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Abstract

Geogrids are polymer-based products which are carhynsed to reinforce soill
walls, steep slopes and roadway bases. Inclusiomeoigrids as aggregate base
reinforcement, with proper installation, has bebaven to result in increased stiffness
and service life of flexible pavements. It also utes in reduced distress and
deformations, improved performance and hence, estluepair and maintenance costs
of pavements. The relationship between the in-igwiaand in-aggregate properties of a
geogrid depends on several factors including tlogigeé and aggregate properties, their

frictional and interlocking interaction mechanisargl the overburden pressure.

However, the influence of individual index propestiof geogrids on their in-
aggregate performance is still not well understaind requires further study. Currently,
there is a lack of: 1) a universally accepted desngthodology that would incorporate
in-isolation material properties of geogrids forseaaggregate reinforcement and
subgrade stabilization applications, and 2) agre¢mag to which geogrid properties are
most relevant to their in-aggregate performances ©hparticularly important as new
geogrids and manufacturing processes are introducdkde market on a continuous

basis.

Realizing the need for further research in thisaatée influence of selected
index properties of geogrids on their in-aggrega¢eformance is examined in this
study. A series of in-isolation and large-scaleaggregate (i.e. pullout, installation
damage and cyclic plate load) tests was carriedoouselected geogrid products in
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ODOT Type-A aggregate, which is a dense-graded egge commonly used in
Oklahoma Department of Transportation (ODOT) prgiedhe in-isolation properties
studied included the geogrids low-strain (i.e. 2%d &% strain) and ultimate rib
strength, and their junction strength in both maeh{MD) and cross-machine (XD)
directions. The geogrids investigated in the stwdye classified in two basic categories
of extruded (EGG) and non-extruded (NEGG) geogridse latter category primarily

included the woven and knitted geogrid products.

Results of the study indicated that for both categoof extruded (EGG) and
non-extruded (NEGG) geogrids examined, greateanith junction strength properties
overall resulted in greater pullout resistance. @siels junction strength and low-strain
rib strength showed a reasonably strong correlatith their pullout performance
regardless of the geogrid category examined. Tihestrength at 2% strain showed a
stronger correlation than the 5%-strain strengtth whe geogrid pullout performance.
However, ultimate rib strength of geogrid showedwnocing correlations with their
pullout performance only when they were examinedeparate categories with respect
to their manufacturing technique (i.e. when the E@& NEGG geogrids were
examined as separate categories). The installatlfonage test results revealed that
reduction factors for rib strength values at 2%istwere significant. Partial reduction
factors for installation damage for the EGG produgere generally found to be larger
than those for the NEGG products. Cyclic plate leest results indicated that the
Strength Reduction Factor (SRF)) and Traffic Bankftio (TBR) values of the test
models were proportional to the rib strengths & ¢f@ogrid reinforcement. However,
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the SRF and TBR values in either of the EGG or NE§&8grid categories did not
show a convincing dependence on their ultimatetjoncstrength. A set of equations
were developed to calculate a predicted TBR vale te reinforced aggregate-
subgrade models with EGG and NEGG products as &epeategories. The findings of
this study are beneficial in relating the in-isaat properties of geogrids to their in-

aggregate performance.
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CHAPTER ONE

INTRODUCTION

1.1. Background

Roadway maintenance is a costly and challengingleno worldwide. In order to
improve the service life and performance of pavesand reduce maintenance costs,
factors leading to pavement distress, excessivermation (rutting) or failure of
pavement structures need to be addressed in tigndgage and during construction.
Use of geosynthetic reinforcement (geogrid) for raggte base reinforcement, with
proper installation, has been shown to result iordased service life, improved
performance and substantial reduction in repair @@ghtenance costs of pavements
(e.g., Perkins 1999, Leng and Gabr 2002, Perkire.€2004, Giroud and Han 2004,
Gabr et al. 2006, Aran 2006, Holtz et al. 2008, Kwend Tutumluer 2009). The
improved performance of the pavement due to gebsyint reinforcement has been
attributed to three leading mechanisms: (1) lateestraint, (2) increased bearing
capacity, and (3) the tensioned membrane effecb(@iand Noiray 1981,Giroud and
Bonaparte 1985, Perkins and Ismeik 1997, and, Hal&. 1998). Geogrids also offer
improved interface shear resistance with soils agdregates due to interlocking

without impeding the drainage condition of paversent



Adequate mechanical properties (e.g. rib and joncstrength) are essential for
biaxial geogrids in order to transfer and distrébthe traffic load in their longitudinal
and transverse ribs effectively and thereby proadequate confining effects on the
aggregates in base reinforcement and subgraddizatibn applications. It has been
shown that strains in geogrids placed in the aggesgase course can reach or exceed
2% during construction (Christopher et al. 2008tduld be expected that these strains
are at least partly locked in when the roadwayull fconstructed. However, greater
strains (e.g. as high as 5% or more) could be d&den the geogrid reinforcement
during construction or when a flexible pavemensubjected to truck load. Therefore,
investigation of geogrid properties should be dow only with respect to their

ultimate rib strength but also with respect to ithaiv-strain strength.

Correlations between index properties of geogritsl @heir in-aggregate
performance have been the subject of a few padiestife.g., Perkins 1999, Perkins et
al. 2004, Giroud and Han 2004, Gabr et al. 200@&h&h et al. 2007, Christopher et al.
2008, Tang et al. 2008, Perkins et al. 2009, Kwond &utumluer 2009, Tingle and
Jersy 2009, Hatami et al. 2011b). These studiesived laboratory tests and/or large-
scale field tests on geogrid-reinforced pavemeanmtxamine the interaction between the
geogrids and their surrounding (i.e. base and sulegrmaterials. Results of these
studies indicated that geogrid reinforcement redy@ement deformation and distress

and hence results in a more durable and econopav@ment in the long run.



1.2. Problem Statement and Resear ch Need

The previously cited studies cited earlier (andstheurveyed in more detail in
Chapter 2) have revealed the significance of gdomechanical properties on their in-
aggregate performance. However, the influence dividual index properties of
geogrids on their in-aggregate performance is sl well understood and requires

further study. Currently, there is a lack of:

1) A universally accepted design methodology thatul incorporate in-
isolation material properties of geogrids for baggregate reinforcement and subgrade
stabilization applications. Currently available igesmethods for base reinforcement

are often proprietary and product-specific.

2) Agreement as to which geogrid properties aretmelevant to their in-
aggregate performance in order to develop consistesterials specifications for
departments of transportation and similar agenaresharge of construction and
maintenance of roads and highways. This is padrbuimportant as new geogrids and
manufacturing processes are introduced in the marke continuous basis. Alzamora
and Anderson (2012) highlighted challenges thatedsht state DOTs and research
institutions face in establishing a direct conmatietween index properties of geogrids

and their field performance.

The above discussion highlights the need for ridiabnalysis and design
methodologies that would relate geogrid index pripe to the predicted field

performance of reinforced flexible pavements. Miit help make such design methods
3



more generic, reliable and cost effective by encassmg a lager selection of available
products as compared to the limited products andtex properties that are currently

specified by departments of transportation.

1.3. Objectives

The primary objective of this study was to investeythe influence of selected
in-isolation properties of geogrids on their in-sggate performance. The focus of the
study was on the rib and junction strength propsrof geogrids relative to their
pullout, cyclic plate load and installation damdgsts. More specifically, the ultimate
junction strength, ultimate rib strength and snsal&in rib strength values (i.e. those at
2% strain and 5% strain) were investigated in mael{MD) and cross-machine (XD)
directions. The geogrids investigated in the stwdye classified in two basic categories
of extruded (EGG) and non-extruded (NEGG) geogridse latter category primarily
included the woven (WGG) and knitted (KGG) geogirdducts. Geogrid properties of

interest in this study are listed Trable 1.1.

Table 1.1. Geogrids properties of interest in tigly

Mechanical Properties
(MD and XD)

Ultimate Rib Strength Extruded vs. Non-extruded

Manufacturing Technique

Rib Strength at 2%Elongation

Rib Strength at 5%Elongation

Ultimate Junction Strength




The research program included the following spec¢#gsks:

1. Survey and classify geogrid specifications fggragate base reinforcement
based on the currently available geogrid produci$ guidelines by departments of
transportation (DOT) in the United States. The ltssaf this survey were used to

determine a range of geogrid strength propertiethir classification.

2. Determine the index properties of geogrids (aufjimate junction strength,
rib strength at 2% strain and 5% strain and ultewdi strength in both MD and XD) in
order to quantify their influence on the geogridsaggregate performance in

subsequent tests.

3. Carry out a series of pullout tests at differemterburden pressures and
comparing the laboratory pullout test results dffiedent geogrids. This part of the study

included the determination of:

* Geogrid pullout performance

* Relationship between the geogrid pullout capaaity @averburden pressure

» Correlation between the geogrid pullout capacity i in-isolation properties

4. Study the survivability of geogrids as a funetiof their index properties
when subjected to higher strain levels during castipa. Laboratory-scale field
installation damage tests were carried out on bathuded and non-extruded geogrids

to investigate their survivability during constnact. This part of the study included:



» Evaluating installation damage factors for geogndtimate rib and junction

strength

» Determining installation damage factors for geogitid at different strain levels

5. Investigate the influences of in-isolation pmij@gs of geogrids on their in-
aggregate performance when subjected to vertieal $omulating tire pressure. A series
of large-scale plate load tests (i.e. static andicyoading tests) was carried out on
unreinforced and reinforced aggregate base modelthis purpose. This part of the

study included:

Developing strain gauge attachment techniques xtuéed and non-extruded

geogrid products

» Determining the Traffic Benefit Ratio (TBR) and &tgth Reduction Factor
(SRF)) values for selecetd geogrid products to uatel the plate settlement
response of reinforced specimens under cyclic hgadi

» Comparing top surface deflection profiles and sabgrdeflection profiles of
different reinforced specimens

* Investigating strain distributions in geogrid rithge to cyclic loading

* Examining the influence of index properties of gedsy on the measured TBR

and SRF values



CHAPTER TWO

LITERATURE REVIEW

2.1. Laboratory and Numerical Simulation Studies

Geosynthetics have been used to reinforce the lagse of pavement systems.
Several studies have been performed to better staohel the behavior of reinforced
base pavements using laboratory tests and numesicallations. An overview of
previous and ongoing research on aggregate baséormment applications of

geosynthetics is given in this section.

Yoder and Witczak (1975) stated that design ofilflexpavements is generally
focused on two critical locations within the pavemetructure: (1) the horizontal
tensile strain at the bottom of the asphalt laydrich should be minimized in order to
prevent fatigue cracking, and (2) the vertical sgren the top of the subgrade, which
should be minimized in order to reduce permanefdrdetions. The allowable vertical
stress on the subgrade is governed by the shemgthtrof the subgrade. The granular
base in flexible pavements should be thick enougltthst the compressive vertical

stress in the subgrade is decreased below theallevstress level.

Jewell et al. (1984) studied soil-geogrid interactmechanisms through large

shear box tests. Seven granular soils reinforceld avbiaxial geogrid with an aperture



width of 17.3 mm were tested. The peak shear fomessured for soils with different
gradations indicated that aggregate particle simegradation as compared to the grid
aperture influenced the size of the rupture zohe érea on geogrids where rupture

occurred).

The benefits of geogrids in unpaved low-volume soagre shown in several
laboratory and full-scale experiments (e.qg., Hasd.€1988, Webster 1993, Collin et al.
1996, Fannin and Sigurdsson 1996, Knapton and AU€96, Gabr et al. 2001 Leng
and Gabr 2002). These experiments served as afbasie development of empirical

design methods (NCHRP 2004, AASHTO 2009) for gebgeinforced roads.

Giroud and Han (2004a) developed a procedure ®rddsign of geosynthetic
reinforced unpaved roads, which considers stressildition at depth, base course
resilient modulus, and degradation of materialfrstgs with repeated loading. This

approach is discussed later in this section.

Perkins et al. (2004) developed numerical modetstast methods to determine
input parameters for the geogrid reinforcement @sdnteraction with the aggregate
and subgrade materials. The purpose of their pgrajas to develop design methods for
geosynthetic reinforced flexible pavements that eoenpatible with the methods
developed in NCHRP Project 1-37A (NCHRP ProjecZBA3NCHRP 2004). Perkins et
al. (2004) proposed material models for the recgarent and shear interaction models
for the reinforcement-aggregate and reinforcemehgsade interfaces. They also

proposed tests methods to determine the parameémded for their material and

8



interface models. These testing methods includedT ¢nsion tests for evaluating non-
linear direction dependent elastic constants ferréinforcement and (2) Cyclic pullout

tests for evaluating a stress dependent interfaearsesilient modulus.

Perkins et al. (2004) used the NCHRP 1-37A Desigid&model for unbound
aggregates as a basis to develop a damage modieietanine permanent deformations
of unbound aggregate within a zone influenced g risinforcement. However, the
damage model parameters were adjusted as a fundfioreinforcement ratios.
Reinforcement ratios were defined as the rationgfgven performance parameter (i.e.,
permanent surface deformation of unbound aggrettzal stresses in the aggregate)
for a reinforced aggregate layer to that of an s identical unreinforced aggregate.
These reinforcement ratios were applied to theinfeed performance parameters to
determine the corresponding values for a reinfolegdr for a given set of aggregate
and reinforcement properties. They performed lagme cyclic triaxial tests on
reinforced aggregate specimens to determine thenexif reinforced zone and the
corresponding reinforcement ratios. Perkins e(24104) carried out wide-width tensile
tests according to ASTM D4595 with a cyclic loadimgptocol on three geosynthetic
reinforcement products. They examined the influenakethe geogrids elastic tensile
modulus, equivalent isotropic modulus and Poissoat® on the elastic response of
their reinforced pavement models. They also camigidcyclic pullout tests on selected
geogrids in an aggregate used for asphalt conataitsh showed that the interface shear

modulus was dependent on the magnitudes of nomabs$laear stress at the interface.



Chehab et al. (2007) studied the effects of apersize, tensile strength at 2%
strain, ultimate tensile strength, junction strénghd flexural rigidity of geogrids on
rutting performance of small-scale roadway moddleey performed Accelerated
Pavement Tests (APT) in a 2.2 m-wide by 3.7 m-lsg pit. The pit was originally 4.3
m deep but was backfilled with a Type-2A aggredptse conforming to the PennDOT
specifications. The densely-compacted aggregaes Egrved as a bedrock-like support.
The top 400 mm was considered as the pavemenbseétisilty-sandy soil typical of
central Pennsylvania was used as the subgrade ygmetZIA aggregate according to
PennDOT specifications was used as the base laybeir model. An asphalt slab was
constructed on the top of the base layer. Chehadd. §2007) proposed a series of
correlations between the geogrid index properties the rutting performance of their
reinforced models. They concluded that for a gebgoi develop significant pullout
capacity it needs to have adequate ultimate juncsivength. Chehab et al. (2007)
stated that there was a good correlation betweerdmbined geogrid tensile strength
and junction strength properties and the resulttheir direct shear and pullout tests.
They concluded that the wide width tensile streragttd junction strength were the most

significant properties of geogrids influencing theraggregate performance.

Christopher et al. (2008) suggested that rib andtjan strength at 2% strain is
a suitable serviceability design value for geogiidase reinforcement applications.
They concluded that junction strength at 2% stigliould therefore be used as an

appropriate value to achieve a consistent design.
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Tang et al. (2008) carried out direct shear andoptiltests to examine the
influences of the aperture size, wide-width tensttength and junction strength of four
geogrid products on their in-aggregate performaridey found that junction and
tensile strength properties of geogrids at smadlirst showed strong correlations with
their in-aggregate performance. Tang et al. (200Byerved that the geogrids
coefficients of interaction from pullout testesreased with their junction strength and

rib tensile strength at 2% strain.

Cuelho and Perkins (2009) constructed field tesitiees to evaluate the
performance of several geosynthetics for subgraalalization applications. A sandy
clay soil was prepared as a weak roadbed materalC8R value of approximately 1.8
and a 200 mm-thick aggregate layer was compactedr dhe geosynthetic
reinforcement. They examined the effects of thaiterstrength at 2% strain, 5% strain
and the ultimate tensile strength on the ruttingfquenance of geogrid-reinforced
roadway test sections. Cuelho and Perkins (200Rhcadedged that a number of
geosynthetic properties may be working togethestabilize a subgrade. However, they
attributed a majority of the stabilization bendétthe geosynthetics ability to support
loads in a direction transverse to the applied Jload their cross-machine direction.
They made a direct comparison between the rib leessiength in the cross-machine
direction at 2% and 5% strain and the number dfi¢draasses to produce 75 mm and
100 mm of rut depth in their field-scale model. {boveand Perkins (2009) concluded

that increasing the geogrid 2% strain and (to aglesxtent) 5% strain tensile strength

11



values in the cross machine direction could redbheesamount of rutting and hence

improve the performance of the pavement.

Kwon and Tutumluer (2009) developed a mechanistdehfor the analysis of
geogrid-reinforced flexible pavements based orfitliee element method (FEM). They
modeled a stiffer layer near the geogrid reinforeetndue to aggregate interlock
resulting from compaction-induced residual stresseshe initial condition in their
FEM analysis. They conducted dynamic cone penetem@®CP) tests on geogrid
reinforced base pavement sections in California aebserved increased base course
strength and stiffness properties. They also sitadlaeveral pullout tests using the
Discrete Element Method (DEM) which indicated thagtiffened zone within 10 to 15
cm above and below the geogrid retained higher ambnforces after unloading

following aggregate compaction

Zornberg and Gupta (2010) summarized research ctediuspecifically in
North America addressing the following objectivéy: determining the governing
mechanisms and relevant properties of geosynth#iadscontribute to the enhanced
performance of pavement systems, (ii) developing@miate analytical, laboratory and
field methods capable of quantifying the above props for geosynthetics, and (iii)
enabling the prediction of pavement performanceeddmg on the various types of
geosynthetics used. Their review paper focused hen reinforcement function of

geosynthetics in flexible pavemenisable 2.1).
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Table 2.1. FEM studies for geosynthetic-reinforfiegible pavement design (After

Zornberg and Gupta 2010)

Geostynthetic .
References Type c.)f constitutive Geosynthetic| Interface Load type|Validation
analysis element type | element type
model
Burd and . . | Isotropic linear- .
Houlsby (1989 Plain strain clastic Membrane None Monotonjc  None
. - Linear elastic .
Barksdaleet al. AXi- Isotropic linear- . Field
. . Membrane perfectly |Monotonic
(1989) symmetric elastic . results
plastic
Burd and Isotropic linear-
Brocklehurst | Plane strair P . Membrane None Monotonjc  None
: elastic
(1990
Miura et al. AXi- Isotropic linear- Linear elastic . Field
. . Truss - Monotonic|
(1990) symmetric elastic joint element results
Dondi Three- | Isotropic linear- Elasto-plastiq .
. . . Membrane Mohr- Monotonic, None
(1994) dimensional elastic
Coulomk
Wathugalat al. AXi- Isotropic linear- Solid Single
. . . None None
(1996) symmetric elastic Continuum cycle
Perkins Three- |Anisotropic elast Mohr- Multiple | Lab and
. . ) Membrane
(2001) dimensional plastic Coulomb cycles | test tracks
Kwon et al. Axi- Isotropic linear- . | .
. P . Membrane | Linear-elastic Monotonic Test tra
(2005) symmetric elastic

cks

Tutumluer et al. (2012) investigated geogrid-aggtegnterlock mechanisms

using an aggregate imaging-based discrete elemethioch (DEM) approach. They used

this approach in an attempt to better quantify fdtors affecting the interaction or

interlocking mechanisms between geogrids and agtgeg Tutumluer et al. (2012)

demonstrates the effectiveness of their aggregatge-aided DEM model through

direct shear tests performed on reconstituted adetmite aggregate samples with and

without geogrid reinforcement.
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Based on the survey of above studies, geogrid piiepethat have been the
subject of previous investigations are comparedh wibse which are the focus of the
current study i able 2.2.

Table 2.2. List of geogrid properties examinedtfase reinforcement applications in
the current and related previous studies

Giroud . Cuelho .
Mechanical Propertie$ Webstenq and Chehalj Tang e Christophe and Tingle | Abu-Farsak Current
(MD and XD) (1992) | Hann etal al etal Perkins and Jers) - and Chen Study
(2004) (2007)| (2008)| (2008) (2009) (2009) (2011)
Utltimate Rib Strength \/ \/ \ \/
i 0,
Rib Strength at 2% N N N N N
Elongation
i 0,
Rib Strength at 5% N N N
Elongation
Junction Strength N \/ \/ N \/
Tensie Modulus \
Aperture Size N \/ \/ \ \/
Flexural Rigidity Y V
Aperture Stability N N N
Modulus
Rib Thickness \/
Rib Cross-Section N
Shape

2.2. Design Methodsfor Reinforced Aggregate Base Layers

The design methods for flexible pavements and usegemgrids in base

reinforcement applications are discussed in thit@e
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2.2.1. The Cover Based Design Method

The Cover Based Design Method was developed tayadhexible pavement
systems after the great depression in the 1930s. mkthod required the California
Bearing Ratio (CBR) as a single input parameter aligéd heavily on engineering

judgment. This method did not include the effecgedgrids.

After completion of the American Association of tetaHighway Officials
(AASHO) Road Test in 1960s, a series of design outhwvere proposed to design

flexible pavements as described below.

2.2.2. Modified Steward et al. (1977) Method

Steward et al. (1977) developed an empirical depigcedure for geotextile-
reinforced unpaved roads using solutions based lonitaequilibrium bearing capacity
theory. Tingle and Webster (2003) modified Stewatr@l.’s design method to include
geogrid reinforcement which was subsequently adbmtethe Corps of Engineers
(COE) method for design of low-volume geotextil@dageogrid-reinforced unpaved
roads (USCOE, 2003). Tingle and Webster (2003)sstgdea bearing capacity factor of
5.8 for the geogrid-reinforced case and recommetitida geotextile should be used as
a separator layer. Tingle and Webster’s design odetincludes the following factors in

the design:

* Number of vehicle passes

* Equivalent axle load

15



» Axle configuration
» Tire pressure
* Subgrade strength

* Rutdepth

However, it is bound by the following limitations:

* The aggregate layer must be of high-quality (¢sglaiboratory CBR value based
on ASTM D 1883> 80) and it should be cohesionless (nonplastic)

* Vehicle passes less than 10,000

» Geotextile survivability criteria must be considgre

» Subgrade undrained shear strength less than aBdr&® (2000 psf) (CBR < 3)

2.2.3. AASHTO PP 46-01 (2001) Method

The American Association of State Highway and Tpamgation Officials
(AASHTO) guide for design of pavement structureome of the most widely used
methods for flexible pavement design in North Aro@riAASHTO PP 46-01 (2001)
provides guidelines for design of geogrid-reinfartase courses in flexible pavements.
The AASHTO method uses empirical equations develdpem the AASHO road tests,
which were conducted in the late 1950s. The desigps follow a procedure that was

initially reported by Berg et al. (2000) and AASHTI®93).
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APSI

37

logWy, = £, =5, +936x1log(5N +1)-02 +—m'94+2.32 log A, —8.07 (2_2_1)
04+

where,

Wig = Anticipated cumulative 18-kip Equivalent Singledé Loads (ESALS)

over the design life of the pavements
Zr = Standard normal deviate for reliability level
S = Overall standard deviation
APS = Allowable loss in serviceability
Mg = Resilient modulus (stiffness) of the underlyindpgrade
SN = Structural number of the pavement

Once the required overaBN has been determined, the individual layer's

thickness can be determined by using the folloveggation:

SN=(axd),,,, +(axdxm),, +(axdxin) .. (2_2_2)

where,
a = coefficient of relative strength

d = thickness in inches of each layer

17



m = modifier accounting for moisture characterstof the pavement

SN = Structural number of the pavement

In this method, the improvements to the pavemerdtesy provided by
geosynthetic reinforcement have been quantifieteims of the Traffic Benefit Ratio

(TBR) and the Base Course Reduction (BCR) ratio.

The TBR is defined as the ratio between the nundfeload cycles on a
reinforced section (N to reach a defined failure state (e.g. a givating depth) and
the number of load cycles on an unreinforced sediNy) with the same geometry and
material constituents that reaches the same defaiknle state (Berg et al. 2000). The

TBR can be defined as:

TBR = Ne/Ny (2.2.3)

Use of the TBR in pavement design leads to an depavement life defined

by:

W33 (reinforced) = TBR * Ws (unreinforced) (2.2.4)

The BCR has been determined from laboratory and tests. The BCR is
defined as the reduction in the base-course thgkdee to an addition of geosynthetic

reinforcement Tg) in relation to the thickness of the flexible pment with the same
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materials but without reinforcement), to reach the defined failure state. The BCR is

defined as follows:

Tr
BCR=—
= (2.2.5)

U

The BCR is sometimes referred to as the layer moefit ratio (LCR) and it is

used as a modifier which is applied to 8Mof the pavement as follows:
N = (@ax d)pm + BCR.(a x d X M)pase + (@ X d XM)gyphase (2.2.6)

The AASHTO design method is empirical in nature awks not directly
consider several important factors such as: meckaaf the pavement structure,
climatic effects, or changes in traffic loads andtenial properties over the design life
of the pavement. Also, application of this desigrtmedology to geosynthetic-
reinforced pavements is not clear. Difference insyathetic reinforcement products,
materials, geometries, failure criteria and loadseduin different test sections are not
explained sufficiently. Moreover, this method ne&alprovide a consistent groundwork
for performance comparisons among various geostiosheavailable for base
reinforcement and subgrade stabilization applicatidn addition, it has been difficult
to incorporate the BCR and TBR ratios into the glesivhere the objective of the
reinforcement is to provide both an increased pardrife and a reduced base course

thickness. Although research conducted to dateshaported the AASHTO design
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method to some extent, long-term information alibet projects designed using this

method is not found in order to establish confidelimits.

2.2.4. Empirical Design Method of Giroud and Han (2004a)

Giroud and Han (2004a) developed a theoreticallgebaand empirically
calibrated design method specifically designeddeogrid-reinforced unpaved roads.
This method takes into account the distributionstresses, strength of base course
material, geogrid-aggregate interlock and geogneplane stiffness in addition to
conditions considered in earlier methods (e.dffitcraolume, wheel loads, tire pressure,
subgrade strength, rut depth and influence of oeonfig geosynthetics). The properties
of the base course material are considered in Gieowl Han’s design approach which
is an improvement over previous methods. In thisigie method, the base course
material is characterized by its CBR (CaliforniaaBeg Ratio) value using an
AASHTO chart that includes a correlation with tlesilient modulus for the subbase

material (AASHTO 1993).

Giroud and Han (2004a) developed the following giesequation for base

course thickness through calibration and verifarativith laboratory and field data:

{#\ 13 j2
0.868+(0.661— 1.006J2)| E| log N -
v T

h= : ,

’ 1+0204[Rz—1] 75 ol
|;’_:I 1—0.9exp
L)

[r)?
! } ‘_Vf_fc CBRy,

(2.2.7)
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where,
(0.661-1.006% > 0
h = required base course thickness (m or in)
J = geogrid aperture stability modulus (N.m/° olb&/° )
N = number of axle passes
P = wheel load (kN or Ibs)
r = radius of the equivalent tire contact area (rmpr

Re = modulus ratio of base course to subgrade soiE,7#Esq = 3.28

CBRyJCBRsy < 5
Epc.= base course resilient modulus (Mpa or psi)
Esq= subgrade soil resilient modulus (Mpa or psi)
CBRy: = CBR of the base course materials (aggregate)
CBRgy = CBR of the subgrade soil
fs = rut depth factor
S = maximum rut depth (m or in)

N. = bearing capacity factor
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= 3.14 for unreinforced roads

= 5.14 for geotextile reinforced roads

= 5.71 for geogrid reinforced roads

fc = factor relating subgrade CBR to undrained cairesi, = 30 kPa (4.3 psi)

According to FHWA (2008), the validity of the Girdand Han (2004a) method

is limited by the following conditions:

Rut depth from 50 to 100 mm (2 to 4 in)

Field subgrade CBR less than 5

Maximum ratio of base course modulug ® subgrade soil modulugdof 5
Maximum number of passes: Based on the currerg sfapractice, the traffic
load for unpaved roads is limited to 10,000 ESALs

The tension membrane effect was not taken intolwadcgince it is negligible for
rut depths less than 100 mm (4 in)

The influence of geogrid reinforcement is includbtbugh a bearing capacity
factor of N. = 5.71 and the aperture stability modulus (J)exfggid

The influence of geotextile reinforcement is coesétl through a bearing
capacity factor of N= 5.14, and the aperture stability modulus (J)aktuzero
For the unreinforced unpaved roads, the desigmai&l Yor bearing capacity
factor of N. = 3.14, and the aperture stability modulus (Jeaétuzero

Minimum thickness of 100 mm (4 in) for the baserseuaggregate
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Giroud and Han (2004b) suggested that these limitst may change as

additional empirical data become available.

2.2.5. Mechanistic-Empirical Pavement Design Guide Method

The NCHRP Project 1-37A Mechanistic-Empirical PaeaemDesign Guide
(MEPDG) (AASHTO 2008) along with its supporting swdére (MEPDG, Version 1.1)
is a major upgrade of an older AASHTO (1993) deswgethod. Major steps of the

mechanistic-empirical (M-E) design method include:

Selection of the pavement structure (layers, tyde nuaterials,

thicknesses)

» Characterization of climate, traffic and materis the specific project
location

* Analysis of the pavement structure mechanistic rhode

» Calculation of critical responses (stresses, sjain

* Evaluation of the accumulated damage and associdittcess with
reference to preset criteria

* The design may require several iterations considetifferent pavement

structures. Design is completed when for a spes#ition the levels of

distress do not exceed the acceptable design levels

Inclusion of geosynthetic reinforcement introducasnew set of design
parameters to be considered to design flexible paws efficiently from both

mechanical and economical standpoints. Importantarpaters may include
23



geosynthetic type, flexural stiffness, tensile mlaoduand strength, aperture size and

placement location within the pavement structure.

NCHRP Mechanistic-Empirical Method (2004): In thecent years, attempts
have been made to incorporate the use of geosiymthetforcement into AASHTO and
M-E design methods. Early design approaches fofaried flexible pavements modify
equations in order to reveal the benefit achiewecdding geosynthetics. A National
Cooperative Highway Research Program (NCHRP) stamyed at developing a
methodology to incorporate the reinforcing functmfrgeosynthetics in the M-E design

approach for pavement structures (NCHRP 2004).

The main parameters used in the M-E method arenehanistic properties of
each pavement layer, including Poisson’s ratipand Resilient Modulus (k). Both
Mgr and the Young's Modulus (E) influence the straispanse of the material to
applied stresses. The value ofiffluences the initial deformation of the material,

whereas M influences the elastic deformation of the mateftdr cyclic loading.
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CHAPTER THREE

SURVEY AND CLASSIFICATION OF GEOGRID PRODUCTS

3. 1. Survey of Geogrid Products

As a first step of this study, a survey was carreed on a wide range of
commonly available geogrids on the market in otdedentify candidate products for
ODOT'’s new geogrid specifications. Candidate getsgrwere initially screened from
the 2009 issue of the Geosynthetics Specifiersd&iFAlI 2009) on the basis of their
aperture size and rib strength at 5% strain. TeBX¥arL00 and BX1200 geogrids which
are primarily used in ODOT projects are referredgdhe control geogrids in this study.
These geogrids are referred to as Type-1 and Tygee®yrids, respectively in the

ODOT specifications manual.

Several geogrid producers and suppliers were cmaador additional
information on their products. A database of suegeyeogrids and their selected
properties (aperture size, rib strength at 5% rsteaid ultimate strength) is given in
APPENDIX. Figure 3.1 shows a histogram of geogrid products availablthermarket
based on their machine direction (MD) rib strength2% strain, which is used in
specifications published by several U.S. State D(8Bstion 3.2). The rib strength at

2% strain has been recommended as a serviceatsiliéyion in previous studies (e.g.
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Christopher et al. 2008). The histogramFigure 3.1 was produced based on a survey

of 113 geogrids from available sources.

' ' -' | | ! ]
15 | SRR _._.T...-.-.-.-..\!----......---._l-..-.-.-.-....;...-.........-?-.----.-- N .E..............é..............
Range of geogrid products that | ' '
% meet minimum ODOT :
3 10 bl 1 | SRR WO SRR /SO AN SHPNPPNG. TVIUIDY. S 4
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MD strength at 2% strain (kN/m)

Figure 3.1. Distribution of MD strength at 2% rifpesn ofuniaxial and biaxial
geogrids surveyed in this study

Among these 113 geogrids surveyed, 66 geogrids hiargal. Since this study
was focused on biaxial geogrids used for baseariament, the distribution of MD rib

strength at 2% strain of biaxial geogrids as a subgwhat is shown ifrigure 3.1 is

shown inFigure 3.2.
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| L Histogram of MD strength at 2% strain of base reinforcement
: geogrids in US market (66 products)

D S

1 Type-2 :

* See Section 3.2
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Number ofproducts

. | 1 1

0 10 20 30 40 50 60

MD strength at 2% strain (kN/m)

Figure 3.2. Distribution of MD strength at 2% rifpesn of bi-axial geogrids available
on the market

Among the 66 geogrids that are representdeignre 3.2, a total of 31 geogrids
were found to have either an aperture size or a&®8&iA rib strength value comparable
to those of ODOT Type-1 and ODOT Type-2 geogridggaen in Table 3.1. The
geogrid products discussed in this report are ifledsas extruded and non-extruded
geogrids (EGG and NEGG, respectively). The NEG@gaty, in turn, includes woven

and knitted geogrids (WGG and KGG, respectively).
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Table 3.1List of candidee geogrids with either aperture size or-strain tensile
strength comparable to those of ODOT T-1 and Type2 geogrid

Aperture Size Strength @ 5%
(mm) Strain (KN/m)

Product
Name

MD XD XD

ACE GG30-1 25 28 15 NP
ACE GG300-1 25 30 120 NP
BX1100* 25 33 8.5 13.4
BX 1120 25 33 8.5 13.4
BX1200%* 25 33 118 196
BX-1220 25 33 11.8 19.6

BX 1500 25 31 17.5 20
BX 4100 25 33 § 10.5
BX-4200 25 33 10.5 14.6

Fornit 20 15 L5 11 16
Fortrac 35 20 20 13 NA
1BO 202 28 38 9.5 13.5
MacGrid EB2 42 50 9 13.4
MacGrid EB3 42 50 135 19.6
MacGrid WBI 25 33 152 11.5
MacGrid WB2 25 33 15.2 16.5
MacGrid WB3 25 25 12.6 11.3
MeacGrid WG3 25 28 15 NP
MacGrid WGS 24 28 28 NA
MacGrid WGR 24 28 40 NA
Mirafi BXG 11 25 25 13. 13.4
Mirafi BXG 12 25 25 13.4 19.7
Mirazrid 3XT 22 25 15.4 NA
MS 220 42 50 9 13.42
MS 330 42 50 135 19.5
MS 500 60 60 13.5 19.6
SF 11 25 25 15.2 11.5

SF 12 25 25 15.2 19.9

SF13 25 25 15.2 17

SF 15 25 25 17.5 20
StrataGrid SG150 25 24 9.1 6.2

Note: ODOT Typed Geogrid;” ODOT Type2 Geogrid; NA: Not Applicable; NP: Nt
Provided; Products in green cells were ultimatelected for testing in thistudy
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Based on the above survey and the selection eritdustrated inFigure 3.3, a
total of eight geogrids were selected as a finaf@etesting in this studyT{@ble 3.2).
All geogrid products, with the exception of the E&5Geogrid, were tested in their as-
supplied condition. The EGG2 geogrid is suppliedthyy manufacturer in the form of
two layers that are stitched together using pofresies in an offset arrangement
(Figure 3.4). In practice, EGG2 is used as a double-layer geéoddowever, the
mechanical properties of this product are deterchifi@ single-layer samples as
recommended by the manufacturer. Also, in ordewiden the range of material
properties in the parametric study, the EGG2 geogias separated and tested as a
single layer. Therefore, the EB2 results reportedthis study are for single-layer

geogrid specimens.

Either aperture
size or 5% 1. Keep GGs available in
Filtering out produects . strength US market and widely used
with N/A and N/P Keep b'?g“al comparable to 2. Triaxial geogridsare also
properties @ 5% rib geognes those of ODOT- included
strain in MD endorsed geogrids

180 products 113 products 66 products 31 products 8 products
(IFAI 2009) p p p P

Figure 3.3. Procedure used to select geogrid ptedactesting in this study
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Table 3.2. General information on geogrid prodtessed in this study

Desinati Aperture size
esignatior L )
. > ™ Fabrication (mm) Normalized
Geogrid Name in This Catedo Manufacturer Polymer Price
Study gory MD | XD
BX1200 EGG1 Tensar 25 33 1.00
EB2 .
e laver® EGG2 Maccaferri 42| 50 0.51
(single layet EGG PP
TX140 EGG3? Tensar 40% | 40 1.00
TX160 EGG4? Tensar 40% | 40¥ 1.81
BXG11 WGG1 TenCate-Miral 254 25.4 0.85
BXG12 WGG2 TenCate-Miraj 25.4 25.4 PET; PVC coating 1.17
NEGG
SF11 WGG3 Synteen 25 24 0.64
SG150 | KGG1 Strata 254 24y PET @ proprery -, o,
V stabilized coating
Notes:

BX: Biaxial, TX: Triaxial,

PP: Polypropylene, PET: Polyester, PVC: PolyvingldZide, UV: Ultra Violet,

EGG: Extruded Geogrid, NEGG: Non-Extruded Geoghitf;G: Woven Geogrid, KGG:
Knitted Geogrid

W EGG2 geogrid was separated as a single layerderdo widen the range of the
parametric study; though originally supplied by thenufacturer in the form of double-
layer.

@ Triangular aperture geometry

@ Longitudinal rib

@ Diagonal rib
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Figure 3.4. (a) EB2 geogrid, (b) Polyester tieschhare used to stitched together the
two layers of the geogrid

3.2. DOT Agencies Data

Table 3.3 shows a list of all 50 State DOTs in the Unite@t& that were
surveyed with respect to their geogrid specifiaaioThis survey revealed that those
DOTs that have specifications for base reinforcengengrids specify MD rib strength
values at 2% elongation which vary between 3.0 khdmd 10.0 kN/m. This range
represents 62% of the biaxial geogrid products esyest (i.e. 41 out of 66 products)
within the lower end of tensile strength valuésg(re 3.1 andFigure 3.2). Stronger
geogrids (especially of uniaxial type) are primanised for reinforced soil walls,
embankments and steepened slopes, which are otltsideope of this study. Based on
the above survey, the geogrids listedlable 3.2 were grouped into categories shown
in Figure 3.5. The 111 N split value for junction strength shoimnFigure 3.5 was
selected based on the Holtz et al. (2008) requinérfee minimum ultimate junction

strength of geogrids. The split value for the 2%ist rib strength was selected such
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that ODOT Type-1 and ODOT Type-2 geogrids repretamiveak rib (W) and strong

rib (SR) categories, respectively, with respect to thteproperty.

Table 3.3. State DOTSs providing geogrid specifmagifor base reinforcement

State | Spec S[')\‘eocs Slcr)]LfJ?Q:e State Specy 'SpNeocs Slgtf::(.:e State Spec S[')\‘eocs Slcr)]LfJ?Q:e
Alabama v | B Louisiana v | X< Ohio v ‘B
Alaska* | v/ < Maine v | B Oklahoma* | v/ /B
Arizona v J@ Maryland v [ X< Oregon v J@
Arkansas v | XX Massachusetts v | X< Pennsylvanid v | B
California v JEj Michigan v | X< Rhode Island v/ JEj
Colorado v | B Minnesota | v/ B South Carolinp v | B

Connecticut v | B Mississippi v | B South Dakot v | B
Delaware v JEj Missouri v JEj Tennessee| v/ JEj
Florida* | v/ /B Montana v | B Texas v B
Georgia v | B Nebraska v | B Utah v | B
Hawaii v JEj Nevada v JEj Vermont v JEj
Idaho v JEj New Hampshirg v JEj Virginia v JEj
llinois v | B New Jersey v | B Washington v | B
Indiana | v /B New Mexico v | B West Virginia) v | B
lowa v JEj New York v JEj Wisconsin* | v/ JEj
Kansas | v/ J@ North Caroling| v J@ Wyoming v J@
Kentucky | v/ /B North Dakota v | B

Jﬁ’j DOT Agency Website
<]  Correspondence with Agency
* States that Endorse Specific Products
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Rib Strength at 2% Strain (kN/m)

[EEN
o

(62}

Ultimate Junction Strength (N)

0 111 222
SW, S5,
1. EGG1
2. KGG1 3. EGG4
4. WGG1
5. WGG2
i
WW, | WS,
! 1. EGG2
! (single layer)
|
i
i
!

Note: EGG: Extruded Geogrid
NEGG: Non Extruded Geogrid
SW, = Strong Rib Weak Junction

IS, = Strong Rib Strong Junction
WW,_ = Weak Rib Weak Junction
WS, = Weak Rib Strong Junction

Figure 3.5. Classification of the geogrid producted in the study
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CHAPTER FOUR

DETERMINATION OF JUNCTION STRENGTH PROPERTIES

4.1. Fabrication of Junction Strength Testing Clamps

A total of eighty (80) junction strength tests weearied out on geogrids listed
in Figure 3.5 in both MD and XD directions according to the GRE&test method. A
minimum of five replicate samples of each produetevprepared and tested. In these
tests, a junction clamp firmly gripped the transeeribs on each side of the junction
(Figure 4.1) and the specimen was subjected to a monotonsileetoad until the
junction failed. In addition to obtaining junctiostrength values for the geogrid
products, these tests helped us to evaluate tiierpence of the fabricated clamps and
apply necessary modifications to improve their @enfance. Due to the manufacturing
technique and comparatively low junction strenghie strain magnitudes of the non-
extruded geogrids (NEGG) were too low for meanihgfoalysis. Therefore it was
decided to study only the ultimate junction stréngt these products. Digital imagery
technique was used to determine the strain in éa&thigeogrid (EGG) products (Wang

2009).

Figure 4.2 and Figure 4.3 show the tensile testing machine and an example
output plot from the in-isolation tests, respediivé-igure 4.4 shows different failure

modes observed in the junction tests on the exérgéegrid (EGG) products.
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Figure 4.1. Clamp and example test specimen usgeha@tion tests (junctions in the
specimen shown are one inch apart from each other)

Figure 4.2. Tensile testing frame for testing gl gunction strength of geogrid
specimens
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Figure 4.3. Specimen failure as captured on thea aequisition system screen

Figure 4.4. Different failure modes observed incfion testing of extruded geogrids:
(a) Brittle failure (b) Ductile failure
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4.2. Junction Strength Test Results

Samples of the eight different geogrids examinethis study Table 3.2) are
shown inFigure 4.5 throughFigure 4.12, respectivelyFigure 4.13 shows an EGG4

geogrid specimen in the junction test setup bedoafter failure.

Figure 4.5. EGG1 geogrid junction strength specsradter the test (a) MD, (b) XD

Figure 4.6. EGG2 (single layer) geogrid junctioresgth specimens after the test: (a) in
MD and (b) in XD
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Figure 4.7. EGG3 geogrid junction strength specsném) before the test, (b) after
failure (MD), (c) after failure (XD)
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Figure 4.8. EGG4 geogrid junction strength specsném) before the test, (b) after
failure (MD), (c) after failure (XD)

Figure 4.9. WGG1 geogrid junction strength specisnanXD: (a) before failure, (b)
after failure
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Figure 4.10. WGG2 geogrid junction strength speaisnéa) before the test, (b) after
failure (MD), (c) after failure (XD)

Figure 4.11. WGG3 geogrid junction strength speasn@) before the test, (b) after
failure (MD), (c) after failure (XD)

40



Figure 4.12. KGG1 geogrid junction strength specisa€a) before the test, (b) after
failure (MD), (c) after failure (XD)
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o X1

Figure 4.13. EGG4 specimen in junction strength {@$ before test, (b) after failure

Junction test results for the eight different typégeogrids investigated éble
3.2) are shown irFigure 4.14 throughFigure 4.21. In the cases of EGG3 and EGG4
geogrids inFigure 4.16 andFigure 4.17, the “MD” notation refers to the ribs that are
situated at 30from the machine direction due to their triangudanfiguration. The test
results for each geogrid product tested are surnzewinTable 4.1 andTable 4.2. In
the results shown in these figures and tablesptitieer data points were discarded such

that all the remaining data will fall within £5% tie mean value.
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[timate Junction Strength (N3

Samples

Ttimate Junction Strength (N

Samples

Figure 4.14. Junction strength test results for E@&3t specimens (a) MD, (b) XD
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Figure 4.15Junction strengttest results for EGG2-single laytesst specimen(a) MD,
(b) XD

44



350
(a)
300 A
—e—NMD 1
Z 250 1 ——MD2
=
2 200 s MD3
=
wn 4 — Minimum rcquircment
s 130 by FHWA
=
[ | P, . NSRS
E 100
50
0 I I
10 15 20
Junction Strain (%)
350
(b)
300
— —e—XD1
Z, 250 A
..gn ——XD2
% 200 —— XD 3
%
g 150 < = Minimum requirement
5 by FHWA
3 100
50
0 T T
10 15 20

Junction Strain (%)

Figure 4.16Junction strengttest results for EGG3 test speciméasMD ribs 30°
from MD), (b) XD
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Figure 4.17Junction strengttest results for EGG4 test speciméasMD ribs 30°
from MD), (b) XD
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Figure 4.18. Junction strength test results for WIG&5t specimens (a) MD, (b) XD
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Figure 4.19. Junction strength test results for VRG@€3t specimens (a) MD, (b) XD
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Figure 4.20. Junction strength test results for V@@€3t specimens (a) MD, (b) XD
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Figure 4.21. Junction strength test results for KG&st specimens (a) MD, (b) XD
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Table 4.1. Summary of junction strength test resaltMD

Geogrid

Type

Junction Strength in Machine Direction

(N)

Mean

(M)

Standard
Deviation

()

Coefficient
of Variation|
COV (%)

MARYV value
from
manufacturer

EGG1

SRS
Biaxial
Extruded

600.48

600

[587.2

604.48

601.65

2.01

0.33

451.6(

EGG2
(single
layer)

WRS;
Biaxial
Extruded

[284]

369.00

362.00

368.84 353.1

9 363J26

3.26

0.90

313.7

EGG3

SRS
Triaxial
Extruded

210.00

210.04

215.0p

211.67

2.36

111

NP

EGG4

SrSy
Triaxial
Extruded

250.00

250.04

260.0p

253.33

4.71

1.86

NP

WGG1

SRS
Biaxial
Woven

[183.58]

158.49

157.42

146.97

154.p9

5.20

3.37

133.4

WGG2

SRS
Biaxial
Woven

125.70

125.75

123.08

126.11 [177.

18] 125016

121

0.9y

#33.4

WGG3

KW,
Biaxial
Woven

74.68

72.90

73.25

72.81

72.8

0.71

0.9¢

264.2p

KGG1

KW,
Biaxial
Woven

76.91

45.55

64.10

56.9§

60.89

11.37

18.68

135.66

Cell background color key:
Green: Junction meets minimum Holtz et al. (20@gjuirement
Pink: Junction does not meet minimum Holtz et 2008) requirement
[---] Outlier value
NP  Not provided by the manufacturer
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Table 4.2. Summary of junction strength test resualtXD

Junction Strength in Cross-Machine Direction

(N)

Geogrid| Type Mean Standard| Coefficient| MARV value
1 2 3 4 5 Deviation |of Variation from

w (0) COV (%) | manufacturer

SRS;
EGG1 | Biaxial | 695.34| 683.42 [558.74] 634.5 671.09 26.3P 3.9 679.18
Extruded
EGG2 | WRS;
(single | Biaxial | 425.84( 404.43 403.20 422.0f 434.82 417|97 12.p3 2.93 403.p0
layer) |Extruded
SRS,
EGG3 | Triaxial | 210.00| 210.00 200.00 206.97 4.71 2.28 NP
Extruded
SRS;
EGG4 | Triaxial | 300.00| 290.00 290.00 293.33 4.71 1.61] NP
Extruded
SRS,
WGGL | Biaxial | 88.29 82.60 96.84| [128.15] 89.24 5.85 6.55 133.44
Woven
SRS;
WGG?2 | Biaxial | 104.67| 104.31 [171.83] 105.0 104.66 0.2 0.27 133.44
Woven
SW;
WGG3 | Biaxial | 50.40 | 48.62| [28.65 49.46 49.49 0.73 1.47 211.73
Woven
SW;
KGG1 | Biaxial | 29.89 29.89 29.89 28.47 29.54 0.62 2.09 90.30
Woven

Cell background color key:

Green: Junction meets minimum Holtz et al. (20@gjuirement

Pink: Junction does not meet minimum Holtz et 2008) requirement
[---] Outlier value

NP  Not provided by the manufacturer

52



CHAPTER FIVE

DETERMINATION OF RIB STRENGTH PROPERTIES

Several preliminary tensile strength tests wereierout on selected geogrids
according to the ASTM D6637 test protocol. Howevéne existing clamping
mechanism for single rib specimens was found tprbblematic; either the specimens
would pull out of the clamps or the measured tensirength values for different
specimens were not consistent. Therefore, new dangre fabricated to improve the

test results as described in the following sections

The new clamps were successfully tried on both ODQpe-1 and Type-2
geogrids. Afterwards, these clamps were used ty caut a total of 80 in-isolation rib
strength tests to determine the 2%-strain, 5%rsst@ad ultimate tensile strength values
of the geogrids listed iTable 3.2 in both machine (MD) and cross-machine (XD)

directions. Five tests were carried out in MD aind fn XD for each geogrid products.

5.1. Fabrication of Rib Strength Testing Clampsfor EGG

Two 102 mm x 102 mm x 6 mm steel plates were fabeat as rib strength test
clamps. In order to grip the geogrid ribs propedyclamping system was developed
that utilized frictional and interlocking forcesing two layers of sandpapers mounted

on the inside edges of each clamp. A piece of [90.\@ood sandpaper was fixed on the
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edge of the clamp using superglue as a permanenofial layer as shown iRigure
51. A 25 mm x 25 mm piece of sandpaper was placethemmiddle of each fixed
sandpaper layer as a disposable pad. These pieteseplaced after each test because

they would lose their roughness during testing.

Figure 5.1. Rib strength test clamp for extrudeodgyeels and accessories

Specimen preparation steps for rib strength te$tgeogrids are discussed

below:

1. A piece of geogrid was cut according to ASTM BB@est standard (each
specimen should consist of 3 junctions or 300 mng)oThen, the initial length of the

geogrid specimen was measured and its junctions marked using a white marker.

2. The two clamps were aligned as showrrigure 5.2(a). The test specimen
and additional dummy (spacer) pieces of geogridewsaced on the clamps at equal

distances from the center of the bolts as showkigure 5.2(b). Spacer pieces of
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geogrid were used to keep the clamp plates parallelach other which would help

increase the grip of the clamp on the specimemduhie application of tensile load.

3. Two additional small pieces (25 mm x 25 mm) afidpaper were placed on
the specimen inside the clamp. Clamp bolts wereried into the holes. During the
assembly of the clamps, each nut was uniformlytéigbed one turn at a time until the

geogrid was completely secured in the clantpgyre 5.3(a)].

Figure 5.2. (a) Sandpapers mounted on test clam@dignment of test specimen and
spacer pieces on clamps
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® White markings
for digital
imagery

Figure 5.3. (a) Geogrid specimen secured in thag$a (b) test setup mounted on the
tension frame, (c) view from digital camera, redalyecord the specimen deformation

4. The clamps and specimen assembly were careftdlysported to and
mounted on the testing frame as showfigure 5.3(b). A digital camera was set up to
record the specimen deformation during the tese View frame of the camera was

zoomed on the specimen such that the size of theirapn image was as large as
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possible and yet, the two white marks on the spegiffiigure 5.3(c)] remained within

the viewing range during the entire test until spen failed.

5. The digital camera, the electric motor attacteethe moving clamp and the
data acquisition system were started simultaneouBhe test continued until the
specimen failed. This new clamping system was faonsignificantly improve the test

success rate for extruded geogrids that offer \@wysurface friction.

6. The ASTM D6637 test protocol recommends pla¢hrge junctions across
the width of the geogrid specimen inside the clamMpwever, it was observed that
placing three junctions in the clamped area preaceaidequate pressure concentration
on the middle junction, which resulted in increass# of the test rib sliding out of the
clamps. The new procedure followed in this studyunees the placement of only one
junction in a highly frictional clamped area whigtoved to be very effective in

securing the specimen in its place throughoutdbke t

7. In all rib strength tests performed on the EGSp&cimens in the machine
direction (MD), the specimens failed at the locasicof mid-span junctions=[gure
5.4(a)], and the test was unable to capture the failuthefibs. It was concluded that
the ribs in machine direction are stronger thanjtimetions. This is explained by the
fact that extruded geogrids such as EGG1 are metuwé using a punching and
drawing technique. The ribs are stretched parts érforated polymer sheet during the
manufacturing process, which in contrast to thetions, experience strain hardening.

As a result, the ribs become stronger than thetijpme. These observations were
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discussed with Tensar representatives and theyoadkdged that failure of the mid-
span junctions may likely occur while testing tiite samples. Nevertheless, the failure
load recorded regardless of the location of theungpin the mid-span is typically
reported as the rib strength value. It thereforgeaps that using two aperture size-long
specimens in the rib strength tests accordingeod®8TM D6637 test procedure makes

it very difficult to measure the rib strength witliaupturing the junction.

8. In order to investigate the influence of specins&ze on junction failure as
stated above and to eliminate any possible bouneféegts (i.e. proximity of the failed
junction to the clamps), samples with five apertaize length were tested. It was
observed that the specimens still failed at thed-span junction as shown Figure
5.4(b). This observation confirmed that the reason farciion failure in rib strength
tests was indeed due to weaker junctions as compargéhe ribs regardless of the
specimen size. It also confirmed that the clam@pstem was robust and consistently
resulted in failure at the specimen mid-span ae@g to a location near the clamps.
The specimens tested in the cross-machine direCK@) all failed at the connection

between the ribs and junctiorfadure 5.4(c)].
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Figure 5.4. (a) and (b) Two- and five—aperture-$trey specimens which failed at their
junctions in rib strength tests, (c) specimen thilecross-machine direction

In addition to conventional biaxial geogrids, retgnintroduced triaxial
products (EGG3 and EGG4) by Tensar were investigaurrently, there are no
standard test protocols for sample preparatiomgiag requirements and in-isolation
testing of triaxial products. ASTM D6637 test startdwas largely followed for this
purpose, which was originally developed for unidgiad biaxial geogridsrigure 5.5
shows the geogrid samples prepared for the ribatasirding to ASTM D663 Figure
5.6 and Figure 5.7 show the rib test setup for the EGG3 and EGG4 mgng

respectively, before and after failure.

In the case of EGG3 and EGG4 products, rib stretegts were carried out in
the directions along the diagonal (MD) and transegXD) ribs. After comparing the
measured results and the test data supplied byalenth the criteria given ifrigure
3.5, both the EGG3 and EGG4 geogrids were classifiethé strong rib and strong

junction category.
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(XD)

Figure 5.5. Geogrid specimens for rib strengthstést EGG3, (b) EGG4

Figure 5.6. EGG3 geogrid sample for rib strengtitstéa) before test, (b) after failure
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Figure 5.7. EGG4 geogrid sample for rib strenggitstéa) before test, (b) after failure

5.2. Fabrication of Rib Strength Testing Clampsfor NEGG

When PVC-coated polyester (PET) geogrids were dessing the above test
setup, it was observed that in some specimens gtelygarns were pulled out of the
PVC coating leaving a piece of the coating in tleenp. Based on this observation, a
new clamping system was developed for non-extrggegyrids as shown iRigure 5.8
and Figure 5.9. These clamps helped mitigate stress concentsmt@brthe geogrid-
clamp connections and therefore, prevented immdailtee of the specimen. This type
of clamp is comparable to Capstan clamps and rgjtgrs discussed in the ASTM

D4595 test protocol (ASTM 2009).
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Figure 5.8. Clamping system fabricated to test extnuded geogrids

Figure 5.9. Rib strength testing of non-extrudedggiel in progress

5.3. Rib Strength Test Results

Load-strain rib tensile strength test results fog geogrids listed ifable 3.2

are shown irFigure 5.10 throughFigure 5.17.
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Figure 5.10Tensile strength test resufor EGG1 geogriggpecimens (a) MD, (b) X
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Figure 5.11. Tensile strength test results for EG&ayle layer) geogrid specimens (a)
MD, (b) XD
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Figure 5.12. Tensile strength test results for E@EGgrid specimens (a) M30° from
MD), (b) XD
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Figure 5.13. Tensile strength test results for E@&dgrid specimens (a) M{30° from
MD), (b) XD
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Figure 5.14. Tensile strength test results for W@@dgrid specimens (a) MD, (b) XD
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Figure 5.16. Tensile strength test results for W@@8grid specimens (a) MD, (b) XD
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Rib tensile strength values at 2% strain in MD Xiltlare summarized ifiable
5.1 andTable 5.2, respectively. Inable 5.1, the 2% rib strength values of the extruded
biaxial geogrids (i.e. EGG1, WGG1, WGG2 and EB)nirthis study are slightly
higher than the MARV (Minimum Average Roll Valueklues reported by the
corresponding manufacturers. This is not unexpediedause the MARV values
theoretically represent two standard deviationsowethe mean value of a large
population of samples with an assumed bell-curg&itution (e.g. Koerner 2005). The
FHWA guidelines (Holtz et al. 2008) also stipuldteat the test results from any
sampled roll in a lot should meet or exceed theimmim values reported by the

manufacturers. The overall summary of the rib gjtiertest results for all geogrids

tested are given ifiable 5.1 throughTable 5.6.
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Table 5.1. Summary of rib tensile strength value&a strain in MD

2% Rib Strength in Machine Direction

(KN/m)
Geogrid| Type Mean Standard|Coefficient of MARV value
MD 1 MD 2 MD 3 W) Deviation| Variation, from
K (o) COV (%) | manufacture
SRS
EGG1 | Biaxial 10.2 16.0 11.0 12.4 2.6 20.7 6.0
Extruded
EGG2 | WRS;
(single | Biaxial 1.8 35 2.5 2.6 0.7 26.3 2.2
layer) |Extruded
SRS
EGG3 | Triaxial 4.9 5.2 5.8 5.3 0.4 7.1 NP
Extruded
SRS
EGG4 | Triaxial 7.0 5.0 5.5 5.8 0.8 14.6 NP
Extruded
KRS
WGGL1 | Biaxial 9.0 9.0 8.7 8.9 0.1 1.6 7.3
Woven
SRSy
WGG2 | Biaxial [19] 14.0 10.0 12.0 2.0 16.7 7.3
Woven
SRW;
WGG3 | Biaxial 9.0 10.0 8.5 9.2 0.6 6.8 7.7
woven
SRW;
KGG1 | Biaxial 6.0 7.0 7.0 6.7 0.5 7.1 5.1
Knitted
Notes:

S.S;: Strong Rib Strong Junction
S W Strong Rib Weak Junction
W_S: Weak Rib Strong Junction

NP: Not provided by the manufacturer
[---] Outlier value
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Table 5.2. Summary of rib tensile strength value&’a strain in XD

2% Rib Strength in Cross-Machine Direction

(kKN/m)
Geogrid| Type Mean Standard Coefficient [MARV value
XD 1 XD 2 XD 3 XD 4 ) Deviation| of Variation, from
K (o) COV (%) | manufacture
SrS;
EGG1 | Biaxial 22.0 22.2 16.0 20.1 2.9 14.3 9.0
Extruded
EGG2 | WRS;
(single | Biaxal 2.6 2.2 2.6 25 0.2 7.0 3.3
layer) | Extruded
SRS;
EGG3 | Triaxial 45 7.3 7.7 6.5 1.4 21.9 NP
Extruded
SRS,
EGG4 | Triaxial 7.5 7.5 9.2 8.1 0.8 9.9 NP
Extruded
SRS
WGG1 | Biaxial 9.0 10.0 10.0 9.7 0.5 4.9 7.3
Woven
SRS,
WGG2 | Biaxial 12.0 8.0 6.0 [3] 8.7 25 28.8 10.9
Woven
SW;
WGG3 | Biaxial 11.0 11.0 13.0 11.7 0.9 8.1 8.4
woven
SW;
KGGL1 | Biaxial 5.5 5.5 55 55 55 0.0 0.1 4.4
Woven
Notes:

S.S;: Strong Rib Strong Junction
S W Strong Rib Weak Junction
W_S: Weak Rib Strong Junction

NP: Not provided by the manufacturer
[---] Ouitlier value
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Table 5.3. Summary of rib tensile strength values’a strain in MD

5% Rib Strength in Machine Direction
(KN/m)
Geogrid| Type Mean Standard Coefficient ol MARV value
MD 1 MD 2 MD 3 Deviation] Variation, from
() (o) COV (%) | manufacturef
SrRS;
EGG1 | Biaxial 21.3 23.2 24.0 22.8 1.1 5.0 11.8
Extruded
EGG2 | WRS;
(single | Biaxial 4.4 6.4 5.3 5.4 0.8 15.2 4.5
layer) | Extruded
SrRS;
EGG3 | Triaxial | 11.2 11.5 11.8 11.5 0.2 2.1 NP
Extruded
SRSy
EGG4 | Triaxial 9.0 12.0 145 11.8 2.2 19.0 NP
Extruded
SRS;
WGG1 | Biaxial 17.0 18.0 18.0 17.7 0.5 2.7 13.4
Woven
SrRS;
WGG2 | Biaxial [34] 28.0 26.0 27.0 1.0 3.7 13.4
Woven
KW;
WGG3 | Biaxial 14.8 16.2 16.2 15.7 0.7 4.2 11.5
woven
KW,
KGG1 | Biaxial 9.0 9.1 9.0 9.0 0.0 0.5 9.1
Woven
Notes:

S.S; Strong Rib Strong Junction
S.W : Strong Rib Weak Junction
W_S: Weak Rib Strong Junction
NP: Not provided by the manufacturer

[---] Outlier value
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Table 5.4. Summary of rib tensile strength values?a strain in XD

5% Rib Strength in Cross-Machine Direction

(kKN/m)
Geogrid| Type Mean Standard Coefficient | MARV value
XD 1 XD 2 XD 3 XD 4 W Deviation| of Variation, from
K (o) COV (%) | manufacturer

SRSy

EGG1 | Biaxial 33.2 35.2 30.0 32.8 2.1 6.5 19.6
Extruded

EGG2 | WRS

(single | Biaxial 5.2 4.6 5.0 4.9 0.2 5.1 6.7

layer) | Extruded
SRSy

EGG3 | Triaxial 12.0 13.0 13.5 12.8 0.6 4.9 NP
Extruded
SRS

EGG4 | Triaxial 12.0 13.5 16.5 14.0 1.9 13.4 NP
Extruded
SRS

WGG1 | Biaxial 23.8 20.0 22.0 21.9 1.6 7.1 13.4
Woven
SRSy

WGG2 | Biaxial 27.0 28.0 30.0 30.0 28.8 1.3 4.5 13.7
Woven
KW,

WGG3 | Biaxial 15.8 15.9 16.0 15.9 0.1 0.5 15.2
Woven
KW,

KGG1 | Biaxial 7.5 7.0 8.0 7.7 7.6 0.4 4.8 6.2
Woven

Notes:

S.S;: Strong Rib Strong Junction
S.W Strong Rib Weak Junction
W_S: Weak Rib Strong Junction

NP: Not provided by the manufacturer
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Table 5.5. Summary of ultimate rib tensile strengilues in MD

Ultimate Rib Strength in Machine Direction
(KN/m)
Geogrid| Type Mean StandardCoefficient o{ MARV value
MD 1 MD 2 MD 3 W Deviatior] Variation, from
H (o) COV (%) | manufacturer
SRS;
EGG1 | Biaxial 26.3 25.8 27.0 26.4 0.5 1.9 NP
Extruded
EGG2 | WRS;
(single | Biaxial 7.0 7.3 6.0 6.8 0.6 8.3 6.7
layer) |Extruded
SRS
EGG3 | Triaxial 15.0 15.0 15.1 15.0 0.0 0.3 NP
Extruded
SrRS;
EGG4 | Triaxial 17.0 18.0 19.0 18.0 0.8 45 NP
Extruded
SRSy
WGGL1 | Biaxial 64.0 64.9 63.0 64.0 0.8 1.2 29.2
Woven
SRSy
WGG2 | Biaxial 36.7 42.0 30.6 36.4 4.6 12.7 29.2
Woven
SKW;
WGG3 | Biaxial 46.9 42.3 43.0 44.0 2.0 4.6 34.9
woven
SKW;
KGG1 | Biaxial 32.0 33.0 30.0 31.7 1.2 3.9 27.4
Woven
Notes:

S.S; Strong Rib Strong Junction
S.W : Strong Rib Weak Junction
W_S: Weak Rib Strong Junction
NP: Not provided by the manufacturer
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Table 5.6. Summary of ultimate rib tensile strengilues in XD

Ultimate Rib Strength in Cross-Machine Direction
(kKN/m)
Geogrid| Type Mean StandardCoefficient ol MARV value
XD 1 XD 2 XD 3 XD 4 W Deviatior] Variation, from
K (o) COV (%) | manufacture
SRSy
EGG1 | Biaxial 36.6 38.7 40.0 38.4 1.4 3.7 NP
Extruded
EGG2 | WRS;
(single | Biaxal 9.9 9.6 9.6 9.7 0.1 1.3 10.3
layer) | Extruded
SRSy
EGG3 | Triaxial | 14.0 16.5 17.5 16.0 1.5 9.2 NP
Extruded
KRS
EGG4 | Triaxial 14.0 16.0 16.5 15.5 1.1 7.0 NP
Extruded
SRSy
WGG1 | Biaxial 36.4 31.7 28.0 32.1 3.4 10.7 29.2
Woven
SRSy
WGG2 | Biaxial 45.0 35.3 38.1 41.0 39.8 3.6 9.1 58.4
Woven
KW,
WGG3 | Biaxial 58.0 60.9 59.9 59.6 1.2 2.0 56.5
woven
SRW;
KGG1 | Biaxial 27.6 29.6 28.0 28.0 28.3 0.8 2.7 27.4
Woven
Notes:

S.S;: Strong Rib Strong Junction
S W Strong Rib Weak Junction
W_S;: Weak Rib Strong Junction

NP: Not provided by the manufacturer
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CHAPTER SIX

LABORATORY TESTING OF SAND AND AGGREGATE

6.1. Gradation Analysis

ODOT Type-A aggregate was purchased from Dolesaary in Oklahoma
City and transported to the Fears laboratory at(Obiversity of Oklahoma). Type-A
aggregate is the most commonly used type of agtgaegaODOT projects. Sieve tests
were performed on the aggregate at the OU Broceraatry according to the ASTM

C136-06 test standar&igure6.1).

2009,/09,'05

Figure 6.1. Sieve analysis equipment at the OU &8taboratory
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Two representative gradation curves from the siamalyses are shown
Figure 6.2. It is observed that gradation curves from the trials are reasonably clo:
to each other and both fall within the upper angdo limits of the range definin
ODOT TypeA aggregates (ODOT 2009). These aggregates werk insine pullow
and plate load tests carried out in this stuThe sieve analysief aggregat was
repeated after every four pullcand plate loadests to ensure that their gradation ct
fell within the upper and lower limits of the ODOype-A aggregate. If that was n
the case, the aggregates were discarded and neegatgs wre used for the followin

tests.
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Figure 6.2 Gradation curves for the ODOT Ty-A aggregates used in this st
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6.2. Durability Analysis

A series of LA (Los Angeles) abrasion tests wengied out on ODOT Type-A
aggregates as per the ASTM C131-06 test standatetéomine their durabilityrjgure
6.3). This test has been widely used as an indicdtdhe relative quality of various
sources of aggregate having similar mineral contjpos. This test also measures the
degradation of aggregate minerals due to loadirg aproject service life. A rotational
grinding drum that contained 11 steel balls waglws®l underwent 500 revolutions to
perform the LA abrasion tests. Aggregates were a@sind their dry weight was
measured after 24 hours. The amount of aggregatghiMess was used to determine

the LA abrasion valued @ble 6.1).

Figure 6.3. Los Angeles (LA) abrasion tests
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Table 6.1. LA abrasion test results for ODOT Typegygregate

% Max Allowable

i 0,

Aggregate Type Grading Type Y% of Loss Los2
ODOT Type-A

(ODOT B 20 50
Specification)
ODOT Type-A

(This Study) B 21 >0

Notes:

! Type B grading in ASTM C131-01 test standard respithe use of eleven (11) steel
balls. Each load of aggregate for testing shoulegleamass of 4584 + 15 grams.

2 Maximum allowable loss according to ODOT requiraetsdor base aggregates
(ODOT 2009, Specification 703.01 C).

6.3. Small-Scale Direct Shear Tests (DST) on Sand
6.3.1. Material Propertiesand Test Setup

Three small-scale direct shear tests (DST) wenmgechout on the subgrade sand
which was collected from ‘Dover Sand Plant’ locatedDover, Oklahoma. The sand
called “Washed Dover Sand” met the ASTM C33 speations for concrete mix. The
DST tests were carried out to determine the shieangth parameters of the subgrade
sand used in the cyclic plate load te§c{ions 9.1 and9.2). The moisture content and
unit weight of the sand in the DST were 0.2% an®3&N/n?, respectively. Wang
(2009) reported the minimum and maximum dry uniiglves of this sand to be equal to

10.98 kN/ni and 16.61 kN/r) respectively. Hence, the relative density ofsard used
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in the DST was 95.7%. The unit weight and relatieesity of the sand for final cyclic

plate load tests were also 16.25 kRiand 95.7%, respectively.

The size of the test cell in the small-scale DS &@ mm x 60 mm. A porous
stone was placed at the bottom of the test celthvinias covered with the sand that was
placed and compacted in three liftSiqure 6.4). The sand was compacted by a
combination of vibration (e.g. tapping the test geintly against the table) and manual
compaction (using a tamping rod). The porous stomgk top cap were then placed on

the top of the compacted sand.

Figure 6.4. Dover sand in the test cell of the $is@dle DST machine

The desired overburden pressure on the sand speeuag applied by placing

weights on a hanging platform attached to a lewarthat applied a vertical load on the
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specimen through an aluminum cap. The tests weredaut until the measured shear

stress in the soil became practically constaigure 6.5 shows a final test setup.

Figure 6.5. Final setup of the test cell the DSTIniae
6.3.2. Direct Shear Test Results

Small-scale direct shear test results for the saadeyisand ay = 16.25 kN/ni are
presented ifrigure 6.6 throughFigure 6.9. FromFigure 6.9, the peak friction angle of

the sand was determined as 46 degrees.
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Figure 6.6. Smalbcale test results on the subgrade @at 138 kPaverburden pressu
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Figure 6.7. Smalbcale test results on the subgrade @at 276 kPaverburden pressu
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Figure 6.8. Smalscale test results on the subgrade @at 414 kPaverburden pressu
(y = 16.25 kN/m)
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Figure 6.9. MohtCoulomb failure envelope for the sand (snsaltle DST
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6.4. Large Scale Direct Shear Tests (DST) on Sand and Aggr egate

6.4.1. Preparation of the Soil Samples

A series of large-scale direct shear tests wasechaut on the subgrade sand and the
ODOT Type-A aggregate using a ShearTrac-lll Mach{gad ancillary software)

manufactured by GeoComp Corporatidfiglire 6.10). The dimensions of the shear

box were 305 mm (L) x 305 mm (W) x 203 mm (H).

Figure 6.10. Assembly of the large-scale shear @xthe lower half, (b) the spacer, (c)
the upper half

The moisture content and unit weight of the santhese tests were 0.2% and
16.25 kN/ni, respectively. The shear box was filled with selsrers of sandRigure
6.11). Each layer of sand was compacted manually uaingallet. In the case of
aggregate, the shear box was filled with threerlayd aggregateFRigure 6.12). The
moisture content and unit weight of the aggregateew0.11% and 20.41 kN7m

respectively.
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Figure 6.11. Setting up the large-scale DST macturiest sand specimens

Figure 6.12. (a) Placing of first layer of aggregget the shear box, (b) Compaction of
first layer of aggregate with a mallet, (c) Sectanger of aggregate after compaction,
(d) Third (i.e. final) layer of aggregate after quetion
87



After filling the shear box, the top cap was plaeddve the sand or aggregate
specimen. The top cap was handled with two studshmivere screwed in the threads

inside the capHigure 6.13).

/ Stud for llftll‘lg top cap

Hole for the stainless
steel ball

Stud thread

Figure 6.13. The top cap with stud

The vertical load cell needed to be positionedandtainless steel ball on the
top cap carefully so that there was a little gajvieen the loading cell and the steel ball.
The proper positioning of the vertical load celultbbe ensured by observing the green
light on the front panel display of the DST mach{Rr&ure 6.14). Before starting the
shearing phase of the test, the two bolts conrngtiia two halves of the test cell were
removed to allow the upper box to slide horizogtall complete test setup is shown in

Figure 6.15.
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Figure 6.14. (a) Front panel of the DST machineP@gitioning of the vertical load cell
on the test cell

Figure 6.15. Large-scale direct shear test setup
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6.4.2. Shear Test Results

The large scale shear test results of sand aremgsskinFigure 6.16 through
Figure 6.19. FromFigure 6.19, the pealdriction angle of the sand was determirto
be 34 degreedssigure 6.20 shows the combined results of snedkle and large-scale
shear testsThe difference in the calculated sand friction arafl the same nominal ui
weight and moisture content could be attributedsitede effects between the two te
The friction angle value from the la-scale DST is believed to reprnt the sand used

as a substrate in the cyclic plate load more closely.
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Figure 6.16. Largescale test results on the subgrade <@t 138kPz overburden
pressurey(= 16.25 kN/m)
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Figure 6.18. Largescale test results on the subgrade @t 414kFa overburden
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Figure 6.19Mohr-Coulomb failure envelope for the sand (laspaie DST

Figure 6.20. MohiCoulomb failure envelojs of the sanat differentscale DST
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The largescale shear test resufor the ODOT Type-Aaggregate arshown in
Figure 6.21 through Figure 6.23. The aggregate specimens were tested at sn
overburden pssures as compared to sand specinrn order to avoid reaching tl
capacity of the large DST machine in former casee peak friction angle of the
aggregatey(= 20.4 kN/n’) with assumption of zero cohesion from the data shov
Figure 6.24 is calculated as 69 degrees. Therefore, it is revended that more lar-
scale DSTsshould be carried out to obtain a more reable friction angle value fc

the ODOT TypeA aggregate
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300 /,— -
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/
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% 150 /
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/ < — Peak Shear Strength = 375 kPa
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0
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Horizontal Displacement (mm)

Figure 6.21. Largescale test results on ODOT T-A aggregate at0s kPa overburden
pressurey(= 20.41 kN/nf)
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Figure 6.22. Largescal¢ test results on ODOT Type-A aggregaté 2 kPa overburden
pressurey(= 20.41 kN/m)
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Figure 6.23. Largecale test results on ODOT TY-A aggregate at7z kPa overburden
pressurey(= 20.41 kN/nf)
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Figure 6.24. Mohr-Coulomb failure envelope for @BOT Type-A aggregate (large-
scale DST)
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CHAPTER SEVEN

INSTALLATION DAMAGE TESTING OF GEOGRIDS

7.1. General

Stresses on geogrid reinforcement can be espedtigjly during construction
when geogrids are subjected to significant loadaygthe construction equipment.
Therefore, survivability tests such as installatidamage tests are important to
understand the significance of geogrid index progerduring construction of
pavements. In this study, two large-scale fieldaltagtion damage tests were carried out
on the extruded and non-extruded geogrids listebalme 3.2 in conformance with the
ASTM D5818 and TRI 2006 test protocol to investggdheir survivability during
construction. According to the ASTM D5818 standdithe geosynthetic should be
installed in accordance with project-specific piohoes. When project specific
procedures and/or materials are not known, reptases equipment, materials and

procedures should be used and thoroughly documénted

7.2. Summary of the Installation Damage Test Procedure

The following steps were taken to run the instadladamage tests. Additional

details of the installation damage procedure arergin the subsequent sections.
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Step 1: A suitable site was selected for the tesk I-actors that were taken into
consideration for this purpose included the evesnéshe site surface and its
proximity to the laboratory.

Step 2:  The size of the test bed area and its degtd determinedSection

7.3. Size of the Test Bed Area

Step 3: Test area boundaries were marked and tfaeswegetation was removed.

Step4: Two 4.57 m long concrete beams were plaoettie two sides of the cleared
area. Soil was placed and compacted against tisedeuwvall of each beam in
order to support and secure it in place.

Step 5:  An area near the test bed was clearegrapdred to store new aggregate.

Step 6: 11 metric tons of ODOT Type-A aggregate piachased.

Step 7:  Four steel plates were used to help Wwetlekhumation of geogrid specimens
after they were installed in the aggregate. 1 ng-lohains were attached to
each steel plate which facilitated lifting of thiages during the exhumation
process.

Step 8: Different alternatives for the compacteuipment were examined and a
compactor was selected.

Step 9:  Steel plates were placed side-by-side atbagiest bed and were covered
with 150 mm of aggregate. An aggregate ramp wal$ tiboth ends of the
test bed so that the compactor equipment couldsadbe main test area. The

aggregate was compacted to 90% maximum dry defastyecommended in
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ASTM D5818) using 4 passes of the 7056 kg steeindcompactor on the
top of the aggregate. The number of passes forcdngpaction equipment
was determined following the information reportadiRI (2006).

Step 10: Four geogrid specimens were preparedlanddgin the test bed on the top of
the first aggregate lift.

Step 11: The second 152 mm aggregate layer waggland compacted in the test
bed.

Step 12: The density of the aggregate in eaclwlf measured based on the as-placed
thickness of the aggregate. In addition, a balltesting apparatus was used
to take additional density measuremese{ion 7.9).

Step 13: Once the construction of the reinforcasebmodel was completed, a forklift
was used to lift the steel plates from underndathbase layer and tilt them to
expose the geogrids. Afterwards, the aggregatethertop of the geogrid
specimens were carefully removed and the specimeare taken to the
laboratory for inspection and testing.

Step 14: The second installation damage test \wased out on four other geogrid
products.

Step 15: In-isolation tests were carried out omalged geogrid specimens to
determine installation damage factors for their abd junction strength

properties.
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7.3. Sizeof the Test Bed Area

A schematic site plan for installation damage testiside the Fears laboratory

at OU is shown irrigure 7.1. Selected data related to this site include:

Size of the test area: 3.66 m (L) x 2.44 m (W) [@dimg the ramp)
Total length of the test section (including the pam 7.32 m
Ramp slope =3H : 1V

Length of the extended area for the compactor mewtm 0.91 m
Length of the ramp = 0.91 m

Length of the concrete side beams = 4.57 m

Height of the concrete side beams = 0.46 m

Height of the test section = 0.30 m

99



4.57m

Concrete | Beam

& ) s ¥ o e
o B
k=] = 2 k=]
5 e E - - : . : Lk | 5
_ j < 3 Geogrid Geogrid Geogrid Geogrid | = 2 i
E : = m o
3 : LiE #1 #2 43 #4 BE |- &
at =4 9 = b =
-8 |2 2 | .8
E= | 2 & S F | E€
o og M E & 3 £ g
v - - =
Ccrncretelﬂe:lm;i b B T BT
a ot * r—
1.83m 366m 0921m 0%1m
73lm
(a)
)
152mm ODOT Type-A aggregate
Geognid
"'; -----------------------------------------------
A
132 mm ODOT Tvpe-A aggregate
Steel plate
W K’

Clean, flat subgrade

(b)

Figure 7.1. Schematic diagrams of the test bethBiallation damage tests: (a) Plan
view (Note: Solid triangles indicate the locatiansere the thickness of the aggregate
layer was measured), (b) Elevation view (indicatimg thicknesses of aggregate layers)

7.4. Geogrid Sampling and Specimen Prepar ation

Eight 0.91 m x 1.22 m geogrid specimens (one frachegeogrid product) were

prepared for the installation damage tests as shwWwigure 7.2 throughFigure 7.11.
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Figure 7.2. Geogrid sample preparation

Figure 7.3. Preparing EGG4 geogrid specimen fdailadion damage tests
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Figure 7.4. EGG1 geogrid specimen prepared foalilagion damage tests

Figure 7.5. EGG2 geogrid specimen (single layezpgared for installation damage tests
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Figure 7.6. EGG3 geogrid specimen prepared foalilagion damage tests

Figure 7.7. EGG4 geogrid specimen prepared foailagion damage tests
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Figure 7.8. WGGL1 geogrid specimen prepared foallagion damage tests

i (T
T

Figure 7.9. WGG2 geogrid specimen prepared foallagion damage tests
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Figure 7.10. WGG3 geogrid specimen prepared fdailasion damage tests

Figure 7.11. KGG1 geogrid specimen prepared fdallagion damage tests
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The selected size of the geogrid specimens is cablgato that used in earlier
similar studies (e.g. TRI 2006, Jeon and Bouaz£8PQt is also in agreement with the
ASTM D5818 guidelines which state that: “The amoaingeosynthetic to install in and
retrieve from a test section is a function of tyygetand number of laboratory tests to be
conducted for assessment of damage. An amount tefriadssufficient to obtain 20 tests
on representative specimens for each type of testl@ be installed for each set of

installation conditions.”

Two rounds of installation damage tests were cadroat in this study. The
extruded (EGG) and non-extruded (NEGG) geogridispats listed inrable 3.2 were
tested in the first and the second rounds of iladi@ah damage tests, respectively. The
machine direction of each geogrid specimen waseplaarallel to the running direction

of the compaction equipment according to the ASTSBIB test standard.

7.5. Compaction Equipment

A steel-wheeled vibratory roller compactor was usedompact the aggregates
in the installation damage test bed. The compagwght was more than 4500 kg, as
recommended in ASTM D5818. Different companies iklaBoma and Texas were
contacted and the specifications and the rentalte@ms$portation costs of the available
choices for the compactor equipment were compareslect a suitable compactor for
the tests. Fortunately, a local company (Haskelnde) had a suitable compactor

(Figure 7.12) and was able to loan it for this study. The cootpa(Volvo Model
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SD70D) was a single-drum vibratory roller compaatath the specifications as given

in Table7.1.

Figure 7.12. Compaction equipment (Source: httpuiuwolvo.com)

Table 7.1. Compactor Specifications

Weight 7056 kg
it HPE T
Width 1.87 m

Length 5.04m

Height 2.88m
Width of the roller drum 1.68 m
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A forklift tractor (Figure 7.13) with a lifting capacity of 18 kN was used to lift
the steel plates from underneath the aggregate layéhe test bed and initiate the
exhumation process. A front-loader “bobcat” tract@s used to spread the aggregate in

the test bedHigure 7.14).

Figure 7.14. The front-loader tractor used in gtigly
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7.6. Stedl Plates

Four steel plates were placed underneath the aafgrémyer in the test bed on
the cleared subgrade. Lifting chains were attadimethe plates along one edge to
facilitate their lifting and tilting during the exmation process of the geogrid samples
from underneath the compacted aggregdtegufe 7.15 and Figure 7.16). The

specifications of the steel plates are givemable 7.2.

Figure 7.15. Steel plates with lifting chains
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Figure 7. 16. Moving of the steel plates from thie {o the test site

Table 7.2. Specifications of steel plates usetiéninstallation damage test bed

Number of steel plates 4
Length 1.07m
Width 1.37m
Thickness 12.7 mm
Weight 1.1 kN

7.7. Measuring Density of Compacted Aggregate
There are a number of ASTM standards for measuhi@gn-situ density of soils

and aggregates as described below:

1. ASTM D 1556-07 “Standard Test Method for Denstyd Unit Weight of

Soil in Place by Sand-Cone Method”: This test méthe not suitable for soils
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consisting of unbound granular materials, soilstammg appreciable amounts of
coarse-grained material larger than 38 mm, andutgarsoils having high void ratios.

Therefore, sand cone method was not used in otgr. tes

2. ASTM D 4914-08 “Standard Test Methods for Dgnsihd Unit Weight of
Soil and Rock in Place by the Sand Replacement ddeth a Test Pit”: This test
method is primarily suitable for rock, which is ohefd as aggregates that typically
contain particles larger than 76 mm. Since ODOT eFgppparticles are significantly
smaller than 76 mm this method was not used to uneake as-placed density of the

aggregates.

3. ASTM D 2167-08 “Standard Test Method for Dengtyd Unit Weight of
Soil in Place by the Rubber Balloon Method”: Thestt method is recommended for
aggregates. Therefore, ASTM D 2167-08 method wasd ts measure the in-situ unit
weight of the ODOT Type-A aggregate in the instala damage tests of this study

(Section 7.9).

7.8. Site Preparation

A 7.32 m x 2.44 m area was marked outside the Hahmsatory on the OU
south campus. The marked area was cleared of tegngxvegetation and two concrete
beams were placed on its side boundaries and skdorelace by placing and
compacting soil against the outside walls of thanbe Figure 7.17 throughFigure

7.20).
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Figure 7.17. Test site for the installation damigs of geogrids outside the Fears
Laboratory

Figure 7.18. Marking the boundaries of the test sit
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Figure 7.19. Clearing the test area from existiegetation

Figure 7.20. Concrete beams placed on both siddgedést section with soil support
on the outside
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7.9. Key Stepsin theField

Prior to the placement of aggregates, a grid wason the inside wall of each
beam using a red marker. Each grid was comprisdtbotontal and vertical lines at
152 mm intervals. For each lift, after more tha2 bdm of aggregate was placed in the
test bed and compacted, its final thickness wassured at eight locations along the
length of the test section using a rulerglure 7.21). For this purpose, the lift thickness
was calculated by measuring the distance betweeadfgregate surface and the marked
horizontal line on the beam sidewall immediately\ab it. The compaction of each
aggregate lift was carried out using four passeshefcompaction equipment (TRI
2006).Figure 7.21 throughFigure 7.33 illustrate the key steps followed to carry out

the installation damage tests.

Figure 7.21. Four steel plates were placed indgktlied to facilitate the exhumation
process of geogrids after they were covered by eatep aggregate
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Figure 7.22. Aggregate was taken from a nearbykptlecusing a front-loader tractor

Figure 7.23. Spreading ODOT Type-A aggregate irtesebed
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Figure 7.24. First layer of aggregate in the test before compaction

Figure 7.25. Compacting the first layer of aggregaith a vibratory roller compactor
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The as-placed unit weight of the aggregate in dificlwas measured according
to ASTM D2167-08 using a model HM-310 Voluvessehstemeter Eigure 7.26),
which was found to vary between 20.41 kR/amd 21.20 kN/rh Comparison of these
values with the maximum unit weight of the ODOT &yf aggregate used in the study
(with a maximum dry unit weight equal to 23 kN/from the modified proctor tests
according to the AASHTO T 180-01 test method; Kagr2@10) indicated that the unit
weight of the aggregate in the test bed was apprabaly 90% of its maximum

modified Proctor value during the tests.

The aggregate moisture content was also determanedrding to the ASTM
D4643 test method. The moisture content values vmetiee range between 0.25% and

0.30%, which meant that the aggregate was in anaaBy dry condition.

Figure 7.26. Measuring the in-situ density of aggtes (a) Model HM-310 Voluvessel
Rubber Balloon densometer, (b) The densometeraronghe test bed
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Figure 7.27. Four extruded geogrids placed onitkeléyer of compacted aggregate

Figure 7.28. Spreading the second layer of aggedgahe test bed

118



Figure 7.29. Compaction of the second layer of egaie with the vibratory roller
compactor

Figure 7.30. The top (second) layer of aggregathartest bed after compaction
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To exhume the geosynthetic specimens, the forkhfttor was used to lift the
chains that were attached to one edge of the ptatds underneath the compacted
aggregate. Each plate was lifted and tilted to ragieaof nearly 4% from horizontal
using the lifting chainsKigure 7.31 andFigure 7.32). Afterwards, the upper part of the
aggregate on the top of the geogrid was initiaéijwoved using a shovdtrigure 7.33).
However, deeper aggregate closer to the geogridocassfully removed by hand. If
necessary, the plate was struck with a mallet wsda the fill and facilitate the

exhumation process without any contact with theggeo

Figure 7.31. Forklift connected to the lifting chai
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Figure 7.32. Tilting of steel plates from undermethie compacted aggregate

Figure 7.33. Tilting of steel plates and removiigggregates to facilitate exhumation
process
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The summary of the two installation damage testpagsented ifiable 7.3.

Table 7.3. Summary of installation damage testgemgrids in ODOT Type-A

aggregate
First Lift Second Lift
. Unit | Moisture Final Unit | Moisture Final
TestNo,  Geogrid Weight | Content Iglaos.sogs Thickness| Weight | Content Ilglaos.sogs Thickness
KN/ | (%) (mm) | kN | (%) (mm)
EGG1,
EGG2 (single
1 layer), EGG3 20.88 0.25 4 147 20.41 0.25 4 160
EGG4
WGG1,
WGG2,
2 WGGS3, 21.20 0.30 4 152 20.72 0.3 4 157
KGG1

7.10. Geogrid Samples after Exhumation

The geogrid samples after exhumation were brougthe laboratory where
they were cleaned using a soft brush. Afterwaits seamples were tagged and stored in
a secure place in the laboratory. Photographs ofrigk samples after exhumation are

shown inFigure 7.34 throughFigure 7.41.
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Figure 7.34. EGG1 geogrid specimen after exhumation

Figure 7.35. EGG2 geogrid specimen (single laykey @humation
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Figure 736.EGG3 geogrid specimen after exhuma

Figure 737.EGG4 geogrid specimen after exhuma
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Figure 7.38. WGG1 geogrid specimen after exhumation

Figure 7.39. WGG2 geogrid specimen after exhumation
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Figure 7.40. WGG3 geogrid specimen after exhumation

Figure 7.41. KGG1 geogrid specimen after exhumation
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7.11. Obtaining Representative Test Specimens from Exhumed Samples

Following the ASTM D5818 test standard, areas @f geosynthetic samples
that were damaged during removal were identifignfay painted and designated as
being non-representative of installation damagenséquently, these parts of the
geogrids were excluded from sampling for instadlatdamage evaluation. The “non-
representative area of installation damage” for EGEGG2- single layer, EGGS3,
EGG4 and KGG1 geogrid samples, painted in redshosvn inFigure 7.42 through

Figure 7.46.

Figure 7.42. EGG1 geogrid sample with marked dachagea
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Figure 7.43. EGG2 geogrid sample (single layerhwitirked damaged area

Figure 7.44. EGG3 geogrid sample with marked dachagea
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Figure 7.45. EGG4 geogrid sample with marked dachagea

Figure 7.46. KGG1 geogrid sample with marked dardagea
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Following the ASTM D5818 test protocol and the TRI006) sampling
procedure guidelines, each exhumed geogrid sampke divided into four sections
(indicated as Sections A, B, C and DHFigure 7.47). This was done in order to obtain
representative specimens from the entire areaajrgksamples and thereby eliminate
any potential bias in specimen selection. Eightcspens were cut out from each
section for in-isolation tests. As a result, a ltath thirty two (32) representative
specimens were obtained from each geogrid sampleatny out rib and junction
strength tests in both machine and cross-machireetadins (MD and XD) Kigure
7.47). From each group of eight specimens, five specgneere randomly selected to

run the in-isolation tests.

Section Section Section Section
A . B C D_
ISR xk
y4 .
3 | [ ] ==_£_£1_='
= s
ﬁ_

A Specimen of rib strength test in MD
A Specimen of rib strength test in XD
® Specimen of junction strenigtst in MD
® Specimen of junction strenigtst in XD

Figure 7.47. Layout of specimens obtained from epadgrid sample
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7.12. Junction Strength Tests on Damaged Geogrid Specimens

A total of eighty (80) junction strength tests (ifiwe in MD and five in XD for
each of the final eight geogrid products that wshertlisted inTable 3.2) were carried
out on damaged geogrid specimens according to ABVVB7. Due to the fabrication
method of the non-extruded geogrids (NEGG), the mtade of the junction strain
before failure was very low. Therefore, only themate junction strength of the NEGG
products was determinedSection 4.1. Fabrication of Junction Strength Testing
ClampsHowever, digital imagery technique (Wang 20@&ami et al. 2011a) was used
to determine the local strain in each junction éatruded geogrid (EGG) products.
Figure 7.48 shows damaged EGG1 geogrid specimens that werarpefor junction

strength tests.

Figure 7.48. Damaged EGG1 geogrid junction streteghspecimens before the test:
(a) MD specimens, (b) XD specimens
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7.13. Rib Strength Tests on Damaged Geogrid Specimens

A total of eighty (80) rib strength tests (i.e.diin MD and five in XD for each
of the final eight geogrid products that were dSiigd in Table 3.2) were carried out
according to the ASTM D 6637 test standard. Theggdangth on each specimen was
marked and a non-contact digital imagery technijang 2009, Hatami et al. 2011a)

was used to measure the rib extension of extrudedrgls Figure 7.53).

Figure 7.49 andFigure 7.50 show damaged specimens of the EGG2 geogrid
(single layer) before and after the rib strengdtsd-igure 7.51 andFigure 7.52 show

images of a KGG1 test specimen before and afteteiis.

Figure 7.49. Damaged EGG2 (single layer) geoghdtiength test specimens before
the test: (a) MD specimens, (b) XD specimens
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Figure 7.50. Damaged EGG2 (single layer) geoghdtiength test specimens after the
test: (a) MD specimens, (b) XD specimens

Figure 7.51. Damaged KGG1 geogrid rib strengthdpstimens before the test: (a)
MD specimens, (b) XD specimens
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Figure 7.52. Damaged KGG1 geogrid rib strengthdpstimens after the test: (a) MD
specimens, (b) XD specimens

The EGG and NEGG specimens were tested using thapahg systems
described irSections 5.1. Fabrication of Rib Strength Testing Clamps fand Section
5.2. Fabrication of Rib Strength Testing Clamps for NE,GespectivelyFigure 7.53
and Figure 7.54 show the rib strength test setup for the EGG a5 products,

respectively.
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Figure 7.53. Rib strength testing of an extrude@@2 (single layer)] geogrid product:
(a) before the test, (b) after the test

Figure 7.54. Rib strength testing of a non-extru@®&G3) geogrid product: (a) before
the test, (b) after the test
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7.14. Installation Damage Reduction Factors

The retained properties (e.g. rib strength and tjancstrength) of geogrid
specimens, after they were carefully exhumed frobentest bed, were compared with
the corresponding values of virgin specimefscijon 4.2. Junction Strength Test
Resultsandsection 5.3. Rib Strength Test ResultsInstallation damage reoludactors

for the eight geogrids tested in ODOT Type-A aggteare listed iffable 7.4.

Koerner (2005) reports a range of recommendedliasten damage reduction
factors (Rkp) for unpaved roads, which vary between 1.1 andr2jéotextiles. In this
study, the range of installation damage factorgémgrids was found to vary between 1
and 2. The R values for the rib tensile strength at 2% stragrerfound to be larger
than those for the ultimate strength. Overall, éariRFp values were obtained for
extruded geogrid products as compared to non-exdrygtogrid products. The EGG3
and EGG4 products overall showed greaterpRRalues compared to other products

tested.

The installation damage factors for the EGG1l andGEGgeogrids were
compared with the values provided by the manufacsurManufacturers’ data on
installation damage factors were not found for otheogrid products listed in this
study. However, TRI (1998) reported installationmd@e factors for some other
geogrids comparable to EGG3. The range of instatladamage factors they reported
was 1.01 to 1.17. This range is also comparablb thié installation damage factors

calculated for EGG3 geogrid in this studyable 7.4). According to the manufacturers’
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data, the installation damage factors for EGG1 &@®G2 are 1.16 and 1.11,
respectively, when used with gravel. These values camparable with the values
reported inTable 7.4. However, it should be noted that the geogridg RElues depend
on the type of materials/aggregate used in the.testddition, Rfp values are reported
for ultimate strength values only, whereas the Iteggiven inTable 7.4 indicate that
different RRp values should be used for different index propsrtof geogrids.
However, such data are typically not available lfmw-strain rib tensile strength or

junction strength of geogrid products.

Table 7.4. Installation damage factors of the gelsgested in this study

Installation Damage Reduction Factors (3F
Geogrid RFp for rib strength af RFp for rib strength af RFp for utimate rib |RFp for ultimate junctio
2% strain 5% strain strength strength
MD XD MD XD MD XD MD XD
EGGL1 (ODOT Type-2 17 1.3 1.2 11 11 11 1.0 1.0
EGG?2 (single layer) 1.3 1.2 11 1.2 1.0 1.0 1.0 1.0
EGG
EGG3 11 15 1.3 15 1.6 1.8 1.0 1.0
EGG4 11 1.2 11 1.2 1.4 13 1.0 1.0
WGG1 1.0 1.0 1.0 1.3 15 11 1.0 1.0
WGG2 11 1.0 1.3 11 1.0 1.0 1.0 1.0
NEGG
WGG3 1.3 1.0 1.0 1.2 1.0 1.0 1.3 1.0
KGG1 2.0 11 1.2 1.0 1.0 1.0 1.1 1.0
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CHAPTER EIGHT

INFLUENCE OF IN-ISOLATION PROPERTIES OF GEOGRIDS

ON THEIR PULLOUT PERFORMANCE

8.1. General

Geogrids used in aggregate base reinforcementcagiplis can be subjected to
significant compaction-induced stresses duringcthrestruction stage. Pullout tests can
provide a methodic means to study geogrid-aggremdésactions at different stress
levels under controlled conditions. In addition llput tests can help to isolate the
tensile performance of geogrids in the anchorage zmtside the pressure bulb of the
tire from its out-of-plane membrane behavior whbe geogrid is subjected to the

vertical load of traffic (Hatami et al. 2011a).

8.2. Fabrication of a New Pullout Box

A new pullout test box with the dimensions 1.83H) &« 0.91 m (W) x 0.76 m
(H) was fabricated in the Fears laboratory to camuy pullout tests on geogrids in

aggregatesHigure 8.1).
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Figure 8.1. Newly fabricated pullout test box a U Fears laboratory

8.3. Pullout Test Setup and Procedure

A total of 33 pullout tests were carried out on éight geogrid products listed in
Table 3.2 as per the ASTM D6706 test protocol (ASTM 2009)irtwestigate the
influence of geogrid index properties on their ggeegate performance. The pullout
tests were carried out in ODOT Type-A aggregatectvins a widely used dense-graded

aggregate in ODOT projects.

The pullout tests were conducted at 3.3 kPa, 6& &il 11.5 kPa overburden
pressures. These overburden pressures on the die@miiegate interface were
primarily due to the weight of a compacted aggredmyer with different heights on the

top of the interface in the pullout box. The ovedan pressures 3.3 kPa and 6.6 kPa
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were generated using aggregate thicknesses ofnd.46d 0.3 m, respectively. In the
case of the 11.5 kPa overburden pressure, an awvasgised on the top of a 0.3 m thick
aggregate layer to apply the additional pressuegled These pressure levels resemble
field conditions (outside the tire pressure bullh)eve pullout (as opposed to geogrid
rupture) would be the likely failure mechanisPRullout tests on biaxial and triaxial
geogrid specimens were carried out in the machinectton. However, due to the
distinctive geometry of triaxial products (i.e. EB@nd EGG4), the MD geogrid ribs

are actually at 30angles diagonally from the machine direction othizides.

Different steps of the pullout tests are illustdate Figure 8.2 throughFigure
8.15. The pullout force was applied to the geogrid spea using a servo-controlled
hydraulic actuator. The geogrid specimen was cdedeo the actuator through a roller
clamp Figure 8.12). Displacement of the geogrid specimen was medsamed

recorded in four different locations along theindéh using wire potentiometers.
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Electric wires Nonoven geotextil
coverd b sed at the bottom

Figure 8.2. Pullout test box before placing theraggte

Figure 8.3. Compacted aggregate in the pullout(dex203 mm-wide lower steel
sleeve can be seen in the foreground)

141



Figure 8.5. Connecting wires to geogrid specimen
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Figure 8.6. Tell-tale wires connected to wire pttaneters

Figure 8.7. Top surface of the aggregate
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Figure 8.8. A separator geotextile was placed ertdp of the aggregate

Figure 8.9. An earth pressure cell was placed 25 mm sand layer on top of the
aggregate
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Figure 8.10. Air bag was used (if necessary) tecegee additional overburden pressure
on the geogrid-aggregate interface

Figure 8.11. Closing of the pullout test box beftire test
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Figure 8.13. Geogrid attachment to the roller clamp
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Figure 8.14. Completed pullout test setup befoestéist

Figure 8.15. A pullout test in progress
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Figure 8.16 through Figure 8.23 show the condition®f geogrid product

before and after the completion pullout tests.

Figure 8.16 EGG1 geogric(a) before pullout test, (l@fter pullout tes

Three pullot tests were carried out on EGG2 (single layer)ggewith 0.61 m
embedded lengtht 3.3 kPa, 4.95 kPid 6.6 kPa overburden pressu(Figure 8.17).
Four pullout tests were carried out on EGG3 geogpiecimen (Figure 8.18). Three of
the tests were carried ( on 0.61 m embedded lendting specimens subjected to .
kPa, 4.95 kParal 6.6 kPa overburden pressi. One test was carried out at 3.3 |

overburden pressumth 356 mm embedded leng
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Figure 8.17. EGGZsingle layer)geogrid (a) before pullout test, (@fter pullout tet

Figure 8.18EGG3 geogric(a) before pullout test, (@fter pullott test
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Figure 8.19EGC4 geogrid (a) before pullout test, @f}er pullout tet

Figure 8.20. VGG1 geogric(a) before pullout test, (l@fter pullout tes

150



Figure 8.23KGG1 geogrid (a) before pullout test, (@fer pullout tet
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Two additional pullout tests were carried out o&10m-long (embedded length)
EGG1 and WGG1 geogrid specimens at 3.3 kPa ovezhyessure. A summary of all

pullout tests on geogrid products in this studgiien inTable 8.1.

Table 8.1. Summary of pullout tests on geogriddis study

Total Equivalent
Geogtd Type Embedded Overburden Pressure (kPa Overburden| Aggregate
Length, Le (mm) Pressure on| Thickness
Aggregate  Sand|  EPC| Geogrid (kPa)  (mm)
oS, 152 3.30 0 0 3.30 152
R 152 6.60 0.45 0 7.05 305

EGG1 Biaxial
o 152 6.60 045| 4.25 11.30 522
Bxtru 610 3.30 0 0 3.30 152
EGG2 WeS) 610 3.30 0 0 3.30 152
(singe |  Biaxial 610 4.95 0 0 4.95 229
layer) [ Extrudec 610 6.60 0 0 6.60 305
55, 610 3.30 0 0 3.30 152
B 610 4.95 0 0 4.95 229
610 6.60 0 0 6.60 305
Bxtruded 356 3.30 0 0 3.30 152
S 365 3.30 0 0 3.30 152
EGG4 |  Triaxal 365 4.95 0 0 4.95 229
Extrudec 365 6.60 0 0 6.60 305
55, 152 3.30 0 0 3.30 152
WGGL| B 152 6.60 0 0 6.60 305
152 6.60 045 | 4.45 11.50 531
Woven 610 3.30 0 0 3.30 152
152 3.30 0 0 3.30 152
SRS 152 4.95 0 0 4.95 229
WGG2|  Biaxial 152 5.50 0 0 5.50 254
Woven 152 6.60 0 0 6.60 305
152 6.60 045 | 4.45 11.50 531
152 3.30 0 0 3.30 152
WEG3 BSi:X:; 152 4.95 0 0 4.95 229
152 6.60 0 0 6.60 305
Woven 152 6.60 045| 4091 11.96 552
SW, 152 3.30 0 0 3.30 152
KGGLl | Biaxal 152 6.60 0 0 6.60 305
Woven 152 6.60 045 | 4.45 11.50 531

Notes: &S;: Strong Rib Strong Junctiong®;: Strong Rib Weak Junction,
WRS;: Weak Rib Strong Junction
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8.4. Pullout Test Resultsand Analysis

Pullout responses of t geogrid products listed iTable 8.1 subjected to

different confining pressures are showrFigure 8.24 throughFigur e 8.50.
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Figure 8.24 Pullout response results of EGG1 geogrid in ODQpe-A aggregate
subjected to 3.30 kPa overburden pressure (WP:-line Potentiometer

153



Pullout Force (KN/m)

18 T !
e - n v O
| - \.
14 +F—V¥V- & e e e
! -
| ”
n°+3y5 - i ------------ :;T ---------------------------------------------------------------------
| - '
o -4 R s e R
- S R R ! E
L ! g WP A0 (tail end)
6 SR WP Al
E /. ‘ ' : clccoWPA2
4 s o T ——WP A3 (front end) |
2 4 e bomme e bommmmm oo oo - - =Actuator
o L. i | ! é ® DPeak Pr
10 20 30 40 50 60 70

Displacement (mm)

Figure 8.25Pullout response results of EGgeogrid in ODOT Typ-A aggregate
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Figure 8.26. Pulloutesponse results of EGG&aprid in ODOT Typ-A aggregate

subjected t11.65 kPa overburden pressure
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Figure 8.27Pullout response results EGG1 geogrid in ODOT Typ-A aggregate
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Figure 8.28 Pullout response results of EGG2 (single layedgyid in ODOT ‘ype-A
aggregate subjected to 4.95 kPa overburden pre
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Figure 8.29 Pullout response results of EGG2 (single layedgyid in ODOT Typ-A
aggregate subjected to 6.6 kPa overburden pre
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Figure 8.30Pullout response results EGG3 geogrid in ODOT Typ-A aggregate
subjected to 3.3 kPa overburden pressure
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Figure 8.31 Pullout response results of EGG3 geogrid in ODQpe-A aggregate
subjected to 3.3 kPa overben pressure (0.6 m embedded ler

It should be noted that in two test c: [i.e. EGG3 subjected to 4.95 k
overburden pressuré&igure 8.32) and EGG4 subjected to 6.6 kPa overburden pre
(Figure 8.36)], the peak value of the pullout force recorded wWae to prematur

rupture of the geogrid inside the aggreg
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Figure 8.33Pullout response results EGG3 geogrid in ODOT Typ-A aggregate
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Figure 8.34Pullout response results EGG4 geogrid in ODOT Typ-A aggregate
subjected to 3.3 kPa overburden pressure
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Figure 8.35Pullout response results of EGG4 geogrid in ODpe-A aggregate
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Figure 8.36Pullout response results EGG4 gogrid in ODOT Typ-A aggregate
subjected to 6.6 kPa overburden pressure
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Figure 8.37 Pullout response results WGGL1 geogrid in ODOT Tyj-A aggregate
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Figure 8.38 Pullout response results of WGG1 geogrid in ODKYpe-A aggregate
subjected to 6.60 kPa overburden pres
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Figure 8.41 Pullout response results of WGG2 geogrid in ODQpe-A aggregate
subjected to 3.30 kPa overburden pres
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Figure 8.42Pullout respose results of WGG2 geogrid in ODOT T-A aggregate
subjected to 4.95 kPa overburden pres
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Figure 8.43Pullout response results WGG2 geogrid in ODOT Typ-A aggregate
subjected 16.60 kPa overburden pressure
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Figure 8.44 Pullout response results of WGG2 geogrid in ODQpe-A aggregate
subjected to 11.5 kPa overburden pres
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Figure 8.45Pullout response results of WGG3 geogrid in ODQpe-A aggregate
subjeced to 3.30 kPa overburden pressure
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Figure 8.46 Pullout response results of WGG3 geogrid in ODIQpe-A aggregate
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Figure 8.47 Pullout response results WGG3 geogrid in ODOT Tyj-A aggregate

subjected to 11.96 kPa overburden pres
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Figure 8.48Pullout response results of KGG1 geogrid in ODpe-A aggregate
subjected to 3.3 kPa overburden pressure
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Figure 8.49 Pullout response results of KGG1 geogrid in ODpe-A aggregate
subjected to 6.6 kPa overburden pressure
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After the pullout teson the KGG1 geogrid at 11.5 kRas complete(Figure
8.50), it was noticed that some junctio(especially those whictvere connected to tt
brass wires) had bedailed. However, no ribs were fourtd have been ruptur. This
failure pattern oKGG1 geogrid is consistent with its classificationFigure 3.5 as a

comparatively weakejnction but stron-rib geogrid.
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Figure 8.50Pullout response results of KGG1 geogrid in ODpe-A aggregate
subjected to 11.5 kPa overburden pres

8.5. Deter mination of the Peak Pullout Resistance

According to ASTM D6706, the maximum pullout rearste measured durit
the test should be reported to indicate the pulloegistance of a geosynthe

reinforcement material. However, obtaining consisteullout tet data and getting
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well-defined peak for geogrids in aggregates isllehging due to significant
interlocking that develops between these materialthe pullout test data presented in
this paper, the ultimate pullout resistance fér each test case had to be determined by
inspection. In several cases, this value was d@&tedras the first peak in the pullout
response curve that preceded a plateau, followesubgequent peaks or a monotonic
increase in the pullout load. These strain-hardgrigatures at larger displacements
were attributed to the likely influence of the ftobhoundary condition and were
therefore dismissed. This was done even thougleidox included a pair of 200 mm-
long sleeves and Styrofoam blocks on the insidetoffront wall to minimize the
influence of an otherwise rigid front boundary b test results. The magnitude of the
peak pullout resistance,,Rs presented in terms of the load per unit recdment

width in this study.

8.6. Relationship between Peak P, and Overburden Pressure

Figure 8.51 compares the relationship between the peak putkgistance, P
and the overburden pressusg, for all geogrid products tested in this studys&es in
Figure 8.51 indicate that the EGG1 geogrid with the largest&#ain rib strength and
comparatively larger junction strength values resliin the largest pullout resistance
among all geogrids tested. The triaxial geogrid @§ with the largest ultimate
junction strength values both in MD (795 N) and XI92 N) showed the largest
increase in its pullout resistance with overburgeassure among all the geogrids

examined. Conversely, the KGG1 geogrid with the l@siajunction and rib strength
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values showed the weakest pullout characteristies (esistance and slope). Basic

statistical information related to the results shawFigure 8.51 is given inTable 8.2.
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Figure 8.51. Peak pullout resistance of geogrigetkin this study as a function of
overburden pressure
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Table 8.2. Statistical data for the results shaw@igure 8.51

Linear Regression
Equation
EGG1 | R=0.8% + 8.66 0.84 0.82
EGG2 | R=0.76 + 3.16 0.79 0.76
EGG3 | R=0.9& +5.07 1.00 0.98
EGG4 | R=1.58& + 3.36 1.00 1.58 | Largest gradignt
WGG1l| R=096 +4.11 0.96 0.96
WGG2| R=0.54 +4.74 1.00 0.54
WGG3| R=0.74 +3.76 0.86 0.74
KGGl1 | B =0.4% +2.07 0.99 0.42 | Smallest gradiq:nt

Geogrid R’-value |Slope, m}  Comment

8.7. Correlations between Peak P; and Geogrid Strength Properties

Figure 8.52 shows the correlations between the measured pulsigtance and
index strength properties in the machine directarrthe geogrids tested. Results shown
in Figure 8.52a,b indicate that the in-aggregate performances ofjmgrids examined
show a reasonable correlation with their rib stteraf 2% and 5% strain within the
range of overburden pressures examined (i.e. 33 HR.5 kPa). However, rib strength
at 2%-strain appears to be more influential thénstrength at 5%-strain and ultimate
rib strength because the slopes of the correspgndigression lines are the greatest
(2.09 for 11.5 kPa, 0.41 for 6.6 kPa and 0.43 f& I&a). Tang et al. (2008) also
observed that the pullout coefficients of interactof the geogrids tested increased with

their rib tensile strength at 2% strain.

Statistical regression of the data showifrigur e 8.52c indicates that there is no

convincing correlation between the geogrid ultimate strength and its maximum
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pullout resistance if the manufacturing techniga@ot taken into account. In contrast,
the results irFigure 8.52d show a comparatively good correlation betweengdwgrid

ultimate junction strength and its pullout perforroa (R > 0.6). Tang et al. (2008) also
showed that the pullout coefficients of interactafrthe geogrids tested increased with
their junction strength. Chehab et al. (2007) fotimat wide-width tensile strength and
junction strength were the most significant projsrof the geogrids influencing their

in-aggregate performance.

More careful inspection of the data showrFigure 8.52 indicates that geogrid
pullout resistance shows a stronger correlatiorh viite properties investigated if
examined separately in the EGG and NEGG categdfigare 8.53 shows the same
data as inFigure 8.52 with the regression lines plotted separately fe@r EGG and
NEGG categories. It can be observed that tRev@tue for each geogrid property

investigated is significantly greater than the esponding value ifigure 8.52.

Figure 8.53 shows the correlations between the measured pulsigtance and
index strength properties in the cross-machinectioe of the geogrids tested. By and
large, results inFigure 8.53 on the XD index propertieare consistent with those
obtained for the MD directionF{gure 8.52). The geogrids low-strain rib strength (i.e.
2%-strain and 5%-strain strengths) in XD and ultengunction strength show
convincing influences on their pullout performan8&emilar to the MD results, the XD
tensile strength at 2% strain (with the slopeshaf tegression lines equal to 0.54 for
11.5 kPa, 0.5 for 6.6 kPa and 0.31 for 3.3 kPaase influential than the strength at

5% strain (with the slopes of the regression liegsal to 0.31 for 11.5 kPa, 0.22 for 6.6
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kPa and 0.18 for 3.3 kPa) on the pullout perforneanicthe geogrids examined. Cuelho
and Perkins (2009) also found that XD rib strerfti2% strain had a more significant

role in the in-aggregate performance of the gesghdn their rib strength at 5% strain.

It should be noted that the MD and XD ultimate jumt strength values for
each of the geogrids tested are comparable. Therefioe consistency between the
results (i.e. statistical regression parametersjvahin Figure 8.52d andFigure 8.53d
are to be expected. On the other hand, the refdtipa between the geogrid rib strength
properties in MD and XD and its MD pullout perfomca are different. In MD, a
greater low-strain rib strength value provides aenmnfining effect on the aggregate
and also controls the longitudinal deformationshaf geogrid during the pullout test. In
comparison, a combination of high XD-direction gtsength and strong junctions, in
addition to the aforementioned MD effects, resuits significant interlocking
capabilities for the geogrid (i.e. large passivastance) which contributes to a greater
pullout performance. Also, the importance of the-2%in rib strength of a geogrid on
its in-aggregate performance can be explained Hingndhat a large value of rib
strength at low strains helps to generate sigmificnfining pressure and locked-in

stresses on the aggregate during the compactiaodper
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Figure 8.54 shows the correlations between the measured pullsigtance and
index strength properties in the machine direcobrNEGG products. 2%-strain and
5%-strain strength values in MD show convincingluahces on their pullout
performance Kigure 8.54a andFigure 8.54b). The tensile strength at 2% strain (with
the slopes of the regression lines equal to 0.63.16 kPa, 0.55 for 6.6 kPa and 0.56
for 3.3 kPa) is more influential than the strength5% strain (with the slopes of the
regression lines equal to 0.2 for 11.5 kPa, 0.1@&f6 kPa and 0.17 for 3.3 kPa) on the
pullout performance of the geogrids examinéidjur e 8.54c indicates that the ultimate
rib strength value in MD is an influential paraneite peak pullout performance for
NEGG productsFigure 8.54d indicates that at all overburden pressures, thimate

geogrid junction strength has a significant infloemn its pullout resistance.

Figure 8.55 shows the correlations between the XD rib and joncgproperties
and the measured pullout resistance in MD for tB&8 products. The geogrids low-
strain rib strength (i.e. 2%-strain and 5%-strdnerggths in XD) and ultimate junction
strength show convincing influences on their pullparformance. Similar to the MD
results, the XD tensile strength at 2% strain (wtib slopes of the regression lines
equal to 0.94 for 11.5 kPa, 0.99 for 6.6 kPa ardb Gor 3.3 kPa) is more influential
than the strength at 5% strain (with the slopethefregression lines equal to 0.23 for
11.5 kPa, 0.18 for 6.6 kPa and 0.15 for 3.3 kPa}thenpullout performance of the

geogrids examined.
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Figure 8.55. Correlation between pullout force abdensile strengths in XD at (a) 2%
strain, (b) 5% stain and (c) Ultimate rib strengtid (d) Ultimate junction strengths of
NEGG geogrids

The correlations between pullout resistance amgxnstrength properties in
MD and XD of EGG products at 3.3 kPa are showifrigure 8.56 and Figure 8.57,
respectively. Sufficient data points are not avdéao plot correlations at 6.6 and 11.5
kPa for the EGG geogrids. Nevertheless, 2%-stnath5®o-strain strength values show
convincing influences on their pullout performan8enilar to what was observed in the

case of NEGG geogrids, the tensile strength of Hfs&lucts at 2% strain is more
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influential in their pullout performance than thetrength at 5% strain. The ultimate rib
strength and junction strength of the geogrids btMD and XD are also correlated
reasonably well with their peak pullout performan@omparison of the regression
analysis parameters given kingure 8.56 andFigure 8.57, indicate that in the case of
EGG products, the rib strength properties in MD slrghtly more influential in their

MD pullout performance than those in XD.

In summary, the low-strain rib strength (i.e. strgnat 2% strain and 5% strain)
and the ultimate junction strength were found tanygortant properties of geogrids that
influence their pullout performance. The rib strdngt 2% strain was found to play a
more important role than rib strength at 5% strearhoth MD and XD. The ultimate rib
strength also shows a reasonable correlation, vii@® and NEGG products were
studied separately. The findings of this studyegorted in this chapter are beneficial in
understanding the significance of in-isolation mxjes of geogrids in their pullout

performance.
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CHAPTER NINE

RESPONSE OF GEOGRID-REINFORCED AGGREGATE-

SUBSTRATE SPECIMENSTO SIMULATED WHEEL LOAD

A series of monotonic and cyclic plate load tesés warried out to examine the in-
aggregate performance of the selected geogrids vdudajected to vertical load
simulating tire pressure. The primary objectivetlod plate load tests was to compare
the reinforcing performance of different geogridbjected to vertical load in nominally
identical conditions (as opposed to simulating apgcific subgrade soils). The static
plate load tests were carried out to determineirtflaence of test setup (e.g. use of
geotextile separator and location of the geogrithiwithe base layer) on the test results.
The cyclic plate load tests were carried out talgtthe influence of geogrids index
properties on their in-aggregate response undegtitee wheel loading simulating

traffic load on flexible pavements.

9.1. Static Plate L oad Tests

A total of six static plate load tests were carioed to determine the influence of
geogrid reinforcement layer and geotextile separatwangement at the interface
between the base course and the sand substratee greitformance of the reinforced
base models. The tests were carried out in a 1.83 m 1.22 m (W)x 0.61 m (H) test
box. Styrofoam panels were placed against the vadlihe test box on the inside to

mitigate boundary effects against the lateral moy@nof aggregates in the box.
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The test box was filled with 356 mm of loose samdit(weight of 12.13 kN/fh
and relative density of 28%) as the subgrade addn2® of base aggregate layer. 1.21
m (L) x 1.21 m (W) EGGL1 geogrid specimens and non-wovetegéle Figure 9.1)
were cut and placed in the test box for these.td@$ts static plate load test setup and
test box are shown iRigure 9.2 andFigure 9. 3. Details of the plate load test setup,

instrumentation and procedure are given by Wan@9qR®Different cases of static plate

load tests carried out in this study are summairizddble 9.1.

Figure 9.1. Preparation of the geogrid and gedeegpecimen for a static plate load test
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Figure 9. 3. Test box used for the static plate lemsts
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Table 9.1. Summary of static plate load tests

U

14

Plate Load | Geotextile| Type of | Location of Comments
Test Number Separato] Geogrid Geogrid
This test was done only
1 Yes Not Used - for compaction
verification purposes
2 Yes Not Used - -
3 No EGG1 On Sand -
4 Yes EGG1 25 mm apove 25 mm aggregate \{va
geotextile placed on geotextie
5 No Not Used - -
. Geogrid and geotextile
Directly on . .
6 Yes EGG1 y . were in contact with
geotextile
each other
Notes:

Sand Thickness = 356 mm

Aggregate Thickness = 203 mm

Figure 9.4 shows the load-settlement results for the testscéisted inTable
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9.1. These results indicate that: 1) the geotextilpass#or did not provide any

significant reinforcing effect within the conditisrnof the test setup; 2) placing the
geogrid at the aggregate-substrate interface witth@useparator layer in contact with it
improved the interface strength properties anddtlmobilize the tensile capacity of
geogrid from the start of the test. In other wortdequate interlocking with aggregates

is key to achieving effective reinforcement; andocement of a thin aggregate layer



between the geogrid and geotextile layers couldrbeffective way in the laboratory to
simulate the rugged interface that invariably existtween the aggregate base course
and the underlying subgrade in the field, whiclowa$i the geogrid reinforcement to

properly interlock with the aggregate.

Pressure (kPa)

0 200 400 600 800 1000 1200 1400
O 1 1 1 1 1 1
——Test#2: Only geotextile
5 - ——Test#3: Only geogrid
—~ ——Test#4: Both geotextile and geogfid
E 10 - (in contact with each other)
- ——Test#5: Unreinforced aggregate
c
]
g 15 - ——Test#6: Both geotextile and geogfid
= (25 mm apart)
)
9p]
o 20 1
<
o
25 -
30 -
35

Figure 9.4. Load-settlement responses of aggresgatd-substrate models
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9.2. Cyclic Plate L oad Tests

9.2.1. Preparation of New Test Setup for Cyclic Plateload Tests

A new data acquisition systerkigure 9.5) with LabVIEW 2010 software was
purchased for the instrumentation used in platd teats. The required program for the
instruments (e.g. load cell, LVDTSs, wire potentiders and strain gauges) was installed

and calibrated.

Figure 9.5. The new Data Acquisition System useithéncyclic plate load tests

The existing loading frame was redesigned and fitad to achieve added
safety and precision for the cyclic loading testghis study Figure 9.6). A new and
larger test box [with inside dimensions of 1.78lh X 1.78 m (W) x 1.07 m (H)] was

also designed and fabricated at the OU Fears Labgrgrigure 9.7).
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‘adjust cross bea

Figure 9.7. The newly fabricated large steel testfor cyclic plate load tests
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A new automated FlexTest 40 dynamic controller wnih a new computer and
application software was purchasé&dglre 9.8). The system was calibrated and tuned.
A trial cyclic plate load test was carried out tesere that the controller system was in a

good operating condition.

Figure 9.8. Cyclic loading tests on reinforced bsislestrate models using the new
controller system

9.2.2. Strain Gauge Attachment Technique

Strains in geosynthetic reinforcement were measusaty model YEFLA-5-3L
foil strain gauges (manufactured by Tokyo Sokki Keno Co., Ltd.) with a gauge
factor of 2.14 + 2% and a gauge length of 5 mm.s€hgtrain gauges are capable of
measuring large strains up to 15%. Wang (2009)dabat these foil strain gauges are

suitable to measure strains in both extruded anuex¢ruded geogrids. The strain
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gauge installation procedure used for extruded P#&lypropylene) geogrids is as

follows:

a. The geogrid specimen was placed on a smootdrgrglrface. The surface of
the geogrid rib where the strain gauge needed tatthehed was prepared. The outline
of the strain gauge was marked on the rib. Theasarivas cleaned using industrial

tissue and/or cotton swalfsigure 9.9).

b. A piece of sandpaper was used to roughen thgrigesurface Figure 9.10).
The surface was then cleaned from any dust anduesidue to abrasion using a fine

brush Figure9.11).

c. A poly-primer Figure 9.12) was used to clean the geogrid surface at the

strain gauge location.

d. The strain gauge was aligned carefully in itsifpan. A piece of Scotch tape
was applied to the gauge backing and Cyanoacry@tp adhesive was applied to the
gauge Figure 9.13 andFigure 9.14). The Scotch tape helped to fix the gauges ineplac
and to adjust their location as necesséaigyre 9.15). The gauges were centered on the

prepared ribs and held in place with the Scotchk talpile the adhesive was cured.

e. Direct pressure was applied to the gatlgguf e 9.16) for at least one minute
and the adhesive was allowed to cure for approxipdive minutes before the tape

was peeled off the backingigure 9.17).
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f. The gauge surface was covered with the coatiagenal, M-Coat A (Air-
drying Polyurethane coatin§gjgure 9.18). Plastic wire ties were used to hold the strain
gauge wires in positiorF{gure 9.19 andFigure 9.20). The strain gauges were left in

air for at least 24 hours.

g. Silicon sealant was injected into a length exkitble tubing Figure 9.21) that

was split open along its length and extended beyloadiauge and its terminal strip.

h. The silicon-filled tube was placed around thaggafigure 9.22). It was left
for 24 hours in order to dry fullyF{gure 9.23). Strain gauge lead wires were then ready

to be connected to the readout device.

Figure 9.9. Cleaning the surface of geogrid witusstrial tissue or cloth
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Figure 9.10. Abrasive paper was used to roughesutface of the extruded geogrid

Figure 9.11. A brush was used to remove dust daértasion
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Figure 9.12. Adhesive, primer and sealant usedignstudy

Figure 9.13. Application of adhesive material te geogrid
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Figure 9.15. Gauges were held in place with thec®cape while the adhesive was
cured
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Figure 9.16. Pressure was applied to the gaugeréo c

Figure 9.17. The tape was peeled off carefully ftbmstrain gauge
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Figure 9.18. The gauge surface was covered wittingpeaterial

Figure 9.19. Wire tie was used to hold the straingg wire in position
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Figure 9.20. Geogrid with strain gauges attached

Figure 9.21. Flexible rubber tube was used to cetrain gauges
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Figure 9.23. Geogrid sample left for 24 hours ideorfor the adhesive and sealant
materials to dry out
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The strain gauge installation procedure used on piblgester geogrid (i.e.
WGG1) was slightly different. A small steel wireush was used to remove the PVC
coating of the geogrid. Then the strain gauge wescilly attached to the polyester
yarns of the geogrid following the same attachmmotedure described for extruded

geogrids.

Example geogrid specimens prepared for cyclic pladel tests are shown in
Figure 9.24. Two 1.78 m x 1.78 m woven geotextile layers (MikP 370) were also
prepared Figure 9.25). One layer of geotextile was placed underneaghsilibgrade
layer in order to prevent sand from entering thedbam area in the lower section of

the test box. The other geotextile was placedeastibgrade-base interface.
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Figure 9.24. Geogrid specimen used in a cyclicedlzdd tests before instrumentation:
(a) EGG1, (b) WGG], (c) KGG1
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Figure 9.25. Geotextile placed below the subgraglerlin the test box

Each geogrid specimen was instrumented with strauges for the cyclic plate
load test. It took typically two days to prepareleapecimen as pressure needed to be
applied to the gauges to cure for 24 hotig\fre 9.26). It took another 24 hours for the
silicon sealant inside the protective rubber tubedty (Figure 9.27a). Figure 9.27

show the EGG and NEGG geogrid specimens instrurdemité strain gauges.
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Figure 9.27. Example geogrid specimens instrumenttédstrain gauges: (a) EGG1,
(b) WGG3

9.2.3. Cyclic Plate Load Test Setup

A schematic elevation view of the test box anditistrumentation layout in the
final cyclic plate load tests is presentedrigure 9.28. The following information was
found useful in developing the instrumentation latyof the cyclic plate load tests:
Abu-Farsakh and Chen (2011) found that largestileersdrains developed directly
beneath the center of the cyclic loading plate f&liee maximum lateral movement of
the base course occurred), and became negligilaecattain distance from the loading
plate. This distance was found to be approximaleD (D is the diameter of the
loading plate) from the center of the loading plébe the geogrid placed at the
subgrade-base interface and nearly 1.0D from tiéecef the loading plate for the
geogrid placed at the middle of the base layer. yv&P009) also found that

reinforcement strains become negligible at appraxety 1.0D-1.5D from the center of
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the loading plate. Wang (2009) also reported thatdettlement of aggregate layer at

the surface was negligible beyond 1.25D from theereof the loading plate.

152 76 76 152
mm mm mm  mm
— >

152 1 Freeboard T
R { P A A A A
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304 goregate |

mim Geogrid _L

5 Y e e & — —¢ 28— —|:
mm_':n '\ | ,- A _, E
279 Geotextile | 152 152 152 'I_
mm Sand J mm mm — mm ?j;.
304 Styrof oam |

mim |

|
Width=183m

@® Locations of strain ganges (to measure strains along geogrid)

A Locations of wire potentiometers (to measure wvertical displacements in the
aggregate-sand model)

Figure 9.28. Schematic elevation view of the test &dnd the instrumentation layout in
the final cyclic plate load tests

In the final cyclic plate load tests, the thickres®f the aggregate and sand
layers were 329 mm and 279 mm, respectively. A Bblayer of aggregate was placed
below the geogrid to ensure sufficient interlockivgfween the geogrid and aggregate
interface Gection 9.1). Afterwards, 304 mm of aggregate was placed and aotag in

three equal lifts. The thickness of each lift w@® Inm. The total thickness of the base
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layer in the test models was greater than the mimim52 mm value recommended in
the current FHWA guidelines (Holtz et al. 2008) #ogeosynthetic reinforcement layer

installed on a weak subgrade.

Figure 9.29 throughFigure 9.46 show different stages of setup and procedure
for the large-scale cyclic plate load tests. A hamtal steel beam at the middle of the
test frame and spanning the width of the test lmyxexl as a reaction beam to apply a
concentric load on the test modelsdure 9.29). An actuator was positioned on the
middle of the horizontal beam. It was connectethéohydraulic pump and the dynamic
controller system. Before placing materials in thst box, a 305 mm-deep block of
Styrofoam panels was placed at the bottom of thieltex and 25 mm-thick panels were
placed against the walls of the test box to mitgdie boundary effects against the
lateral movement of aggregatésdure 9.30). A geotextile layer was placed underneath
the subgrade layer to prevent it from enteringShgofoam block in the lower section

of the test boxKigure 9.31).

The test box was then filled with uniformly gradedse sand as the subgrade
and ODOT Type-A aggregate as the base layer. The aad aggregate layers were
separated using a layer of woven geotextile (Mikd## 370). The sand was compacted
to a density that corresponded to a CBR value lodiged on earlier CBR testSetion
6.3.1). The density of subgrade and aggregate baseslayere checked according to

ASTM D2167-08 using a model HM-310 Voluvessel denster Figure 9.32). A 1.78
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m (L) x 1.78 m (W) geogrid specimen was placedsatrn above the sand-aggregate

interface inside the aggregate to allow for congieterlocking with the aggregate.

A 25 mm-thick, 305 mm-diameter circular steel loagplate was placed on the
top of the aggregate layer directly beneath theatot. The loading plate was attached
to the actuator and a 100 kN load cell. The cyldad was applied to the aggregate-
substrate models and the settlement of the loagiate was measured using the
displacement output from the dynamic controllerterys In addition, a total of eight
extensometers (wire potentiometers) were attaclbethe steel cross beam which
supported the actuator. The calibration factors déach wire potentiometer were

determined prior to the test.

Each reinforced test model was instrumented to ureathe reinforcement
strain, top surface deflection and settlementfi@atoottom of the aggregate layer. The
instrumentation included eight wire potentiomet@4’s) and eight strain gauges. The
strain gauges were attached to the bottom andoghehie geogrid at each location to
measure its tensile strains. Four WPs were moumnetthe bottom side of the reaction
beam and were connected to the loading plate anddparator geotextile through the
aggregate layer at the radial distances of 152 &2&,mm, 304 mm and 456 mm from
the center of the circular loading plate as showrdrigure 9.33. The distances are
reported as shown on the figure because the WRs attarched to the bottom flange of
one of the two reaction beams that flanked therakshaft that was rigidly attached to

the loading plate.
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Figure 9.29. The redesigned and retrofitted stelihg frame with the actuator, which
is connected to the hydraulic pump and the comtrelystem

Figure 9.30. Styrofoam panels placed at the bodndhagainst the walls of the test box
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Figure 9.31. Cyclic plate load test box after pigdihe geotextile separator on
Styrofoam panels on the bottom of the test box

Figure 9.32. Measuring the in-situ density of sapdodel HM-310 Voluvessel rubber
balloon densometer
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Figure 9.33. Marked locations of extensometer regglto measure deformation profile
at the bottom of the aggregate layer due to cyoéding

Figure 9.34. Attachment of brass wires to geotexddparator to measure its settlement
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Figure 9.35. 25 mm-thick aggregate layer placethertop of the geotextile separator

Figure 9.36. Placing geogrid reinforcement on therin-thick aggregate layer
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Figure 9.37. Careful placement of aggregate ormydugrid layer

Figure 9.38. Compacted aggregate layer placedegedbgrid reinforcement
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Figure 9.39. Brass wires connected to the wirermjmmeters to measure the base layer
deformation

Four additional extensometers (WPs) were placedhenother side of the
reaction beam from the center of the loading phitetherwise the same distances
mentioned earlier in this section. The latter fodiPs were attached to thin steel plates
to form vertical tell-talesKigure 9.40) to measure the settlement at the top of the
aggregate layer at selected locatioRgre 9.41). The magnitudes of the cyclic load
applied to the circular plate and its settlementenrecorded during the tests using the
dynamic controller system software. The deformatmnthe eight WPs and the
elongation of the eight strain gauges with timeirduthe tests were recorded using the

program LabVIEW 2010 of the Data Acquisition Syst@agur e 9.45).
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Figure 9.40. A telltale plate (50 mm x 50 mm) ateat with brass wire to measure the
surface deflection of the aggregate layer

Figure 9.41. Setup of the telltale plates on tlpedbthe aggregate layer
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Figure 9.42. Vertical telltale plate to measuredbggregate deformation near the
circular loading plate

Figure 9.43. Connecting strain gauges to the DA&4\cquisition System)
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Figure 9.44. Eight strain gauges connected to thé D

Figure 9.45. Monitoring data in the Data Acquisiti®ystem while a cyclic plate load
test is in progress
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Figure 9.46. The position of the circular loadirgte at the end of a test
9.2.4. Preliminary Plate Load Testsand Results

In the preliminary plate load tests, the test boxswilled with 432 mm of
uniformly graded loose sand as subgrade and 152h@DOT Type-A aggregate for
the base layer. The sand unit weight in as-placediton was 12.13 kN/f equivalent
to a relative density of 28%. The sand was placed loose condition to a uniform

depth without any compaction to simulate a wealggsadbe.

Prior to cyclic load tests, a preliminary statisttevas carried out to check the
performance of the loading assembly, controller Hradata acquisition system. The
corresponding load-settlement data are showsigare 9.47. In this test, a total load of
40 kN was applied monotonically on a reinforcedebsgbgrade model in 10 equal
increments using a 305 mm diameter circular steE@épA 40 kN load was selected as

the maximum applied load in these tests becauspiiesented a tire inflation pressure
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of 550 kPawhich simulated dual tires under an equiva80 kN single-axle load (Abu-

Farsakh and Chen 201

Applied Load (kN)
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I
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Figure 9.47. Loadettlement response of taggregatesand model subjected a static
(incremental static loading) plate load tin the large test bc

Following the preliminary static testwo preliminarycyclic plate load tes
were carried out on a reinforced mowsing one EGG (EGGland one NEGG
(WGG3) geogrids as the gsynthetic reinforcementA periodic load with the pee
magnitude of 40 kNvas applied on the moc. Thesettlement of the aggregate laye
the surface, deformation of the base layer at tin, and the strain distribution in t

geogrid reinforcementvere measure(The following loading regime was used in -

216



cyclic plate load testsFirst, the load was monotonically increased fromimital
seating load of 2.2 kb the final magnitude 40 kNin 10 equal increments. Then
1-Hz forceeontrolled priodic load was applied, which included a -sec loading
period followed by a 0-sec resting period. The periodic load amplitudeéedhbetweer
2.2 kKN and 40 kNor 1,000 load cyclesFigure 9.48 andFigure 9.49 show the load-
settlement response data for ttwo prelimirary periodic plate load testThe
magnitudes of the target seating load and maxinoad are shown with vdcal dashed
lines on these figures.
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-100
——EGG]1-Preliminary Test 2

------- Seating L.oad = 2.224 kN
= = = Maximum Applied Load =40 kN

-120

Figure 9.48. Loadettlement response of tpreliminary periodic plate load te with
EGGL1 geogrid
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Figure 9.49. Loadettlement response of tpreliminary periodic plate load te with
WGG3 geogrid

The preliminary tests indicated that the subgrade seasltoo weak to suppc
the 1000 loading cycles. Hence, a series of CBR teas carried out on the subgr:
sand at different compaction levels according toTKSD1882-07 test protocol t
determine a stable CBR value for thsubgrade sand-rom the results of these CI
tests, it was found that a subgrade with CBR vageal to 4 would have adequi
strength and stiffness to complete the cyclic platal testsFigure 9.50 shows the

CBR test results for the subgrade sand wdry unit weight of 16.2&N/m>.
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Figure 9.50CBR test resulof the subgrade sand with a dmyit weight 0f16.22 kN/n}
9.2.5. Final Cyclic Plate Load Tests and Results

Once a suitable CBR value for the subgrade sanddetesmined, nin(9) final
cyclic plate load tests were carried out which uideld eight reinforced cases (i.e. us
geogrids listed inrable 3.2) and an unreinforced casehd moisture content a unit
weight of subgrade sand we0.2% and 16.25 kN/f(dry unit weight =16.22 kN/nr),

respectivelyThe relative density of sand was 95.

The following loading regime was used in the cygliate load ests First, the
load was monotonically increased from an initightseg load of2.2 kN to the final

magnitude of 40 kNn 10 equal increments. Then, -Hz forcecontrolled periodic loa

219



was applied, which included a -sec loading period followed by 0.9-sec resting
period. The periodic load amplitude varied betw2.2 kN and40 kN for 1,000 load
cycles.All final nine tests ran successfully. A total ddD load cycles were applied

each test without any interruption. The correspogdest resul are shown irFigure

9.51 throughFigure 9.59.
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Figure 9.51Plate loa-settlement response of the aggregatiestrate mod with
EGGL1 geogrid (1000 load cycles)
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Figure 9.52Plate loa-settlement response of the aggregatiestrate mod with

EGGz-single layer geogrid (1000 load cycles)

221



-10

Plate Settlement (mm)
&
o]

-70

Applied Load (kN)
10 20 30

——EGG3-reinforced model response
------- Seating load =2.224 KN
= = = Maximum applied load =10 KN

50

Figure 9.53Plate loa-settlement response of the aggregatestrate mod with

EGG3 geogrid (1000 load cycles)
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Figure 9.54Plate loa-settlement response of the aggregatestrate mod with

EGG4 geogrid (1000 load cycles)
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Figure 9.55. Platac-settlement response of the aggregatestrate mod with
WGGL1 geogrid (1000 load cycles)
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Figure 9.56Plate loa-settlement response of the aggregatlestrate mod with

WGG2 geogrid (1000 load cycles)
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Figure 9.57Plate loa-settlement response of the aggregatiestrate mod with

WGG3 geogrid (1000 load cycles)
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Figure 9.58Plate loa-settlement response of the aggregatlestrate mod with
KGGL1 geogrid (1000 load cycles)
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Figure 9.59Plate loa-settlement response of the aggregatestrate model withol
any geogrid (1000 load cycles)

The geogrid specimens after each cyclic plate keats are shown iFigure

9.60 throughFigure 9.67.

228



Figure 9.60. EGG1 geogrid specimen after the cyithte load test

Figure 9.61. EGG2 geogrid specimen after the cyhte load test

229



Figure 9.62. EGG3 geogrid specimen after the cyhte load test

Figure 9.63. EGG4 geogrid specimen after the cythte load test
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Figure 9.64. WGG1 geogrid specimen after the cymhte load test

Figure 9.65. WGG2 geogrid specimen after the cyihte load test
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Figure 9.66. WGG3 geogrid specimen after the cyullte load test

Figure 9.67. KGG1 geogrid specimen after the cyuliate load test
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Two terms were used in the present study to ewaltlad benefits of using
geogrids to reinforce aggregate base layers: Ttie®ent Reduction Factor (SRF) and
the Traffic Benefit Ratio (TBR) (Berg et al. 20@hristopher et al. 2010, Douglas et al.
2012). In this study, the SRF was defined as th® raf the settlement of an
unreinforced aggregate base test modg) (& that of an otherwise identical reinforced
model (&) for a given applied load. Therefore, a higher SRkie indicates a more

effective reinforcement.

SRF = $/S: ap

The TBR is defined as the ratio between the nundfeload cycles on a
reinforced section (N to reach a defined failure state (e.g. a givating depth) and
the number of load cycles on an unreinforced sediNy) with the same geometry and

material constituents that reaches the same defimlede state (Berg et al. 2000).

TBR = Ne/Ny (9.2.2)

A greater TBR value also indicates a more effectiemforcement.Figure
9.68a shows that all reinforced cases performed bettan tthe unreinforced case.
However, it can be observed that the test sectitmBGG1 geogrid base reinforcement
performed better than those with WGG1, KGG1 or EGg&dgrid reinforcement.
Overall, except for WGG3 and KGG1 cases, other gésgerformed comparable to
the EGG1 geogrid. WGG2 and WGG3 products resutteglightly smaller settlements
in the test modeldrigure 9.68b shows a comparison of SRF values corresponding to

all geogrid products listed in this studligure 9.69 shows a comparison of the
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corresponding TBR values. The TBR values are latigen 1, which means that t

reinforcement layer improved the beig capacity of the aggregasend mode
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Figure 9.68Compariso of (a) Maximum plateettiement under cyclic loadit (b)
SRF values among test cases examined
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Figure 9.70 shows a comparison of the top surface deflectidntheend o

1000 cytes for different test cases. The results show thiathe most part, the te
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sections with extruded geogrid base reinforcemasmidtto result insmaller
deformationsgthan those with nc-extruded geogrid reinforcement. It can also be :
that the maximo amount of top surface deformation occurred inuheeinforced cast
The top surface deflection profiles reported instBtudy are consistent with thc

described by Aburarsakh and Chen (201

Normalized distance from center of loading (x/D)
-2 -1.5 -1 -0.5 0 0.5 1 15 2
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-5 =-WGGI
—a— WGGQG2
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—i+—KGG1
Unreinforced

Top surface deflection (mm)

-80

Figure 9.70Comparison ofop surface deflections whifferent cases at the end of 1(
cycles

Figure 9.71 shows a comparison of the subgrade deflectionlpsoiin different
test cases at the end of 1000 cycles. It was folaidtest seconswith the WGG3 ant
EGG3 geogrid base reinforcement resulted in smallgrade deformatis than the
EGG1geogrid case tested. The subgrade in the tesbeegith EGG2 geogrid resulte

in the largestleflection in the region beneath the loading |. The EGG2 geogrid i
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classified as the only ‘weak rib’ extruded geogndthis study. It was also observ

that, the largest subgrade deformation occurreéddarunreinforced cas

Normalized distance from center of loading (x/D)
-0.5 0 0.5 1 1.5 2

Subgrade deflection (mm)

—+— KGG1
—— Unreinforced

Figure 9.71Comparison of subgrade deflion profiles in different test cases at the !
of 1000 cycles

Strain distributiors along the centerline of the EGGWGG2, WGG3 an
KGGL1 geogrids for different load cyclei.e. after 100, 200, 300, 500, 700 and 1!
load cycles) arshown inFigure 9.72 throughFigure 9.75. It is observed that tensi
strain in geogridgenerally continued tincrease with the number of loading cycles
is also observed that tllargest tensile strains developeidectly beneath the center
the loading plate, where the maximum lateral movenef the base course w
expected to occur. The strain magnitudes decrfarther awayfrom the loading plat

and become negligible (e.g. lessn 5% of maximum value) at distances greater
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x/D = 2 (x is the horizontal distance from the egrand D is the diameter of the circular
loading plate equal to 304 mm). Geogrid strainsxfér> 1 were found to be negligible
for extruded geogrids (e.g. less than 5% of maxinuatue). This distance for non-
extruded geogrid was found to be closer to 1.5Du-Abrsakh and Chen (2011) also
reported that tensile strains were negligible atit&D distance from the center of the
loading plate for the geogrid placed at subgrade=hbaterface. However, in Abu-
Farsakh and Chen’s study, the base thickness wam8?(12.6 in) and a 60 mm (2.36

in)-thick layer of hot mix asphalt (HMA) was placeder the base course.

Figure 9.72 illustrates that the maximum strain developed (B geogrid
(1.85%) was close to the serviceability limit (e2%0; Christopher et al. 2008) but
significantly smaller than the geogrid ultimateldee strain (i.e. greater than 8%).
Results inFigure 9.73 throughFigure 9.75 indicate that measured maximum strains in
WGG2, WGG3 and KGG1 geogrids were well below theviseability limit and
therefore, significantly smaller than the geogritislure strains. Similar strain
distributions were reported by Miura et al. (199¢rkins (1999) and Abu-Farsakh and

Chen (2011).
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Figure 972. Strain distributions in the EGG1 geogrid
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Figure 973. Strain distributions in the WGG2 geoc
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Figure 975. Strain distributions in the KGG1 geogrid
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Figure 9.76 shows the correlations between the SRF valueseofest model
and the rib strength properties of all the geogtested in this studyFigure 9.76
indicates that the SRF va of a reinforced model increases with the rib sttlel
properties of the geogrid used. However, it is ol that the trend of increasing S
value is more closely relatedtherib strength at 2% strain in both MD and XD and

strength at 5% straimiMD than the ultimate strength.

Figure 9.77 shows the correlations between the SRFs and ud#iquatction
strength properties of thall geogrids tested. These resulhgicate that the junctio
strength does nadeem to be a governing factor in the performancthefreinforcec

model with respect to its SFR value for the |-subgrade models teste
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Figure 9.78 anc Figure 9.79 show the correlations between the TBR value
the test models and the rib and junction strengbipgrties of the geogrids Wd in this
study, respectively. The resultsFigure 9.78 show that the TBR value of a reinforc
model increases with the rib strength propertieghef geogrid used in the mod
However, similar to the SRF val, the results do not show a conclusive dependeh

the TRB value on the geogrid ultimate junctionsyte (Figure 9.79).

Taken together, the cyclic plate load test resotigcated that the improveme
in the performance of the be-subgrade models tested was, by and large, propaf

to the rib index properties of the geogrid us
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9.3. TBR Correlation Equationsfor the Plate Load Test Models

In this study, it was observed that the TBR valti¢he plate load test models
was, by and large, proportional to the rib strengtbperties of the geogrids tested
(Section 9.2.5). Therefore, correlation equations were develdpedhe TBR values of

the reinforced plate load models tested as destitbthe following sections.

9.3.1. Development of TBR Equations

EGG Products:

Model #1: TBR as a function of the geogrid rib stith at 2% strain, rib strength at 5%

strain and ultimate rib strength properties

TBR = 130 + Bl X1+ BzXz + B3X3 (931)

Bo, P1, B2 andPs = Regression coefficients as determined througlhtiphes regression

analysis using Microsoft Excel and the SPSS (28f)stics software program

X1 = Rib strength at 2% strain

X2 = Rib strength at 5% strain

X3 = Ultimate rib strength
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Table 9.2. Regression coefficients for EGG produstag Model #1

Regression
Cocgefficient Bo B B Bs
MD 0.44308 -0.55431 0.29354 0.11039
XD 0.7051774 -1.1957 0.92678 -0.102116
In (MD) -2.8806 -2.0926 2.7945| 0.791156
In (XD) -5.938 -8.15677 10.83937 -1.16447

Model #2: TBR as a function of the geogrid rib stith at 2% strain, rib strength at 5%

strain and their cross-correlation

TBR =0 + B X1 + B2X2 + Pz X1 X2 (9.3.2)

wherepy - B3 and, X% and X% were defined in Equation 9.3.1.

Table 9.3. Regression coefficients for EGG produstag Model #2

Regression
Coefficient Po s b2 s
MD -0.16 -0.08 0.348 -0.013
XD 0.006 -1.066 0.810 -0.003
In (MD) -1.089 417.2 421.0 -418.6
- 5 5
In (XD) 7422 | 4 a1 85 -1.31x16° | 1.31x16

* Unrealistically high values, hence this model wigscarded.
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NEGG products:

Model #1: TBR based on rib strength at 2% strainstrength at 5% strain and ultimate

rib strength properties

TBR = [30 + Bl X1+ BzXz + [33)(3 (933)
wherepp - B3 and X - X3 were defined in Equation 9.3.1.

Table 9.4. Regression coefficients for NEGG proslusing Model #1

Regression
Coefficient Bo Pa P P
MD -11.22 2.75 -0.71 0.03
XD -0.645 -0.085 0.068 0.078
In (MD) -34.203 30.93 -15.115 3.006
In (XD) -9.984 -1.124 1.053 3.398

Model #2: TBR based on rib strength at 2% straim,strength at 5% strain and the

interaction between them

TBR =0 + B1 X1 + P2X2 + B3 X1 X2 (9.3.4)
wherepo - B3 and, X and % were defined in Equation 9.3.1.

Table 9.5. Regression Coefficients for NEGG proslusing Model #2

Regression
Cogfficient Po Pa ke P
MD -11.664 2.587 -0.269 -0.026
XD -25.433 3.915 2.285 -0.283
In (MD) -6.084 1327.22 1321.51 -1322.28
In (XD) -190.51 54568.73 54542.63 -54517.66
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9.3.2. Verification of TBR Correlation Equations

Table 9.6 andTable 9.7 show a summary of Rralues for the regression models

2
developed for the EGG and NEGG geogrids. Thesdtsdadicate that the Ralues for
all final regression models are greater than 0®B&h indicate that these models fit

the data nearly perfectly (except for cases ofMiD)Y and In (XD) inTable 9.7). In

comparison, the 2Fﬂralue for a linear equation developed by Gu (2(bt)base layer

thickness, geogrid tensile modulus and subgradmgtin was 0.96. However, thé R
values for the In (MD) equation using Model #2 foe EGG and NEGG products are
0.91 and 0.53, respectively. Hence these models labeled as ‘not satisfactory’ in the

list of final regression models examined in thigdst (Section 9.3.3).

Table 9.6. Rvalues for EGG regression equations using Model #1

Regression
Mode? Equation RP-value
MD 0.999985
XD 0.999962
In (MD) 0.999992
In (XD) 0.999966

Table 9.7. Rvalues for EGG regression equations using Model #2

Regressiqn Mode R2value
Equation
MD 0.99991389
XD 0.99932166
In (MD) 0.91216934
In (XD) -608.24
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2
Table 9.8 andTable 9.9 show that the final models havedR0.99 [except for

the case of In (MD) inrable 9.9], which suggested that the models well fit theadat

used.

Table 9.8. Rvalues for NEGG regression equations using Model #

Table 9.9. Rvalues for NEGG regression equations using Mogel #

Regression
Modeglj Equation R-value
MD 0.999890
XD 0.999954
In (MD) 0.999924
In (XD) 0.999989

Regression
Modegll Equation R-value
MD 0.999945
XD 0.999883
In (MD) 0.534975
In (XD) Unrealistic

A summary of test types, geogrid properties and VRIBes reported in selected
previous studies is given ihable 9.10 which was used for comparison purposes in this
study. The geogrid properties reportedTiable 9.10 were used in Equations 9.3.5
through 9.3.20 Section 9.3.3) and the corresponding predicted TRB values were
compared against those reported in previous studigdotted inFigure 9.80 through
Figure 9.89. Regression equations using the data from thidystiiat did not result in

R?~ 1 were discarded.
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Table 9.10. Summary of test types, geogrid propedind TRB values reported in
selected previous studies

Rib Rib Rib Rib Ultimate | Ultimate
Prevoius . strength| strength| strength| strength| Rib Rib | Mesured
Studies Type of Tests Geogrid Type at2% | at2% | at5% | at5% | Strength| Strength TBR
strain [ strain | strain strain (MD) (XD)
Abu- GG1 EGG 4.1 6.6 - - - - 5.5
Farsakh| Cyclic plate GG2 EGG 6 9 - - - - 6.1
and Chen load tests GG3 EGG 8.6 8.6 - - - - 6.4
2011
( ) GG4 EGG 9.5 9.5 - - - - 7.4

Integrally
Formed Grid EGG 7.5 12.8 15.2 24.8 22.6 32.4 5.9
Cuelho (IFG-3)

and

: Field tests IFG5 | EGG| 57 8.3 11.3| 145 16 216 47
Perkins .
(2009) Woven Grid|\ -6 6.9 9.9 163 | 164| 339| 489 52
(WoG-7
WoG-8 |NEGH 7 8.6 131 122| 313 53.7 3.4
Accelerated Tensar
e i | exiooo |EGG| 98 | 156 | 168| 203 239 329  76.0
in laboratory, Mirafi
APTA ee1y |NEGG| 103 | 110| 181 174 395 524 120
Chehab et Tensar
1 2007 xisop | EGG| 98 | 156 | 168| 293| 239 32.9 18
APT-I Huesker |\ esal 114 | 172 | 227| 328 wNa|  wnal 19
Fornit 30
Mirafi |
oy, |NEGG| 103 | 110| 181| 174 395 52 625
Tingle and ]
Jersey Clzzgctzftt: Geogrid | EGG| - - 132 179 . - 15
(2005

255



il

10
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Results shown ifrigure 9.80 throughFigure 9.89 indicate that the TBR values
calculated using the regression equations in thidysfor different previous studies
were somewhat comparable but not perfectly condisteith the corresponding
measured values. Therefore, the following litemsurvey was carried out to determine
possible reasons for the differences observed leetwhee results of previous studies and

those of the current study:

Abu-Farsakh and Chen (2011)

A steel test box with inside dimensions of 2 m @lém) x 2 m (width) x 1.7 m
(height) was constructed to house model pavemedtioss §igure 9.90). The
subgrade consisted of silty clay, having a liqumitl of 31 and a plasticity index (PI) of
15. Kentucky crushed limestone material was usdtienbase course layer for all test
sections. Base thickness was about 320 mm. Theenlusnestone had a 100% passing
37.5-mm opening sieve, 92% passing 19-mm openirgesi61% passing No. 4
opening sieve and 0.35% passing No. 200 openivg siith an effective particle size
(D1g) of 0.382 mm, a mean particle sizesgDof 3.126 mm, a uniformity coefficient
(Cy) of 11.80 and a coefficient of curvature©f 1.07. A 60 mm-thick layer of hot

mix asphalt (HMA) was used over the base course.
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Figure 9.90. Laboratory test box, hydraulic actuattd reaction system in the study by
Abu-Farsakh and Chen (2011)

Four different extruded polypropylene geogrids, G&IG2, GG3 and GG4
were used to reinforce the base layer in the pametest sectionsT(@ble 9.11). Abu-
Farsakh and Chen (2011) determined TBR valuesiffarent base reinforced sections
at the rut depth of 19 mm. However, in the cursgntly TBR was calculated at a rut

depth of 25 mm.
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Table 9.11. Properties of geogrids used in theystydAbu-Farsakh and Chen (2011)

TAKRN/M)  I° (KN/m)
Reinforcement | Aperture shapeiD¢ cD® MD® cD| Aperture stabiity (kg-cnvded) Aperture size (mjm)

GG1 biaxial geogri 41 6.6 205 33( 3.2 25x33
GG2 biaxial geogri 6.0 9.0 300 45( 6.5 25x33
GG3 triaxial geogri fi 8.6 43¢ 3.6 40 x 40 x 40
GG4 triaxial geogri 9.5° 475 7.8 40 x 40 x 40

#Tensile strength (at 2% strain) (in accordance ABTM D6637 for GG1 and ISO 10319:1996 for GG2).
®Tensie modulus (at 2% strain).

“Machine direction.

“Cross machine direction.

*Radial direction.

Cuelho and Perkins (2009)

Cuelho and Perkins (2009) constructed field testti@es to evaluate the
performance of several geosynthetics for subgréalglization applications. A sandy
clay soil was prepared as a weak roadbed mateér@aC8R value of approximately 1.8,
and a 200 mm thick aggregate layer (crushed grawely} compacted over the
geosynthetic reinforcement. They examined the effet the tensile strength at 2%
strain, 5% strain and the ultimate tensile stremgthhe rutting performance of geogrid-

reinforced roadway test sections.

A single-drum vibratory roller was used to compida base aggregate. Traffic
load was applied to the test sections using a folded three-axle dump truck in a
single direction until an average of 100 mm of was developed in each of the
individual test sections. The properties of geaguded in Cuelho and Perkins’ study
are given inTable 9.12. A summary of test section properties with th@mparative

rutting performance is presentedliable 9.13.
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Table 9.12. Properties of geosynthetics used irstilngdy by Cuelho and Perkins (2009)

Tested by WTI : Published by M anufacturers®
Strengthb Strengthb Ultimate® : Strengthb Strengthb Ultimate®
Geosynthetic @ 2% @ 5% Strength | @ 2% @ 5% Strength
Test Section* (kN/m) (kN/m) (kN/m) I (kN/m) (kN/m) (kN/m)
MD |XMD MD |XMD MD |[XMD I MD |XMD MD |XMD MD |XMD
WeG-1 9.5 9.7 19.6 20.4 29.9 35.? 10[7 10{7 21. 32.0
WeG-2 13.2 13.0 25.7 26.1 38.4 39.6 8 8 1 20
IFG-3 7.5 12.8 15.2 24.8 22.6 32.‘}1 6.4 9. 11 28.8
CoG-4 13.6 14.4 27.3 28.0 41. 43.b 17 12 2
IFG-5 5.7 8.3 11.3 145 16.0 21.¢ 4.1 6.4 8. 1P.0
WeG-6 13.9 13.7 27.1 27.2 40.1 41.|'2 17 12 2 30
WoG-7 6.9 9.9 16.3 16.4 339 48.9 7.3 7.3 13 20.2
WoG-8 7.0 8.6 131 12.2 31.3 53.Jr’ 7.1 8.4 11 56.5
WoT-9 7.5 12.5 20.8 27.2 59.9 71.1 8.9 8. 21 47.3
NWoT-10 0.1 0.2 0.6 0.7 17.5 12.1 NP

*Acronym meanings: WeG = Welded grid, IFG = intdgrarmed grid, CoG = composite grid, WoG = wognid, WoT = woven textile,
NWoT = non-woven texties; numbers represent jpositiong length of test site

*Manufacturers' minimum average roll values (MA

"ASTM D4595 and ASTM D6637

“Tested by WTI as a composite, i.e., not sepi

Non-woven portion of this material increases ttimate strength by 6kN/m in the MD and by 10kN/rthia XMD

“Grab tensile strength (ASTM D-4632) in Newtons G#Belongatio

NP - information was not provided by the manufastur
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Table 9.13. Summary of test section propertiescamoparative rutting performance in
the study by Cuelho and Perkins (2009)

| Average Base Composite Composite
Geosynthetic Thickness Subgrade CBR|Subgrade CBR N g
Test Section after after teld
(mm) Construction | Trafficking
Control 1 211 1.80 1.31 12.5
WeG-1 216 1.96 1.20 78.3
WeG-2 215 1.72 1.25 87.4
IFG-3 211 1.69 1.32 80.0
CoG-4 206 1.69 1.30 87.4
IFG-5 199 1.82 1.25 36.3
WeG-6 192 1.79 1.16 67.6
WoG-7 184 1.99 1.46 96.4
WoG-8 178 1.88 1.31 70.9
WoT-9 173 1.72 1.30 52.1
NWoT-10 171 1.66 1.29 34.0
Control 2 172 2.11 1.40 18.6

Note: Niels = Number of standard axle passes to reach 100 fnat for each section

Chehab et al. (2007)

Chehab et al. (2007) studied the effects of apersize, tensile strength at 2%
strain, ultimate tensile strength, junction strénghd flexural rigidity of geogrids on
rutting performance of small-scale roadway modé&lsey performed two accelerated
pavement tests (APT) in a 2.2 m-wide by 3.7 m-ltegg pit. The pit was originally 4.3
m deep but was backfilled with a Type-2A aggredmtee conforming to the PennDOT
specifications. The densely-compacted aggregaes Egrved as a bedrock-like support.

The top 400 mm was considered as the pavemenbseétisilty-sandy soil typical of
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central Pennsylvania was used as the subgradeTypel2A aggregate according to
PennDOT specifications was used as the base laybeir model. An asphalt slab was

constructed on the top of the base layer.

APT Test |

Four geogrid products, SF11, Fornit 30, BX1100 BXd511 were used for the
reinforced test sections R1, R2, R3 and R4, resadet C1 was the control section. 19
mm rut deformation, with cracks along the edgehaf wheel path occurred at 1,000
wheel cycles in the control section C1. Fréingure 9.91, it was observed that same
amount of rut deformation (about 19 mm) occurred@000 and 120,000 wheel cycles

in Sections R3 and R4, respectively. This infororativas used to calculate TBR values

for APT Test I.
30
* Section R1-SF11(A1r voud = 9.3%)
B Section R2-Formit30 (Ar voud = 7.5%)
A Section R3-BX1200 (Aur void = 10.4%)
2544 @ Sechon R4-BXG11 (Awr voud = 8 4%)
20 —

15 gt

Rutting Accumulation (mm)

0 20000 40000 60000 80000 100000 120000 140000 160000
MMLS 3 Traffic Axles

Figure 9.91. Rutting accumulation for locations venmaximum rut occurred in case of
APT I (Chehab et al. 2007)
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APT Test I

In order to investigate the effectiveness of gabgeinforcement in a different thickness
of subgrade, four other sections were construdied.four sections were denoted as P1,
P2, P3 and P4. Section P1 was the control sectitimowt geogrid reinforcement.
Sections P2, P3 and P4 were reinforced with FdniBX1200 and BXG11 geogrids,
respectively. The geogrid arrangement and dimessidrihe above sections are given

in Table9.14.

Table 9.14. Structure parameters of test slabsh@&het al. 2007)

Section Subgrade | Base Coursg AC Thickness Geogrid Type
Thickness (in) Thickness (in) (in)

T1 11 3.9 N/A Tensar BX1200
C1 10.5 2 15 N/A
R1 9.3 2.6 15 Synteen SF11
R2 9.3 2.6 15 Huesker Fornit30
R3 9.3 2.6 15 Tensar BX1200
R4 9.3 2.6 15 Mirafi BXG11
P1 6 2 1.5 N/A
P2 6 2 15 Huesker Fornit30
P3 6 2 1.5 Tensar BX1200
P4 6 2 1.5 Mirafi BXG11

Results shown ifrigure 9.92 indicate that the maximum rut deformation in all
test sections was 15 mm. Therefore, in APT Tesellies the number of traffic axles to
reach 15 mm rut deformation for each test secticams wised to calculate the
corresponding TBR value. It was found that 160@@2900 and 100,000 traffic axles
were needed to produce nearly 15 mm rut deformatiddections P1, P2, P3 and P4,

respectively.
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Figure 9.92. Rutting accumulation for locations venmaximum rut occurred in APT I
test series (Chehab et al. 2007)

Tingle and Jersey (2005)

Tingle and Jersey (2005) carried out cyclic plaiadl tests on an unbound
aggregate. A 1.83 m x 1.83 m x 1.37 m deep reirtbsteel box was fabricated to
construct the model pavement sections. The subgaadecomposed of high-plasticity
clay (CH) with a liquid limit of 79, a plastic limof 23, and a plasticity index of 56.
The CH material had 100% passing the No. 10 siexk %% passing the No. 200
sieve. The moisture content and CBR value of thbgsde was 47% and 1,
respectively. A crushed limestone aggregate (SW-@&kh non-plastic fines was used
for the base aggregate material. The maximum agtgegize of the crushed limestone
was 38 mm with 57% passing the No. 4 sieve, 30%ipgdNo. 10 sieve, 12% passing

the No. 40 sieve, and 6% passing the No. 200 si&Negeosynthetics were placed on
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the top of the subgrade at the base-subgradeanteriThe properties of geosynthetics

used are given ifable 9.15.

Table 9.15. Properties of geosynthetics used irstindy by Tingle and Jersey (2005)

strength at 5% strain (kN/m)

Measured |Corresponding
Property Reported Valué vaud  |ASTM Standard
Geotextile
Color Grey - -
Material Polypropylene - -
Manufacturing process Needle-punched - -
Mass per unit area (g/mg) Not reported 193.1 ASTM 0526
Apparent opening size (mm) 0.212 0.074 ASTM D475%1
Permittivity (S%) 1.3 1.192 ASTM D4491
Puncture (kN) 0.375 0.463 ASTM D48343
Trapezoid tear strength (kN) 0.265 0.303 ASTM D4533
Grab tensile strength (kN) 0.71 0.79 ASTM D463R2
Geogrid
Color Black - -
Material Polypropylene - -
Manufacturing process Biaxial punched and - -
drawn

Mass per unit area (g/mg) 305 - ASTM D526(L
Aperture siz2MD by XD (mm) 25.4 by 33.0 - Direct measure
Machine wide width tensile strength

. 11.8 13.2 ASTM D6637
5% strain (KN/m)
Cross-machine wide width tensile 198 17.9 ASTM D6637

®Reported by manufacturer@eotechnical Fabrics Report (8).
® Mean value from three replicates.

“Machine direction by cross-machine direction (MBIX).

269



FromFigure 9.93 it can be seen that Section 6 (i.e. Item 6, airtlg red boxes)
is the only section that could be compared withdingent study. The thicknesses of the
base and subgrade layers in ltem 6 were 360 mn8addnm, respectively. The TBR

value reported for 25 mm rutting deformation wées 1.

' 1.83m | 1.83m | 183 m | 1.83 m 1.83 m '! 1.83m |'
183 m Item 1 Item 2 Item 3 Item 4 Item 5 Item 6
(a)
—5
Crushed Crushed Crushed Crushed Crushed Crushed
0.51 m Limestone | Limestone | Limestone | Limestone | Limestone|| Limestone 0.36 m
(SW-SM) (SW-SM) (SW-SM) (SW-sM) (SW-SM) (SW-SM)

High-Plasticity Clay Subgrade (CH).
Design CBR =1

0.71m 0.81m

Figure 9.93. Laboratory pavement test items: (@ jpind (b) profile layout (Tingle and
Jersey 2005)

9.3.3. The Final TBR Modéel Based on Rib Strength Properties

EGG: Model #1

MD: TBR =0.443 — 0.554 X+ 0.294 % - 0.11 % (9.3.5)

XD: TBR =0.705 — 1.196 X+ 0.927 % — 0.102 % (9.3.6)
In MD: TBR = —-2.881— 2.093 X+ 2.795 % + 0.791 X% (9.3.7)
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In XD: TBR =-5.938 — 80157 %+ 10.839 % — 1.165 %

EGG: Model #2

MD: TBR =-0.16 - 0.08 X+ 0.3478 % - 0.0127 XX,

XD: TBR = 0.006 — 1.0664 + 0.8105 % — 0.003 XX

In MD: TBR =-1.0887 + 417.197 &+ 421.014 % - 418.558 XX

In XD: TBR = -7.42 — 1.38 X; —1.3€° X, + 1.3€° X, X5

NEGG: Model #1

MD: TBR =-11.22 - 2.75 X- 0.71 X% - 0.03 XX,

XD: TBR =-0.645 — 0.085 X+ 0.068 % + 0.078 %

In MD: TBR =-34.203 + 30.93 - 15.115 % + 3 X3 X»

In XD: TBR =-9.984 — 1.124 X+ 1.053 % + 3.398 X%

NEGG: Model #2

MD: TBR =-11.664 + 2.59 X- 0.27 % - 0.026 XX,

XD: TBR =-25.433 + 3.915 X+ 2.285 % — 0.283 X%

In MD: TBR =-6.084 + 1327.2 X+ 1321.5 % — 1322.28 XX>
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(9.3.8)

(9.3.9)

(9.3.10)

(9.3.11)

(not satisfactory)

(9.3.12)

(not satisfactory)
(9.3.13)

(9.3.14)

(not satisfactory)
(9.3.15)

(9.3.16)

(not satisfactory)
(9.3.17)

(9.3.18)

(not satisfactory)

(9.3.19)



In XD: TBR =-190.5 + 54568.73 & 54542.63 X — 54517.66 XX, (not satisfactory)
(9.3.20)
For any given geogrid in the EGG or NEGG categé&igations 9.3.5 through
9.3.20 could be used as applicable and discardalues that appear to be unreasonable
(e.g. TRB < 1).. The smallest TRB value from theaéing set could be considered as
the recommended (conservative) value for that Sipapeogrid based on the results of

this study.

Finally, it should be highlighted that the aboveyression equations were
developed based on a series of cyclic plate loats ten ODOT Type-A Aggregate
underlain by a CBR = 4 sand substrate in a 1.88)m (.83 m (W) x 1.07 m (H) steel
test box. Further testing using a wider range diregates, substrate materials and
reinforcement products would be needed to imprbeeaiccuracy and reliability of the

proposed equations.
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CHAPTER TEN

CONCLUSIONSAND RECOMMENDATIONS

10.1. Conclusions

The primary objective of this study was to investeythe influence of selected
in-isolation properties of geogrids on their in-sggate performance. The focus of the
study was on the geogrids rib and junction stremqgtperties. More specifically, the
ultimate junction strength, rib strength at 2% istrand 5% strain and ultimate rib
strength were investigated in machine and crosdimacdirections. The geogrids
investigated in the study were classified in twsibaategories of extruded (EGG) and
non-extruded (NEGG) geogrids. The latter categomparily included the woven and
knitted geogrid products. Pullout tests, instadlatdamage tests and cyclic plate load

tests were carried out to understand the in-agtggoaformance of selected geogrids.

A comprehensive survey was carried out on geogrid@slable on the market
and those (or equivalent properties) recommendetthdyglepartments of transportation
across the U.S. The analysis of geogrid propeitites this survey resulted in a total of
eight geogrid products which were selected for aemadetailed study. A geogrid
classification table was prepared using the infdionagathered from the survey, which

could be useful for the selection of appropriateggil products in flexible pavement
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design. The geogrid products examined in this studse accordingly classified based

on their rib and junction strength properties.

A series of in-isolation and pullout tests wereriear out on four extruded
(EGG) and four non-extruded (NEGG) geogrids to stigmte the significance of
junction strength and rib strength properties agirtpullout performance in aggregate
base layers. The relationship between the indexraadgregate properties of geogrids
depends on several factors including the geogrid aggregate properties, their
frictional and interlocking characteristics and tverburden pressure. The aggregate
used in the study was ODOT Type-A which is a dayrseled aggregate commonly

used in Oklahoma.

It was observed that a greater overburden pressstdted in a greater pullout
resistance. It was also observed that extrudedriglsogith greater junction strength as
compared to non-extruded geogrids overall resuliegreater pullout capacity in the
ODOT Type-A aggregate. The rib strength values %t strain and 5% strain and
ultimate junction strength values both in MD and X@re found to be influential in the
pullout performance of geogrids in both extruded aon-extruded categories. The rib
strength at 2% strain in both MD and XD showed @argfer correlation than the
strength at 5% strain with the pullout resistanicallogeogrids tested. It was found that,
there is no convincing correlation between the geogltimate rib strength and its
maximum pullout resistance if the manufacturinghteque is not taken into account.
However, when examined separately, the MD and X[Dnate rib strength values were

found to be reasonably correlated with the pulleettformance for the EGG products
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tested. However, only the MD ultimate rib strengidlues were found to show a
convincing correlation with the pullout performanaethe NEGG products examined.
Overall, it was observed that the rib strength props in MD were slightly more

influential than those in XD in the pullout perfaante of EGG products.

In summary, the low-strain rib strength (i.e. strgnat 2% strain and 5% strain)
and the ultimate junction strength were found tanygortant properties of geogrids that
influence their pullout performance. The rib strdngt 2% strain was found to play a
more important role than rib strength at 5% streargoth MD and XD. The ultimate rib
strength also shows a reasonable correlation, vii@® and NEGG products were
studied separately. Taken together, results ofthdy indicated that as a general rule,
greater in-isolation strength properties of geagrid the pullout direction result in

greater in-aggregate pullout resistance.

Installation damage reduction factors (RFwere determined for rib and
junction strength properties of both extruded aod-extruded geogrids using outdoor
installation damage tests. The range of installatiamage factors for geogrids was
found to vary between 1 and 2. The EGG3 and EG@®duyats overall showed greater
RFp values compared to other products tested. As dewpartial reduction factors for
the extruded geogrid (EGG) products were foundeddosger than those of the non-
extruded (NEGG) products. The RFvalues for the rib tensile strength at 2% strain
were found to be larger than those for the ultinsatength. This finding indicates that,
the as-placed 2%-strain rib strength of the geoggidforcement in the field could be

overestimated if the commonly-used, smaller reduactactors for ultimate strength are
275



used for serviceability design. This could resaladditional deformations (rutting) and
distress in the pavement before adequate strenfyttheo reinforcement could be

mobilized.

Static plate load test results indicated that adesjinterlocking with aggregates
is key to achieving effective reinforcement. Plaeatof a thin aggregate layer between
the geogrid and geotextile layers could be an gffeevay in the laboratory to simulate
the rugged interface that invariably exists betw#en aggregate base course and the
underlying subgrade in the field, which allows tpeogrid reinforcement to properly

interlock with the aggregate.

Cyclic plate load test results on reinforced aggtedase-loose sand substrate
models indicated that the SRF and TBR values ofrioelels were, by and large,
proportional to the rib strength of the geogridnfeicement. However, the SRF and
TBR values in either of the EGG or NEGG geogridegaties did not show a
convincing dependence on their ultimate junctioargith. Overall, the improvement in
the performance of the aggregate base-subgrade Isnoekted was found to be
primarily proportional to the rib index propertieSthe geogrid used. A set of equations
were developed to calculate a predicted TBR vale tiie reinforced aggregate-

subgrade models with EGG and NEGG products as aepeaitegories.

Based on the results of this study, it was conduith@t low-strain rib strength
and ultimate junction strength of the geogrids aneong their most relevant index

properties for base reinforcement applications naigas of the geogrid fabrication
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technique (i.e. extruded, woven or knitted). Thediings of this study are beneficial in

identifying and quantifying the influence of selsttindex properties of geogrids on the
mechanical performance of reinforced aggregate bmsas. The large-scale pullout
and cyclic plate load tests carried out in thiglgtprovides DOT agencies comparative
performance data on a wider range of base reinfugoé geogrids as compared to fairly
limited selection of products that are typicallgluded in their design guidelines and
specifications (e.g. ODOT 2009). The laboratoryadatd analysis in this study are also
beneficial in calibrating numerical and analytioabdels for mechanistic-empirical (M-

E) design of reinforced base flexible pavements.

10.2. Recommendations

Based on the findings and observations made in shigly, the following

recommendations are made for future studies:

1. Additional in-isolation properties of geogrideed to be investigated in the
continuation of this study including their apertwtability and the flexural rigidity of

the ribs.

2. Other reinforcement products such as newer gtletaeinforcement and
reinforcement/filter/drainage composite productsecheto be tested for base
reinforcement and subgrade stabilization applicatio Clearly, different index
properties of such products from those of the gdegwould be relevant to the

reinforcement application, which need to be evaldat
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3. Field-scale tests need to be conducted on roadeions subjected to actual
traffic load, subgrade types and conditions (eadl type, ground water table, etc.),
construction techniques and equipment, and clin@ditions that are representative

of roadway projects in different states.

4. The results of this study can be further analyaed used to develop and
validate analytical and computational models far thechanistic-empirical design of

roadways that involve reinforced aggregate bases.

5. Cost-benefit analysis and case studies conegldhie market prices of
different geosynthetic reinforcement products (ohg both geogrids and geotextiles)
in relation to the quality of their reinforcemengrfpormance could also be useful to
promote the application of such products amongrasted parties such as DOT

agencies and roadway contractors.
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APPENDI X

DATABASE OF GEOGRID PROPERTIESSURVEYED IN THIS

STUDY
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Table A.1. Properties of geogrids surveyed in threent study as available in the

Geosynthetics Specifier's Guide (IFAI 2009)

Dimensional Properties

Mechanical Propertes

Aperture Size

Strength @ 5%
Strain

Ultimate Strength

Manufacturer Geogrid Name (mm) (KN/m) (kN/m) / (%)
MD XD MD XD MD XD
BX1100 25 33 8.5 134
BX1200 25 33 11.8 19.6
BX1300 46 64 10.5 17.5
BX1500 25 31 17.5 20
TX150
TX160
TX170 . . .
CompoGnd CG50 50 3% 50 3%)
CompoGnd CG100 . . 100 3% 10( 3%
GlassGrid 8501 12.5 12.5 100 3% 10 39
Tensar Intl. Corp. GlassGrid 8502 12.5 125 100 3% 20 39
GlassGrid 8511 25 25 100 3% 100 39
GlassGrid 8512 19 25 100 3% 200 39
GlassGrid 8550 25 25 . 50 3% 50 3%
LH800 . 14 .
UX1100HS 27 58
UX1400HS 31 70
UX1500HS 52 114
UX1600HS 58 144
UX1700HS 75 175
UX1800HS . . 95 210 .
ACE GG30-II 25 28 15 30 . 30
ACE GG300-11 25 30 120 300 . 300
ACE GG60-I 24 28 30 60 . 30
ACE Geos. Inc. ACE GG100-I 21 28 50 100 . 30
ACE GG150-I 20 28 75 150 . 30
ACE GG400-I 23 26 160 400 . 50
ACE GG800-I 24 24 200 800 . 100
GX-300 22 25 15 54.3
GX-500 22 25 16.6 62.4
Cartage Mills GX-800 23 23 29.5 . 106.6 . . .
Enkagrid Max 20 41 41 15.1 15.1] 24.7 8% 242 89
Enkagrid Max 30 41 40 21.3 21.3 32 8% 32 89
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Table A.1. Properties of geogrids surveyed in threent study as available in the

Geosynthetics Specifier's Guide (IFAI 2009) (congd)

Dimensional Properties

Mechanical Propertes

Aperture Size

Strength @ 5%

Ultimate Strength

Manufacturer Geogrid Name Strain
9 (mm) (Nim) (KN/m) / (%)
MD XD MD XD MD XD
BX1515PP 49 40.4 12.3 12.4 17.1 15.p
BX2020PP 43.7 41.9 20.7 16 24.9 19.4
BX2525PP 37.9 37.6 19.5 20.1 28.7 26
BX3030PP 41.4 38.9 22.7 26.7 33.2 31.1L
BX4040PP 38.7 40.5 28.1 28.4 39.5 38.p
UX10PET 14.1 31.7
UX20PET 21.47 49.54
Checkmate Geo. Inc. UX30PET 29.82 73.68
UX50PET 40.58 102.52
UX70PET 45.72 114.3
UX90PET 52.54 132.4
UX100PET 58.8 158.8|
UX150PET . . 70.17 203.5 .
RG5050 25.4 25.4 51.6 56.4
RG1010 25.4 25.4 . 103.9 102.1L .
Enkagrid Max 20 44 41 16 16 24 9% 24 9%
Enkagrid Max 30 44 40 23 23 34 9% 34 9%
Enkagrid PRO 40 111 41 33 44 6%
Colbond Inc. Enkagrid PRO 60 111 37 51 70 6%
Enkagrid PRO 90 111 35 81 105 6%
Enkagrid PRO 120 111 34 87 127 6%
Enkagrid PRO 180 111 34 140 199 69
HI-Grid 1l 23.88 7.11 42.311
. . HI-Grid 111 21.34 5.59 56.901
Highiand Industries HI-Grid IV 21.34 6.35 83.163
HI-Grid VIl 22.23 4.06 . 124.01% .
LBO 202 28 38 9.5 13.5 13 20.5
LBO 302 28 38 14 23 17.5 31.5
Tenax Corp. MS 220 42 50 9 13.42 13.5 20.5
MS 330 42 50 13.5 19.6 20 30.7
MS 500 60 60 13.5 19.6 22 35
Mirafi BXG 11 25.4 25.4 13.4 13.4 29.2 29.2
Mirafi BXG 12 25.4 25.4 13.4 19.7 29.2) 58.4
Mirafi Miramesh 3 3 21 25.3
Miragrid 2XT 22 25 . 29.2 29.2
Miragrid 3XT 22 25 15.4 46
Miragrid 5XT 22 25 25.4 62.7
TenCate Geos. Miragrid 7XT 22 25 315 83.2
Miragrid 8XT 22 25 36.8 102.1
Miragrid 10XT 22 25 45.5 138.6
Miragrid 20XT 81 7.6 77.9 181.2
Miragrid 22XT 81 7.6 97.8 259.1]
Miragrid 24XT 101 17.8 102.1 370.3
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Table A.1. Properties of geogrids surveyed in threent study as available in the

Geosynthetics Specifier's Guide (IFAI 2009) (congd)

Dimensional Properties Mechanical Propertes
Manufacturer Geoarid Name Aperture Size Streréq[trgin@ 5% Ultimate Strength
9 (mm) (i) (kN/m) / (%)
MD XD MD XD MD XD
SF 11 25 25 15.2 11.5 34.9 56.4
SF 110 20 20 . . 150.1 .
SF 12 25 25 15.2 19.9 34.9 76.
SF 20 20 20 . . 30
Synteen Tech. Fab. SF 35 20 20 . . 50.2
SF 350 20 20 . . 401.3
SF ff 20 20 . . 68.4
SF 80 20 20 . . 108.4
SF 90 20 20 . . 124.5 .
Techgrid U-40 30 25 . . 40 20
Techgrid U-60 30 25 . . 60 20
Techgrid U-80 30 25 . . 80 30
TechFab India Techgrid U-100 30 24 . . 100 30
Techgrid U-120 30 23 . . 120 30
Techgrid U-150 30 23 . . 150 30
Techgrid U-200 30 22 . . 200 30
TRIGRID EX 040 34 34 24 . 40
TRIGRID EX 060 33 34 36 . 60
TRIGRID EX 080 32 34 48 . 80
TRIGRID EX 100 31 34 60 . 100
Samyang TRIGRID EX 150 30 34 90 . 150 .
TRIGRID EX 20/20 35 35 14 14 20 20
TRIGRID EX 30/30 34 34 21 21 30 30
TRIGRID EX 40/40 34 34 28 28 40 40
TRIGRID EX 60/60 33 33 38 38 60 60
Strata MicroGrid 6.35 2.54 8 5.8 29.9 29.2
StrataGrid SG150 25.4 24.1 9.1 6.2 274 27i4
StrataGrid SG200 18.3 16.5 . . 52.
Strata Systems Inc. StrataGr?d SG350 21.6 14 . . 72.
StrataGrid SG500 62.2 25.4 . . 93.4
StrataGrid SG550 21.6 24.1 . . 1189
StrataGrid SG600 62.2 24.1 . . 1328
StrataGrid SG700 62.2 24.1 . . 1722 .
Secugrid 30/30 Q6 34 34 24 24 30 30
Secugrid 40/40 Q6 34 33 32 32 40 40
Secugrid 60/20 R6 73 31 36 . 60
Secugrid 80/20 R6 73 30 48 . 80
Secugrid 120/40 R6 71 28 72 . 12(
NAUE GmbH & Co. KG  Secugrid 200/40 R6 71 25 120 . 20 .
Secugrid 20/20 Q1 32 32 16 16 20 20
Secugrid 30/30 Q1 32 32 24 24 30 30
Secugrid 40/40 Q1 31 31 32 32 40 40
Combigrid 30/30 Q1
151 GRK 3 32 32 24 24 30 30
CompoGrid CG 100 . . . . 100 3% 100 3%
CompoGrid CG 50 . . . . 50 3% 50 3%
GlasGrid 8501 12,5 12.5 . . 100 3% 10 39
St-Gobian Tech. Fab. GlasGrid 8502 12.5 12.5 . . 100 3% 20( 39
GlasGrid 8511 25 25 . . 100 3% 100 3%
GlasGrid 8512 19 25 . . 100 3% 200 3%
GlasGrid 8550 25 25 . . 50 3% 50 3%
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Table A.1. Properties of geogrids surveyed in threent study as available in the

Geosynthetics Specifier's Guide (IFAI 2009) (congd)

Dimensional Properties Mechanical Propertes
0,
Manufacturer Geogrid Name Aperture Size Streré%r;in@ 5% Ultimate Strength
(mm) (kN/m) (kN/m) / (%)
MD XD MD XD MD XD
RAUGRID 11X3N 20 20 29.3 . 110
RAUGRID 13X3N 20 20 41 . 130
RAUGRID 15X3N 20 20 43.5 . 150 .
RAUGRID 2X2N 20 20 8 . 20 20
RAUGRID 3X3N 20 20 9.7 . 30 30
Lukenhaus Tech. Tex. Ic. RAUGRID 4X2N 20 20 11.4 . 40
RAUGRID 5X2N 20 20 16 . 50
RAUGRID 6X3N 20 20 17.9 . 60
RAUGRID 8X3N 20 20 23.5 . 80 .
STARGrid G+PF 30 30 . . 50 50
STARGrid G-PS 100 30 30 . . 100 100
MacGrid EB2 42 50 9 13.4 13.5 20.9
MacGrid EB3 42 50 13.5 19.6 20 30.7
MacGrid WG5 24 28 28 . 55
MacGrid WG8 24 28 40 . 80
MacGridWwG11 21 24 55 . 110
Maccaferri Inc. MacGridWG15 21 28 75 . 150
MacGridwG20 19 28 100 . 200
MacGridWwG40 24 26 160 . 400
MacGridWG60 34 26 180 . 600
ParaLink 600 931 90 . . 672
ParaLink 800 931 59 . . 896 .
ParaGrid 30 426 51 . . 30 5
ParaGrid 50 426 51 . . 50 5
ParaGrid 80 426 51 . . 80 5
ParaGrid 100 426 51 . . 100 5
ParaGrid 150 426 42 . . 150 5
ParaGrid 200 426 42 . . 200 5
ParaLink 200 932 95 . . 200
Linear Composites ParaL@nk 300 932 92 . . 300
ParaLink 400 932 90 . . 400
ParaLink 500 932 90 . . 500
ParaLink 600 932 90 . . 600
ParaLink 700 932 89 . . 700
ParaLink 800 932 59 . . 800
ParaLink 900 932 34 . . 900
ParaLink 1000 932 34 . . 1000
ParaLink 1250 932 8 . . 1250 .
Formit 20 15 15 11 16 17 6% 24 6%
Formit 30 15 15 20 27 27 6% 35 6%
Formit 30/30 35 35 24 24 30 6% 30 6%
Formit 40/40 40 40 32 32 40 6% 40 6%
HaTelit C 40/17 40 40 . . 50 10% 50 109
Fortrac 35 20 20 13
Fortrac 55 20 20 18
Huesker Inc. Fortrac 80 20 20 26
Fortrac 110 20 20 33
Fortrac 150 30 30 52
Fortrac 200 30 30 69
Fortrac 35 MP 20 30 34
Fortrac 55 MP 20 30 49
Fortrac 80 MP 20 30 72
Fortrac 110 MP 20 30 98
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