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ABSTRACT

This report documents the results of a study that was conducted to characterize the
behavior of geogrid reinforced base course materials. The research was conducted
through an experimental testing and numerical modeling programs. The experimental
testing program included performing different laboratory tests to evaluate the effect of
various factors on the performance geogrid reinforced base course materials. Finite
element models were also developed to investigate the benefits of placing geogrids within
the base course layer in a flexible pavement structure. The results of the experimental
testing demonstrated that the inclusion of the geogrid reinforcement layer(s) improved
the compressive strength and stiffness of base course materials under static loading. This
improvement was more pronounced at higher strain levels. Furthermore, the results
showed that the geogrid significantly reduced the base course material permanent
deformation under cyclic loading, but it did not show appreciable effect on their resilient
deformation. The finite modeling program showed that the geogrid reinforcement
reduced the lateral, vertical, and shear strains within the base course and subgrade layers.
Furthermore, the geogrid had an appreciable reduction in permanent deformation for
pavement sections built on top of weak subgrade soils with medium to thin base layer
thickness, with the thin base layer thickness showing greater values of improvement.
However, negligible to modest reinforcement effect on permanent deformation was
obtained for sections having a firm subgrade or thick base layer thickness. The geogrid
reinforcement had modest to high values of improvement in fatigue life of pavement

structure.
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IMPLEMENTATION STATEMENT

Experimental and numerical modeling programs were conducted to characterize the
behavior of geogrid reinforced base course materials for application to flexible
pavements. The experimental testing program included performing laboratory tests to
evaluate the performance of geogrid reinforced base course specimens. The finite element
modeling was used to investigate the benefits of placing geogrids within the base course
layer in a flexible pavement structure. The results of this study demonstrated the potential
benefits of reinforcing the base aggregate layer in flexible pavements through improving
the strength and stiffness of the base course material, reducing the pavement’s permanent
deformation (rutting) and fatigue cracking under cyclic loading. The improvement due to
geogrid reinforcement was also assessed using a mechanistic empirical approach.

Analyses of test results and numerical modeling enabled researchers to identify the best
location of geogrid layer and to develop models that can predict the geogrid benefits as a
function of base layer thickness, geogrid modulus, and subgrade CBR value. The findings
of this research study can be implemented in the design of flexible pavements built on top
of soft subgrades with resilient modulus M; < 2000 psi by reinforcing the base aggregate
layers with one layer of geogrid, especially in cases where it is difficult to stabilize/treat
the soft subgrade soil with cement or lime. The use of geogrids with elastic tensile
modulus at 2 percent strain, E 59, > 250 Ib/ft, is recommended. The geogrid layer should
be placed at the base-subgrade interface for pavements with a base thickness of less than
18 in. and at the middle of the base aggregate layer for base thicknesses equal or greater
than 18 in.
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INTRODUCTION

The United States of America has one of the largest highway systems in the world with
over 3.9 million miles of roads as of the year 2004. Its highways have reached almost 2.7
trillion vehicle-miles in 2000. This is equivalent to 7.4 billion vehicle-miles of travel
every day. Truck travel (single-unit and combinations) has increased by 231 percent from
1970 to 2004, while the combination truck travel has increased by 285 percent to account

for 4.9 percent of the total annual vehicle-miles of travel versus 3.2 percent in 1970 [1].

The inadequacy of many of the existing roads due to the rapid growth in traffic volume
and the escalating costs of materials and energy provide motivation for exploring
alternatives to existing methods of building and rehabilitating roads. Stabilizing paved
and unpaved roads with fabrics offers one such alternative. In recent years, polymer
geogrids have been proposed and used to improve the performance of paved roadways.
Many experimental and analytical studies have been conducted to validate the
improvements associated with geogrid reinforcement of roadways. It was reported that
the use of geogrid reinforcement of pavement structures has three main benefits: (1) help
in construction over soft subgrades, (2) improvement or extension of the pavement’s
projected service life, and (3) reduction of the pavement structural cross section for a

given service life.

Several design methods have been proposed for flexible pavements with geogrid
reinforced unbound base aggregate layer. These design methods were based on empirical
or analytical approaches. Empirical design methods are usually based on obtaining a
performance level from a laboratory model test, which is then extrapolated to the field
conditions for application in the design [2]. This makes these methods limited to the
conditions associated with the experiments of the study. The geogrid reinforced pavement
design methods based on analytical solutions do not address all the variables (location of
geogrid, stiffness of geogrid, base course layer thickness, and strength/stiffness of
subgrade, etc.) that affect the performance of these pavements, which have been validated

by experimental data [3].

Given the complex nature of a geogrid reinforced flexible pavement and the introduction
of a new variables associated with the reinforcement, a mechanistic procedure is needed
for providing a design procedure expressed in terms of material properties of the
pavement layers (asphalt concrete, base, and subgrade) and the geogrid materials



composing the pavement system. The mechanistic design procedure should consider the

influencing variables on the performance of geogrid reinforced flexible pavements.

In order to develop such mechanistic design procedures for reinforced pavement
structures, a better understanding and characterization of the geogrid reinforced
mechanisms should be established. In addition, the factors that affect the geogrid
reinforced pavement structure should be investigated and evaluated.

This study aimed at evaluating the benefits of geogrid reinforcement of the base course
aggregate layer in a flexible pavement structure through conducting extensive
experimental testing and numerical modeling programs. The experimental testing
included small-scale laboratory testing of geogrid reinforced base aggregate specimens
and large-scale in-box cyclic plate load testing of geogrid base reinforced pavement
sections. The numerical modeling included finite element analyses to evaluate the effect
of geogrid stiffness and location, thickness of the base course layer, and strength of the
subgrade material on the performance of geogrid reinforced flexible pavement structures.

This interim report will present the results of small-scale testing and finite element
numerical modeling. The results of large-scale testing on geogrid base reinforced

pavement sections will be presented in another report.



OBJECTIVE

The main objective of this research study is (1) to evaluate the behavior of geogrid

reinforced base course aggregate layer and (2) to investigate the effects of different

variables and parameters that significantly influence the performance/benefit of geogrid

reinforced base course layer in a flexible pavements structure through experimental

testing and numerical modeling. This part of the study has the following specific

objectives:
1.

Assess the behavior of geogrid reinforced unbound granular base course
material under monolithic and cyclic loading, and evaluate the following
factors:

a. geogrid stiffness

b. geogrid location

c. number of geogrid layers
Assess the benefits of reinforcing the base course layer in a flexible pavement
structure with geogrid, and evaluate the influence of the different variables on
the degree of improvement in the performance of pavement structures. These
variables include:

a. strength of the subgrade soil

b. thickness of the base course layer

c. stiffness and location of the geogrid layer






SCOPE

The stated objectives of this research study were achieved through conducting both
experimental testing and numerical modeling programs. The experimental testing
program included conducting small-scale laboratory triaxial testing on geogrid reinforced
base aggregate specimens and large-scale in-box cyclic plate load testing on geogrid base

reinforced pavement sections.

This report will discuss only the results of small-scale testing. This testing include the
following variables: base course material type, geogrid type, and geogrid layer
arrangements. Different laboratory tests were conducted to investigate the performance of
unreinforced and reinforced base aggregate specimens, which included monotonic
compression triaxial, resilient modulus repeated loading triaxial (RLT) tests, and single-
stage RLT tests.

The numerical modeling program included developing finite element models using
ABAQUS software for typical pavement sections that were used to evaluate the effect of
the location of the reinforcement material, the thickness of the base course layer, the
stiffness of the reinforcement material, and the strength of the subgrade material on the
geogrid reinforced flexible pavements.






METHODOLOGY

General Consideration

Flexible Pavement Structures

A conventional flexible pavement structure consists of a surface layer of hot mix asphalt
and a base course layer of granular materials built on top of a subgrade layer. The two
main structural failure mechanisms for flexible pavements are permanent deformation
(rutting) and fatigue cracking. These two failure modes are shown in Figure 1. Rutting is
the result of an accumulation of irrecoverable strains in the various pavement layers. For
thin to moderately thick pavements, subgrade and granular base layers contribute most to
rutting of a pavement. Fatigue cracking has been defined as the phenomenon of fracture
under repeated or fluctuating stress having a maximum value generally less than the
tensile strength of the material [4].

Base course layer can be the cause of pavement failures due to inadequate provision of
support to upper layers or by being insufficiently stiff, such that they fail to transfer the
load uniformly to the subgrade, leading to localized overloading of the subgrade, and
resulting in excessive pavement rutting. Therefore, when constructing a pavement
structure on a weak subgrade soil layer, it may be required to increase the thickness of
base layers or use good quality base course material. However, the depletion of high
quality aggregates is at a rapid pace as a consequence of the increasing demands on
highway systems. In addition, there are usually limitations on the thickness of the
pavement structures. These problems provide a motivation for exploring alternatives to
existing methods of building and rehabilitating roads. Geogrid reinforcement in base
course layer offers one such alternative. Geogrids have been studied and used for the last
two decades as reinforcement in the base course layer of flexible pavements primarily
since its application improves the performance of base course material layer and

consequently may extend the service life of flexible pavements.

Response of Base Course Material under Repeated Loads

Unbound granular base course material as well as other pavement materials exhibit a
combination of resilient strains, which are recovered after each load cycle, and permanent
strains, which accumulate with every load cycle. Even at small stresses, resilient and
permanent strains can arise. In pavement design it is anticipated that the resilient
deformation increases more than the permanent deformation as more load cycles are



applied, such that after a large number of cycles the deformation under each cycle is
nearly recoverable [5].

(a) (b)
Figure 1
Distresses in flexible pavements (a) rutting (b) fatigue cracking

Therefore, the resilient modulus has gained recognition by the pavement community as a
good property that describes the base course materials. The Mechanistic Empirical
Pavement Design Guide (MEPDG) has adopted the use of the resilient modulus of base
layers as a material property in characterizing pavements for their structural analysis and
design [1]. However, recent studies showed that resilient modulus alone cannot properly
characterize base course materials since the base course materials depend on resilient
modulus and permanent deformation properties that are affected by other factors, such as
environmental and traffic conditions [6], [7], [8], and [9]. These properties are typically
determined in a RLT test.

The factors affecting both the resilient modulus and permanent deformation properties of
granular materials have been studied by many researchers. These include state of stress,
the number of load applications, moisture content, stress history, density, and particle size
distribution [9]-[31].

Geogrid Reinforced Base Course Materials

Currently, three main geosynthetic families of products are used as soil reinforcement:
geogrids, geotextiles, and synthetic fibers. The most commonly used type of
geosynthetics for reinforcement of base course layers in flexible pavements is geogrid.



The key feature of geogrids is that the apertures are large enough to allow soil strike
through from one side of the geogrid to the other. The ribs of the geogrids are often stiff
compared to the fibers of geotextiles. The rib strength and junction strength are important
parameters. The reason for this is that the soil strike-through within the apertures bears
against the transverse ribs, which transmit the forces to the longitudinal ribs via the

junctions.

The benefits of applying geogrid reinforcement to the base course layers of flexible
reinforcement have been addressed by many researchers during the last two decades.
Validating these benefits was accomplished either through indoor (reduced-scale) testing,
or outdoor (large-scale) testing. The results of these studies showed that geogrids were
able to extend the service lives for reinforced sections by reducing the amount of
permanent deformation (rutting) in these sections. The increase in service life of
pavement structure has been usually defined using the Traffic Benefit Ratio (TBR). The
TBR is defined as the ratio of the number of load cycles needed to achieve a particular rut
depth in reinforced section to that of an unreinforced section of identical thickness,
material properties, and loading characteristics. The results of these studies also showed
that the required base course thickness for a given design may be reduced when a geogrid
is included in their design This reduction is usually defined by the Base Course
Reduction (BCR) factor, which is defined as the reinforced base thickness divided by the

unreinforced base thickness for a given traffic level.

Results of experimental studies demonstrated that geogrid base reinforcement benefits
were dependent on a number of factors. These include the location of the geogrid layer
within the base course layer, which depends on the base course thickness,
strength/stiffness of subgrade layer, and the geometric and engineering properties of the
geogrids [32], [33], [34], [35], [36], [37], and [38].

Geogrid Reinforcement Mechanism

Previous studies involving geogrid reinforcement of base course layer have identified
three fundamental reinforcement mechanisms: lateral confinement, increased bearing

capacity, and tension membrane effect. These mechanisms are described next.

Lateral Confinement Mechanism. The lateral restraint is considered the primary
function of geogrid reinforcement, and it develops mainly through shear interaction of the
base course layer and geogrid layer or layers contained in or at the bottom of base
aggregates as shown in Figure 2. By laterally restraining the soil, four components of



reinforcement are potentially achieved. The first component is related to direct prevention
of lateral spreading of the base course. The cohesion-less materials that make up the base
have little tensile resistance and generally depend on the subgrade to provide lateral
restraint. In weak subgrades, very little lateral restraint is provided. Thus, the aggregate
particles at the bottom of the base tend to move apart. The placement of geogrids layer or
layers in the base course allows for shear interaction to develop between the aggregate
and the geogrid as the base attempts to spread laterally; this most likely comes from
particles of granular material becoming wedged in the aperture of the geogrids Tensile
load is effectively transmitted from the base course aggregate to the geogrid since the
geogrid is considerably stiffer in tension compared to aggregate; consequently this will
reduce the developed lateral tensile strain.

The second component of the lateral restraint mechanism results from the increase in
stiffness of the base course aggregate when adequate interaction develops between the
base and the geogrids. The shear stress developed between the base course, aggregate,
and geogrids provides an increase in lateral stress within the base [36]. This tends to
increase in the modulus of the base course material [39]. This increase in stiffness of this

layer results also in lower vertical strains in the base.

The third lateral reinforcement component results from an improved vertical stress
distribution on the subgrade. The presence of geogrid layer in the base can lead to a
change in the state of stress and strain in the subgrade. For layered systems, a weaker
subgrade material lies beneath the base and an increase in the stiffness of base course
layer results in an improved vertical stress distribution on the subgrade. In general, the
vertical stress in the base and subgrade layer directly beneath the applied load should
decrease as the base layer stiffness increases, such that the vertical stress on the subgrade
will become more widely distributed.

Finally, the fourth reinforcement mechanisms results from the reduction of shear stress in

subgrade soil. It is expected that shear stress transmitted from base course to the subgrade
would decrease as shearing of the base transmits tensile load to the reinforcement.
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Illustration of lateral restraint reinforcement mechanisms

Increase of the Bearing Capacity Mechanism. The improved bearing capacity
is achieved by shifting the failure envelope of the pavement system from the relatively
weak subgrade to the relatively stiff base layer as illustrated in Figure 3. The bearing
failure model of subgrade may change from punching failure without reinforcement to

general failure with ideal reinforcement. Binquet and Lee initially established this finding

[4].
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Tension Membrane Mechanism. The tension membrane effect develops as a
result of vertical deformation creating a concave shape in the tensioned geogrid layer;
this is demonstrated in Figure 4. The vertical component of the tension membrane force
can reduce the vertical stress acting on the subgrade. Some displacement is needed to
mobilize the tension membrane effect. Generally, a higher deformation is required for the
mobilization of tensile membrane resistance as the stiffness of the geosynthetic decreases.
In order for this type of reinforcement mode to be significant, there is a consensus that
the subgrade CBR should be less than 3 [41].

Small-Scale Controlled Laboratory Studies

In order to better understand the reinforcement mechanisms acting in a large-scale
reinforced soil structure, studies were also conducted to evaluate such mechanisms at a
small-scale controlled laboratory environment [42], [43], [44], [45], [46] and [47].
These studies have investigated the effect of geosynthetics on the deformation and
strength behavior of reinforced materials using both monotonic and cyclic triaxial tests.
Gray and Al-Refeai conducted triaxial compression tests on dry reinforced sand using
five different types of geotextile [44]. Test results demonstrated that reinforcement
increased peak strength, axial strain at failure, and, in most cases, reduced post-peak loss
of strength. At very low strain (< 1 percent), reinforcement resulted in a loss of
compressive stiffness. Failure envelope of the reinforced sand showed a clear break with
respect to the confining pressure. After the point of break, failure envelope for the
reinforced sand paralleled the unreinforced sand envelope.
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Ashmawy et al. conducted monotonic and cyclic triaxial tests on geotextile-reinforced silt
and sand samples that were 71 mm in diameter and 170 mm in length [45]. The results of
these studies showed that the presence of geosynthetics significantly improved the
strength of tested samples. In addition, the geosynthetic layer tended to reduce the
accumulated plastic strains under cyclic loading. Ashmawy et al. investigated the effects
of reinforcement layers spacing and reinforcement material properties on the achieved
improvement. Their results showed that the amount of improvement depends on the
spacing of the geotextile layers and, to a lesser extent, on the geotextile and interface
properties [45].

Moghaddas-Nejad and Small also conducted drained repeated triaxial compression tests
on two granular materials (sand and fine gravel) reinforced by geogrid [46]. The geogrid
layer was placed at the mid-height of the sample, which was 200 mm in diameter and
400 mm in length. The results of this study showed that for a particular confining stress,
the effect of a geogrid on the reduction in permanent deformation increases rapidly with
an increase in the deviator stress until a peak is reached and then decreases gradually.
However, the geogrid did not have a considerable effect on the resilient deformation of
the tested materials.

Perkins et al. have performed cyclic triaxial tests on reinforced and unreinforced
aggregate specimens [47]. The specimens were 600 mm in height and 300 mm in
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diameter and were compacted inside a rigid compaction mold using a vibrating plate
compactor. For the reinforced specimens, a single layer of reinforcement was placed at
mid-height of the sample. Four different types of reinforcements were used in the tests
(two geogrids, one geotextile, and one geocomposite). Their findings supported the
previous work reported by Moghaddas-Nejad and Small, where it showed that the
reinforcement does not have an effect on the resilient modulus properties of unbound
aggregates, while it also showed an appreciable effect on the permanent deformation
properties of unbound aggregate as measured in repeated load permanent deformation
tests [46]. Perkins et al. also indicted that the relatively poor repeatability seen in
permanent deformation tests made it difficult to distinguish between tests with different
reinforcement products [47]. Their results also showed that the reinforcement did not
have an appreciable effect on the permanent deformation until a mobilized friction angle

of approximately 30 degrees is reached.

Numerical Modeling of Geogrid Reinforced Flexible Pavements

Several numerical studies were performed by other researchers to analyze pavement
sections and assess the improvements due to the geosynthetic reinforcement [38], [41],
[48], [49], [50] and [51]. Most of the numerical studies were performed using the finite
element method. Different constitutive models w