
McGown et al (1998), but further research and development watklirequired.

Another important area of research has been focussdtkanfluence of construction techniques on the physical
damage of the geogrid during the construction stage. Howeweh of this work has been directed towards the
measurement of the effects at ultimate conditiottserahan at serviceability conditions.

Since the introduction of geogrids, the basic construgirosess for walls, steep slopes, slopes and embankment
side slopes has remained the same. It has involvedylayinthe geogrids in roll wide widths in the direction ghti
angles to the lateral boundary, In contrast, the awil the facing are usually placed in the directioralfgrto the
lateral boundary. The reason for this is that thgial construction procedure foerra Armeas being followed. As
a consequence, most geogrid reinforcements are manuéhtdure stronger in their machine direction.

The adoption of th@erra Armeeconstruction procedure generally avoids the need fotingirof the geogrids but
slows down the construction process. However were tbgrigs to be stronger in the cross-machine directiah a
laid out parallel to the facing, a more rapid constamctirocess could be employed providing that the edges of the
geogrids could be efficiently connected to the facingesystnd, if necessary, efficiently connected to amgiheallel
roll of geogrid, thereby providing sufficient anchorage lengfiull-out resistance. Little or no research has been
carried out on the benefits to be gained from this gham the construction procedure.

CURRENT LEVEL OF KNOWLEDGE AND RESEARCH NEEDS RELATED TO THE DERIVED
BENEFITS

Rarely are the technical benefits identified and set dovem ordered manner for any particular site application.
Generally all the other possible forms of Earth Retta Structures have not been designed in detail and so
comparisons cannot be made. Whenever there is ddtsibechation on alternatives structures, then idemtdgyand



reporting on the technical benefits to gained from theofigeogrid reinforced soil retaining structures, would be
most useful,

Cost benefits have to date been one of the mainigagidn for using geogrid reinforced soil retaining strucure
Commercial confidentiality has often prevented detailegorting of the relative costs of alternative designs.
Whenever there are fully detailed costs available, rteygoon the cost benefits of using geogrid reinforced soil
structures would be most useful.

In recent times the identification of the environnaéridenefits accruing from the use of geogrid reinforced soi
structures has become a major issue / requirement, (@82). Much more research and development work related
to the quantification of the environmental beneféguires to be undertaken.

FUTURE RESEARCH NEEDS

* The present level of knowledge with respect to the desigrparformance of facing units, connections and
wall foundations is adequate and that little furtheraeseis required in the near future. However, some
development work and further testing may be required.

» The present level of knowledge with respect to the inmeasurement of the uniaxial load-strain-time-
temperature properties of uniaxial and biaxial geogrid predscsufficient. Thus little further research is
required in this area in the near future, although imgntadissemination of the research results is required.
Further research is, however, required on the behavfduiexial geogrids under biaxial loading conditions
and on the behaviour of the newly introduced, triaxialgges under uniaxial, biaxial and triaxial loading
conditions. For all types of geogrids, it is suggestedfthtiter research is required on the quantification of
Partial Factors, with particular emphasis placed otuatiag the influence of physical damage and chemical
degradation at different operational strain ranges, rdlfam just at ultimate conditions. Additionally, the
application of Strain Energy concepts to the interptaif biaxial and triaxial geogrid behaviour and to the
effects of physical damage and chemical degradationnsd=red to be an area of future research.

» A considerable amount of further research is requiretheruse of a much wider range of natural soils and
waste products in geogrid reinforced soil retaining strustur§his may involve the development of
innovative soil improvement and compaction techniquesmibeification of the structure of some geogrids
or the use of specialist drainage techniques. With regeatl $oil types or waste products, it is suggested
that future research should focus on the determinatiorclear@dcterisation of the relationship between their
mobilised angle of friction and strain and on meardraihing fills with poor drainage characteristics.

+ The measurement of the pull-out resistance of geogridslisestablished and little further basic research is
required in this area. However, further testing will regio be undertaken on new types of geogrids in
standard soils and on both existing and new types of geognidsistandard soils. Future research should
be directed towards identifying for geogrids embedded in diftesoil types, the local confining effects of
geogrids, the extent of the zone of influence of geogridstendlobal properties of the composite material.

* No further research is required in this area althougheremphasis on the influence of soil settlements and
creep strains on the behaviour of geogrid reinforcedstittures is required.

* The present approach to the overall assessment ofusersics most often is based on the assumption that the
reinforced soil block is rigid. Future research shoulddivected towards investigating the problems and
benefits arising from the assumption of the rigiditytieé overall structure and the shape of the lateral
boundary.

» The classification of Actions is well understood, le@er, there is much more research required in order that
the various categories of actions may be appropriafgliegl in designs and performance assessments of
geogrid reinforced soil retaining structures.

» Considerably more research and development work shoulddmrtaken in order to allow the introduction
of a “true” Limit State design method. These should motdalibrated” to maintain the same outcomes as
previously used design methods. Further, much more rbsaadcdevelopment work should be undertaken
to develop more appropriate numerical modelling techniqugsefdormance assessments.

» More research and development work should be undertakal aspects of the influence of the construction
techniques on the performance of geogrid reinforced etaiining structures.

* More research and development work related to the ideridn and quantification of the technical and cost
benefits needs to be undertaken. Particular emphasiis he be placed on quantifying the environmental
benefits to be gained from the use of geogrid reinfosoddetaining structures.

CLOSING REMARKS

This paper represents a highly personal assessméme ofse of geogrids in Earth Retaining Structures and is
intended to provoke discussion, rather than to set ouwtietiated view on the way forward. Hopefully following on
from the discussion of the views expressed, the neddttoe research and development work will be identified and
priorities agreed.
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