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INTRODUCTION

Scope of this paper

This paper presents an assessment of the use of gesgudpaved roads and unpaved areas. Unpaved areas
comprise working platforms, storage areas, parking lots,yards, etc. The phrase “unpaved roads and trafficked
areas”, sometimes used, is not used herein becausg her@nfusing (as it may imply that the areas arédkafl
and the roads are not, and that the areas are not unpaWed}term “stabilisation structures” will be used to
encompass these two types of structures; and the sefiograde stabilisation” will refer to this applicatiorgeneral.

This paper includes two main parts. In the first patgchnical analysis is presented where the relevant ppiepe
of geogrids in unpaved roads and unpaved areas are disdusteisecond part, the state of practice is reviemed
factors that have an impact on the use of geogridspavad roads and unpaved areas are discussed, such ast the c
of geosynthetics and aggregate, competition with geotexditesexperience of decision-makers. The paper ends with
a discussion of challenges for the future, including rekezeeds.

This paper is written for readers who have a good knowlefigeotechnical engineering and geosynthetics and
their applications. In particular, the readers are asdumbe knowledgeable about unpaved roads and unpaved areas,
and to be familiar with the related terminology. httenally, the paper does not include any illustratiomrider to
focus the attention of the readers on the analysesliandssions. The purpose of this paper is not to exptaintb
design and construct unpaved roads and unpaved areas, butddlessise of geogrids in these structures.

Definition of the structures considered

A stabilisation structure consists of a layer of ummb aggregate (referred to as “aggregate layer” or “aggregat
base”) resting on the subgrade soil and subjected tccthgffiehicles on wheels. Today, in many of these strestia
geosynthetic (typically a geotextile or a geogrid) is ussd/iéen the aggregate layer and the subgrade soil touepro
the performance. Other locations of the geosynttoetitd be considered (which could be a research topic), biisin
paper, only geosynthetics located between the aggriegateand the subgrade soil are considered.

In most of the cases where a geosynthetic is neededutigrade soil is essentially a low-permeability nlter
that contains a high percentage of fine particles (¢fijpnand has a high water content. In contrast, the ggtgas a
high-permeability material that consists of coarsdigias.

The subgrade soail is typically characterized by its undthcohesiong,, or by its CBR. Several methods of
conversion between undrained cohesion and CBR havefyeposed. Typically, an undrained cohesion of 100 kPa is
considered approximately equivalent to a CBR of 3 or 4%hduld be noted that the CBR is often referred to as a
number rather than a percentage, e.g. 3 rather than 3%.

Aggregate is generally expensive. Therefore, it is aftgportant to minimize the aggregate layer thicknessaf
given service life. This can be achieved by incorporaingeosynthetic in the stabilisation structure betwien
aggregate layer and the subgrade soil. Alternatively, pacating a geosynthetic in a stabilisation structune ca
increase the service life for a given aggregate ldlyekness. Therefore, parameters considered in aistdiuh
structure are: service life, thickness of aggregafer)and type and properties of the geosyntheticyif a

Overview of geosyntheticsused in stabilisation structures

The geosynthetics used in stabilisation structures fnpaved roads and unpaved areas) comprise essentially
geotextiles and geogrids. Geocells are also used, buintded extent.

The geotextiles comprise woven geotextiles and nonwoverexdees. Geotextiles typically used to provide
reinforcement to stabilisation structures are somegireferred to as “stabilisation geotextiles”. The gknpdalso
called geowebs) are honeycomb structures that are deployee site and filled with granular material. Compared
with geotextiles and geogrids (which are both a few mibiargethick) the geocells are relatively thick (typically0
to 200 mm).

A variety of geogrid types are used nowadays. They inclilddeogen geogrids, i.e. geogrids that consist of two
sets of perpendicular woven ribs or yarns (often mad&eaithed polyester fibers) coated with a protective petym
(e.g. PVC or based on PVC); (ii) welded geogrids, i.e. gg®dnat consist of two sets of perpendicular straps (als
called “flat bars”), typically made of stretched polyesteelded at their junctions; and (iii) extruded geogrids which
are monolithic structures that consist of two setge@fpendicular ribs typically made of drawn polyethylene or
polypropylene. The term “extruded” is shorthand for extrudediped-drawn, as these geogrids are, in fact, produced
by extrusion, punching and drawing. Some of the extruded geaedsiultilayered. The wide variety of geogrids
results in a wide variety of properties and modes of inierawith soil or aggregate.

Ever since they appeared in the early 1980s, geogrids ustabilisation structures have been essentially biaxial
geogrids, i.e. geogrids that consist of two sets of perpaladielements (ribs, yarns, straps, bars). Howeeeently,
one type of triaxial extruded geogrid has become availatdeitaan be expected that other types of triaxial geogrids



and new geogrid geometries will become available. fésts on stabilisation structures incorporatingialegeogrids
raise fundamental questions regarding the mode of intendotitveen geogrids and adjacent materials, in particular
questions regarding the impact of geogrid geometry on geageichction with adjacent materials. These fundamental
guestions open up important avenues for research; and ltecarpected that this research will benefit all typles
geogrids. Therefore, it is important that the fundamentestipns raised by this new type of geogrid be thoroughly
addressed in this paper

It seems that, in the past three decades, more effotiden devoted to perfecting the manufacturing processes of
geogrids than optimizing their structure and propertiemfirave their interaction with soil. The author ofstipiaper
believes that, in the future, emphasis should be putsgareh work aimed at optimizing the structure and propertie
of geogrids to improve their interaction with soil. Acdiogly, suggestions for research will be presentedinere

Applications and servicelife

There is a major difference between unpaved roads andeathpaeas. In the case of unpaved roads, the traffic is
channelized, or at least is assumed to be channelized {eough, in wide unpaved roads, the traffic may wataler
some degree). In contrast, the traffic is not chameélin the case of unpaved areas. However, the traffic ba
channelized in some parts of an unpaved area, such agrdrece to a working platform.

Service life is typically expressed in terms of numberehicle or axle passes in the case of unpaved roadee In t
case of unpaved areas, a number of passes cannot belefisiy and there is no practical way to expressehéce
life. Some judgment is needed from the part of a desigimeer who uses for an unpaved area a design method where
the number of passes is a parameter. Researchdechieclarify this matter.

In some of the discussions presented in this paper, itpertant to distinguish between, on one hand, unpaved
roads that are only used as unpaved roads (i.e. duringetiige service life) and, on the other hand, unpaveds
that are, in fact, the aggregate bases of paved roads cordgruction and are used as unpaved roads only during
construction of the roads.

TECHNICAL ANALY SISOF UNPAVED ROADSAND UNPAVED AREAS

Role of the aggr egate layer

The role of the aggregate layer is to distribute the kmathe stresses applied to the surface of the subgriadees
below the stress level that causes excessive deformatitheo$ubgrade soil. (The mechanisms of distress of
stabilisation structures are discussed in the nexioseciThe total load on the subgrade soil is the sasrnheatotal
load applied by the vehicle (plus the weight of the agpgeelayer), but it is applied over a much greater dr@athe
contact area between the wheels and the aggregatesiafece.

A simple analysis can be done in the hypothetical whasee a vehicle does not move, i.e. a static caseawhere
is no traffic (i.e. no dynamic load, no repeated logyiFor this simple analysis, it can be considereditizgastresses
that cause excessive deformation of the subgrade sa@ilrasses that exceed the bearing capacity of the sigbgod.
A simple bearing capacity calculation shows that, ifuhdrained cohesiom,, of the subgrade soil is greater than
approximately 100 kPa, the subgrade soil can support thels&diapplied directly on its surface by the wheels of a
typical truck. This shows that, if the subgrade soil hasiradrained cohesion of the order of 100 kPa or less, an
aggregate layer is needed to provide load distribution icake where the load is static. In case of tradfeling, an
aggregate layer would be needed for an even higher vathe ahdrained cohesion of the subgrade soil.

The effectiveness of load distribution depends on the aggrémeer thickness and stiffness. The effectiveness of
load distribution can be improved by geosynthetic reimiorent, as discussed in a subsequent section.

M echanisms of distress of a stabilisation structure
To understand the benefits of geosynthetics (and, ticplar, geogrids) in stabilisation structures, it isessary
to understand the mechanisms of distress of thesewstsct

Description of distress of a stabilisation structure

If there is no aggregate layer, distress of a soilesudyl to traffic manifests itself by excessive ruttthge to
excessive deformation of the soil, which results frastumulation of soil deformation due to repeated tradficling
and/or bearing capacity failure of the soil.

As a result of excessive rutting, traffic becomes imfbssor difficult to the point where the conditions are
considered unacceptable. If there is an aggregate ligéness also manifests itself by excessive rutting. ddew
due to the presence of two materials, the aggregateharsilibgrade soil, the mechanism of rutting is more complex
than for the case where there is no aggregate layer.

If there is an aggregate layer, excessive rutting, ssreed at the surface of the aggregate layer, is esbedtie
to excessive deformation of the subgrade soil. In additi@re may be some decrease in aggregate layer theckhes
the location of the ruts. Decrease in thickness ofathgregate layer not only contributes to the amountitting
observed at the aggregate layer surface, but also (mpartantly) decreases the ability of the aggregate layer
distribute the load on the subgrade soil, thereby incrgéise deformation of the subgrade soil.



Clearly, deterioration of the aggregate layer play®w fole in the distress of a stabilisation structuneother
words, the integrity of the aggregate layer is essketttithe performance of a stabilisation structutesTs discussed
in more detail below.

Mechanisms of aggregate layer deterioration

There are essentially two mechanisms of aggregate dayerioration: interpenetration (mixing) of aggregaté an
subgrade soil; and displacement of aggregate within the a¢gjtager.

Interpenetration of aggregate layer and subgrade soil résutgepeated loading. It manifests itself in two ways:
downward movement of aggregate (i.e. loss of aggregatehiateubgrade), and upward movement of fine particles
from the subgrade soil (i.e. intrusion of fine subgradiepsoticles into the aggregate). The loss of aggregatetlire
subgrade decreases the thickness of the aggregatewaiehr,decreases its ability to distribute the traffiads. The
intrusion of fine subgrade soil particles into the aggeegédters the mechanical properties of the aggregdtiehw
makes the aggregate layer more likely to deform andaledssto distribute traffic loads. It should be noted thamall
amount of fine soil particles is sufficient to sigodintly alter the aggregate mechanical properties.

Displacement of aggregate within the aggregate layer rasylt from several mechanisms: deformation of
aggregate layer as a whole, lateral spreading of aggregatl bearing capacity failure of the aggregate layer.
Deformation of the aggregate layer as a whole, abkefaggregate layer were a continuum (i.e. compression,
distortion, bending, etc.), is generally insignificab&aring capacity failure of the aggregate layer is faaéeral
spreading of aggregate, moving essentially as discretelesytis the dominant mechanism of aggregate layer
deterioration, along with the interpenetration mechanissoudsed above. The final result of the displacement of
aggregate within the aggregate layer is a decrease kméisie (and possibly density) of the aggregate layer.

As a result of its decrease in thickness (and possiblgitserand the alteration of its mechanical propertiles,
aggregate layer becomes progressively less able tibdistthe traffic loads.

Summary of distress mechanisms

The mechanisms of distress of a stabilisation strectan be summarized as follows:

» deformation-deterioration of the aggregate layer eitihminsic to the aggregate layer (deformation of
aggregate layer as a whole, lateral spreading of aggremeter repeated traffic loading, and/or bearing
capacity failure of the aggregate layer) or resulting femgregate layer /subgrade soil interpenetration (loss
of aggregate into the subgrade, and/or intrusion of fine subgeatleles into the aggregate, which makes the
aggregate layer more likely to deform); and

» deformation of the subgrade soil (accumulation of subgraidieleformation due to repeated traffic loading,
and/or bearing capacity failure of the subgrade soil,ilplgssue to improper load distribution resulting from
aggregate layer deformation-deterioration).

Per for mance enhancement using geosynthetic

Purpose of performance enhancement using geosynthetic

Based on the discussions in the preceding sectiorssclgéar that, essentially, the aggregate layer musibaitst
the load during the service life (typically expressedumber of vehicle or axle passes in the case of udpaasls).
Therefore, the inclusion of a geosynthetic in a stiibn structure will be beneficial if it: (i) ineases the ability of
the aggregate layer to distribute the load; and/or @inmains the ability of the aggregate layer to distelihie load
during the service life of the stabilisation structufevo geosynthetic functions are involved: separation and
reinforcement. These functions are discussed below witfhasis on reinforcement.

Separation

A geosynthetic performs the function of separation whenevents interpenetration of two materials thatltem
mix when they are squeezed together by applied loads. Inattes af stabilisation structures, separation of the
aggregate and the subgrade soil prevents the loss ofgatgriato the subgrade and prevents intrusion of fine
subgrade soil particles into the aggregate. This is impidbecause, as noted previously in this paper, it onlystake
small amount of fines to significantly reduce the medw@rstrength of aggregate.

Geotextiles are typically used to perform the separatination. Indeed, a geotextile with adequate puncture and
tear strength prevents the loss of aggregate into theaglébgnd, with adequate opening size, prevents intrusion of
fine particles from the subgrade soil into the aggrelgets.

However, a geogrid can also provide some degree of sepatatiugh individual action of each aperture and
global action resulting from its continuity:

* A geogrid with adequate aperture size prevents the fasdieidual aggregate particles into the subgrade.

* A geogrid that keeps the aggregate layer together reduceppbetunities for intrusion of the aggregate by

fine particles from the subgrade soil.

However, if fine particles from the subgrade soil intrudi® ithe aggregate, the effectiveness of the geogrid-
aggregate interaction is likely to be reduced, which cawepg detrimental to the performance because geogrid-
aggregate interaction is the main mechanism of impremerof a stabilisation structure, as discussed in tapep
Even though geogrids can provide some degree of sepamgiogrids used in stabilisation structures are essentially



expected to provide reinforcement. In fact, in some ¢casgsotextile and a geogrid are used together: the geotextile
to provide separation, and the geogrid (overlying the gglefeto provide reinforcement.

Reinforcement

Geosynthetic reinforcement of unpaved roads and unpaved epeaists in improving load distribution and
improving the subgrade bearing capacity.

The geosynthetic improves load distribution through twolraeisms:

« itimproves the ability of the aggregate layer to diste loads; and

+ it carries out load transfer through the “tensioned mambeffect”.

The geosynthetic improves the subgrade bearing caplagityonfining the subgrade soil. (The terminology
“confinement of the subgrade soil” should be used withi@ault is macro-confinement, i.e. confinement olar@e
scale. In contrast, confinement provided to aggregathirwithe geogrid apertures is micro-confinement, i.e.
confinement at the scale of the geogrid apertures.)

The three reinforcement mechanisms (load distributionsidgeed membrane effect, and subgrade solil
confinement) are discussed in the next section.

Reinfor cement mechanisms

Improvement of load distribution by the aggregate layer

A geosynthetic improves load distribution through two haeisms: (i) by minimizing deterioration of the
aggregate layer; and (i) by increasing the ability o aggregate layer to distribute loads. These two effee
discussed below.

Geosynthetic reinforcement minimizes deteriorationthaf aggregate layer by preventing shear failure of the
aggregate layer and lateral spreading of aggregate. flilaee (or bearing capacity failure) of the aggredayer is
rare. Therefore, the main mechanism through which sygéeetic prevents deterioration of the aggregate liayey
preventing or reducing lateral spreading of aggregate. Tachisved by interlocking between geogrid and aggregate.
This mechanism does not exist with geotextiles.

As mentioned previously in this paper, load distribui®mprovided by the aggregate layer. From a mechanical
standpoint, the aggregate layer and the subgrade soibfon-layer system. It is known from the theory lakécity
that, in a two-layer system, the stress distributiorthe lower layer depends on the modulus of the upper. [Byere
is a significant stress distribution difference betwadwo-layer system and a uniform soil. An aggregafer laith a
high modulus reduces drastically the maximum stress osubgrade under the wheel. It is also known from the
theory of elasticity that there are tensile stresse¢he bottom of the upper layer, which weakens the upper and
reduces the stress distribution effectiveness. Theretoeestress distribution effectiveness of the upper lege be
increased by adding tensile stiffness at the bottorhetpper layer, hence the use of geosynthetic reimamceat
the bottom of the upper layer (i.e. the aggregate layer).

It is important to note that just adding geosyntheticfoea@ment at the bottom of the aggregate layer is not
sufficient (especially with repeated loading). It is etisério impart tensile stiffness to the aggregate.ifpart
tensile stiffness to the aggregate at the bottorheaggregate layer, there are two mechanisms:acteffiction and
interlocking. Interface friction exists between geotexahd aggregate and between some geogrids and aggregate.
Interlocking is an interaction mechanism that is speddi geogrids. Due to its importance for geogrid-reinfirce
stabilisation structures, interlocking will be furttdiscussed in a subsequent section.

Load transfer by the tensioned membrane effect

In addition to load distribution, geosynthetic reinfarent can contribute to load support through a mechanism
called the “tensioned membrane effect”. The tensianethbrane effect has been extensively discussed bedause,
early attempts at explaining the behavior of unpaved riadas thought that the tensioned membrane effect lneas t
main mechanism governing the performance of unpaved ribé&lknown now that this is not the case.

The tensioned membrane effect consists in decredsintpad induced in the subgrade soil under the wheels, by
transferring part of this load to lateral zones (iveayafrom the wheels). The mechanism is the followibge to the
traffic loads, the geosynthetic is deformed and is, fhereunder tension. Under the wheels, due to rutting, the
geosynthetic has a concave shape. The resultants (ef@abriented upward) of the geosynthetic tensions oh ea
side of the concave shape contribute to wheel supporseThesultants are balanced by downward resultants
associated with the convex shape of the geosynthetig fawa the wheels.

From this analysis, it is clear that the tensioned hmanme effect requires rutting (in fact, deep rutting) and
calculations show that, for typical rut depths, the @l membrane effect is negligible. Also, the teresion
membrane effect works only with channelized traffic. (ifetraffic keeps deepening the same ruts). Traffinas
channelized in the case of unpaved areas and traffic otderchannelized in some wide unpaved roads.

Thus, the tensioned membrane effect is not the matchamésm governing the behavior of unpaved roads and
unpaved areas. The tensioned membrane effect is alwgligible in geogrid-reinforced unpaved roads and unpaved
areas, and it may carry only 10% of the load in gedeertinforced unpaved roads and unpaved areas that exhibit
very deep ruts (Giroud et al. 1984).



Subgrade soil confinement

Due to the presence of a geosynthetic on top of the sidygtee deformations of the subgrade soil are limited. |
other words, the geosynthetic provides subgrade confimenfe should be remembered that, as pointed out
previously in this paper, the terminology “subgrade icmmhent” should be used with caution. It is macro-
confinement, i.e. confinement on a large scale. Imtrest, confinement provided to aggregate within the dggogr
apertures is micro-confinement.) As a result, thé can be loaded near its ultimate bearing capacity.ohtrast,
without subgrade confinement, a load equal to the ultinedeiry capacity would cause immediate failure. In other
words, an unpaved road with no subgrade confinement by ghetignvould fail at the first axle pass if the load at
the subgrade soil level is equal to the ultimate beaxdpgcity.

Therefore, unpaved roads without geosynthetic must bgrded to avoid loads equal to the ultimate bearing
capacity. As a result, they must be designed for loadd &gtize elastic limit. Accordingly, as shown by Giroud &
Noiray (1981) with further refinements by Giroud & Han (20@4&, allowable pressure on the subgrade soil is®.14
(cy being the undrained cohesion of the subgrade sdowi geosynthetic, 5.1¢, with a geotextile and 5.7, with
a geogrid. The difference between the geotextile caséhargkogrid case is due to the difference in stress atiemt
which results from the difference between geotextile-egape interface friction and geogrid-aggregate interlgekin
(Giroud & Han 2004).

Reinforcement and displacement

It is always beneficial to keep the stabilisatiomatiure deformations as small as possible:

* In the case of permanent unpaved roads and unpaved arefisdefioranations mean less rutting and,

therefore, better trafficability.

« If an aggregate layer, that is temporarily used as arvedgaad, is eventually incorporated in the structure of

a paved road, it is important to minimize deformationpreserve the integrity of the aggregate layer to
ensure long-term performance of the paved road.

If there is efficient interlocking between a geogrid andregate, the relative displacement required to mobilize
interlocking can be expected to be small and to be lessttie relative displacement required to mobilize interfa
friction. Therefore, geogrid-reinforced aggregate layens be expected to deform less than geotextile-reirdorce
aggregate layers. Also, it may be assumed that geogrideetitaon interlocking with aggregate could result in less
deformation of the aggregate layer than geogrids thatreffriction. However, this is only an assumption that must
be evaluated through research.

Regarding displacements associated with geogrid reinforcethen¢é is another consideration which is perhaps
more important than the stabilisation structure defaonafiscussed above, and certainly more fundamental. It is
very important to mobilize interlocking with a displatent as small as possible so that the aggregate i<tsubje
minimum disturbance. In particular, if the aggregate been placed and compacted to its maximum density, it is
important that it remains at its maximum density.

Discussion of interlocking

I mportance of geogrid-aggregate interlocking.

Discussions in the preceding sections show that interlgdetween geogrid and aggregate plays a key role in the
performance of geogrid-reinforced stabilisation strustuiteshould be noted that it is possible that geogridsigbus
types and/or characteristics do not provide the saus of interlocking with aggregate. This is discussedveel

Factors governing geogrid-aggregate interlocking.

The factors that govern geogrid-aggregate interlocking incheléollowing:

e geogrid aperture size relative to aggregate size anchgradi

» geogrid aperture shape,

» shape and stiffness of ribs, and

» stiffness (more than strength) of junction between ribs

These factors are discussed in subsequent sections.uld d® noted that “inter” in “interlocking” clearly
indicates that the two materials, the aggregate and tgrideplay a role. Therefore, it is important to cdesi
relative geogrid/aggregate properties rather than onlgrgkeproperties. Accordingly, in the discussions presented in
subsequent sections, the geogrid properties are presemnébation with the aggregate properties.

It is sometimes said that, thanks to interlocking, a gddgonfines” the aggregate. This is correct, and, enor
precisely, it is “micro-confinement” at the scalegebgrid apertures. However, herein, the confinement tetagy is
avoided in the discussion of interlocking in order to pnéw®nfusion with the macro-confinement of the subgrade
provided by a geotextile or a geogrid at a large scale, assdid previously in this paper.

In subsequent discussions, it is considered that effiaiteiocking occurs when there is minimum displacement
between the geogrid and the aggregate (i.e. “small-dispatemobilization”) and minimum disturbance of the
aggregate by the geogrid. In other words, it is considémdhe geogrid should provide properties that the aggregate
does not have and should not alter properties that theegaje does have. Furthermore, there should be such an
intimate match between the geogrid and the aggregate geigrid-aggregate “composite layer” is created. |&thger
perfect match between the geogrid and the aggregatepthjgosite layer has optimum properties.



Discussion of the size of geogrid apertures with respect to interlocking

The ability that a geogrid has to interlock with a gieggregate depends, among other factors, on the size of the
geogrid apertures and the size and grading of aggregaielgsartt has been known since the first uses of blaxi
geogrids that there should be an appropriate match bettheesize of the geogrid apertures and the size of the
aggregate particles (Jewell et al. 1984). As a simple thiegeogrid aperture size is often selected as aircerta
fraction of the aggregate maximum patrticle size.

The phrase “aperture size” implies that a geogrid apecamebe characterized by one dimension, i.e. it is square
or equivalent. More attention should be paid to the dafmibf the aperture size for apertures other thanrscguech
as: rectangular apertures; triangular apertures; ande gemerally, apertures of future geogrids with innovative
geometry. Also, research work should be undertaken to gewsboe sophisticated rules, e.g. rules that involve not
only one aggregate particle size, but several charstiterdf the particle size distribution curve of tiggregate.

Discussion of the shape of geogrid apertures with respect to interlocking

The ability that a geogrid has to interlock with a givgigragate depends, among other factors, on the relative
geometry of the geogrid and the aggregate, i.e. the meaijp between the shape of the geogrid apertures and the
arrangement of aggregate particles. Describing aggregategament is difficult. Traditionally, in soil mechanics
arrangements of identical spheres are used as a tool tostamdearrangements of particles. Aggregate performs
better if it is denser. The densest arrangement oficdrspheres is the hexagonal arrangement and thedeast
arrangement of identical spheres that are in contacth@get the cubic arrangement. It may be speculated that a
biaxial geogrid may tend to cause the aggregate to adoplylacalibic arrangement in the vicinity of the geogrid,
which is a loose arrangement for the aggregate, thémeliyng the benefit of interlocking. Then, at a @nt distance
from the geogrid, the aggregate may recover an arrangdiments more or less hexagonal (assuming that the
aggregate has been placed in a dense state, i.e. hawdleeompacted). However, the transition in structurd a
density, from the cubic arrangement in the vicinity loé geogrid to the hexagonal arrangement away from the
geogrid, is probably not favorable to optimum mechaniedlabior of the aggregate. In contrast, a geogrid that
interlocks with a dense aggregate without disturbingathengement of the aggregate is likely to be most beakfo
an aggregate that has been well compacted. (Incidemedlgarch on the impact of compaction on interlockinglavo
be useful.) The discussion based on arrangement of sphdsegpromides an approximate description of the
interlocking mechanism between aggregate and geogrid. dheredther than “without disturbing the arrangement”,
it is preferable to say “with minimum disturbancelo arrangement”.

The above discussion seems to lead to the conclusion tetigrid should have a hexagonal structure in order to
interlock with a dense aggregate (i.e. a well compaajgdegate having an approximately hexagonal arrangement)
with minimum disturbance of its arrangement. In fdogré are two planar structures that may meet the comdit
interacting with a dense aggregate while causing minighigturbance of its approximately hexagonal arrangement: a
geogrid with hexagonal apertures and a geogrid with apettausg the shape of equilateral triangles.

Both a geogrid with hexagonal apertures and a geogrid withuegehaving the shape of equilateral triangles may
interlock with a dense aggregate while causing minimumrdatice of its arrangement. However, there is a major
difference between a geogrid with hexagonal apertures gedgrid with apertures having the shape of equilateral
triangles. In a geogrid with apertures having the shape ofageyai triangles, the ribs are aligned, whereasa i
geogrid with hexagonal apertures, the ribs are not alighede ribs are aligned, the tensile charactessbf the
geogrid are higher. Furthermore, if the ribs are a&lignit is possible to manufacture a geogrid with stretched
(“drawn”) ribs, which provides tensile characteristihat cannot be achieved without drawing.

It should be noted that the above discussion is only spgeeuéand qualitative. The only purpose of this discussion
is to suggest topics for research work aimed at providirguantitative analysis of interlocking. Also, the above
discussion is limited to the aggregate arrangementlikely that the shape of the aggregate particles haspact
on interlocking with geogrids. This is also a suggested sulojettiture research.

Discussion of the shape and stiffness of ribs with respect to interlocking

The shape and stiffness of ribs can be expected to (tay &ole in the development of interlocking between a
geogrid and aggregate. Since interlocking is likely to pl&gyarole in the behavior of unpaved roads and unpaved
areas, it can be said that the shape and stiffnessscamblikely to play a key role in the behavior of urgzhwoads
and unpaved areas.

As pointed out previously in this paper, efficient geogrigragate interlocking requires that the relative
displacement between the geogrid and aggregate be smadly Ibe assumed that a geogrid should be stiff to act with
small displacement. However, if a geogrid is too stiffmiay disturb the aggregate structure during aggregate
placement or it may lack strain compatibility with thggeegate, thereby disturbing the aggregate during the first
application of a load. As a result, a geogrid that isstdbcould be detrimental or its benefits could be ledit

Regarding the shape of the geogrid ribs, two considerati@sha height and the thickness of the ribs. For
example, in the case of extruded geogrids (geogrids that sentesly on interlocking with aggregate) it is thought
that ribs should be: (i) thin (at least as thin as cdibjgawith the required stiffness) in order to cause mim
disturbance to the aggregate; and (ii) tall (in thectiva perpendicular to the plane of the geogrid) to maxmiz



interlocking but not too tall, which could hamper aggregstiike-through and, therefore, be detrimental to
interlocking. Research is needed to quantify these quaditatinsiderations.

There may be a link between the geogrid/aggregate geomstch and the required stiffness of a geogrid. It is
possible that the better the geometric match, théerstihe geogrid can be without significantly disturbing the
aggregate. This is another potential research subject.

Discussion of the stiffness of junctions between ribswith respect to interlocking

The mechanical behavior of junctions between ribsieas discussed by a number of researchers. Some think tha
this is an important consideration, while others do Mbe terminology “junction strength” is generally used, ibut
seems more appropriate to use the terminology “jundiiffness” since only small strains are involved.

In the case of extruded biaxial geogrids, it seems logicadoire high junction stiffness between the transvers
ribs that provide interlocking and the longitudinal ribs ety loads. At least, this is the simple view of |tehsfer
between the two sets of ribs in a two-dimensionadlitaa situation. In more realistic loading situations, wehtire
direction of principal stresses is not perfectly defirthd, distinction between transverse ribs and longitldibs is
not relevant, but the justification for junction stifiss may still exist. The aperture stability modulugragerty that
combines the torsion stiffness of a geogrid and the pmdiiffness, is used for biaxial extruded geogrids because a
correlation appears to exist between this property amgehformance of stabilisation structures incorporatiagidl
extruded geogrids.

In contrast, field observations and other researchotlappear to show a correlation between the apertaipdity
modulus and the performance of stabilisation structim@sporating triaxial extruded geogrids. It thus appears that
the required geogrid properties may not be the sameeitabe of triaxial extruded geogrids and biaxial extruded
geogrids. Clearly, more research is needed on the toghe dfehavior of junctions between ribs.

In the case of geogrids that interact with aggregatgeat part through interface friction, junction strengtd a
aperture stability modulus do not appear to be importapiepties (as they are in the case of extruded geogrids, which
interact with aggregate mostly through interlocking).hBps, in the case of geogrids that interact with aggregate
mostly through interface friction, a minimum junctidresgth to ensure that the geogrid survives construatithrout
damage is sufficient.

Conclusion on geogrid properties for interlocking

Based on the above discussions, it can be tentativebiunted that interlocking requires a geogrid with: adequate
aperture size relative to the size and grading of theeggte particles; aperture shape that best interadtsthet
densest arrangement of the considered aggregate; andzeptistiffness to provide reinforcement at very low
deformations of the stabilisation structure while hg\strain compatibility with the aggregate.

These tentative conclusions may apply to all types ofjggm However, they apply essentially to extruded
geogrids, because other geogrid types may rely less ofoakiag than the extruded geogrids. In fact, with geogrids
other than extruded geogrids, the main mode of interactigrbmather than interlocking, such as interface ticti

Specifically for the case of extruded geogrids, it candaea that ribs that are thin (to minimize disturbandbef
aggregate) and tall (but not too tall, which could hangggregate strike-through) may be considered to enhance
interlocking.

Finally, it is clear that the above discussion on theygegroperties required for interlocking leads to a number o
research subjects.

Discussion of tensile char acteristics of geogrids

It appears, from the discussions in preceding sectibastijriterlocking is likely to be the dominant mechanism, at
least for extruded geogrids. However, tensile strength is oftentioned in publications and specifications on
geogrids. The use of tensile strength to characteriagrigis used in unpaved roads and unpaved areas is tempting
because tensile strength is the simplest and modilyre@acognized (if not understood) mechanical propeftya o
geosynthetic. Simplicity and recognition are not afigstiion for using a property. The property must bevaei¢

Based on discussions in preceding sections, it is pestifat tensile characteristics (essentially theileens
stiffness) are more relevant to the geogrids thatledy on interlocking and more on frictional interactiomtba
geogrids that rely essentially on interlocking (suchxasided geogrids).

It should be noted that, even when a geosynthetic i®delj to tensile forces in a stabilisation structure, t
relevant property is not tensile strength but terstiffness (“tensile modulus”). This is because the s$raivolved
are generally not sufficient to mobilize the ultimateength. For example, tests by Watts et al. (2004) intexpizy
Giroud & Han (2006) show that geogrid strains under dual wiaeelstill very small (i.e. between 0.1 and 1.2%) after
full development of ruts at the end of the test.

It is important to note that the main reason tensikngth, i.e. ultimate strength (as opposed to tenfleests), is
irrelevant (or negligible) is not because rutting is gaihenot sufficient to mobilize tensile strength.fact, the main
reason is that tensile strength is not relevant t@rig@ggregate interaction (whether it is through interlogkon
interface friction). As indicated in the precedingt&st, geogrid-aggregate interaction should be mobilized veétly
small displacement. Therefore, the geogrid ultimataileerstrength plays no role until the stabilisatiorucure
undergoes deep rutting associated with large deformationeofdfregate layer and the subgrade soil. Then, the
geosynthetic provides the tensioned membrane effect.



Survivability of geogrids

Resistance to construction damage is outside the scapésgdaper, but it is important to mention it. Like any
geosynthetic used in any application, a geogrid must becignffiy robust to withstand the rigors of transportation,
handling, installation, placement of materials in aohtand other construction activities. Also, the gebgrust be
capable of maintaining the integrity of its structure pnaperties throughout its service life. The geogrid nelte
must also not be degradable in any way in a soil enmient.

REVIEW OF THE STATE OF PRACTICE

Scope of thereview
The review of the state of practice presented herdiaded on both facts and beliefs. While it is esaktatiknow
facts (e.g. percentages of uses per category), it isnagswtant to know how geogrids are perceived by users.

Types of applications

As mentioned in preceding sections, the two main typeappfications where an unpaved aggregate layer is
subjected to traffic are unpaved roads and unpaved areagvelgwhen discussing the state of practice, it is
important to distinguish between, on one hand, unpavets tbeat are only used as unpaved roads and, on the other
hand, unpaved roads that are, in fact, the aggregats bapaved roads under construction and are used as unpaved
roads only during construction of the roads.

Uses of geosyntheticsin unpaved r oads and unpaved ar eas

Geotextiles were first used in subgrade stabilisation them®neering work in the late 1960s by McGown in the
UK and Leflaive in France. During the 1970s, geotextilesame extensively used in subgrade stabilisation
applications (unpaved roads and unpaved areas), first in Euhgmeworldwide. Geogrids, developed by Mercer in
the 1970s, appeared in subgrade stabilisation applicatidhe isarly 1980s. Since then, they have been extensively
used worldwide in subgrade stabilisation applications. Gleoggosynthetic honeycomb structures) have been used
to confine aggregate since the 1970s in some militaryagtjans; since the 1990s, they have been used in weblat
small number of civil engineering unpaved roads and unpaved.are

From limited sources, it is estimated that, in the filecade of the 2century, geotextiles are still used more than
geogrids in subgrade stabilisation applications. In corspayithe use of geocells in these applications is veajl.sm

From the same sources, it is estimated that, in tsedecade of the Z1century, the use of geosynthetics in
subgrade stabilisation applications is distributed asviali

* approximately 25% in real unpaved roads (i.e. unpaved rbatlseemain unpaved);

» approximately 50% under aggregate layers that are used rip szane traffic while unpaved, but will

eventually become the aggregate bases of paved roads; and

» approximately 25% in unpaved areas.

From the same sources, it appears that, in real udpaeels, geotextiles are used more than geogrids because
separation is the main consideration in many caseheke cases, there is generally no design (i.e. naf asdesign
method). When no design is involved, the aggregate thyekness and the geotextile are selected on the bhsis
preceding projects using the same geotextile. More gepdatalbems that geotextiles are used more than geogrids in
cases where there is no design, whereas geogrids drenasethan geotextiles in cases where there is a design.

From the same sources, it appears that, in unpaved ttoadare the first phase of construction of paved roads,
geotextiles are used if the main concern is separatibereas geogrids are used more than geotextiles when
reinforcement is required, in particular when it is édeed important to keep deformations of the aggregste &s
small as possible, which is a legitimate goal sineeatigregate layer that is used as a temporary accesshaoald
retain its integrity (thickness, mechanical propertiegrgo being incorporated in the paved road structureyder
to ensure long-term performance.

Finally, from the same sources, it can be said thathéncase of unpaved roads that are the first phase of
construction of paved roads, the market is more or tpsallg split between geotextiles and geogrids.

Typical consider ationsinvolved in comparing geotextiles and geogrids

The main considerations involved in comparing geotextlas$ geogrids for stabilisation structures include: the
cost of the geosynthetic, the cost of aggregate, thefibémen improved performance, the separation function,
experience of the decision-maker, and the maximum allovebitemation.

Geosynthetic cost

The cost of the geosynthetic is an important facténénselection by the user of a geotextile or a geogriciries
significantly from one location to another. In thlaited States, the cost per square yard (a unit used idrthed
States, but unknown in other countries, and equal to xippately 0.8 ) is approximately $2.4 to 4.8 for installed
geogrids and $1.2 to 2.4 for installed stabilisation geosxtiAs a result of the significant difference intgcos
geotextiles are often preferred to geogrids. Furtherntbeecost of separation geotextiles is very low ($0.5 torl pe



installed square yard), which creates a strong incentiveiding these geotextiles in stabilisation structuriesrev
separation is perceived to be the main issue (stahitisstructures for which no design is typically performed).

The above data on costs of installed geosynthetics ctentagively generalized as follows: The ratio betwtben
geogrid and stabilisation geotextile costs is approxim&ghnd the ratio between the stabilisation and separation
geotextile costs is approximately 2 to 3.

Aggregate cost

The cost of aggregate varies tremendously from one locatianother. A high aggregate cost favors the use of
geogrids since geogrids can save more aggregate than dest®&dmparing a wide (but not complete) range of costs
of aggregate and geosynthetics in the United Stateauther of this paper has concluded that:

» the cost of a typical biaxial geogrid is approximately eqeivato the cost of 50 to 200 mm of aggregate (and

most generally 100 to 150 mm); and

» the cost of a typical stabilisation geotextile is agprately equivalent to the cost of 25 to 100 mm of

aggregate (and most generally 50 to 75 mm).

Therefore, to justify the use of a geogrid rather thgeatextile from an economical standpoint, it is negst
demonstrate that a geogrid can save significantly moregatg than a stabilisation geotextile. In fact, thezevaany
cases where the use of a geogrid saves more than 150 aggrefjate. To that end, adequate design methods are
needed. Design methods are discussed in a subsequent section.

Additional aggregate savings result from a reduction in wutling when geogrid reinforcement is used.
Undercutting consists of additional excavation of thegsadte soil to eliminate soft spots. In case of undercutting,
more aggregate is generally needed to bring the sufabe aggregate layer to the design elevation. Unttergus
unwelcome because the associated costs (excavation andoreddiggregate) are unpredictable. Geogrid
reinforcement can bridge soft spots, thereby reducingehe for undercutting.

In addition to the basic economical benefits discusdsaven there are significant environmental benefits
associated with aggregate savings: less transportdtimggoegate by trucks, hence less air pollution (dust, gasolin
vapors), less noise, less carbon emission, lesgynensumption, etc.

It should be noted that the geosynthetic and aggregate used above are for the United States, and that all
markets have their own characteristics (including diffepatent protections and commercial practices).ekample,
in regions such as Canada and parts of Latin America, iggmiges are significantly lower than in the United States

Improved performance
Even when the geogrid is not completely paid for by theeggge savings, it may be cost-effective due to
improved performance. The geogrid will not only impraleort-term performance, such as trafficability during
construction, but it will also improve long-term perfance as follows:
* in the case of an unpaved road, trafficability wélimproved in the long-term due to less deformation; and
* in the case of a paved road, the fact that the aggrégpde has been kept in good condition during
construction will be beneficial in the long term (athis effect is likely to be more marked in the case of
geogrid than in the case of geotextile, because, as iadigaeviously in this paper, geogrid-reinforced
aggregate layers undergo less deformation than geotextifercgd aggregate layers).

Separation

Geotextiles are preferred to geogrids when separatioeeded between the aggregate and the subgrade soil. This
is the case when the subgrade soil is very soft and aggmegate is used. However it should be noted that a geogrid
can provide some degree of separation as explained prigviotsis paper and repeated below:

» ageogrid with adequate aperture size prevents the lagg#gate into the subgrade; and

» a geogrid that keeps the aggregate together reduces theuogpstfor intrusion of the aggregate by fine

particles from the subgrade soil.

Sometimes, the functions of separation and reinfoecdnare performed by two different geosynthetics: a
geotextile performing the separation function; and a geogiac€d on top of the geotextile) performing the
reinforcement function.

Experience of the decision-maker

There are still a number of decision-makers who tertfitd that “all geosynthetics are good enough”. They are
not inclined to pay a premium for improved performanke a result, they generally do not make a designtgffor
therefore, they miss an opportunity to evaluate thedwga performance that would result from using a geogrid.

As many stabilisation structures are not designed, epgerience plays an important role in the decision-ngaki
process. This is to the advantage of geotextiles becausedraision-makers (design engineers, owners, coots)ct
tend to have more experience with geotextiles than wibgrges. This is particularly true with the least sophated
of the decision-makers.

Sophisticated decision-makers are more likely to haverexpee with geogrids, or to have heard of geogrids at
conferences or seminars, than non-sophisticated decrsdiers. More importantly, sophisticated decision-mafiers
particular design engineers) are likely to be interestetsign methods, research and documentation of perfoeman
Since design methods, research and documentation of rparfoe often show that more savings can be made by



using geogrids, it can be inferred that the more sophistidghe decision-maker, the more likely geogrids areeto b
selected. Therefore, education of decision makers iy likddenefit geogrids.

Maximum allowabl e deformation

There are subgrade stabilisation applications wherddfeemations of the stabilisation structure should bevbe
strict limits. The most typical example is that of@ggregate layer used as unpaved road during the constroicdon
paved road and incorporated in the paved-road structurbeinast phase of construction. For the long-term
performance of the paved road, it is important to minintiee deformation of the aggregate layer during the first
phase of construction, i.e. when the aggregate layer & ase@npaved road. (Indeed, the two beneficial effects of
limiting deformations of the aggregate layer during thestmiction phase are: to maintain the thickness of the
aggregate layer; and to maintain the mechanical prepesfithe aggregate.) In such cases, design generally play
significant role, and generally leads to the recognid the fact that a geogrid with efficient interlockimgth
aggregate provides reinforcement to an unpaved road witifisantly less deformation than a geotextile. As a tesul
in these applications, geogrids tend to be used more thaexgksst

Conclusion regarding the comparison of geotextiles and geogrids

Based on the above discussions, it may be concluded that:

» Geotextiles are often preferred to geogrids when sepaiiativeeded between the aggregate and the subgrade
sail, and in simple non-designed applications.

» Geogrids are often preferred in sophisticated applicatespgcially when limited deformations are required,
in particular when the geogrid-reinforced aggregate lajleeventually be incorporated in a paved road.

* In other cases, a design effort would be needed to detmvhich geosynthetic is the most cost effective.
However, such a design effort is rarely undertaken.

» Sophisticated decision-makers are more likely than stteehave experience with (or knowledge of) geogrids
and more likely to use design methods (which are likeljemonstrate that geogrids are cost-effective).

In conclusion, education of decision-makers and developmetgsain methods are likely to benefit geogrids.

Typical argumentsused in comparing varioustypes of geogrids

As discussed previously in this paper, it is difficult tgeatively compare geogrids of different types, because
their modes of interaction with aggregate are sigaifily different: some geogrids interact with aggregateamily
by friction; whereas other geogrids interact with aggregatearily by interlocking.

Before the advent of triaxial geogrids, only biaxial gétgrwere considered for subgrade stabilisation
applications. The situation was then simple. Whileessnmppliers of geogrids promoted the use of tensile stremgth t
compare geogrids, others promoted the use of properties liokbée junctions between the two sets of ribs, sich a
junction strength and aperture stability modulus. In fédwetre is no contradiction between these two positsinse
tensile strength (or rather stiffness) is possiblyrttost relevant property for some geogrids, and loadfeabetween
the two sets of ribs is essential in the case ofrogeegrids. It is also possible that, for some geogridsritig
essentially on friction for interaction with aggregajunction strength may not be an important propéoty
performance. Perhaps, in the case of purely frictionayrigsy a minimum junction strength to survive constarcti
without significant damage is sufficient.

There is also some evidence that there may be poirdsninishing return with some geogrid properties. As an
example, tests performed with various geometries of #liageéogrids (and therefore various junction strengths and
aperture stability moduli) have shown that performaneds¢o decrease beyond a certain geogrid thickness aisd mas
per unit area and, therefore, a certain junctiomgtreand a certain aperture stability modulus. A terdakplanation
is the following: a thicker and stronger triaxial geogedao stiff (and its ribs may be too thick). As autest may
cause more disturbance of the soil than a more fleigplke of triaxial geogrid of the same manufacture. Essigntit
appears that, for the type of triaxial geogrid tested, tlseadm optimum stiffness to better comply with the,sod.
better interact with the soil. This important obseoratmay apply to other geogrid properties (and possibhythier
geogrids) and needs to be better understood through research.

Also, tests have shown that unpaved roads with tligdagrids may perform better than similar unpaved roads
with biaxial geogrids of similar manufacture, even thotlgh junction strength and aperture stability modulus are
lower for the triaxial geogrid than for the biaxial gedgithis is consistent with the above comments on thienapi
stiffness of triaxial geogrids. A tentative explanatierthat junction strength and aperture stability moduludease
important in triaxial geogrids than in biaxial geogrids becahsee is less need for load transfer between ribs of
different directions in a triaxial geogrid than in a b#bgeogrid. Also, it is possible that triaxial geogridsige less
distortion to the aggregate structure if they are memteopic than biaxial geogrids, which can be a researged.

The above discussions lead to the following tentativelasion regarding the comparison between various types
of geogrids:

»  Frictional geogrids (i.e. geogrids that rely essentiallynberface friction) and geogrids that rely essentiatly o

interlocking cannot be objectively compared using the sanpepyotests.

» Tensile strength (or, better, tensile stiffnessy @ more appropriate for characterizing frictionalgyets.

» Junction strength and aperture stability modulus may be app®priate for characterizing biaxial extruded

geogrids.



* More needs to be learned on the relationship betwespegies of geogrids and their performance, and new
measurement of properties should probably be developed.

Impact of design methods on selection of geogrids for subgrade stabilisation applications

The available design methods and the way they are usedahaimpact on the selection of geogrids in subgrade
stabilisation applications. This is an important goasbecause some unpaved roads and unpaved areas aredjesign
while some are not, as indicated in preceding sections

Brief review of design methods

The Steward et al. (1977) method, which is extensivedd urs the United States, considers two cases: “withl’ a
“without” geotextile. It does not take into account theparties of the geotextile. In other words, in the Stdvea al.
method, all geotextiles are considered to be equal.

The Giroud & Noiray (1981) method was developed for geotextitast, the method makes it possible to
calculate the required thickness of aggregate without &xgédet Then, the method makes it possible to calctitete
aggregate savings resulting from the use of a geotextile.ofity geotextile characteristic used in the Giroud &
Noiray method is the tensile modulus (“tensile stiffigswhich is used to quantify the tensioned membrarecteff
(In fact, to the best of the author’s knowledge, this only method that quantifies the tensioned membeteaet.) In
Europe and other parts of the world, the Giroud & Noiragthod is sometimes used for geogrid-reinforced
stabilisation structures as follows: first it is used €alculating the required thickness of an unreinforced ggtge
layer on the considered subgrade soil; then an empjricafied “stabilisation factor” is used to reduce the aggee
layer thickness. This “stabilisation factor” has mekeveloped based on various trafficking trials performest the
years to quantify the benefit provided by using a geogrid.

The Giroud & Han (2004) method provides a mathematical évaork that makes it possible to quantify the
benefits of all types of geosynthetics. The method reguialibration in the case of geogrids, whereas nloraabn
is needed in the case of geotextiles. It is importanbte that, for valid use and to ensure reliable reshkésGiroud
& Han method requires calibration for each specific typpgeogrid under consideration. So far, to the best letyd
of the author of this paper, it has been calibratey famlextruded biaxial geogrids from one manufacturer, usiag th
aperture stability modulus as the characteristic promdrtiie geogrids. Other properties, or group of propertes,
be used to calibrate the method for all types of geogFilsting is underway to calibrate the method for aagetype
of triaxial geogrid. In the past several years, hundrédmpaved roads and areas in the United States, Candda an
Latin America have been designed in a consistent maningy the Giroud & Han method; and, to the best knowledge
of the author of this paper, there have been no perfwenproblems on projects designed using this method. The
Giroud & Han method has recently been added to the FHWAHRgét&ral Highway Administration) Geosynthetics
Training Manual as a recommended design method. (Regrettetigh, the manual does not stress that the method
requires calibration and validation for every geogrid niet$

This brief review shows that the Giroud & Han methodifferent from other methods, as it makes it is fiegio
quantify the influence of geogrid properties. In contrasheo methods give the same results regardless of
geosynthetic properties. For example, the Stewart edethod shows no difference between reinforcemerduats;
and the Giroud & Noiray method shows a difference owoly Vlery large deformations, i.e. when the tensioned
membrane effect is effective.

Use of design methods

When geogrids are used to provide reinforcement in statidn structures, the use of a design method is
recommended to demonstrate the benefits provided by theidgagowever, it is difficult to convince some users
that design should be performed for stabilisation strastuwhich are perceived as simple structures. As design
methods are progressively improved through calibration fiétd performance, the benefits provided by geogrids will
be better quantified, which should increase the crégilihd, therefore, the use of design methods for urmpenesds
and unpaved areas. Clearly, improvement of design mettwmuld be a research priority.

Design of unpaved roads seems to be provided more by geogritesuigdin by design firms. However, design
engineers are becoming more sophisticated: they ustol no design (and they specified the same geotextile as in a
previous project); now they perform a geotechnical ingagon and cooperate with a geogrid supplier to do the
design. Design engineers become more interested in tign d@ésinpaved roads and areas because they increasingly
realize that, thanks to design, they can: (i) save mbyealecreasing aggregate thickness; and (ii) betteratamsts
by making more accurate predictions of performance.

CHALLENGESFOR THE FUTURE
The natur e of the challenges

Prior to discussing specific challenges, it is impdrtanidentify the nature of the challenges associaith
unpaved roads and unpaved areas.



Better understanding and quantification of relevant phenomena and mechanisms

As always in technical disciplines, phenomena must tterhenderstood and quantified. This is obviously the case
in unpaved roads and unpaved areas since phenomenayaceraplex. The fundamental reason for the complexity is
that loads are applied in one direction (vertical) wthike geosynthetic is perpendicular to that direction. Aesalt of
this complexity, “subtle mechanisms” are involved asfed out by Giroud (2008) in a review of challenges facing
the geosynthetics discipline: “In the past three decadasy design methods have been developed by extending to
geosynthetics engineering traditional methods used inegeoical engineering. This approach has been very
productive. However, the simplest methods from geotechréogineering were the first to be adapted to
geosynthetics engineering. As a result, subtle mechamstentially of importance to the performance of stmast
incorporating geosynthetics have been overlooked.”

Three of the five examples of “subtle mechanisms”, maetl by Giroud (2008) for the geosynthetics discipline
in general, are relevant to unpaved roads and unpaved ‘@read: deformations and repeated loading; quantification
of interface mechanisms between adjacent materialstification of the performance of reinforced soil teshas a
composite material rather than a juxtaposition of two mmments”. And Giroud (2008) concludes that “researchers
will need to develop design methods for subtle mechantsatfiive been neglected in the past.”

Impact of materials on challenges

The geosynthetics discipline is focused on the geosynthetierials. Therefore, the challenges for the futwee
linked to the geosynthetic materials that can be expéeted used in the future. Based on discussions in this paper,
can be expected that the use of triaxial geogrids will growhe future and that other types of geogrids will be
developed with innovative configurations. Therefore, on¢hef challenges will be to develop testing and design
methods that are relevant to geogrids with configuratidifereint from the traditional biaxial configuration. haild
be expected (and accepted) that different types of geogridmiecterized by different properties.

Education

It is known that education is a permanent challenge fogéosynthetics discipline. This is due to the fact that
“geosynthetics have been the most important innovatiogeotechnical engineering in the second half of tHe 20
century”, in particular because “geosynthetics havegud most branches of geotechnical engineering” and also
because the variety of geosynthetics is more complexttieavariety of soils, as shown by Giroud (2008) based on a
review of innovations in geotechnical engineering. Asesult, there is a lot to teach about geosynthetics to
geotechnical engineers who are known for conservaisirare often reluctant to learn about innovative saistio

The education challenge is even greater regarding thef gs®grids in road applications because the mechanisms
involved are complex (and even “subtle”, as mentioned aband) some of them are still not well understood.
Education will not be discussed further herein, but thenar@esms that need to be understood first, and then addressed
in the education effort, are discussed below.

Discussion of technical challenges

Design and testing methods relevant to new geogrids

As mentioned in preceding sections, it can be expecteditreaalt geogrids and other new forms of geogrids will
be used increasingly. Therefore, design methods algjeawtify the benefits provided by triaxial geogrids and other
new forms of geogrids should be developed. The design methodkl $e calibrated for different types of geogrids
(which are likely to be characterized by different prtips).

Current design methods for unpaved roads often assumedinwgasional situation, which may be the case when
the traffic is perfectly channelized, especially ateep ruts have developed. Before the development of deethruts,
stress field induced by a single or a dual wheel may bsercclto axisymmetrical than to two-dimensional.
Axisymmetrical design methods will be particularly usefulthe case of unpaved areas because, in that case, the
traffic is not channelized. To use axisymmetrical desigthods, testing of geogrids will have to be done in multiple
directions. Currently, geogrid properties are generallpsueed in only one or two directions, which may not be
sufficient for axisymmetrical design methods. Reseatabuld be undertaken to determine which types of geogrids
are isotropic (in particular for small strains), an@évaluate the benefits of geogrid isotropy.

Quantification of interaction between geogrid and aggregate

Interaction between geogrid and aggregate is clearly atlésmiechanism”, using the expression that was
mentioned above, and perhaps the ultimate subtle mechanisimpdrtant challenge is to better understand the
geogrid-aggregate interaction mechanisms for the various offggeogrids.

As mentioned previously in this paper, the interactiocharisms are different for the various types of geogrids.
A better understanding of the mechanisms should lead tappropriate selection of the relevant propertiethef
different geogrids. These properties could then be used taatalia design method, such as the Giroud & Han
method, in a way that is appropriate for any speagyfie tof geogrid.

As noted previously in this paper, a triaxial geogrid witdptensile strength and aperture stability modulus than
a biaxial geogrid of similar manufacture may perform Ipattehe field. As suggested previously in this paper, this



may be due to superior interlocking resulting from the trisargsthape of the apertures and higher ribs. This important
observation needs to be investigated. Furthermatanitnspire research that may benefit all types of geogrids.

As also noted previously in this paper, based on fielcerobtions on the performance of aggregate layers
reinforced with triaxial geogrids, there seems to benupti properties for triaxial geogrids, e.g. a better perdmce
seems to be achieved with triaxial geogrids having such optiproperties than with triaxial geogrids that are
thinner-weaker or thicker-stronger. These observatiaggest the concept of mechanical compatibility between
geogrid and aggregate. This seems consistent with thehfaic the main mode of performance improvement is
interaction between geogrid and aggregate and not additstnenfgth to the structure. Investigating this mechanism
is an important challenge for researchers and should befi¢fipes of geogrids.

Finally, it may be appropriate to also study the impactirderlocking of aggregate geometry (overall shape,
angularity, surface condition) and even aggregate strengthsdme way some geogrids interlock better than others
with aggregate, there must be aggregates that interlookr ikéin others with geogrids. Even further, it may be
possible to imagine aggregate that interlock very welh \&i certain geogrid, but does not interlock very well with
itself. In other words, there may be cases where$oaze transferred very well between geogrid and aggrdyste,
poorly between the layer of aggregate that is adjaceghetgeogrid and the next layer of aggregate. In conclusidn, n
only aggregate-geogrid interlocking should be studied, but also eduéd be called “internal interlocking” of the
aggregate. As an ultimate development regarding aggregatepayimagine a research program leading to an ideal
shape for aggregate particles, such as a mini tetrapsbth(ee adopted after extensive testing for large contulatks
used for coastal protection). Then, synthetic or minaggregate molded to ideal shapes could be envisioned
(provided such aggregate could be produced at an acceptable cost).

Researchers investigating interlocking should develop cohiliigtrules between geogrid apertures and aggregate
particle size distribution curve to replace the crudesraurrently used, as mentioned previously in this papes.
leads to the next challenge, the analysis of a soil-geognbosite material.

Composite reinforced-material approach

As discussed above, a better understanding of geogrid-aggnegasetion is the key to progress in stabilisation
structure design. It is tempting to go one step beyond aneaithe aggregate and geogrid together as one composite
material. This concept seems more appropriate for largeses of soil reinforced with multiple layers of clpse
spaced geogrids. At a scale significantly greater thamelgrid spacing, it is possible to define a continuuth wi
average properties. From a mathematical standpoimg ih@o special difficulty, but laboratory testing @rywlarge
specimens would be required to directly measure the prepeaf the composite material, rather than derivimg t
properties of the composite material from the propeidfdhe geogrid in isolation and the aggregate properties.

It may be difficult to apply this composite-material cept to unpaved roads and unpaved areas. Interlocking
between the geogrid and aggregate does create a campadsdrial. However, at a certain distance from thogyige,
the aggregate is not interlocked with the geogrid. Thezeftime transition between the interlocked-aggregate
composite material and the “free” aggregate must be athlywhich is likely to be difficult. This may be linkeddo
research on the optimum locations for the geogrid.

Whether it can be used for unpaved roads and unpaved aréasaroonly be used for multilayer reinforced soil
masses, the composite material approach should beigated in the future. This may lead to the use of mayerk
of medium-strength geogrids, with emphasis on interlockinigerathan on tensile characteristics. This would be
“intimate reinforcement” or “material reinforcemem#ther than “structure reinforcement”.

Quantification of the effects of repeated |oading

The quantification of the effects of repeated loading wouldvéwey difficult using traditional geotechnical
methods. This can be only achieved through full scalentesti advanced mathematical modeling. Also, work should
be done on the quantification of the repeated loadind.itfbe use of the number of vehicle or axle passes is
appropriate only if the traffic is perfectly channelizedother cases, clarification is needed.

Tentativelist of resear ch needs
This tentative list (based on preceding discussiongtisomplete. It is only intended to foster discussions.

Fundamentals of geogrid-aggregate interaction
» Better understanding of the geogrid-aggregate interagterhanisms for the various types of geogrids using
testing and mathematical models
» Determination of optimum mechanical compatibility betweyeogrid and aggregate under conditions of small
displacement and repeated loading
» Evaluation of potential benefits of geogrid isotropygaogrid-aggregate interaction

Sudy of the parameters of geogrid-aggregate interaction
* Influence of size and shape of apertures on interlocking (aace generally, interaction) with aggregate
* Influence of size, shape and stiffness of ribs oeriatking (and, more generally, interaction) with agate
» Influence of junctions between ribs on interlocking (andre generally, interaction) with aggregate
* Impact of aggregate characteristics (shape, gradirgpgttr) and compaction on interaction with geogrids



Sudy of the intrusion of fine particles from the subgrade soil into the aggregate
« Evaluation of the ability of geogrids to provide separatio
+ Evaluation of the impact of intrusion of fine subgrade particles on interlocking between aggregate and
geogrids

Geogrid properties
» Evaluation of properties of geogrids as a function of tdecand evaluation of the isotropy or anisotropy of
the various types of geogrids
» Determination of the relevant properties of the difér types of geogrids for correlation with field
performance

Design methods
+ Calibration of design methods with field performance VYarious types of geogrids using the identified
relevant properties
+ Development of design methods for axisymmetrical situafiomkssituations where traffic is not channelized
* Quantification of repeated loading for cases wherer#ffictis not channelized

Alternative approaches
« Evaluation of a “composite material” approach whereghegrid plays the role of material reinforcement
rather than structure reinforcement
»  Optimum location(s) of geogrid(s) in the aggregate layer

CONCLUSION

Qualitative analyses and field observations show thargioare adequate materials for aggregate reinforcement
in stabilisation structures (i.e. unpaved roads and wipaveas). Some quantitative analyses and design methods
provide an evaluation of the benefits of geogrid reirgorent for stabilisation structures. However, the ctiyen
available methods are too dependent on properties ofideageasured “in isolation”. The challenge for the fuiare
to develop design methods that truly reflect the way gesgmgrove the performance of stabilisation structufés
mechanism is “interaction with aggregate” rather thasidition of strength to the structure”. In other woritss
“intimate reinforcement” rather than “structure reinforent”. When this technical challenge is met, then edurcati
of the decision-makers (designers, owners, contractditd)e possible.

Geogrids have been extremely successful in an applicatibich initially (in the 1970s) used geotextiles
exclusively. However, there are still many challendest tmust be met to ensure a bright future for geogrids.
Challenges for the future have been identified. For geoghidguture starts today.
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