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CHAPTER 1. INTRODUCTION
1.1 INTRODUCTION

The use of fabrics in pavements was first reported in the 1930s when cotton fibers were suggested
as an interlayer system in flexible pavements in North and South Carolina (Beckham, et., al.,
1935). During the past 30 years the use of such materials in pavement structures has grown in both
the applications considered beneficial to the performance of the pavement, and the number and
types of products available for use in pavements.

The broad category of such materials for use in pavements has developed into the geosynthetics
industry. Geosynthetics is the collective term applied to sheets of synthetic polymer material
incorporated in soils and pavements. The types of products and applications for geosynthetic
products have increased tremendously, so that a variety of competing products and many potential
applications are commercially available.

Geosynthetic applications range from soil and aggregate separation and reinforcement, drainage
layers, to reinforcement and stress absorption interlayer systems for hot-mix asphalt (HMA)
overlays. Each specific application requires a different functional mechanism, and often a different
physical composition from the geosynthetic used. From the material perspective, different
geosynthetic materials provide different physical configurations and mechanical properties. One
example of some typical differences include woven, needle punched, and heat bonded geotextile
fabrics. These different manufacturing processes result in products with very different
performance characteristics for various applications. Adding a range of fabric weights, or
thicknesses, extends the use of these materials to more applications. Similarly with geogrids,
available products have significantly different opening sizes and material stiffness properties.
Consequently, for a given application such as reinforcement of an aggregate layer, they perform
differently.

A significant amount of confusion and disagreement among design engineers has resulted from the
variety of products and range of applications available. Products have been used for pavement
applications when the initial design was based on static load analysis. The accumulation of
empirical performance data has added somewhat to the ability to predict performance for specific
pavement applications, but a review of the research basis for the prediction models being used
shows a very large range of results, and consequently a low confidence level in the predictions.
Since the engineering community in general has a poor understanding of how various geosynthetic
products perform for a variety of pavement applications, generalizations have become common.
Examples of this are the broad classification of reinforcement products used to reduce reflective
cracking in HMA overlays; each product can be very different in terms of physical characteristics
and material properties. Consequently, various products probably perform differently under the
same assumed application conditions. Hence, existing design methods provided by manufacturers,
which are usually empirical, may be applicable only to specific products, and perhaps to specific
site conditions.

The result of this wide array of materials, design methods, and related costs is that engineers have a
low level of understanding of the topic, and a low level of confidence that they can produce well



performing, cost effective pavements by incorporating geosynthetics. Consequently,
implementation of the use of geosynthetic materials in pavement systems has advanced very
slowly. The limited availability of design methods that mechanistically incorporate geosynthetics
in pavements, and their unclear cost effectiveness and efficiency when used in pavements, have
resulted in reluctance to accept the technology. Therefore, this study is focused on understanding
the current knowledge of geosynthetic applications in pavements and presenting a roadmap for the
work needed

1.2 OBJECTIVES

The objectives of this study include the development of a comprehensive pavement engineering
reference of the state-of-the-art and practice, and a roadmap for the use of geosynthetic materials
in permanent, paved roadways. The project synthesis is intended to improve understanding of
the use of geosynthetics in pavements; including advantages and disadvantages that may result
from their inclusion in pavement systems during design, construction and rehabilitation, based on
prior experiences. Hence, this study had two primary activities: review the existing literature to
establish the current state-of-the-art and -practice with respect to the use of geosynthetic products
in pavement systems; and the development of a research “roadmap” document which will lead to
a better understanding of how various geosynthetic products perform in different applications,
resulting in better and more cost effective use of geosynthetics in pavement systems.

1.3 RESEARCH APPROACH AND SCOPE OF THE REPORT

For this study the focus has been directed toward separation/stabilization, drainage, granular
material reinforcement, and HMA reinforcement and stress absorption applications within
pavement systems. For clarity, the pavement system is defined to include only the structural
elements that may have a direct or indirect effect on the pavement above subgrade. This
specifically includes only the pavement layers. Other elements that could be related to the
pavement such as shoulder, edge drain system, and undercut preparation were not considered in
this study.

To allow the incorporation of geosynthetics in mechanistic-empirical pavement design methods
such as the Mechanistic-Empirical Pavement Design Guide developed under NCHRP Project 1-
37A as well as anticipated mechanistically-based approaches, the implementation of mechanistic
analysis methods became the focus of the strategic plan. Hence, the following sub-objectives
were undertaken:

e Compile known information about the use of geosynthetics in pavement related
applications.

e Explore existing design methods for using geosynthetics in pavement related applications,
identifying strengths and weaknesses.

o Identify existing construction practices, successful and unsuccessful and provide
recommendations for QC/QA programs related to pavement related geosynthetic
applications.

e Develop a roadmap defining the future research efforts needed to make the use of
geosynthetics in pavement applications a fully functional design tool.



The approach to this work was to address information about geosynthetics in pavements through
a series of separate topics. The literature review was designed to consider existing research,
existing design models, and existing construction practices. Each activity has been investigated
separately, and detailed results are included in subsequent chapters 2, 3, and 4, respectively.
Each chapter summarizes the results of the literature review for the specific topic and provides
recommendations regarding what effort will need to be undertaken to realize the goal of this
study.

The first topic, existing research, was separated into categories by the functional application of
geosynthetics used in pavements. The categories defined include separation/stabilization,
drainage, granular material reinforcement, and HMA reinforcement and stress absorption. Existing
research studies focused on each of these categories are summarized. The summary of this effort
is presented in chapter 2 of this report.

Upon completion of the summary of research, an investigation was conducted into the existence
and use of design models for geosynthetics for individual applications and is presented in chapter
3. Several geosynthetic “design programs” were identified as being available from material
producers/suppliers. Researchers have developed design procedures from the results of
empirical tests. This information has been evaluated to determine its general usefulness, and to
assess its usefulness from a mechanistic design approach.

An investigation was also performed of recommendations and specification for construction.
This investigation, shown in chapter 4, had two focus issues: construction
requirements/instruction for various applications and the existence of quality control/quality
assurance requirements for installation.

Chapter 5 contains the strategic plan, or “roadmap” document, which outlines the course of
subsequent research related to the use of geosynthetics in pavement applications. Based on the
results from the review of literature in the aforementioned categories, the roadmap document
discusses information needed to explain the mechanisms of how geosynthetic materials perform
for various applications. It provides a path of related studies which when taken as a whole for
individual applications will result in the mechanistic design of geosynthetic applications in
pavement systems, for the applications identified in the study. In some cases, for example the
case of a separation fabric where the mechanisms are pretty well understood, it is only required
to identify the specific characteristics of a geosynthetic that will fill the needs of the application.
For other applications such as pavement interlayer systems more extensive research will be
necessary. The realization of this roadmap will establish the appropriate use of geosynthetics in
pavements, and result in clarification of mechanisms, material characteristics, and associated
design and construction methods. Both the development and implementation of individual
applications can be accomplished separately.

1.4 REFERENCES

1. Beckham, W. K., and Mills, W. H. (1935). “Cotton-Fabric-Reinforced Roads.” Engineering
News Record, Vol. 114, No. 14.



CHAPTER 2. OVERVIEW OF GEOSYNTHETICS
FOR PAVEMENT APPLICATIONS

2.1 INTRODUCTION

Interlayer systems have received considerable attention in recent years as viable solutions to
enhance pavement performance. The introduction of these systems to the transportation field
was mainly due to the unsatisfactory performance of traditional materials exposed to a dramatic
increase and change in traffic patterns; a need that still exists. The fast deterioration of the
highway systems constructed during the 1950s and 1960s also contributed to the need for more
effective rehabilitation methodologies." The use of interlayer systems is not new, however.
Beginning in the early 1930’s, Beckham and Mills suggested the use of cotton fibers as an
interlayer system in flexible pavement in South and North Carolina.) Nowadays, the use of
degradable material, such as cotton fibers, may not be the best alternative for reinforcement; but
the concept remains the same.

Although it is generally recognized that each interlayer system should be used for a specific goal,
and that not all products have a strengthening function, it is not widely understood that interlayer
systems may negatively impact pavement performance if they are not properly used. Moreover,
surveys have shown that field engineers tend to believe that any interface products can improve
pavement performance, regardless of their contribution mechanisms.”’ This oversimplified view
of the situation has led to contradictory experiences and opinions about the benefits of these
materials. While some studies emphasize the surplus advantages, such as substantial savings in
hot-mix asphalt (HMA) thickness,™® others found that the benefits of interlayer systems do not
justify their cost.”) This contradiction is mainly due to the gap between in-situ performance and
the understanding of the contributing mechanism.

In general, interlayer products are thought to provide five distinct functions (an interlayer system
may provide one or more of these functions):

1. Separation, by preventing the intrusion of fines from the subgrade into the base layer
under the influence of traffic loads and/or the penetration of granular base layer aggregate
into subgrade.

2. Filtering, by preventing fine particles being washed from the subgrade into the road base
due to the action of water.

Reinforcement, by improving the tensile strength of a pavement layer.

4. Moisture Barrier, by abating water infiltration to the underneath pavement layers,
protecting them from the detrimental effects of water.

5. Stress Relief or Strain Absorbent, by allowing for larger deformations in the interlayer,
which may dissipate the excess amount of energy that would otherwise increase the rate
of crack propagation.

The behavior mechanism involved in each function is different. Some characteristics and
properties are specifically required in the interlayer to achieve the seeking function. Prior to



presenting applications of geosynthetics in pavement systems, it is essential to present the current
state of knowledge on the behavior mechanisms of interlayer systems.

2.2 BEHAVIOR MECHANISMS

The behavior mechanisms involved in the five aforementioned functions depends on different
factors that influence the success of the interlayer product. The contributing mechanisms
involved in the separation, filtration, and infiltration-reduction functions are self-explanatory.
Whether the benefits of these three functions have been verified or quantified will be discussed
in the following sections. On the other hand, the behavior mechanism involved in the stress-
relief and reinforcement functions are far more complex, and will be explained in details.

2.2.1 Separation

Two mechanisms may significantly reduce the thickness of the installed base layer when
constructed over a soft subgrade:®

o The pumping of the subgrade fines into the base course aggregate voids as excess pore
water pressures dissipate due to dynamic vehicular loading. This process reduces the
particle-to-particle contact, decreasing the aggregate’s stability and strength.

o The penetration of aggregate stone particles into soft subgrade soil, as local shear failure
of the soil may occur.

When functioning as a separation layer, an interlayer (usually a geotextile) prevents aggregate
base grains from being pressed out of the base into the soft subgrade, and also prevents the
intrusions of fines from the subgrade into the base layer due to dynamic vehicular loading.

2.2.2 Filtration

The filtration function is closely related to the separation function. In this case, an interlayer
system, usually a geotextile, prevents fine particles being washed from the subgrade into the base
or subbase layer under the action of water and repetitive moving load.

2.2.3 Moisture Barrier

The primary source of moisture in pavement structures is rainwater, which becomes a major
source of failure if not adequately drained. An effective moisture barrier interlayer, usually a
geomembrane or geotextile, can prevent the saturation of underlying layers and force the water
to drain laterally to a shoulder drain system, given that the water table level is low. The
effectiveness of the interlayer as a moisture barrier mainly depends on the interlayer staying
intact after installation, which is not always the case; especially in overlay applications."”’



2.2.4 Reinforcement

The term “reinforcement” refers to the ability of an interlayer to compensate for a lack of tensile
strength within the pavement materials. As in any reinforcement application, the reinforcing
material should be stiffer than the material to be reinforced.®) Two areas of reinforcement have
found a great deal of success in pavement applications: subgrade and granular layer
reinforcement, and HMA layer and overlay reinforcement.

2.2.4.1 Reinforcement of Subgrade and Granular Layers

The effectiveness of geosynthetics reinforcement of the subgrade and granular layers depends on
three contributing mechanisms:

e Bonding between the reinforcement and the surrounding pavement materials defines the
mobilized portion of the interlayer strength that may contribute to the reinforcement.
This mechanism is essential for a solid interlayer (e.g., geotextile).

o Interlocking between the reinforcement and the surrounding aggregates.  This
mechanism, which is essential for interlayer products with openings, results from the
protrusion of aggregates through the openings of the interlayer.”’

e Confinement of the reinforced layer results in a reduction of the horizontal deformation
by lateral restraint. This mechanism is particularly important with relatively non-weak
subgrade soils."”

2.2.4.2 Reinforcement of HMA Layers and Overlays

With an increase in rehabilitation funds and a decline in new road construction, this type of
reinforcement appears to be the major contribution that interlayer products may provide in
pavement applications. Repairing a deteriorated road using a conventional overlay is rarely a
permanent solution. The original cracks, which move due to thermal and traffic loads, reflect in
the new surface causing “reflection cracking.”(1 ! Different methods, including the use of
interlayer systems, have been suggested. The general belief among pavement engineers is that,
even when a technique to delay reflective cracking is successful, the cost is equivalent to the cost
of repairing the cracks."'? This opinion appears misleading if we consider the appearance of the
reflection cracking a few months after application of the overlay, which is sometimes the case.

According to Lytton, the passing of a wheel load over a crack in the existing pavement causes
three critical pulses, one maximum bending and two maximum shear stresses."” As the
movement of the crack increases, the propagation of the crack to the overlay occurs faster. A
difference in temperature can also contribute to the crack propagation. Contraction and curling
of the old pavement caused by temperature variation may result in the opening of the cracks,
which may induce horizontal stresses in the HMA overlay. Based upon earlier work by Lytton
and Monismith, the reinforcement mechanism seems to be better understood, with major outlines
drawn for the requirements from an interlayer system to act as reinforcement."*'* Button and
Lytton summarized the reinforcement failure mode as follows:">



e The crack starts to propagate (due to thermal and traffic loading) from its original
position upward until it reaches the reinforcement layer. If the interlayer is stiff enough,
the crack will turn laterally and moves along the interface until its energy is exhausted.
Lytton noted that the reinforcement failure would develop only after debonding has
occurred between the lower layer and the interlayer.'?

e From the previous mechanism, it can be concluded that reinforcement can only occur if
the interlayer is sufficiently stiffer than the surrounding materials. The stiffness of an
interface is equal to the material elastic modulus times its thickness."

e Based on the explained mechanism, a reinforcement interface may contribute to the
structural capacity of the pavement. Given this, it is realistic to reduce the required
thickness to reach the same level of performance. The amount of reduction is still mainly
based on empirical rules and individual experiences.

Baek and Al-Qadi recently showed the importance of bonding on the failure process and also
that cracks initiate above the interlayer system.!'?

2.2.5 Stress Relief

A stress relief interlayer is a soft layer that is usually placed at the bottom of an HMA overlay to
absorb a large portion of the energy, which would otherwise be part of the crack propagation
process.” Based on earlier work by Lytton, Monismith, and Al-Qadi, the stress relief failure
mode can be summarized as follows:

e The crack starts to propagate (due to thermal and traffic loading) from its original
position upward until it reaches the stress-relieving layer. Due to its low stiffness, the
interlayer will exhibit large deformations, which will be accompanied with a dissipation
of energy. The crack propagation will stop for a while due to the lack of energy, and then
propagate from the top of the interlayer upward to the surface.

e A second mode of failure was hypothesized by Lytton based on laboratory results; but
was not supported by any other studies. However, Back and Al-Qadi showed that a crack
can be initiated near the surface.'® In this failure mode, the crack starts to propagate
upward from its original position until it reaches the stress-relieving layer. The crack
then begins from the top of the overlay to the interlayer.

e Baek and Al-Qadi also showed that a crack can start within the HMA layer above the
interlayer, and not at the interface."'®

e It is clear from the explained mechanism that a low stiffness interlayer product is
preferred in this application. In this case, the interlayer product will only retard the
appearance of the reflection cracking.



Monismith and Coetzee associated the contribution of a stress-relief interlayer to the
pavement system with what they called “a crack arrest” phenomenon."? Based on this
mechanism, a soft interlayer is capable of redirecting the crack from its original direction to
the horizontal plane. This phenomenon was also noticed by Majidzadeh when testing HMA
beam reinforced at mid depth with “Petromat.”'” However, it was reported that the use of a
stress-relieving interlayer may increase the chance of delamination between the overlay and
the cracked HMA layer. It is clear from the explained mechanism that stress-relieving
interlayers will not contribute to the structural capacity of the pavement, and it is misleading
to talk about a reduction in layer thicknesses for this application. The use of geosynthetics to
delay reflective cracking has been evaluated in the field, in the laboratory, and using
numerical methods. A detailed review of these studies is beyond the scope of this study.
The reader is referred to Al-Qadi for a detailed review of this topic.'®

2.3 TYPES OF INTERLAYER SYSTEMS

Starting from the early 1960s, different interlayer products have been suggested, ranging from
metallic grids to different types of geosynthetics. Since this report mainly focuses on
geosynthetics, table 2.1 illustrates the major types of geosynthetic products based on their
applications in pavement systems.

“Geosynthetics” is the collective term applied to thin and flexible sheets of synthetic polymer
material incorporated in soils, pavements, and bridge decks.""® Geosynthetics are divided into
six major categories.'” The following five are commonly considered for use in pavement
structures.

1. Geotextiles: the most widely used type of geosynthetics (also called fabric). They are
formed from permeable synthetic fibers that are woven together to form a porous, flexible
fabric.

2. Geogrids: made from high-density polypropylene or polyethylene with an open mesh
structure that allows interlocking with the surrounding materials.

3. Geomembranes: made from impervious, very soft, thin sheets of rubber or plastic
materials.

4. Geocells: cubic confinement cells made from slotted aluminum sheets or prefabricated
polymeric systems. They are mainly used as soil confinement to improve the soil bearing
capacity.

5. Geocomposites: a multi-purpose system consisting of two or more types of geosynthetics
to achieve more than one function in the pavement system (e.g. water prevention and
stress-relief).

For the past 30 years, geosynthetics have been used to provide the aforementioned five distinct
functions (separation, filtration, reinforcement, stress relief, and pavement moisture barrier). The
performance of geosynthetics have been mixed, and cannot be considered conclusive.”’ In some



experimental studies, the use of geosynthetics has been successful;”” in other cases, poor

performance was observed. Until now, the decision to use a given type of geosynthetic has been
mainly based on field experiences and empirical rules. With the constant growth of the
geosynthetics market in pavement applications, more comprehensive studies are continuously
presented to better understand and explain geosynthetic behavior mechanisms. Based on the
scanned literature, the following sections present a review of geosynthetic applications in
pavement systems.

Table 2.1 Major types of geosynthetics products.

Geosynthetic Type Picture Applications

Woven Geotextile S'epara}tlon
Filtration
Geogrid Reinforcement
Geonet Drainage
Glass-Grid Reinforcement
Moisture
Barrier
Non-Woven Filtration
Geotextile Separation
Reinforcement
Stress Relief
Moisture
Geocomposite Barrier
p Stress Relief

Separation




2.4 GEOSYNTHETICS APPLICATIONS IN PAVEMENT SYSTEMS
2.4.1 Geosynthetics as Reinforcement for Base and Subgrade Layers

Geogrids and geotextiles have been evaluated as reinforcements for base and subbase layers.
Based on laboratory and field testing, various studies showed that geosynthetic reinforcement
could provide substantial savings in base thickness. (See references 20, 4, 21, and 22.) The
following sections present a review of the related literature.

2.4.1.1 Field Evaluation

Puffer evaluated the effectiveness of geotextile as reinforcement for weak subgrade.*> Part of
the 17km of the Pan-American Highway, known as Darien Gap located on the Panama-
Colombian border, is tropical swamps. Daily tropical rains combined with unconsolidated silts
and clays made grading, aerating, and compacting of an embankment all but impossible.
Substantial portions of aggregate layers placed over graded surfaces were displaced downward
into soft clay silts. Eventually, a test section of the proposed road was constructed using a
geotextile. This section performed well and was subsequently used as a model for the remaining
sections. The success of the geotextile was attributed to the existence of lateral frictional forces
at the fabric/aggregate interface. Based on subsequent research, it seems more likely that the
separation function of the fabric provided the key to success.

Webster investigated the effectiveness of geogrid base reinforcement for light aircraft flexible
pavements.”? The experimental setup consisted of four lanes of flexible pavement with each
lane divided into four separate sections. Subgrade strength was kept constant at a CBR of §%.
The base course was constructed with one of four thicknesses: 152, 254, 305, and 457mm. The
geogrid interlayer was placed at different depths within the flexible pavement structure. In each
traffic lane, the HMA thickness was about 51mm, which met FAA standards for aircraft gross
weights less than 267kN and tire pressure less than 690kPa. Deflection measurements were
made using four sets of Multi-Depth Deflectometer (MDD) modules installed beneath the
pavement surface. Traffic loading was applied to each flexible pavement section using a single
tire from a C-130 aircraft with a 133kN load at a tire pressure of 469kPa. The performance of
each section was based on the MDD data, rut depth measurements taken at the surface, and full
depth deformation data taken from the trenches dug into the flexible pavement sections after
loading. Failure of a section was defined at a rut depth equal to 25.4mm. Results of this study
indicated that geogrid reinforcement improved the performance of flexible pavement systems.
For optimal performance, geogrid reinforcement should be placed at least 152mm below the
HMA wearing surface. Webster developed a linear relationship between base course thicknesses
needed in a reinforced pavement versus an unreinforced section. This relationship was based on
a comparison of the number of cycles applied to a section for failure of reinforced and
unreinforced sections, with all other variables constant. An example of this relationship is that a
base course 305mm thick in an unreinforced section is equivalent to a geogrid-reinforced section
with 203mm of base course.

Austin and Coleman investigated the performance of geotextile and geogrid reinforced un-
surfaced roads.® Approximately 300mm of organics and soil were excavated from the test site,
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revealing gray clay. The initial soil strength of the test area was too high for the research
objectives, so the test site area was flooded for nearly eight months. The flooded area was
drained, resulting in a CBR value of approximately 1% for the test site subgrade. The subgrade
was covered with either a geogrid or geotextile, and then overlaid with an aggregate layer of
varying thickness. Aggregate thickness varied from approximately 152 to 279mm throughout
the length of the road. Four geogrids and two geotextiles were used as reinforcement in the
study. Rod and level measurements were used to monitor the deflection at the surface of the
aggregate. A rut depth of approximately 76mm was chosen as the failure criterion for a given
section. A truck with a single front axle of 25.1kN and a rear dual axle of 81.4kN was used to
simulate traffic loading. The tire pressure for both axles was 550kPa. Results of this study
supported the following conclusions:

e Geogrids and geotextiles improved the performance of unsurfaced pavements. For an
equal amount of permanent deflection, it was found that 2 to 3 times the numbers of
Equivalent Single Axle Load (ESAL) repetitions were applied to the reinforced sections
compared to the control sections. There was no significant correlation between the
geosynthetic tensile strength and the measured performance.

e Approximately 4.5 times the number of ESAL repetitions were applied to the composite
reinforced section compared to the control section. Approximately three times as many
ESAL repetitions were applied to the geotextile sections compared to the control section.
The improvement gained from the geogrid reinforcement varied from about 1.5 to 3 times
the number of ESAL applications compared to the control section.

e In the unreinforced sections, there was considerable mixing of the aggregate and
subgrade layers. Contamination of the aggregate layer by the soft subgrade was evident
in the sections not containing a geotextile separator. Fines from the subgrade were found
up to 190mm into the aggregate layer in the unreinforced sections, and up to 65mm in the
geogrid reinforced sections.

e The separation function of geotextiles is the main reason for improvement in the
performance of unsurfaced roads.

Al-Qadi et al. evaluated the performance of geosyntheticly reinforced pavement sections of a low
traffic volume secondary road. (See references 22, 26, 27, and 28.) In June 1994, a 150m-long
secondary road pavement section in Bedford County, Virginia was instrumented. The tested
pavement was divided into nine individual sections, each approximately 15m long. Sections one
through three had a 100mm-thick limestone base course, sections four through six had a 150mm-
thick base course, and sections seven through nine had a 200mm-thick base course. An average
HMA thickness of 95mm was used in all sections, and the subgrade had a California Bearing
Ratio (CBR) ranging from 6 to 10%. Three sections were stabilized with geotextiles and three
with geogrids at the base course-subgrade interface; three were kept as control sections. The
outside wheel path of the inner lane was instrumented with strain gages, pressure cells,
piezoelectric sensors, thermocouples, and moisture sensors. A data acquisition system was used
to collect instrument response information on site. Section performances were assessed based on
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instrument responses to control and normal vehicular loading, rut depth measurements, ground
penetrating radar (GPR) survey, and falling weight deflectometer (FWD) measurements.

The measured pressure at the base course-subgrade interface for the geotextile-stabilized sections
was lower than the geogrid-stabilized and control sections, within a specific base course
thickness group. In addition, rutting in the control section (100mm-thick base course) was more
severe than rutting in the geosynthetic-stabilized sections. Falling Weight Deflectometer (FWD)
back-calculation revealed weaker subgrade strength for the geogrid-stabilized and control
sections than the geotextile-stabilized sections over the three-year evaluation period. Based on
rut depth measurements, the geogrid-stabilized section carried 82% more ESALSs before failure
than the control section, while the geotextile-stabilized section carried 134% more ESALSs before
failure than the control section. Geotextile-stabilized sections develop lower distress levels in
terms of subgrade pressures and rut depths than geogrid-stabilized and unreinforced sections
because of their separation capability. Geotextiles increased the service life of secondary roads
by 2.4 times, while geogrids increased the service life of secondary roads by 1.8 times.

At the end of the three-year monitoring period, ground truth (excavation) samples were
collected. 72 samples were collected from the test sections. Gradation and moisture content
tests were conducted on the collected samples. In addition, recovered geosynthetic materials
were tested for ultimate strength and elongation. Base course gradations indicated that the fine
percentage in the base course material has increased over the three years monitoring period in all
sections. However, fines represented 16.1% of the base material in the control section, 15% in
the geogrid-stabilized section, and 12.4% in the geotextile-stabilized section. In addition, GPR
surveys indicated that more contamination had occurred in the control section as compared to the
sections stabilized with geosynthetics. There was considerable reduction in the geotextile
ultimate strength in the warp direction (33%) while in the fill direction; the ultimate strength of
the interlayer did not change. Geogrid did not show any significant reduction in its ultimate
strength. Both geosynthetics were found to increase pavement service life. However, geotextiles
provide a greater increase in service life than geogrids due to their separation function.

After eight years, the control sections had the greatest rutting, followed by the geogrid-stabilized
section, while the geotextile-stabilized section had the least amount of rutting. Benefits of the
geotextiles were significantly pronounced in the section with 100mm base course, as it was
estimated that it could increase the life of the pavement by almost two folds. However, this
increase in service life is reduced for stronger pavements. One should note that in this study,
geotextiles acted as separators and as reinforcement. Analysis of FWD data indicated that the
sections stabilized with geotextiles had the lowest Base Damage Index (BDI); almost half that of
the unstabilized section. The Base Damage Index (BDI) is a basin parameter indicative of the
condition of the base layer. The BDI is directly related to the pumping of fines from the
subgrade to the base layer, which reduces the base material strength.

Metcalf et al. compared the performance of three test sections, one of which was constructed
with a geogrid interlayer.”” The three sections were designed as follows:

e Control section: 89mm select soil, geofabric, 215mm limestone base, and 89mm HMA.
e Geogrid section: 165mm select soil, geogrid, 140mm limestone base, and 89mm HMA.
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o Stone and soil section: 50mm select soil, 152mm stone and soil, 100mm limestone base,
and 89mm HMA.

Loading was performed using the Accelerated Load Facility (ALF) and was applied by a single
set of dual wheels. The tire pressure was 724kPa. Loading was applied in increments of 25,000
passes followed by performance measurements. Loading continued until the severity of cracking
and/or permanent deformation exceeded the defined failure condition. Performance of the
control and the stone and soil sections was as anticipated; actual applied ESALs were 880,000
and 674,000 for both sections, respectively, which compares well with the design ESALSs
(863,000 and 648,000 for both sections). The performance of the geogrid section was
unexpected, and resulted in a localized failure. It was not possible to reach any conclusion about
the effect of the geogrid.

Cancelli investigated the structural contribution of geogrid and geotextile when placed between a
soft subgrade (CBR=1-8%) and a granular base (CBR=30%).0"" A full-scale oval-shaped
pavement facility was constructed consisting of 56 different sections, each 36m or 20m in length.
Pavement cross sections consisted of 0.7m subgrade clay processed to the desired CBR strength
(1, 3, or 8%), a granular base with a thickness of 300 or 500mm, and a 75mm thick asphalt layer.
Six different types of geosynthetics were evaluated including geogrid, woven fabric, and a
composite geosynthetic (geogrid + woven fabric). Up to 160,000 Equivalent Axle Loads were
applied by a truck traveling at a constant speed (20km/h). Rut depths were monitored throughout
the experiment. Geogrids were effective in reducing the overall rutting when used to reinforce a
very soft subgrade (CBR less than 3%). Results of this study indicated that a geogrid-reinforced
pavement with a base thickness of 300mm performed similarly to an unreinforced section with
500mm gravel base thickness. Moreover, a geogrid interlayer might increase the structural layer
coefficient of a gravel base by a ratio of 1.5 to 2.0. High strength woven geotextile may provide
good separation function, but limited reinforcement contributions. The traffic improvement ratio
for geogrids was up to 40 times greater than that for woven geotextiles.

The US Army Corps of Engineers conducted a study to determine optimal subgrade stabilization
methods while minimizing over-excavation of potentially contaminated soils located within the
Chemical Demilitarization Project facility.®" The site was located in the Aberdeen Proving
Grounds, Maryland, approximately 48km north of Baltimore. The following test strip sections
were constructed:

e TS-1A: Amoco 4506 non-woven geotextile and Tensar BX-1100 geogrid.

e TS-1B: Tensar BX-1200 geogrid.

e TS-2: Amoco 2016 woven geotextile.

e TS-3A: Amoco 4506 non-woven geotextile and Presto GW-A8-46 geoweb.
e TS-3B: Amoco 4506 non-woven geotextile and Presto GW-A6-46 geoweb .
e TS-3C: Amoco 4506 non-woven geotextile and Presto GW-A4-46 geoweb.

All test strip sections were subjected to a fully loaded tandem axle dump truck with a gross
weight of 280kN to determine their relative performance. Results of this study indicated that test
strip 1A and test strip 2 performed well. The woven and non-woven geotextiles provided a
means of separation. In test strip 1B, the Tensar BX-1200 was placed directly on the subgrade.
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The well-graded Maryland CR-6 material interlocked inside the apertures of the geogrid. Severe
rutting and localized failures were observed on sections where intermixing occurred. The Presto
geoweb performed poorly. Excessive movements resulting in severe rut depths were observed.

Perkins and Cortez evaluated the performance of three geosynthetic products based on
accelerated pavement testing."? Four test sections were constructed in an indoor accelerated
pavement testing facility to evaluate the effectiveness of two geogrid and one-geotextile products
as base reinforcement. The pavement cross section consisted of 7Smm HMA, 300mm aggregate
base, 1.37m subgrade, and 1.35m foundation soil. The subgrade was treated with water to
simulate a CBR of 1%. Testing was conducted at a wheel speed of 13km/h until surface rutting
of 25mm was reached. Imbedded sensors were also installed during construction to measure
vertical stress and geosynthetic strain. Some differences in thickness were noted between the
constructed test sections, and an increase in rutting was observed in the direction of the wheel
path. Traffic Benefit Ratio (TBR), defined as the ratio between the number of traffic passes
between a reinforced and an unreinforced test section for a particular level of rutting, was used to
assess the geosynthetics’ effectiveness.

In terms of rutting performance, the control section performed the worst, followed by the
geotextile, and then the two geogrids sections. TBR values obtained for the different sections
were as follows: 9.0 for the geotextile, 10 for the light geogrid, and 31.5 for the heavy geogrid.
Previous TRB values obtained from the plate-load test were 8.5 for the geotextile, 17.0 for the
light geogrid, and 56.0 for the heavy pattern. A previously developed design model predicted
2.4 for the geotextile, 4.9 for the light geogrid, and 6.4 for the heavy geogrid. The difference
between reinforced sections was more pronounced in the measured rutting than in terms of
instrument responses. Reinforcement mechanisms included a reduction in the horizontal strain at
the bottom of the granular layer, and wider spreading of vertical stress on the subgrade.

Warren and Howard designed and constructed a full-scale test site to compare the performance
of seven geosynthetics on low-volume secondary roads.®” The constructed test sections were
instrumented with a wide array of sensors to measure pavement responses to vehicular and
environmental loading. A finite element model was subsequently developed and calibrated to
predict the responses of reinforced pavements. Seventeen test sections, each 15.2m in length,
were constructed to evaluate seven types of woven geotextiles, non-woven geotextiles, and
geogrids. The constructed pavement sections consisted of SOmm of HMA on top of an aggregate
base with thickness of either 152 or 254mm. The constructed subgrade had a CBR of
approximately 1 to 2%. Measured pavement responses included vertical stress, strain in the
HMA and in the interlayer systems, temperature, moisture content, and pore-water pressure. An
axisymmetric FE model was also developed to predict the performance of reinforced pavement
systems. In the developed model, HMA was simulated as linear elastic and an elasto-plastic
model was used to simulate the constitutive behavior of aggregate base and subgrade materials.

The benefits of geosynthetics could not be quantified solely based on the results of this study due
to the extremely dry conditions encountered during testing. The dry conditions resulted in a stiff
subgrade and small pavement responses. These conditions did not necessitate mobilizing the
tensile properties of the geosynthetics. The developed FE model successfully predicted
pavement responses and performance. However, due to the limited conditions encountered
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during testing, additional calibration of the model is recommended. Due to the unfavorable
conditions encountered during testing, comparison between the different geosynthetic products
was not conducted.

Aran evaluated the field performance of geogrid-reinforced base as compared to unreinforced
sections.®” Two test sections were constructed in 1986 and 1990 to evaluate the effectiveness of
biaxial geogrids as base reinforcement. In one test section, the geogrid was placed at the bottom
of 250mm aggregate base with HMA thickness 50mm less than the control section. Construction
of this site was completed in 1986. In the second test section, the geogrid was placed at the
bottom of the aggregate layer instead of 100mm of base. At the same site, a geogrid was placed
at the middle of the aggregate base layer, instead of 150mm lime-stabilized subgrade.
Construction of this site was completed in 1990. Short-term evaluation was conducted in 1991
for both test sections. Long-term evaluation was performed in 2004 and in 2005. The first-built
test site was overlaid in 2004.

Short-term evaluation indicated that performance of the test sections was comparable, as no
major cracks had developed in any of the sections. In the long-term, most of the observed
distresses were longitudinal surface-initiated top-down cracks in the wheel paths. The extent of
cracking was similar in the control and reinforced sections. Therefore, it was concluded that
incorporating geogrid into the base layer can provide comparable performance, with a thinner
structural section. Deflection data indicated that placing a geogrid may effectively compensate
for a major part of the eliminated 50mm HMA. Placing a geogrid can also effectively replace
150 mm of lime-stabilized subgrade, and provide comparable performance.

Reyes and Kohler evaluated the effectiveness of geogrid-reinforced base using a new full-scale
accelerated testing facility in Colombia.®> Four sections were constructed and loaded until
failure in a full-scale accelerated test facility. The test track consists of a circular ring 3.5-m-
wide by 35-m-long. Wheel speed can be varied up to 40km/h and a wander area may be set for
the wheel. The subgrade had a resilient modulus of 19,600kPa. The tested geogrid was a Tensar
BX1200. All sections had a 180mm HMA layer placed on top of 300mm granular base and
300mm granular subbase. In the first section, the geogrid was placed at mid-depth in the
granular base. In the second section, the geogrid was placed at the base-subgrade interface. In
the third section, two geogrid layers were used at mid-depth in the granular base and at the base-
subgrade interface. The fourth section was the control.

This study evaluated the performance of geogrid in thick sections. Failure of the sections
occurred through a fatigue-failure mechanism. The best structural performance was observed in
the first section with the geogrid placed at mid-depth in the granular base followed by the third
section, and the control section. The worst performance was observed in the second section with
the geogrid placed at the base-subgrade interface. Placement of the geogrid in the unbound layer
directly under the HMA layer appears to be the most beneficial. Reinforcement of the subgrade
did not seem to affect pavement performance. Thick sections did not seem to benefit much from
geogrid.

Al-Qadi et al. evaluated the performance of geogrid-reinforced base as compared to unreinforced
base based on results from accelerated pavement testing.” % Nine sections were constructed and
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instrumented to quantify the benefits of geogrid base reinforcement. The subgrade had a nearly
constant California Bearing Ratio (CBR) of 4%. Three base thicknesses of 203, 305, and
457mm were constructed. All sections except one had a 76mm HMA layer. That section had a
127mm HMA thickness. Constructed sections were instrumented with a wide array of sensors to
measure temperature, moisture, pore-water pressure, stress, strain, and deformation. A load of
44.5kN moving at 8.1km/h was applied on all sections until failure, which was defined as 25mm
of surface rutting.

The study found that the control section had significantly greater lateral deflection in the
aggregate base layer than the reinforced sections, especially in the direction of traffic. The
granular movement, especially in the direction of traffic, was manifested on the pavement
surface as short lateral cracks. At a given number of passes rutting in the control section was
greater than in the sections with geogrid. Subgrade shear failure was the predominant failure
mechanism due to the thin pavement sections. The study found that geogrid at the upper one
third of granular base performed the best and was equivalent to the section with two layers of
geogrids: one at the subgrade-granular base interface and the second at the upper one third of the
granular base. Hence, the study recommends an optimum location for the use of geogrids in
granular layers. In addition, adding S0mm HMA was superior to the inclusion of geogrid at the
interface. The study could not distinguish in performance between geogrids having different
tensile strengths.

The aforementioned studies clearly indicate that geosynthetics can benefit the pavement system.
However, better understanding of the geosynthetic mechanism in unbound layers and its
optimum location needs to be identified.

2.4.1.2 Theoretical Evaluation

Holtz and Sivakugan developed design charts for geotextile-reinforced unpaved roads.®” Using
the method developed by Giroud and Noiray,® charts for the design of geotextile-reinforced
unpaved roads were prepared for rut depths of 75, 100, 150, 200, and 300mm, and for a standard
design axle load of 80kN and tire pressures of 480 and 620kPa. Results of this study indicated
that because of small strains induced in the geotextile at smaller rut depths, the modulus of the
geotextile is not important up to a rut depth of 300mm. The tire pressure had no influence on
required aggregate thickness when the shear strength of the subgrade is less than approximately
50kPa. For very low shear strength, a rapid increase in required aggregate thickness occurs,
irrespective of the rut depth and the geotextile modulus. Charts could be used to determine a
possible reduction in the required thickness of stabilization subbase aggregate by using a
geotextile and for the design of the first construction lift for embankments on very soft
foundations.

Dondi conducted a study to determine the behavior of a geosynthetic-reinforced pavement
system based on a 3D finite element approach.®” A load simulating a dual-tire assembly was
applied statically on a three-layer system. The developed model assumed linear elastic HMA
behavior, and the subbase and the subgrade to be non-linear elasto-plastic materials. Four-node
interface elements were used to simulate the friction contact between the geosynthetic and the
surrounding materials. Results of this study indicated that vertical displacements decreased by
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20% if the geosynthetic modulus is 1200kN/m, and by 15% if the modulus is 600kN/m. The
vertical stresses did not change when the geosynthetic was present. In addition, the geosynthetic
interlayer improved the fatigue life expectancy of the HMA by a factor of 2 to 2.5. The shear
strain transmitted to the top of the subgrade was also reduced when a geosynthetic interlayer is
used.

Liu et al. evaluated the effectiveness of geogrid for base reinforcement when recycled aggregate
materials are used in road constructions.“” A 2D finite element model was developed using a
program called CAPA-2D. This program allows for crack propagation analysis, and for exact
simulation of unbound materials. Friction was assumed between all layer interfaces. Results of
the evaluation indicated that geogrid reinforcement significantly reduces the energy available for
crack propagation. The use of recycled aggregates showed higher values of stress intensity
factors (K) compared to the model with natural aggregates.

Perkins et al. investigated the performance of geosynthetic-reinforced flexible pavement systems
based on a FE approach.“"” In this study, a 3D finite element model was developed. While the
HMA is simulated as an elastic perfectly plastic material, a plastic model described the base and
subgrade material. A repetitive load was applied to the model for a subscribed number of cycles.
Results of the model indicated that reinforcement reduced the lateral permanent strain at the
bottom of the base, as well as the vertical stress on top of the subgrade. The amount of vertical
deformation after 10 cycles was significantly reduced in the reinforced model compared to the
unreinforced case.

Perkins and Edens quantified the benefits of geosynthetic base reinforcement using 3D FE
analysis, and develop a mechanistic-empirical design model for reinforced pavement
systems.*>*) Benefits of geosynthetic base reinforcement depend on many factors including
structural thicknesses of the pavement section, strength of the subgrade, and properties of the
interlayer used. This study presents the development of a design model to quantify the benefits
of reinforcement. The design model was formulated by first developing a 3D FE model that
simulates reinforced and unreinforced pavement sections. Empirical distress models were then
used to predict long-term pavement performance. The response and distress models were
calibrated against results from plate-load test sections. In the developed FE model, elasto-plastic
models were used to simulate HMA, base aggregate and subgrade materials. The geosynthetic
material was simulated as orthotropic linear elastic. Two reinforcement cases were simulated.

In the first case, an infinitely stiff reinforcement was assumed by restricting motion at the bottom
of the base. In the second case, the geosynthetic was modeled by membrane elements with
varying tensile properties. Full-bonding conditions were assumed between the base,
geosynthetic, and subgrade layers. The calibrated FE model was then used to simulate 465
different cases. These results were then used to formulate the design model.

Results of the FE model showed the ability of the reinforcement to prevent lateral spreading at
the bottom of the aggregate layer in contact with the interlayer. Lateral confinement led to an
increase in the aggregate layer stiffness, a reduction of vertical stress on top of the subgrade, and
a reduction of vertical compressive strain in the lower half of the base. The developed model
was expressed in terms of equations relating reinforcement benefits to pavement and
geosynthetic input design parameters. The developed design model provided mostly-
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conservative predictions of reinforcement benefits. The developed model showed that
reinforcement benefits increases with the decrease in subgrade strength and increase in
geosynthetic tensile modulus. The authors caution that the design model is only valid for certain
conditions, to which the model-use should be limited.

Saad et al. evaluated the benefits of a high modulus geogrid when used as reinforcement based
on 3D FE analysis.*” A parametric study was conducted to investigate the benefits of
geosynthetics in reducing fatigue and rutting failure in flexible pavements. Impacts of the
reinforcement location, base thickness, base quality, and subgrade quality were also evaluated.
The adopted modeling approach considered dynamic behavior of the load using the implicit
method, and elasto-plastic behaviors of granular and subgrade materials. The simulated
subgrade had an elastic modulus of either 8,280kPa or 50,646kPa. Hot-mix asphalt was
simulated as linear elastic. The geosynthetic reinforcement was modeled using four-node
membrane elements. Full bonding was assumed between the geosynthetic and the surrounding
layers. Geosynthetic reinforcement was simulated as linear elastic with a modulus of
4,230,000kPa.

When placed at the bottom of the HMA layer, the reinforcement leads to the greatest reduction in
the tensile strain, which was 48%. This reduction was independent of the base thickness and
foundation quality. When placed at the lower third of the base layer, the reinforcement leads to a
substantial decrease in the tensile strain at the bottom of the HMA only in case of a stronger
base. The potential for decreasing the rutting strain is more pronounced when a 152.4mm thick
base layer is used. The reduction in strain ranges between 2 and 34%. Based on the presented
results, the optimum location for reduction of rutting strain and surface deflection is at a depth of
1/3 the base thickness from the bottom.

The authors of this report would like to caution the readers that understanding the
aforementioned models before implementation is very important. The material characteristics
used, applied loading simulation, boundary conditions, and interface modeling are some of the
important parameters that affect the outcome of these models. It is also the opinion of the
authors that the viscoelastic characteristics for HMA and geosynthetics must be considered in
developed models as well as the effect of moving wheel load to effectively simulate the
effectiveness of geosynthetics in pavements.

2.4.1.3 Laboratory Evaluation

Carroll et al. evaluated the effects of pretensioning and location of geogrid on its effectiveness to
reinforce aggregate bases.*”) Research was conducted at the test facility at the University of
Waterloo. The study reported that the optimum location of geogrid reinforcement was found to
be at the bottom of thin bases, and at the midpoint of bases exceeding 250mm in thickness. Over
very weak subgrades, the optimum benefit may be achieved by placing one layer of geogrid at
the bottom of the base, and a second layer at the midpoint. Results indicated that two layers of
geogrid, one at the middle and one at the bottom of the aggregate base layer, allowed more than
three times the number of load cycles to be carried over very weak subgrades. Geogrid
pretensioning test indicated that it had no beneficial effects over the strength of the pavement
system when compared to normal geogrid placement.
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Barksdale et al. investigated the effectiveness of geogrids and geotextile reinforcement in
flexible pavements.(zl) Analytical studies were first conducted at Georgia Tech, and field and
laboratory studies were then performed at Nottingham University in England. Analytical studies
were conducted using finite element methods prior to performing the experimental work, to
identify the parameters to be varied in the experimental program. In the experimental study, the
influence of different geosynthetic types, the placement locations of the geosynthetic, and the
effect of pre-stressing and pre-rutting were investigated. In the analytical study, flexible
pavement sections were subjected to various traffic loading conditions. Results of the analytical
study indicated that the performance of reinforced flexible pavement sections was not improved
when the subgrade CBR values were greater than 3%. Large-scale experimental research was
then performed in a 4.9mx2.4m test facility. The pavement sections had a 25 to 38mm HMA
layer placed over a 152 to 203mm aggregate layer. The subgrade was constructed of silty sand
with a CBR of 2.5%. Up to 70,000 load repetitions were applied to each test section by a 6.7kN
wheel moving at 4.8km/h. Pressure cells were installed in each section, and strain gages were
used to measure strain in each layer and at the interlayer systems. The experimental program
consisted of four series; with three test sections each. The first test setup had a 152mm base
course, and the other three sections used a 203mm base course. In each test setup, the influence
of geogrid, geotextile, pre-stressing, pre-rutting, and reinforcement location were evaluated.

The study concluded the following:

e A woven geotextile must have 2.5 times greater stiffness than a geogrid to have the same
reinforcing capability.

e With respect to the location of the reinforcement, it was concluded that the geotextile or
geogrid should be placed in the middle of the aggregate layer if a section has a soft
subgrade (CBR<3%) and a low-quality base course. As the quality of the base course
improves, subgrade deformation becomes more critical. Therefore, the geotextile or
geogrid should be placed closest to the layer that will experience the largest deformation.

o Generally, the weaker the subgrade, the greater the improvement the geotextile or geogrid
provided. As the structural capacity of the pavement section increases, the improvement
provided by the geotextile or geogrid decreases.

e For a thin base course over a weak subgrade the base course thickness could be reduced
by 10 to 20%, by using a geosynthetic with an effective stiffness of about 700 to
1050kN/m, . Base course thickness over a weaker subgrade could be reduced by as much
as 20 to 40%. This conclusion was based on equal strain levels at the top of the subgrade
and bottom of the HMA layer.

e Pre-stressing geosynthetic and pre-rutting significantly reduced the permanent
deformation in the pavement sections; however, relaxation of the geosynthetic over time
could reduce the beneficial effects. The study also demonstrated pre-rutting is equally
effective with or without the use of geosynthetic. However, the variation in the wheel
path may differ from that used during the pre-rutting procedure.
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Al-Qadi et al. conducted a laboratory evaluation of geosynthetically reinforced pavement
sections built on a weak subgrade.*” Laboratory pavement sections were constructed to
simulate a typical low traffic volume secondary road built on a weak subgrade. All construction
and testing were performed within a rectangular retaining wall test pit, which consists of two side
walls 3m long by 2.1m high, and a back wall 1.8m wide. The test sections were constructed
using different base course thicknesses and various subgrade CBR values. Three types of
geosynthetics were used (Geotextiles: Amoco 2002 and Amoco 2016, Geogrid: Tensar SS2).
The pavements were dynamically loaded at a frequency of 0.5Hz using a computer-controlled
pneumatic loading system. A force of approximately 40kN was applied to the pavement through
a 300mm-diameter rigid plate. Surface deflections were measured during loading using an
LVDT array.

Geotextiles offer substantial improvement to the performance of a pavement section constructed
on a subgrade with a CBR value of 4% or less. The geotextile reinforcement increased the
service life of the pavement sections 1.5 to 2.5 times the service life of an unreinforced pavement
section; Figure 2-1 and 2-2. The separation function provided by geosynthetics is a key
component for improving the performance of a pavement section. Within the unreinforced
pavement structural number (SN) range of 1.5 to 2.3, geotextile reinforcement increased the SN
by a value ranging from 0.2 to 0.4. Geogrids offer somewhat less improvement to the
performance of a pavement section constructed on a subgrade with a CBR value of 4% or less
for the test conditions. The amount of improvement offered by the inclusion of a geotextile
seems to be the same for a pavement section constructed on a subgrade with a CBR value of 2%
or 4%. In that test program, separation was the important parameter that affected the pavement
performance. Excavation of the test sections clearly showed contamination of the granular base
layer.
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Figure 2.1 Deformation of pavement surface as a function of the number of applied load cycles
(CBR - 4%).
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Figure 2.2 Example of deformation of the pavement surface as a function of the number of
applied load cycles (CBR - 2%).

Nejad and Small evaluated the effectiveness of geogrid base reinforcement based on accelerated
laboratory loading.*® An oval-shaped track was used to evaluate the performance of geogrid
base reinforcement. The experimental test track is loaded through a pneumatic tire with a
diameter of 230mm and a contact pressure of 210kPa. The test track had the capacity to move
the tire randomly in the lateral direction or to keep it along the same path. The pavement design
was scaled down to account for the dimensions of the test track and the reduced tire load. The
thickness of the wearing surface, base layer, and subgrade were 20mm, 40mm, and 2,000mm,
respectively. Three test sections were constructed; one unreinforced, and two reinforced sections
with two types of geogrids placed at the subgrade-base interface. The same experimental setup
was repeated, but with the geogrid placed at the middle of the base layer. , Surface and
subsurface deformation were monitored throughout the testing .

Results of the experimental program indicated that when the wheel was kept along a single path,
a geogrid placed at the bottom of the base layer reduced vertical deformation by 40%. When
placed at the middle of the base layer, the geogrid decreased vertical deformation by 70%. When
the tire was randomly moved in the wheel path, a reduction of 50% in vertical deformation was
observed regardless of the location of the geogrid. Placing the geogrid at the middle of the base
layer was most effective, and is recommended. Two mechanisms are thought to be associated
with geogrid reinforcement:

o Interlock with the base layer aggregate and reduction of permanent lateral displacement
of the granular layer.
e Improvement in load distribution on the subgrade layer.

Ho compared the effectiveness of reinforcement in base material with geogrid or geotextile over
pre-consolidated organic soil.*” A 2.4x7.2m test pit was divided into three sections consisting
of unreinforced (control) section, a geogrid section, and a geotextile section. The sections were
dynamically loaded at a frequency of 1Hz using a closed loop hydraulic system. Stresses of
345kPa and 480kPa were applied through a 300mm diameter rigid plate on top of the subgrade
material. The subgrade consisted of sand, 455mm of organic muck, and 455mm of marl. A
geotextile was placed at the interface of the organic muck and marl. Above the subgrade,
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356mm of limerock base was placed for the geotextile section, the fabric was placed between the
base and marl subgrade. For the geogrid section, the geosynthetic was placed in the middle of
the base layer. The water table was varied within the organic soil and marl subgrade below the
base material. Surface deflections of the plate were measured with a pair of LVDTs. Test
durations varied from one day (30,000 cycles) to one week (over 200,000 cycles). Two extended
tests with one million load cycles were performed on the geogrid and geotextile sections.
Dynamic cone penetrometer, field CBR and Clegg Impact tests were performed after the plate
test to determine the strength variation of the base material in the test pit.

Results of the experimental program indicated that the control (unreinforced) section generally
deformed more than the two reinforced sections. There was no clear-cut advantage of one type
of geosynthetic over the other. If properly designed, one geosynthetic is as good as the other.
Since the geotextile is not as stiff as the geogrid, it is critical during installation to ensure that no
slack or wrinkles are built into it.

Leng et al. evaluated the effectiveness of geogrid base reinforcement using cyclic plate load
testing.*® A test box with dimensions of 1.5m x 1.5m x 1.35m was used to evaluate the
performance of geogrid base reinforcement under cyclic loading. Cyclic load was applied
through a 0.305m plate diameter with a controlled surface pressure of 550kPa and a load
frequency of 0.67Hz. Two base thicknesses of approximately 150 and 260mm were used and a
clayey-sand subgrade with a CBR of 3% to 4% was constructed. During the test, vertical stress
at the base-subgrade interface and at varying distances from the centerline of the plate was
monitored. Surface deformation was also measured throughout the test. Two types of biaxial,
polypropylene geogrids (BX1 and BX2) were used in the experimental program. In total, nine
cyclic loading tests were conducted to evaluate the effects of reinforcement, geogrid types, and
base thickness.

Geogrid reinforcement effectively decreased surface deformation and improved the stress
distribution transferred to the subgrade. As expected, the stronger BX2 performed better than
BX1. Results also showed that permanent surface deformation quickly increased at the start of
the loading cycle, and then gradually accumulated with the number of load repetitions.
Reinforced sections experienced a slower increase in the rate of surface deformation and reduced
surface deformation magnitude. Geogrid successfully decreased the maximum vertical stress at
the center of the plate and produced a more uniform stress distribution on the foundation soil.
The authors suggested that improvement was related to two mechanisms: lateral confinement of
base course and the tensile membrane effect of geosynthetics.

2.4.2 Geosynthetics as Separators

Holtz and Page evaluated the field performance of eight different geotextiles as separators.“”
Geotextiles, base, and subgrade samples were retrieved from in-service pavements for laboratory
testing. Pavement sections were in-service for a period ranging from one to seven years.
Evaluated geotextiles included five slit film wovens, two needle-punched nonwovens, and one
heat-bonded nonwoven. Laboratory tests included grain size distribution and moisture content
for base and subgrade materials. Geotextiles were tested for strength (grab tensile, trapezoidal
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tear, puncture resistance, and Mullen burst tests) and permittivity (volumetric flow rate of water
per unit cross sectional area).

Most of the geotextiles sustained some damage but it did not appear to affect the sections’
performance. Damage was usually induced during construction; either through sharp particles
(rocks, debris, etc.) that may puncture the geotextile or through heavy equipment. Lightweight
geotextiles were severely damaged while heavyweight geotextiles did not appear to be damaged.
Slit film woven geotextiles endured puncture holes when placed on coarse-grained subgrades.
The authors recommended that lightweight geotextiles should not be used as separators. In
addition, nonwoven geotextiles should only be used as separators for clayey and silty subgrades.

Guram et al. compared the performance and cost of geotextile-stabilized subgrade to lime-treated
subgrade.®” A pavement section was constructed with two methods of stabilization: a
nonwoven needle-punched geotextile (271g/m?) and a 24in lime-stabilized subgrade. Pavement
design was identical in both sections (150mm base and a chip seal). Long-term durability of the
geotextile section was assessed after nine years in service by exhuming the geotextile and
measuring the mechanical loss in strength as compared to the original samples.

The cost of the lime-treated section was $11.26/m” higher than the geotextile section. After six
months, the lime-treated section failed and required an additional overlay. The nonwoven
geotextile did not show any loss of strength after nine years in service. Elongation data also did
not show any change in the elongation properties of the geotextile. The exhumed geotextile did
not show major damage after extraction, with only two 1-mm holes. Although the subgrade was
of very poor quality, no distresses were observed in the nonwoven geotextile section.

Metcalfe and Holtz evaluated the survivability and drainage performance of 14 different
geotextiles as separators.®" Getoextiles, base, and subgrade samples were retrieved from in-
service pavement sections for laboratory testing. Subgrade and granular materials were tested
using grain size distribution, Atterberg limits, and moisture content. Geotextiles were tested for
strength and permittivity. Grain-size distribution tests showed that the base materials conformed
to the specs and did not show any evidences of fines migration. All geotextiles installed under
angular base materials experienced some damage, including two heavyweight geotextiles.
However, sustained damage did not appear to affect the performance of geotextiles to function as
separators. Slit film woven geotextiles appeared to experience difficulty performing a drainage
function in the subgrade due to blinding and caking. The authors recommend avoiding the use of
this type of geotextile in locations with high groundwater table.

Rowe and Badv investigated the effectiveness of using a geotextile and graded-granular filter to
minimize the intrusion of fines into a coarse stone layer.®® A laboratory setup was developed to
determine the potential intrusion of compacted clayey soil through a geotextile and into a layer
of coarse stone with a nominal size of 50mm. This setup simulates the design of waste disposal
facilities. The test cell consisted of two steel cylinders with 202mm and 305mm inside diameters
connected to each other by a steel flange. The stones were placed in the large cylinder and the
clayey soil was compacted in the small cylinder. The geotextile layer was exhumed from a
waste management facility so that it had already endured some construction damage. To
minimize side shear at the soil-cylinder interface, grease was applied around the inner surface of
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the small cylinder and a plastic sheet was placed in the cylinder prior to placing the soil.
Gradually increasing pressure was applied to the top of the apparatus. Testing was conducted at
different vertical pressures, saturated and unsaturated stones, with a geotextile, a granular filter,
and with no filter/separator. Testing was conducted for a period of one to two weeks. After
terminating the test, the stones were hand excavated and the percentage of fines in the granular
material was determined.

Geotextile effectively minimized the intrusion of fines into the stone voids. The quantity of
fines, which passed through the geotextile, was minimal. Most of the fines that passed through
the geotextile were due to compaction during installation. A granular filter that was placed
between the clayey soil and a layer of coarse stone was also efficient in preventing the intrusion
of fines into the granular layer. The intrusion of fines was limited to the upper 30mm of the
stone layer. A third case was simulated when a geotextile would be used, but it will then be
removed from the layered system. This situation simulates the case where a geotextile would be
used during construction and consolidation, but would then be removed due to physical
degradation of the interlayer. In this case, the clayey soil was brought into direct contact with
the stone layer. Recovered stone indicated that the voids in the upper 40mm of the granular layer
were completely filled with fines.

Al-Qadi et al. investigated the performance of geosynthetic stabilized flexible pavements based
on laboratory and field-testing.®> Eighteen different pavement sections were constructed and
tested dynamically in the laboratory. Three different types of geosynthetics were used at the
base-subgrade interface including two woven fabrics and a geogrid. The thicknesses of the base
course were 150 and 200mm, while the thickness of the HMA layer was kept constant at 70mm.
Loading was achieved using a circular steel plate with a diameter of 300mm. A 40kN load was
applied on the pavement surface at a frequency of 0.5Hz.

Based on the results of laboratory testing, a geotextile separator increased pavement service life
significantly. Geotextile stabilization was found to increase the pavement stiffness as pavement
surface displacement increased. This finding suggests that geosynthetics’ contribution mainly
comes into play whenever substantial rutting occurs in the subgrade. Without a separator
geotextile, a transition (intermixing layer) forms at the bottom of the base course layer and its
thickness increases with time. This transition layer is weaker than the base course layer.

Sprague evaluated the cost-effectiveness of separator geotextiles in low volume roads.*¥ Three
different types of geotextiles were installed as separators in three pavement cross sections. Two
geotextiles were needle-punched nonwoven interlayers and one type was slit-film woven. Three
different pavement designs evaluated in the test sections were the following: 65mm full-depth
HMA, 40mm HMA on top of 75mm granular base, and 25mm surface treatment on top of 75mm
granular base. A control segment was included in each pavement test section. The subgrade was
predominantly silt and silty clay. Pavement performance was monitored periodically through
visual inspection and distress surveys. Results of the distress survey were then used to calculate
the pavement condition index (PCI). After eight years in service, the entire road was resurfaced.

In the full-depth HMA test site, a section constructed with a 140g/m” needle-punched geotextile
performed best. The slit-film woven geotextile proved detrimental to pavement performance,
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since it caused slippage of the asphalt layer during placement. In the asphalt over granular-base
test site, the sections with geotextiles performed similarly to the control section. In the sections
with surface treatment, the performance of geotextile-stabilized pavements was superior to that
of the control section. However, this design was a poor performer compared to the other two
pavement designs. Pavement alternatives were compared on the basis of initial and maintenance
costs,. In most cases, life cycle costs for pavements incorporating separators were lower than the
cost associated with the control sections. Annual cost saving ranged from 5 to 15%.

Tsai et al. evaluated the performance of geotextiles to stabilize soft subgrade materials (shear
strength from 18 to 192kPa) based on the results of full-scale field tests.®> A full-scale field test
section was constructed with five different types of geotextile separators: four geotextiles were
non-woven and one was woven with a mass per unit area ranging from 132 to 240g/m’. A
control section was also included. The test site is located in Bucoda, Washington. The selected
test site had a long history of poor performance with significant rutting and fatigue cracking and
a high percentage of heavy trucks. Each test section was 7.62m, and a base course with two
thicknesses (150mm and 300mm) was installed on top of the geotextile. A 170mm HMA layer
was then placed on top of the base course. The subgrade was a clayey-soil with high moisture
content and more than 80% of the particles passing the No. 200 sieve. Instrumentation was
installed during construction including vertical soil strain gages, moisture, and temperature
sensors. Two base thicknesses were used (150 and 300mm). Traffic test (10 passes of a loaded
dump truck) was conducted during installation to simulate typical construction traffic. Rut-depth
was then measured and geotextile samples were extracted. After completion of construction,
traffic and FWD tests were conducted. The authors suggest that the use of a geotextile prevents
base/subgrade intermixing given that the interlayer is able to survive construction. Although the
use of a geotextile was not found to reduce permanent deformation, it improved the uniformity of
the rut depths. Among the five geotextiles tested, a nonwoven polypropylene interlayer with a
mass area of 270g/m” performed best based on visual observations and measured rut depths.
Nonwoven geotextiles appeared to enhance the drainage performance of the subgrade.

A phase II long-term monitoring of the field performance of the five different separator
geotextiles was continued after five years by Black and Holtz.®® Performance evaluation was
based on exploratory excavations on the inside wheel paths. At each exploratory location, soil,
base, and geotextile samples were collected and field and laboratory tests were conducted on the
subgrade soils. Field tests included pocket penetrometer, torvane, and nuclear densimeter.
Laboratory tests included grain size distribution and Atterberg limits. Various levels of iron
oxide staining were observed on the surface of the subgrade with a penetration depth ranging
from 10 to 30mm, although a deeper penetration of 250mm was observed in some of the
sections. The extracted geotextile experienced a minimal amount of damage due to construction.
After five years in service, various geotextiles were effective in providing acceptable pavement
performance with no signs of distresses in the test road section. However, one should note the
high HMA thickness used in the pavement design, as recommended by WSDOT. Exploratory
excavations indicated a zone of intermixing between the base layer and subgrade soil with a
thickness ranging from 30 to 50mm. Fines in the base layer were of the same color as the
subgrade soils. The amount of fines was not related to the level of damage experienced by the
geotextiles. Tests of the subgrade indicated that the soils have consolidated since the geotextiles
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were installed. It appears that the subgrade may have consolidated more in the sections with
geotextile than in the sections without geotextiles.

Phase III of the field investigation was conducted 12 years after installation by Collins et al.*”
The evaluation plan was based on field tests (extraction, visual inspection, pocket penetrometer,
torvane, nuclear densimeter, and FWD) and on laboratory tests (water content, grain size
analysis, Atterberg limits, permittivity, and retained tensile strength). After 12 years in service,
the test sections are still performing adequately. The successful performance may be in part due
to the use of geotextiles as separators. Results from FWD testing showed a decrease in
deflection with time over the 12-year period. The greatest increase in subgrade modulus
occurred six months after construction. However, the control section experienced a similar
increase, indicating that the benefits of separation may be overlooked due to the relatively thick
pavement sections. The geotextiles performed successfully as separators by preventing
intermixing of soil at the subgrade-base interface. However, the control section also had
minimal intermixing of soil at the subgrade-base interface. The performance of lightweight
geotextiles was comparable to heavyweight geotextiles in terms of separation, filtration, and
drainage after 12 years in service.

Suits and Koerner evaluated the field performance of five different geotextiles as separators
between a drainable base layer and a fine-grained subgrade soil.®® A test site located in New
York was constructed with five different geotextiles and a control section. The site under
investigation was a rural, two lane road with light traffic. The length of the project was 482m
and it is located in an area with high potential for the presence of moisture. Construction was
completed in November 1997. Four of the five geotextiles were non-woven while one was
woven. The mass per unit area for the geotextile used ranged from 169 to 264g/m*. Falling
weight deflectomter testing was conducted subsequently over three years since the completion of
the project. Analysis of the deflection data was conducted by calculating the change in the
subgrade modulus over time.

Although differences were noticed in the subgrade modulus between the test sections, the authors
attributed this initial difference to depth variation to bedrock. Over the four year monitoring
period, the site did not show signs of distresses. The change in subgrade modulus over the
monitoring period indicated a decreasing trend, as expected. The control section showed a
decrease in subgrade strength of 37%. One of the tested geotextiles experienced a decrease in
strength of 5% while another product showed a decrease of 48%. Long-term monitoring is
planned.

Naughton and Kempton correlated field damage to geotextiles when used as separators to
laboratory damage-simulated tests.®” In order to quantify the extent of damage experienced by
geotextiles during construction, eight geotextile products were tested (one woven, four thermally
bonded, and three mechanically bonded). Survivability of geotextiles was measured in the field
by measuring the reduction in tensile strength after being exposed to accelerated damage. Field
test consisted of exposing installed geotextiles to 14 passes of a 4-axle truck with a gross weight
of 32 tons. Geotextiles samples were then extracted and tested to determine retained tensile
strength. Laboratory damage was simulated based on ISO 10722. Evaluated laboratory
parameters included retained tensile strength, mass per unit area, strain energy, and peak strain.
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Laboratory simulated damage indicated a similar trend in terms of retained tensile strength to
that observed in the field trials. Mass per unit area correlated well with the retained tensile
strength parameter. On the other hand, strain energy and shape of the deformed geotextile did
not seem to be good indicators of a geotextile’s survivability. Geotextiles with a mass per unit
area of less than 175g/m” appeared to lose 50% of their initial tensile strength immediately after
installation. Survivability of geotextile was found to depend on the thickness of subbase placed
over the interlayer during installation. Most geotextiles will fail locally when subjected to a
protruding object such as scattered stones. While these localized ruptures may allow migration
of fines into the subbase, it does not appear to affect the ability of the interlayer to function as a
separator.

Narejo determined the opening size for separation geotextiles used with different soil types.®”
Opening size of a geotextile must prevent subgrade fines from moving up into base layer under
dynamic loads. AASHTO M288 specification recommends a geotextile apparent opening size
(AOS) of less than 0.6mm. Using published laboratory and field data, an evaluation of the
needed opening size was conducted. Data from 18 studies were collected and used in the
analysis. For each study, the dgs value for the tested soil was determined. The geotextile
apparent opening size Ogs was also identified, or derived from established relationship.

Using AASHTO M288 threshold value (AOS < 0.6mm) would lead to an Ogs/dgs ratio as high as
100. Under these conditions, it is not expected that the geotextile would be successful in
retaining soil. Collected and analyzed data indicates that in most cases, geotextiles with an AOS
of less than dgs value for the soil would function adequately as a separator. However, for fine
and clayey soils, the required AOS of a geotextile would be 0.5xdss value. For successful
separation function, Ogs/dgs should be < 1 for sandy soils and 0.5 for fine silts and clays. The
study concluded that the AOS recommendations of AASHTO M288 specifications might be
inappropriate.

2.4.3 Geosynthetics as Moisture Barrier

Paving fabrics have been tested as moisture barriers in several pavement proj ects. 162 Although
many laboratory studies emphasized the waterproofing benefits of paving fabrics,® there have
been limited actual field quantification of these benefits. The drainage capability of
geosynthetics has long been a source of debate, as it has generally been difficult to verify.
However, with advances in electromagnetic techniques, moisture monitoring using time-domain
reflectometry (TDR) and ground-penetrating radar (GPR) appears more feasible. These new
techniques appear to offer a reliable solution for verifying paving fabric waterproofing benefits.
In 1999, Al-Qadi and Loulizi employed a GPR system to detect the presence of moisture beneath
pavements.(62)

In 2001, Elseifi et al. monitored moisture variation in a subbase aggregate layer placed
underneath a drainage layer using time domain reflectometry (TDR) and GPR.®” Two sections
were compared over different precipitation periods. In one section, a geocomposite membrane
was placed underneath the drainage layer and on top of the aggregate subbase, while in the
second section no interlayer system was used. Ground penetrating radar (GPR) was periodically
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used to monitor water movement in the pavement sections. Results of the GPR surveys indicated
that using a geocomposite membrane underneath a drainage layer forms a water barrier,
preventing the saturation of underlying layers and facilitating the lateral drain of water (figure
2.3). Results of GPR data analysis indicated that the use of the geocomposite membrane reduced
water infiltration to the aggregate base layer by as much as 40% when measurements were
performed after rain.®” It was also found that the moisture content underneath the interlayer was
almost constant and therefore independent of the amount of rainwater, which is the primary
source of moisture in pavement systems that have a low water table. The impact of moisture in
the granular layers is investigated using the results of a deflection monitoring program. Results
indicated that the area with the geocomposite membrane always showed less deflection than the
area without the interlayer. Results of TDR moisture sensors validated the effectiveness of the
geocomposite membrane in abating water infiltration into the subbase layer even in the event of
heavy rain. In conclusion, a pavement drainage system composed of a permeable asphalt-treated
drainage layer backed by a geocomposite membrane appears capable of removing drainable
water from the pavement system, and provides a dry service condition for the underlying layers,
even in the event of heavy rain.

2.4.4 Geosynthetics as Reinforcement of HMA Overlays

Geosynthetic interlayer system is one of the most widely used methods to control reflective
cracking in pavements. However, no effective method has been developed to quantitatively
assess geosynthetic interlayer systems, or accurately predict their performance. Experimental
results have been used to estimate the geosynthetic contribution in increasing the overlay service
life. Others used numerical models to predict the geosynthetic contribution. Although the
geosynthetic interlayer system contribution has been inconclusive, research conducted in this
field help better understand the mechanisms of geosynthetic interlayer systems in abating
reflective cracking.

Chen and Frederick investigated the effectiveness of non-woven geotextiles as a stress-relieving
interlayer when installed prior to placing an overlay.” Two techniques were investigated: area-
wide application and geotextile strips over single cracks. The strip application failed within the
first year and the authors recommended against their use in the future. In the area-wide
application, the sections with geotextile performed better than the control sections: The interlayer
treatment resulted in a three-year increase in the service life of the overlay. However, based on
life cycle cost analysis, interlayer treatments were not cost effective when compared to normal
overlays.
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Figure 2.3 GPR survey on a section (a) with geocomposite membrane and (b) without
geocomposite.

As part of the annual highway performance monitoring system (HPMS), two geogrid types
were tested on Interstate Highway 10.°® Four rehabilitation techniques were compared on a
single lane: two geogrid types (one heat sensitive, and a heat resistance type) and two routine
rehabilitation methods with a variety of overlay thicknesses. Performance after three years of
heavy traffic showed that the section incorporating the heat sensitive geogrid failed shortly
after traffic application. The geogrid with heat resistance performed satisfactorily; but did
not outperform other rehabilitation techniques.

The Minnesota Department of Transportation (MDOT) tested two glass-grid types and a
geogrid.®® Both glass-grid types had installation problems. No paving problems occurred
with the geogrid. However, the final evaluation of the geogrid concluded that this interlayer
is not suitable for large-scale projects because of the tensioning operation required during
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installation. New Mexico State Highway and Transportation Department (NMSHT) also
tested both geogrid and glass-grid interlayers. A slight improvement was noticed for the
geogrid sections; but the installation caused major delays.

Based on laboratory results Komatsu et al. found that geogrid-reinforced HMA showed
“remarkable” performance when compared to unreinforced samples.®” The study reported
that the improvement in durability was found to increase with the decrease in geogrid-mesh
size due to the improved interlock between the grid and the surrounding material.

Carmichael and Marienfeld reviewed and synthesized the existing literature on the use of
paving fabrics in enhancing the performance of HMA overlays over existing flexible or rigid
pavement systems.®® Over 200 reports on the use of nonwoven paving fabrics were
reviewed, and 50 experts were interviewed. The use of nonwoven paving fabrics in

enhancing the performance of HMA overlays were divided into four distinct applications:

o Paving fabric with a chip seal over an existing subgrade or unbound base layers.
o Paving fabric with a chip seal over an existing flexible pavement.

e Paving fabric over an existing flexible pavement.

o Paving fabric over an existing rigid pavement.

Carmichael and Marienfeld identified two major benefits of the interlayer system when used in
these applications: control of moisture infiltration to the pavement layers and delay of the
reflection of existing cracks and joints. In general, based on the observed performance of over
50 various test sites, it was concluded that the use of nonwoven paving fabrics is successful for
these applications. As an example, the results of a test site in France were reported, where
similar sections with and without geotextile were compared. After ten years in service, the
control section exhibited 65% reflection cracking, while the fabric section showed 40%
reflection cracking. Based on the reviewed literature and the interviewed experts, the authors
concluded that the use of a paving fabric increases the overlay performance by a factor
equivalent to 30.4 to 54.7mm in HMA overlay thickness, with an average performance
equivalency of 33.0mm. Although the detailed life-cycle cost analysis (LCCA) was not
presented, it was based on the assumption that the cost of a nonwoven paving fabric in place is
equivalent to the cost of 12.7mm of HMA overlay.

Buttlar et al. evaluated the cost-effectiveness of paving fabrics in delaying reflective cracking
based on the performance of 52 projects in Illinois.”” One of the most common systems
(System A) used in Illinois to control reflective cracking consists of sealing joints and cracks,
placing a leveling course, applying a tack coat, and installing a non-woven reinforcing fabric
followed by an overlay. Performance data were collected and life-cycle cost analysis was
conducted. To allow for sound comparisons, evaluated sections were divided according to two
main factors: treatment type (strip, area, and control) and climatic zone (northern, central, and
southern Illinois). The size of the project was also used to divide the sections into small,
medium, and large projects. The distribution of the projects was 26 strip, 17 area, and 9 control
sections. The condition rating survey (CRS) system used in Illinois as part of its pavement
management system was adopted to assess performance along with crack surveys. Life-cycle
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cost analysis considered the cost of the overlay, reflective crack control cost, crack sealing cost,
and milling cost. Cost of the fabric was dependent on the size of the project.

Performance data indicated that the overlay service life would be 11.5, 14, and 10.4 years for
strip-treated, area-treated, and control sections, respectively. Area-treated projects showed little
benefit in retarding reflective cracking in the transverse direction. However, reduced loss of
serviceability was noticed indicating that waterproofing benefits are present long after the
appearance of reflective cracking. Life-cycle cost analyses indicated that cost saving ranged
from break-even in small projects to a savings of about 6.2% in large projects. However,
because of the variability in the results, the differences in life-cycle cost were statistically
insignificant. Permeability tests were conducted on extracted cores in areas with moderate to
high-severity reflective cracking to assess the waterproofing benefits of paving fabrics. Results
indicated that the fabric functions effectively as a moisture barrier even after appearance of
reflective cracking.

Darling and Wooltencroft evaluated the performance of glass grid in delaying reflection cracking
through monitoring of two test sections.””” Performance of the two test sections was monitored
for four years after rehabilitation using visual surveys conducted on a bi-yearly basis. In these
projects, glass-grid was used to delay reflection cracking, but was not evaluated as a way to
reduce overlay thickness. The sections characteristics were as follows:

e US 190 (AADT of 8,900) consisted of two original designs: a full-depth HMA over a
cement stabilized base and a composite section consisting of a 195mm HMA on top of a
200mm concrete layer. Two types of glass grid were used. A light grid was used over
the total width of the pavement while a heavy grid was used at three major intersections.
The rehabilitation strategy consisted of milling 50 to 100mm of the existing HMA,
placing 37.5mm of binder course, followed by the installation of a self-adhesive grid and
37.5mm of wearing course. There were no control sections in the composite section; but
two controls sections were included in the full-depth HMA section.

e US 96 (AADT of 20,600) consisted originally of two designs: a 300mm thick HMA base
and an overlay of 45 to 87.5mm thick; and a 250mm thick cement stabilized base and a
100mm HMA overlay. A light grid was placed between a 37.5mm leveling course and a
37.5mm HMA wearing course. Repair prior to rehabilitation included removing existing
flexible pavement patches and refilling them. Even though milling removed many of the
existing cracks, the pavement structure was still highly deteriorated after treatment.

On US 190, the glass grid performed exceptionally well as compared to the control section. For
the full-depth HMA section and after four years of service, only 0.44% of the cracks reflected to
the surface compared to 7.65% in the control in the transverse direction. In the longitudinal
direction, only 2.55% of the cracks reflected to the surface compared to 74.3% in the control
sections. For the concrete section, no control section was available. For the glass grid sections,
18.3% of the transverse cracks reflected to the surface after four years of service. In the
longitudinal direction, 1.82% of the cracks reflected to the surface. In US 96, 42.9% of the
transverse cracks reflected to the surface in the control section after four years of service
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compared to 18.8% in the sections treated with glass grid. In the longitudinal direction, 14.2% of
the cracks reflected in the control section compared to 1.4% in the reinforced section.

Deuren and Esnouf presented the performance of a system consisting of a chip seal reinforced
with a geotextile membrane to treat severely cracked asphalt pavements.”” The system consists
of an ultra-thin overlay on top of a chip seal reinforced with a geotextile membrane. This
system, which is widely used in Australia, consists of a paving geotextile saturated with bitumen
and covered with either a single or double bituminous chip seal. A thin overlay (12 to 15mm in
thickness) is then applied. The advantage of the described treatment is that it prevents water
infiltration into the pavement layers and allows for vertical movement at the cracks due to its
high flexibility. This system has been used successfully for over 10 years in over 200 locations
in Australia. The authors indicate that the average service life of this system is at least 10 years.

Hughes and Somers evaluated the field performance of selected interlayer systems in delaying
reflective cracking.”” Two sections were selected for this project. The existing pavement in
both test sections consisted of an overlaid rigid pavement. The selected test sites were carrying
heavy traffic loads and were subjected to extreme climatic conditions. A control section was
available at both locations. In the first test section, the geogrid composite and the paving fabric
were installed under a 37mm overlay. In the second test section, the glass-grid was also installed
under a 37mm overlay. No repair was conducted to the existing pavement prior to rehabilitation.
In general, installation of the interlayers was successful. However, the paving fabric was picked
up by the tires of the haul trucks during installation. This was attributed to the high temperature
during installation, which did not allow the tack coat to harden sufficiently.

The geogrid composite and the paving fabric were not successful in delaying reflective cracks as
they showed comparable performance to the control section. Both the unreinforced and
reinforced sections started to show reflective cracks in the third year of the study. The tested
glass-grid showed poor performance after the second year although the reinforced section
performed better than the control section during the first year. Although the monitoring process
was planned for three years, it was discontinued after the second year as the reinforced section
started to deteriorate rapidly and would have been detrimental to the road foundation and the
public safety.

Quaresma et al. evaluated several techniques to prevent transverse reflection cracks resulting
from the reflection of shrinkage cracks in cement stabilized bases.”” Seven test sections have
been constructed in road IPS, Portugal. The average daily traffic in each direction was around
8000 with approximately 6% trucks. The pavement cross section consisted of 50mm HMA
wearing course, 70mm HMA base, and 250mm cement-stabilized base. The evaluated
treatments to prevent reflective cracking consisted of placing different interlayer systems at the
interface of the cement-treated and HMA bases. These materials were a 150mm granular layer
with two nominal sizes; a 40mm sand bitumen layer with 5Smm maximum nominal size aggregate
and 8% SBS modified binder; an 80mm penetration macadam with 40/65mm aggregate and
binder sprayed at a rate of 7kg/m’; and a geotextile after spraying a bituminous emulsion at a rate
of 1kg/m”. Several types of geotextiles were tested including nonwoven needle punched or
thermally bonded and woven. In one test section, pre-cracking was induced in the cement-
stabilized base by surface grooving at regular intervals ranging from 5 to 15m. A flexible
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pavement control section was also constructed with a 50mm thick wearing surface, 140mm
HMA base, 200mm granular base, and 150mm granular subbase. Monitoring techniques of the
test sections included distress measurements, macrotexture, longitudinal evenness, friction, and
deflection.

Conditions of the test sections after a 10-year monitoring period showed that the best
performance was obtained in the sections with pre-cracking and geotextiles with a percentage
cracking of less than 20%. The sections with a granular layer performed differently depending
on the nominal maximum size. For the granular layer with a nominal maximum size of 20mm,
only 30% of reflective cracking appeared at the end of the monitoring period compared to 75%
in the section with a granular layer with a nominal maximum size of 37.5mm. The sections with
sand-bitumen and penetration macadam performed poorly with an 85% reflective cracking
appearance.

Storsteen and Rumpca evaluated the performance of geosynthetics products Ling Tac-711N and
Strata Grid-200 in delaying reflective cracking at the joints of Portland Cement Concrete (PCC)
pavements.”” A 2.2km test section located on Interstate 29 was divided into 12 segments, each
containing ten joints. Each segment was rehabilitated with Strata Grid 200, Linq Tac-711N, or
no geosynthetics. Three rehabilitation strategies were also tested:

e Maximum Rehabilitation: four-foot sections of concrete were removed at the joints.
Steel bars were then placed and fresh concrete was laid over them.

e Minimum Rehabilitation: Minor repairs were conducted at the joints.

e Sawed joints in the HMA overlay directly above the joints.

Performance of the test sections was monitored for a period of three years. During this period,
monitoring of the joint movement, reflective cracking, shoulder cracking, and additional cracks,
was conducted. A cost analysis was also conducted to determine the benefits of geosynthetics in
this application. Trucks maneuvering on top of the Strata Grid-200 caused bubbling of the
interlayer as it was pulled from tack on the tires. On the other hand, installation of the Linq Tac-
711N was successful and simple.

Most of the unsawed joints reflected through the HMA overlay regardless of the use of fabrics.
Additional cracks also reflected adjacent to the joints and were monitored. On average, the
sections with Strata Grid-200, unsawed, and maximum rehabilitation joints performed poorly
with 25% of the joints reflecting through the overlay. The sections with no fabric or with Linq
Tac-711N had 15% of the joints reflecting through the overlay. Results of the cost analysis
indicated that the most preferred treatment would be one with no geosynthetic fabric, sawed, and
with minimum rehabilitation prior to overlay. Linq Tac-711N performed better than Strata Grid-
200, but did not out perform control sections.

Brown presented a rehabilitation treatment that could be used on secondary roads reaching the
end of their service life.”” The author notes that the use of HMA overlay on paving fabric to
repair severely damaged pavements may not be cost-effective considering the high cost of HMA,
key cut grinding at gutters and approaches, and the raising of utilities to new elevations. Instead,
a double chip seal process backed with a paving fabric has shown acceptable field performance
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by reducing reflective cracking by as much as 90%. This treatment starts by cleaning and drying
the existing surface. It is critical to ensure that the surface is completely dry in order to achieve
adequate bond between the fabric and the existing pavement. A standard 4-0z nonwoven fabric
is recommended. Tack-coat application rate varies from 0.30 to 0.40gal/yd” depending on the
pavement conditions and ambient temperatures. Before cooling of the oil, the mat is placed
directly using a tractor applicator. The first layer of chip seal is then applied. The author
recommends using polymerized rapid-setting emulsion for the chip binder. After compaction,
the second layer of chip seal is applied with a smaller screening size to allow the chips to key in.

A cost comparison was established between the proposed procedure and a regular 50mm overlay
on top of a pavement fabric. The proposed treatment would cost $20,000 to $25,000 per lane
mile compared to $60,000 to $70,000 per lane mile for the regular process. Savings were
derived from the fact that key cutting and utility raising are not needed since the total added
thickness is only 12.5mm. Aggregate transportation costs are also reduced when the double chip
seal technique is used. The author presented the performance of the proposed procedure. After
six years of using the double chip seal procedure, the pavement was still in excellent service
conditions although being severely damaged prior to rehabilitation.

Steen presented the use of paving fabrics to reduce reflective cracking originating from cement-
treated bases.’® The author indicates that the use of cement or lime-treated bases is increasingly
favored for pavement construction over weak subgrades. This base type provides a strong
foundation for the pavement and helps reducing rutting. It is also a common practice to pre-
crack the base in order to reduce thermal movements into this layer. However, even with pre-
cracking, this type of base is likely to crack due to the rigidity of the layer. In this case, paving
fabrics may be effectively used as a stress reliever in order to extend the pavement service life
against reflective cracking originating from the base layer. The author discusses some successful
applications of this methodology. In one project, pre-crack cement-treated base was used to
increase the pavement structure capacity. However, reflective cracking appeared right after the
construction of the first lift of HMA overlay. The use of a tack-coat saturated paving fabric was
successful. Two similar projects were also described.

Based on field experience, it is recommended that the paving fabric be installed between the two
lowest layers of asphalt overlay and not directly on top of the cement-treated base. This provides
a uniform platform for tack-coat application. Even with the use of fabrics, pre-cracking is
recommended as it is reduces thermal movement and is inexpensive. Pre-cracking is usually
conducted during construction prior to setting of the stabilized material. The use of paving
fabrics offers the advantage of obtaining stress relieving benefits as well as water proofing
capabilities. Based on field experience, the use of a paving fabric is comparable to the cost of
10mm of HMA overlay. According to the author, this is cost effective compared to the use of a
thick overlay to combat reflective cracking.

Recently, a study by Al-Qadi et al. evaluated the ability of interlayer systems used in HMA
overlays to retard reflective cracking.'® Field crack surveys and forensic investigation,
including video imaging and ground penetrating radar surveys as well as laboratory testing of
cored specimens, were conducted to examine the behavior of reflective cracking and reflective
cracking control systems applied in Illinois. Crack extent and severity were recorded at 24
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locations across Illinois. The performance evaluation focused on five types of interlayer
systems. Area and strip-type non-woven fabric; two strip-type composite; and a fine, high
polymer content HMA interlayer system. Two reflective cracking indices were developed to
characterize the condition of HMA overlays regarding reflective cracking as well as transverse
cracking. In addition, a performance benefit ratio parameter, BRp, was developed to assess the
performance of treated pavements relative to control sections. The study provided a quantitative
assessment for various types of reflective cracking interlayer systems. In addition, it provides a
means to predict the performance of several interlayer systems under various vehicular and
environmental loading conditions through a simple ESAL-Tr chart. It also provides tools for the
selection of appropriate reflective crack control treatments based upon traffic, climate, and life
cycle costs using a user-friendly life cycle cost analysis program (CIND — Cost Effective
Interlayer Decision). The performance of area geosynthetic was marginal; while the composite
strip ISAC performed well; but its cost effectiveness was dependent on crack/joint spacing and
two layers of HMA were needed to reduce potential roughness on the surface.

2.5 RECOMMENDATIONS

In recent years, interlayer systems have received considerable attention as viable solutions to the
problem of enhancing flexible pavement performance. The introduction of such systems to the
transportation field was prompted primarily by the unsatisfactory performance of traditional
materials to dramatic increase and change in traffic patterns. Although it is generally recognized
that each interlayer system should be used for a specific application, interlayer system
mechanisms are still misunderstood. Interlayer systems are actually inappropriately used and ill
installed in many cases. In addition, a huge number of testing standards and specifications are
currently available on geosynthetics; many of them are not measuring fundamental properties of
the materials, nor predicting their field performance. This led to misuse and, hence, the negative
contribution of some interlayer systems to pavement performance. This has been confirmed by
the contradictory opinions and experiences reported in the literature. While some studies
emphasized the surplus advantages, such as substantial savings in layer thicknesses, others found
the benefits of interlayer systems were marginal and in some case detrimental. In summary, a
thorough understanding of the factors that affect the performance of geosynthetics in pavement
systems has not been developed. In addition, due to the uniqueness of pavement system
structures and their responses to vehicular loading, this task requires strong knowledge and
experience in pavement engineering and mechanics.

To optimize the use of interlayer systems in flexible pavement, a number of guidelines should be
developed in determining whether an interlayer system is applicable:

e Subgrade-Granular Base Stabilization/Separation: Geotextiles may be effectively
used to improve the performance of pavements built on weak subgrade through
stabilization/separation. It can be used for stabilizing weak subgrade for pavement
construction or to prepare it as a platform. Separation, on the other hand, maintains the
integrity of the granular base layer and subgrade. The mechanism of separation simply
prevents the intrusion of granular base aggregate into soft subgrade, and/or the
movement/pumping of subgrade fines into granular bade layer. This action would
jeopardize the granular layer stiffness without increasing the subgrade strength capacity.
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The reduction of granular base stiffness could be caused by a reduction in its effective
thickness or its resilient modulus due to the increase in fine content. Although the
separation mechanism is well understood, it is not quantified. Hence, a relationship
between the Apparent Opening Size (AOS) of geotextile and subgrade gradation needs to
be established. In addition, the inter-relationship between geosynthetic durability for
construction, optimum application, and cost effectiveness, subgrade structural strength
threshold, load application, pavement structure, and environment need to be quantified.

Subgrade-Granular Base Reinforcement: The use of geogrids and geotextiles for
subgrade-granular base interface reinforcement has been well documented. It is evident
that through interlocking, which increases friction, and lateral strain confinement,
geogrids can provide significant improvement to pavement systems built on weak
subgrade. However, this improvement has been ill-quantified because of using models
loaded with erroneous assumptions to explain laboratory or field results. Recent studies
at University of Illinois by Al-Qadi et al. showed clearly the importance of geogrid in
reducing lateral movement of granular materials; especially in the direction of traffic.'”
Such available data can be used to better understand the mechanism of geogrids, quantify
the benefits, and generate thresholds for application. For example, although geogrid may
provide significant benefits for low volume roads, its benefits would diminish as the
HMA layer increases; hence, its advantage for applications in high volume roads is
questionable. In addition, given the aforementioned mechanism of geogrid, its optimum
use evidently may not be at the interface of subgrade-base layer when the layer thickness
is > 300mm. According to Al-Qadi et al.,"® this should be in the upper 1/3 of the
granular base layer as shown by pavement response and full scale accelerated testing.

Drainage: An effective moisture barrier interlayer, usually a geomembrane or geotextile,
can prevent the saturation of underlying layers and force water to drain laterally to a
shoulder drain system, given that the water table level is sufficiently low. The
effectiveness of the interlayer as a moisture barrier mainly depends on the interlayer
staying intact after installation. Hence, a permeability requirement, as well as
construction durability specifications, is required for such application. In addition,
guidelines on its optimum location are needed.

HMA Reinforcement/Stress Absorption: geotextile, geogrid and glass-grid have been
used as interlayer systems under HMA overlays. However, there is no consensus on the
true benefits of this application for rehabilitated pavements; the contributing mechanism
is not well-understood. In addition, serious construction problems were encountered.
Therefore, this particular application requires significant “scientific” testing to better
understand the geosynthetics contribution to the rehabilitation process of pavements.
This requires identifying when to use an interlayer system, which type, ability to control
the extent and severity of temperature and/or vertical working cracking, etc. Installation
and effect on overlay recycling are very important issues that need to be addressed.

36



2.6 REFERENCES

1.

2.

10.

1.

12.

13.

14.

15.

16.

Barksdale, R. D. (1991). “Fabrics in asphalt overlays and pavement maintenance.” NCHRP
Report 171, Transportation Research Board, Washington, D.C.

Beckham, W. K., and Mills, W. H. (1935). “Cotton-fabric-reinforced roads.” Engineering
News Record, Vol. 114, No. 14.

Francken, L., and Vanelstraete, A. (1992). “Interface systems to prevent reflective cracking.”
Proc., 7th International Conference on Asphalt Pavements, International Society for Asphalt
Pavements, Nottingham, UK, 45-60.

Kennepohl, G., Kamel, N., Walls, J., and Hass, R. C. (1985). “Geogrid reinforcement of
flexible pavements design basis and field trials.” Proc., Annual Meeting of the Association of
Asphalt Paving Technologists, Vol. 54, San Antonio, TX, 45-75.

Donna, H. S. (1993). “Crack-reduction pavement-reinforcement glassgrid.” Colorado
Department of Transportation, prepared in cooperation with the U.S. Department of
Transportation, Federal Highway Administration.

Bhutta, S. (1998). “Mechanistic-empirical pavement design procedure for geosynthetically
stabilized flexible pavements.” PhD thesis, Dept. of Civil Engineering, Virginia Polytechnic
Inst. and State University, Blacksburg, VA.

Chen, H. J.,, and Frederick, D. A. (1992). “Interlayers on Flexible Pavements.”
Transportation Research Record 1374, Transportation Research Board, Washington, D.C.
Rigo, J. M. (1993). “General introduction, main conclusions of 1989 conference on reflective
cracking in pavements, and future prospects.” Proc., 2nd International RILEM Conference —
Reflective Cracking in Pavements, E & FN Spon, Liege, Belgium, 3-20.

Hozayen, H., Gervais, M., Abd El Halim, A. O., and Haas, R. (1993). “Analytical and
experimental investigations of operating mechanisms in reinforced asphalt pavements.”
Transportation Research Record 1388, Transportation Research Board, Washington, D.C.,
80-87.

Zanten, R. V. (1986). Geotextiles and geomembranes in civil engineering, J. Wiley, New
York, NY.

Steen, E. R. (2000). “Road maintenance: technical aspects regarding the choice of
geosynthetics.” Proc., 4™ International RILEM Conference — Reflective Cracking in
Pavements, E & FN Spon, Ontario, Canada, 507-516.

Huges, C. S., and McGhee, K. H. (1973). “Results of reflective crack questionnaire survey.”
Report No. VHRC 72-R25, Virginia Highway Research Council.

Lytton, R. L. (1989). “Use of geotextiles for reinforcement and strain relief in asphalt
concrete.” Geotextiles and Geomembranes, Vol. 8, 217-237.

Monismith, C. L., and Coetzee, N. F. (1980). “Reflection cracking: analysis, laboratory
studies and design considerations.” Proc., Annual Meeting of the Association of Asphalt
Paving Technologists, Vol. 49, Louisville, KY, 268-313.

Button, J. W., and Lytton, R. L. (1987). “Evaluation of fabrics, fibers and grids in overlays.”
Proc., 6th International Conference on Structural Design of Asphalt Pavements, Vol. 1, Ann
Arbor, MI, 925-934.

Al-Qadi, 1. L. Buttlar, W. G., Baek J., and Kim, M. (2008). “Effectiveness Assessment of
HMA Overlay Interlayer Systems Used to Retard Reflective Cracking.” ICT-RC58 Final
Project Report, ICT, UIUC, Urbana, Illinios.

37



17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Majidzadeh, K. (1976). “A laboratory investigation of the use of Petromat for optimization of
pavement performance.” Ohio State University, Sponsored by Phillips Petroleum Company.
Donovan, E. P., Al-Qadi, I. L., and Loulizi, A. (2000). “Optimization of tack coat application
rate for a geocomposite membrane used on bridge decks.” Transportation Research Record
1740, Transportation Research Board, Washington, D.C., 143-150.

Koerner, R. M. (1994). Designing with geosynthetics, 3™ ed., Prentice Hall, NJ.

Halim, A. O. A., Haas, R. C. G., and Phang, W. A. (1983). “Geogrid Reinforcement of
Asphalt Pavements and Verification of Elastic Theory.” Transportation Research Record
949, Transportation Research Board, Washington, D.C., 55-65.

Barksdale, R. D., Brown, S. F., and Chan, F. (1989). “Potential benefits of geosynthetics in
flexible pavements.” NCHRP Report 315, Transportation Research Board, Washington, D.C.
Al-Qadi, I. L., Brandon, T. L., Valentine, R. J., Lacina, B. A., and Smith, T. E. (1994).
“Laboratory evaluation of geosynthetic-reinforced pavement sections.” Transportation
Research Board 1439, Transportation Research Board, Washington, D.C., 25-31.

Puffer, W. G. (1991). “Geotextiles and the Pan-American Highway.” Proc., Geosynthetics
1991, Atlanta, GA, 673-689.

Webster, S.L. (1993). “Geogrid Reinforced Base Courses for Flexible Pavements for Light
Aircraft, Test Section Construction, Behavior under Traffic, Laboratory Tests, and Design
Criteria.” Technical Report GL-93-6, USAE Waterways Experiment Station, Vicksburg,
Mississippi.

Austin, D. N. and Coleman, D. M. (1993). “A Field Evaluation of Geosynthetic-Reinforced
Haul Roads over Soft Foundation Soils.” Proc., Geosynthetic Conference, Vancouver, BC,
Canada, Lacina, B. A, 65-80.

Al-Qadi, 1. L., and Bhutta, S. A. (1999). “In Situ Measurements of Secondary Road Flexible
Pavement Response to Vehicular Loading.” Transportation Research Record 1652,
Transportation Research Board, Washington, D.C., 206-216.

Loulizi, A., Al-Qadi, 1. L., Bhutta, S. A., and Flintsch, G. W. (1999). “Evaluation of
geosynthetics used as separators.” Transportation Research Record 1687, Transportation
Research Board, Washington, D.C., 104-111.

Al-Qadi, I. L., and Appea, A. K. (2003). “Eight-Year Field Performance of Secondary Road
Incorporating Geosynthetics at Subgrade-Base Interface.” Transportation Research Record
1849, Transportation Research Board, Washington, D.C., 212-220.

Metcalf, J. B., Rasoulian, M., Romanoschi, S., and Yongqi, L. (1997). “The Louisiana
Accelerated Loading Facility - Report 1, Experiment 1, Phase 1.” Report for Louisiana
Department of Transportation and Development and Louisiana Transportation Research
Center.

Cancelli, A. (1999). “In-ground test for geosynthetic reinforced flexible paved roads.” Proc.,
Geosynthetics 99, Boston, MA, 863-878.

US Army Corps of Engineers. (1999). Chemical Demilitarization Alternative Technology
Program: Test Strip Pilot Study.

Perkins, S., and Cortez, E. R. (2004). “Evaluation of Base-Reinforced Pavements Using a
Heavy Vehicle Simulator.” Paper presented at g2 Transportation Research Board Annual
Meeting, TRB 2004 Annual Meeting, CD-ROM, Washington, D.C.

Warren, K. A., and Howard, I. L. (2004). “Low Volume Flexible Pavement Roads
Reinforced with Geosynthetics.” Final Report No. AHTD TRC-0.406, Arkansas.

38



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Aran, S., (2006). “Base Reinforcement with Biaxial Geogrid — Long Term Performance.”
Journal of the Transportation Research Board, No. 1975, Transportation Research Board,
Washington, D.C., 115-123.

Reyes, F., and Kohler, E. (2006). “Colombian Experience with Accelerated Testing of
Geogrid-Reinforced Flexible Pavement.” Paper No. 06-1524 Presented at the 84"
Transportation Research Board Annual Meeting, TRB 2006 Annual Meeting CD-ROM,
Washington, D.C.

Al-Qadi, 1. L., Tutumluer, E., Kwon J., and Dessouky, S. (2007). “Accelerated Full-Scale
Testing of Geogrid-Reinforced Flexible Pavements.” Paper No. 07-2317 Presented at the
Transportation Research Board 86™ Annual Meeting, Washington, D.C.

Holtz, R. D. and Sivakugan, N. (1987). “Design Charts for Roads with Geotextiles.”
Geotextiles and Geomembranes, Vol. 5, No. 3, 191-199.

Giroud, J. P. and Noiray, L. (1981). “Geotextile-reinforced unpaved road design.” Journal of
the Geotechnical Engineering Division, ASCE, 107, No. GT9, 1231-54.

Dondi, G., (1994). “Three-Dimensional Finite Element Analysis of a Reinforced Paved
Road.” Proc., Fifth International Conference on Geotextiles, Geomembranes, and Related
Topics, Vol. 1, 95-100.

Liu, X., Scarpas, A., Blaauwendraad, and Genske, D. D. (1998). “Geogrid Reinforcing of
Recycled Aggregate Materials for Road Construction.” Transportation Research Record
1611, Transportation Research Board, Washington, D.C., 78-85.

Perkins, S. W., Edens, M. Q., Wang, Y., and Gragaszy, R. J. (2000). “Finite Element Model
Iustrating Geosynthetic Reinforcement Mechanisms for Paved Roadways.” Proc., Second
European Geosynthetics Conference, EuroGeo 2000, Bologna, Italy.

Perkins, S. W., and Edens, M. Q. (2002). “Finite Elements and Distress Models for
Geosynthetic-Reinforced Pavements.” International Journal of Pavement Engineering, Vol.
3, No. 4, 239-250.

Perkins, S. W., and Edens, M. Q. (2003). “A Design Model for Geosynthetic-Reinforced
Pavements.” International Journal of Pavement Engineering, Vol. 4, No. 1, 37-50.

Saad, B., Mitri, H., and Poorooshasb, H. (2006). “3D FE Analysis of Flexible Pavement with
Geosynthetic Reinforcement.” Journal of Transportation Engineering, American Society of
Civil Engineers, Vol. 132, No. 5, 402-415.

Carroll, R. G., Walls, J. C., and Haas, R. (1987). “Granular Base Reinforcement of Flexible
Pavements Using Geogrids.” Proc., Geosynthetics Conference, New Orleans, LA, 46-57.
Nejad, F. M., and Small, J. C. (1996). “Geogrid reinforcement of pavements.” Proc., 7
Australia New Zealand Conference on Geomechanics: Geomechanics in a Changing World,
Adelaide, South Australia, 129-133.

Ho, R. (1997). “Test Pit Study of Geosynthetic Reinforcement of Base Materials over
Preconsolidated Organic Soil.” Report for the Florida Department of Transportation.

Leng, J., Ju, T. J., and Gabr, M. A., (2002). “Characteristics of Geogrid-Reinforced
Aggregate under Cyclic Load.” Transportation Research Record 1786, Transportation
Research Board, Washington, D.C., 29-35.

Holtz, R. D. and Page, M. W. (1991). “Performance of Geotextile Separators — Phase 1.”
Final Technical Report, Washington State Department of Transportation, Report No. WA-
RD 280.1.

39



50.

51.

52.

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

66.

Guram, D., Marienfeld, M., and Hayes, C. (1994). “Evaluation of Nonwoven Geotextile
versus Lime-Treated Subgrade in Atoka County, Oklahoma.” Transportation Research
Record 1439, Transportation Research Board, Washington, D.C., 7-11.

Metcalfe, R. C. and Holtz, R. D. (1994). “Performance of Geotextile Separators in Western
Washington.” Final Technical Report, Washington State Department of Transportation,
Report No. WA-RD 321.1.

Rowe, R. K., and Badv, K. (1996). “Use of a Geotextile Separator to Minimize Intrusion of
Clay into a Coarse Stone Layer.” Geotextiles and Geomembranes, Vol. 14, No. 2, 79-93.
Al-Qadi, I. L., Brandon, T., and Bhutta, S. (1997). “Geosynthetic Stabilized Flexible
Pavements.” Proc., Geosynthetics "97, Long Beach, USA, Vol. 2, 647-661.

Sprague, C. J. (1997). “The Cost Effectiveness of Separation Geotextiles: 9-year Update.”
Proc., Geosynthetics ‘97, Long Beach, USA, 693-699.

Tsai, W. S., Savage, B. M., Holtz, R. D., Christopher, B. R., and Allen, T. M. (1993).
“Evaluation of Geotextiles as Separators in Full-Scale Road Test.” Proc., Geosynthetics 93,
Vancouver, B.C., Vol. 1, 35-48.

Black, P. J. and Holtz, R. D. (1999). “Performance of Geotextile Separators Five Years after
Installation.” Journal of Geotechnical and Geoenvironmental Engineering, ASCE, Vol. 125,
No. 5, 404-412.

Collins, B.M., Mahoney, J.P., and Holtz, R.D. (2005). “FWD Analysis of Pavement Sections
with Geotextile Separators.” Geotechnical Special Publication, No. 130-142, Geo-Frontiers
2005, 333-346.

Suits, L. D., and Koerner, G. (2001). “Site Evaluation/Performance of Separation
Geotextiles.” Proc., Geosynthetics Conference 2001, Portland, USA, 451-467.

Naughton, P. J. and Kempton, G. T. (2002). “In Service Performance of Geotextile
Separators.” Proc., 7™ International Conference on Geosynthetics, Nice, France, Vol. 4,
1505-1508.

Narejo, D. B. (2003). “Opening Size Recommendations for Separation Geotextiles Used in
Pavements.” Geotextiles and Geomembranes, Vol. 21, 257-264.

Marienfeld, M. L., and Baker, T. L. (1999). “Paving fabric interlayer as a pavement moisture
barrier.” Transportation Research Circular E-C006, Transportation Research Board,
Washington, D.C.

Al-Qadi, I. L., and Loulizi, A. (1999). “Using GPR to evaluate the effectiveness of moisture
barriers in pavements.” Structural Faults and Repair 99, 8" International Conference, Forde,
M. C., editor, London, England, July 13-15.

Smith, R. D. (1984). “Laboratory investigation of fabric interlayer for asphalt concrete
pavement.” Final report, FHWA/CA/TL-84-06, California Department of Transportation.
Elseifi, M. A., Al-Qadi, I. L., Loulizi, A., and Wilkes, J. (2001). “Performance of a
geocomposite membrane as a pavement moisture barrier,” Journal of the Transportation
Research Board 1772, Transportation Research Board, Washington, D.C., 168-173.

Al-Qadi, 1. L., Lahouar, S., Loulizi, A., Elseifi, M. A., and Wilkes, J. A. (2004).
“Quantifying the benefits of a geocomposite membrane as a pavement moisture barrier using
ground penetrating radar and falling weight deflectometer,” Journal of Transportation
Engineering, American Society of Civil Engineering, Vol. 130, No. 5, 658-664.

Steinberg, M. L. (1992). “Geogrid as a rehabilitation remedy for asphaltic concrete
pavements.” Transportation Research Record 1369, Transportation Research Board,
Washington, D.C., 54-62.

40



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Komatsu, T., Kikuta, H., Yoshinobu, T., and Muramatsu, E. (1998). “Durability assessment
of geogrid-reinforced asphalt concrete.” Geotextiles and Geomembranes, Vol. 16, 257-271.
Carmichael, R.F. and Marienfeld, M.L. (1999). “Synthesis and Literature Review of
Nonwoven Paving Fabrics Performance in Overlays.” Transportation Research Record 1687,
National Research Council, Washington, D.C., 112-124.

Buttlar, W.G., Bozkurt, D. and Dempsey, B.J. (2000). “Cost-Effectiveness of Paving Fabrics
Used to Control Reflective Cracking.” Transportation Research Record 1730, Transportation
Research Board, Washington, D.C., 139-149.

Darling, J. R., and Woolstentencroft, J. H. (2000). “Fiberglass Geogrid Performance
Evaluation for Retarding Reflective Cracking.” Proc., 4™ International RILEM Conference,
Edited by A.O. Abd El Halim, D. A. Taylor, and El. H. H. Mohamed, Ottawa, Ontario,
Canada, 403-412.

Deuren, H., and Esnouf, J. (2000). “Geotextile Reinforced Bitiminous Surfacing.” Proc., 4"
International RILEM Conference, Edited by A.O. Abd El Halim, D. A. Taylor, and EI. H. H.
Mohamed, Ottawa, Ontario, Canada, 423-430.

Hughes, J. J., and Somers, E. (2000). “Geogrid Mesh for Reflective Crack Control in
Bituminous Overlays.” Final Report, Report No. PA 200-013-86-001, Pennsylvania
Department of Transportation.

Quaresma, L., Pinelo, A., and Fonseca, E. (2000). “Performance of Road Trials to Prevent
Reflective Cracking.” Proc., 4th International RILEM Conference — Reflective Cracking in
Pavements, E & FN Spon, Ontario, Canada, 537-546.

Storsteen, M., and Rumpca, H. (2000). “Evaluation of Geosynthetics in Asphalt Overlays of
Jointed Concrete Pavements.” Report No. SD95-23-X, South Dakota Department of
Transportation.

Brown, N. R. (2003). “Solution for Distressed Pavements and Crack Reflection.”
Transportation Research Record 1819, Transportation Research Board, Washington, D.C.,
313-317.

Steen, E.R. (2004). “Stress Relieving Function of Paving Fabrics When Used in New Road
Construction.” Proc., 5th International RILEM Conference, Edited by C. Petit, [.L. Al-Qadi,
and A. Millien, Limoges, France, 105-112.

41



CHAPTER 3. DESIGN AND MODELING OF INTERLAYER SYSTEMS
IN FLEXIBLE PAVEMENTS

3.1 INRODUCTION

Very little is known about the exact method to design a pavement system incorporating an
interlayer system. Until now, most of the available design methods that consider interlayer
system contributions to a pavement system assume that an interlayer system should result in a
reduction of the required layer thicknesses to reach the same level of performance as well as
provide a cost-effective alternative to typical designs. However, this can only be true under
certain conditions. Another problem lies in the fact that the contribution of most of the interlayer
systems is not yet quantifiable. The following section provides an overview of the developed
“design” methods that are used to account for interlayer system contributions. These methods
are not endorsed nor supported by the authors at this point.

3.2 MOISTURE BARRIER INTERLAYER SYSTEMS

Using the AASHTO design approach for the consideration of an interlayer system that improves
pavement drainage, the main modification to the conventional pavement design approach is an
improvement in the drainage coefficients used to calculate the pavement structural number
(SN):

SN = a1D1 + azDzmz + agD3m3 + ..t anDnmn (31)

where

aj, as, a3, ... a, are the layer coefficients;

Dy, Dy, D3, ... D, are the layer thicknesses; and
my, m3, .... m, are the drainage coefficients.

The drainage coefficients range between 1.2 and 1.4 for excellent drainage conditions and 0.40
to 0.95 for less than acceptable or poor drainage conditions.”) The quality of drainage is
measured by the length of time required for water to be removed from the pavement.”) Since the
determination of drainage coefficients is mainly based on engineering judgment, the advantage
given for using an effective waterproofing interlayer, or the penalty charged for a poor drainage
system is not well-defined. Most of the work was focused on developing impermeable layers
that control the water movement vertically into the underneath pavement system layers and force
its movement laterally; hence, it has usually been placed under a permeable layer.

To quantify the effectiveness of placing a highly impermeable geosynthetic layer under a
drainage layer, the benefits of a specially-designed geocomposite membrane (a low modulus
polyvinyl chloride (PVC) layer sandwiched between two nonwoven geotextiles) to act as a
moisture barrier in flexible pavement systems was tested, and the quantitative measurement
made of the moisture content of unbound granular materials underneath it using nondestructive
testing. The geocomposite membrane was installed over half the length of a pavement test
section at the Virginia Smart Road, while the other half of the test section consisted of the same
design without the interlayer system. An air-coupled ground penetrating radar (GPR) system
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with 1 GHz frequency bandwidth was used to monitor and detect the presence of moisture within
the pavement system over different periods corresponding to different levels of water
accumulation. Results of GPR data analysis indicated that the use of the geocomposite
membrane reduced water infiltration to the aggregate base layer by as much as 40% when
measurements were performed after rain. Using time-domain reflectometer (TDR)
measurements it was also found that the moisture content underneath the interlayer was almost
constant and therefore independent of the amount of rainwater, which is the primary source of
moisture in pavement systems that have a low water table (figure 3.1). The impact of moisture
in the granular layers was investigated using the results of a deflection monitoring program.
Results indicated that the area with the geocomposite membrane always showed less deflection
than the area without the interlayer. The study recommends that any pavement drainage layer
must be backed by an impermeable interface; given that the water table is low.
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Figure 3.1 Average daily rainfall during survey period along with base layer moisture content measured
by TDR under (a) open-graded drainage layer and (b) open-graded drainage layer and geocomposite.”
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Another approach of using geosynthetics in the pavement layer systems was the introduction of a
tri-planner geosynthetic system. It incorporates a horizontal geocomposite drainage layer tied
directly into an edge-drain system. The principal author provided insights to its application,
installation, effect on pavement roughness, and monitoring its performance using ground
penetrating radar (GPR). Using the aforementioned approach,”® attempted to quantify the
thickness base reduction associated with the use of this interlayer system using its permeability
capability. Excellent drainage conditions were assumed when the interlayer drainage system was
used, while good to poor drainage conditions were assumed for regular pavement designs. They
suggested that the use of a geocomposite drainage system would provide a reduction in base
thickness ranging from 90 to 250mm as compared to good and poor drainage conditions.

The system ability to drain water was examined by the principal author of the report using GPR
on Route 58 in Virginia. The pavement is a 9in reinforced jointed concrete (spaced at 61.5ft)
built on 6in cement-treated subgrade. It has two lanes in each direction, and is 24ft wide (with
3ft inner and 4ft outer shoulders), with a 2% pavement surface slope. The tri-planner system was
installed on the concrete section; a 9in HMA overlay in three layers was then placed: 1in Surface
Mix, 2in Intermediate Mix, and 5.5in Base Mix. A GPR survey was performed on dry pavement
conditions (one week after it rained in the region) and the second survey was performed one day
after it rained, but on a dry pavement surface. Figure 3.2 shows typical GPR data collected from
the pavement section after one day of raining. The Tri-planner layer reflection is shown, in this
case, with a relatively light color.

1500.0 1520.0 1540.0 1560.0 18800 1600.0 16200 1640.0 1 m

Tri-planner

Qubgrade

W/ Tri-planner : W/ O Tri-planner

Figure 3.2. Typical GPR data collected from the Tri-planner pavement section after one day of
rain.

It is evident that geosynthetics can improve flexible pavement drainage significantly if used

appropriately. However, quantifying its effect on pavement design is difficult at this point as the
impact of moisture damage on pavements is still not well quantified, although its damage has
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been recognized for a long time. Currently the moisture damage in pavement design is
considered empirically.

3.3 SEPARATION/STABILIZATION INTERLAYER SYSTEM

When functioning as a separation layer, an interlayer prevents the intrusion of fines from the
subgrade into the base layer. To account for this contribution, it was suggested that a transition
layer can occur if a separation geotextile is not used at the subgrade interface.®” This transition
layer would have a resilient modulus value between those of the base and the subgrade due to the
expected mixing between the upper layer (base or subbase) and the subgrade fine particles; but is
typically closer to that of subgrade due the effect of fine partcles, especially when fines content
is greater than 13%. To determine the thickness and resilient modulus of the transition layer, an
iterative process based on backcalculation is suggested; but this problem does not have a unique
solution. Moreover, Bhutta postulated that the transition thickness is not constant; it sharply
increases with time until it reaches an asymptotic level. Although the suggested hypothesis
seems realistic, a parametric study is essential to identify the variation of this transition layer
with different design parameters, including subgrade type, percentage of fines in the subgrade,
and base type. Appea and Al-Qadi conducted an assessment of the transition layer over a few
years using FWD response information.®) Al-Qadi et al. provided a long-term assessment of the
subgrade-granular base separation performance over eight years including the development and
progression of a transition layer.”’

The main purpose for using geotextiles at the subgrade-granular material interface is separation.
Therefore, given that the geotextile survives construction, and is durable, and permeable, a
threshold for the parameter that controls the movement of soil, Apparent Opening Size (AOS),
needs to be identified. This threshold is mainly a function of the subgrade soil. Narejo
suggested that geotextiles with an AOS of less than the Dgs value of the soil would function
adequately as a separator."” However, for fine and clayey soils, the required AOS of a
geotextile should be 0.5 Dgs value. In general and for effective separation, an AOSgs/Dgs < 1 for
sandy soils and 0.5 Dgs for fine silts and clays are suggested.

Several design methods for geosynthetic-stabilized pavements have been developed since the
1970s. Most of those methods focus on the tensile action of the geosynthetic membrane and
ultimate bearing capacity of the subgrade. The tensioned membrane theory is based on the fact
that a geotextile placed on the interface between the granular base layer and the subgrade will
deform as the membrane is loaded, as seen in figure 3.3. The loading is then distributed over a
wider area and the structure will continuously deform until the subgrade can bear the distributed
load without further permanent deformation."'” The models based on this premise have been
supported by laboratory and/or field results. The following models and design procedures are
based on the aforementioned tensioned membrane theory.
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Figure 3.3 Tensioned membrane effect.

The first documented design ?rocedure for geosynthetic stabilization of unpaved roads was
presented by Barenberg et al.'? The design method is based on the assumption that the failure
of the structure is caused by shear stress due to the distribution of the vertical loads. The authors
considered that an additional distribution of the loads due to the stabilization would increase the
bearing capacity of the system. The load is considered as static and the subgrade is considered as
a soft cohesive soil. This design procedure can be used for the design of layers. The bearing
capacity factors (N.) proposed are 6.0 and 3.3 for stabilized and unstabilized structures,
respectively. These factors are suggested only for very low traffic volumes roads and large
subgrade deformations.

Based on the same fundamentals, Steward et al. used the Boussinesq solution in order to
calculate the stresses due to single, dual and dual tandem axle loadings."® The bearing capacity
factors suggested for traffic higher than 1000 ESALs and 50.8mm (2in) of rutting were 2.8 and
5.0 for unstabilized and stabilized pavements, respectively. The factors were lowered to account
for increased traffic and specifications for less rutting.

Giroud and Noiray developed a design methodology based on theoretical analysis coupled with
an empirical relationship deduced from full-scale tests on aggregate roads."? The empirical
relationship was developed for an axle load of 80kN, a tire pressure of 480kPa, and an expected
rut depth of 300mm, and is a function of soil properties and traffic. The method is presented in
the form of a single design chart that allows for the determination of the reduction of aggregate
thickness due to the presence of a geotextile, given the required aggregate thickness without
geotextile for various numbers of vehicle passes (N=10, 100, 1000 and 10,000). A major
deficiency in this model is the assumption that only the subgrade under the cone of stress is
subjected to compression. Additionally, the weight of the aggregates adjacent to the cone is not
considered.

This method was later modified by Holtz and Sivakugan to accommodate rut depths of 75, 100,
150, 200 and 300mm with tire pressures of 480 and 620kPa for a standard design axle load of
80kN."> The method is restricted to subgrade California Bearing Ratio (CBR) values lower
than 4.0%. Sellmeijer later developed a method based on a theory combining the assumption of
tensioned membrane with incorporation of lateral restraint.'® The aggregate layer is modeled as
an elasto-plastic material, and the stabilizing effect due to the self weight of the layer is also
taken into account. The subgrade is modeled as plastic; however, the model is also applicable
for elastic subgrade behavior.
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Several researchers carried out similar studies utilizing the concept of stabilized membrane and
the bearing capacity of the subgrade. They considered various equilibrium assumptions for the
membrane, various deformation shapes for the geosynthetic, and different stress distributions
underneath the wheel. Other studies were also conducted that rely on the same approach but
with slight variations.'-'*!?)

In general, regardless of their lack for robustness and validation for such application, the two
important design procedures based on the tensioned membrane and bearing capacity theories are
the works carried out by Steward et al. and Giroud and Noiray."">'¥ They have inspired many
other relevant studies. Some of the major manufacturers of geotextiles developed their design
recommendations based on the aforementioned work. (See references 20, 21, 22, and 23.) The
FHWA Geosynthetic Design and Construction Guidelines recommends the bearing capacity
factors shown in table 3.1 for roads with and without geotextile-stabilization.*”

Table 3.1 Bearing capacity factors for different ruts and traffic conditions both with and without
geotextile separators.

Ruts Traffic Bearing Capacity
Condition (mm) (Passes of 80 kN Factor, N,
axle equivalents)
Without Geotextile <50 > 1000 2.8
> 100 <100 33
With Geotextile <50 > 1000 5.0
> 100 <100 6.0

Al-Qadi et al. developed a design chart for geotextile-stabilized pavement system, figure 3.4.7
The design chart is used to determine the increase in pavement service life or the reduction in
pavement thickness when woven geotextile is used. Al-Qadi et al. recommended using this
technique for predicting the increase in the number of EASL’s when the original design is used
and geosynthetic is incorporated.”’ Hence, they recommended the use of this chart to show the
increase of pavement service life when geosynthetic was used. To estimate the reduction in base
thickness due to the stabilization, the required ESAL is entered at (EASL with geotextile) and
EASL without geotextile is obtained. The new ESAL value is then used to determine the
reduced structural capacity of the pavement when geotextile is used. The opposite is used when
the increase in service life is desired. The method which was developed based on 18 large-scale
laboratory pavement sections, was verified from the data collected from nine heavily
instrumented low-volume pavement sections.”’

Other research in this field has been conducted for the development of design models based on
numerical techniques. Significant research effort has been exerted in developing Finite Element
Models (FEM) that incorporate the presence of geosynthetics in a pavement system. Burd and
Houlsby implemented a 2D FEM suitable for large displacement analysis of elastic
membranes.”> In that particular model, no slippage is allowed at the interface of the soil and the
geogrid. The numerical solutions were compared to performance measures from a reduced scale
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model test that consisted of a 7Smm layer of fill compacted on top of a clay subgrade.
According to the authors, the model is unable to provide good correlations to measured
performance; likely due to the use of simplistic constitutive laws.
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Figure 3.4 Designing geosynthetically-stabilized flexible pavements.”

Bhutta and Al-Qadi used ABAQUS to validate the results from the highly instrumented nine
low-volume flexible pavements test sections.”® A FEM was proposed for the prediction of
traffic with and without geotextile-stabilization.***”

Leng and Gabr implemented a FEM model using ABAQUS.® Elasto-plastic constitutive
models are used to model aggregate, subgrade, and geogrid materials behavior. Interaction
between geogrid and aggregate is simulated using a Coulomb-friction interface. The results are
compared with plate load testing conducted in the laboratory. The results of the numerical
analysis demonstrate that the inclusion of geogrids between base layer and subgrade can reduce
the surface deformation and improve the stress distribution inside the base and subgrade layers.

The impact of geotextiles as a pavement stabilization technique has been well documented from
laboratory and field results. However, due to the lack of accurate measurement of its
performance characteristics that can be used in pavement modeling, the current design models
lack robustness.

3.4 REINFORCEMENT OF UNBOUND INTERLAYER SYSTEMS

Geosynthetic reinforcement consists of multiple mechanisms that lend themselves to the
improvement of the structural integrity of pavements, particularly flexible pavements. The
reinforcing mechanism relies on the geosynthetic type, material properties, and its location
within the pavement system. While the positive contribution of geosynthetics that are
appropriately selected and placed has been confirmed and documented through research and
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practice, the quantification of the structural benefit that they provide has not been
comprehensively researched.

Of particular interest herein is the incorporation of the structural benefits of geosynthetics in the
design of flexible pavements through realistic non-empirical models. Advanced models and
design methodologies are needed for realistic and accurate performance prediction of flexible
pavements that incorporate fundamental material properties and constitutive relationships. Such
mechanistic approaches may currently be far-fetched due to the complexity of pure mechanistic
performance prediction models. However, they can serve as the basis for simplified mechanistic
models, referred to as mechanistic-empirical approaches. Mechanistic-empirical design methods
have been recently developed and are slowly being introduced to the pavement engineering
community. However, most of those models currently lack the proper incorporation of
geosynthetics in the structure. Assumptions have been used in most cases that incorporate
geosynthetics to justify the use of geosynthetics.

Geosynthetics are widely used as reinforcement elements for aggregate base and subbase layers.
It is placed at the bottom, within a base course, or at the interface between the base and subbase.
Base/subbase reinforcement is typically applied to support vehicular traffic over the life of the
pavement structure. Geogrids constitute the majority of geosynthetic products used to provide
reinforcement with benefits ranging from reducing aggregate thickness to prolonging the service
life of the pavement system. The primary mechanism of geosynthetic granular base
reinforcement is the horizontal reinforcement achieved by providing lateral restraint. It is
thought that the geogrid interacted with the surrounding materials developing friction forces that
would provide a lateral confinement to the system.

The major pavement design methods that account for base reinforcement can be categorized
according to three approaches. The first, which is adopted by most of the manufacturers, is using
a modified AASHTO pavement design guide, mostly the 1993 release, or older versions to a
lesser extent. The second approach basically involves the use of a modifying index for
increasing the structural number of the reinforced layer. The third approach consists of utilizing
Finite Element Models to quantify the changes in the pavement responses due to the inclusion of
the geosynthetic reinforcement. This approach, if used correctly, could be regarded as the most
sound among the three approaches.

Giroud et al. further modified his design equation to incorporate geogrids.*” Similarly, the U.S.
Army Corps of Engineers design procedure, based on the work developed by Steward et al.,"®
was reviewed to validate the existing criteria for geotextile-stabilized unpaved roads and to
modify the criteria for the addition of stiff biaxial geogrids.®” The study was carried out using
historical data from a full-scale test section presented by Webster.®" The results found that the
bearing capacity for geotextile-stabilized/reinforced structures should be reduced from 5.0 to 3.6.
Giroud developed a theoretically-based design method considering distribution of stress, strength
of base course material, interlock between geosynthetic and base course material, and
geosynthetic stiffness, in addition to the other conditions incorporated in his earlier method.**'¥

Penner et al. developed a design methodology for geogrid-reinforced base courses based on the
results of the plate loading test. (See references 33, 34, 35, 36, and 37.) Recalling Equation
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(3.1) that is used to calculate the structural number (SN) based in the 1993 AASHTO design
guide:

SN =a;D; + a,Doymy + azDsms + ...+ a,Dum, (3.2)

Penner et al. suggested the modification of this equation to account for the geogrid contribution

as follows:®?

SN = a1D1 + OLazDzmz + a3D3m3 i anDnmn (33)
where

a is the layer coefficient ratio representing the reinforcement benefit of the geogrid. This
coefficient is determined based on laboratory testing (using circular plate loading test) and based
on the following equation:

a, SN xd,
a, SN, xd,

u

o=
(3.4)

where

a; and a, are layer coefficients for the reinforced and unreinforced case;

SN; and SN, are structural numbers of the reinforced and unreinforced sections (determined from
the AASHTO design monograph, knowing the subgrade soil support value, the number of load
repetitions to failure for each test, and the pavement thickness);

d, and d; are layer thickness of reinforced and unreinforced cases, respectively.

A correction factor is incorporated to account for the differences in loading conditions between
the plate loading test and vehicular loading. For each control section, a structural number (SN,)
is first calculated based on Equation (3.2). Using the calculated structural number for the control
sections and the applicable subgrade CBR, the allowable number of load repetitions from a
standard axle is determined based on the AASHTO pavement design equation:

loglAPSI/4.2-15] ) 500 m. 8,07

logW . =9.36l02(SN + 1) — 0.20 +
&M gBN+1) 0.4+1094/(SN +1)°° (35)

where

W s 1s equivalent single axle load,

APSI is design serviceability loss;

Mg is resilient modulus of the subgrade (psi); and
SN is structural number.

A load correction factor is then determined for each design by dividing the number of load
repetitions obtained from Equation (3.5) by the actual number of repetitions obtained from the
experimental program. The load correction factors ranged from 3.5 to 10. The obtained
correction factors are then applied to the reinforced sections to obtain the sustainable number of
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load repetitions Wz for these cases. Equation (3.5) is then used backward to determine the
structural number (SN;) for the reinforced sections. Knowing the structural numbers for the
unreinforced and reinforced cases and by determining o from plate load testing, the equivalent
base thicknesses for the reinforced cases are obtained from Equation (3.4). Based on these
results, a design chart is developed to relate the reinforced base thickness to the unreinforced
base thickness.

An empirical method developed by Carroll et al. used experimental data from a specific geogrid
to calculate the structural number (SN) of reinforced systems and then compare it to the same
structural number for the unreinforced case.®® The 1986 AASHTO design guide is used to
calculate the design traffic number, where the ratio between the design traffic number for
reinforced and unreinforced cases is known as Traffic Benefit Ratio (TBR). The authors
developed a chart that enables the conversion of a non-reinforced base course thickness into an
equivalent thickness for a geogrid-reinforced layer, as seen in figure 3.5.
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Figure 3.5. Geogrid-reinforced base course for paved highway section using HDPE geogrids.®

Barksdale et al. utilized the results of a 2D FEM described in a previous section of this report to
estimate the reduction in base thickness for a stiff geosynthetic.*” For a thin base course over a
weak subgrade, using a geosynthetic with an effective stiffness of about 700 to 1050kN/m, the
base course thickness could be reduced by 10 to 20%. Thick base course thickness over a
weaker subgrade could be reduced by as much as 20 to 40%. This conclusion was based on
equal strain levels at the top of the subgrade and at the bottom of the HMA layer.

Tensar Corporation published a design methodology for geogrid-reinforced pavement system
based on the results of full-scale pavement testing conducted at the University of Alaska at
Fairbanks.?® Four test sections were constructed with the same pavement design: 50mm of
HMA on top of a base thickness varying from 152.4 to 457.2mm. Two types of geogrid were
installed in two of the test sections while one section had two layers of geogrid and one section
served as the control. The applied load consisted of a single tire with a load of 20kN in one
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direction and 9kN in the reverse direction. The subgrade was clayey silt with a CBR ranging
from 1.6 to 2.7%. The base course had an average CBR of 15%. Surface deformation (rutting)
was measured as a function of the number of loading cycles. Based on these results, traffic
benefit ratios (TBR), defined as the number of cycles of load on a geogrid-reinforced section
divided by the number of cycles on the control section for the same amount of deformation, were
determined. The TBR’s were plotted as function of the base thickness and the rutting failure
criterion. For a final rutting of 25.4mm, TBR’s ranged from 2 to 3 for the light geogrid pattern
and from 2 to 5 for the heavy geogrid pattern. The proposed design methodology can be
summarized by the following steps:

The unreinforced pavement is designed based on the AASHTO 1993 Design Procedure. This
includes the use of layer coefficients for the granular base and the HMA layer, required
thicknesses, and design reliability. The number of ESALs (W3) for the unreinforced pavement
structure is based on the AASHTO regression model (can be determined numerically as follows:

log[APSI /4.2 -1.5] 4 2.3210g M, —8.07

log W.. = Z.S, +9.36log(SN +1) - 0.20 +
8 Wis = £rS0 &l ) 0.4+1094 /(SN +1)""° (3.6)

where

W3 is equivalent single axle load for the unreinforced case;
Zy is standard normal deviation for the selected reliability;
So is the standard deviation,;

APSI is design serviceability loss;

My is Resilient modulus of the subgrade (psi); and

SN is the structural number.

To determine the required sustainable traffic for the reinforced case, the following is used:

_ WIS
(WIS)R - TBR (X.7)

The required Structural Number (SNg) to carry (Wg)r is first determined using Equation (3.6).
Then, the reduced aggregate base thickness can be determined as follows:

_SNg —a,D,
4,Mm, (3.8)

Initial construction cost and a life-cycle cost analysis can be conducted to evaluate the cost
effectiveness of including the reinforcement.

DZR

Webster developed a design method using the concept of Bearing Capacity Ratio (BCR) which
corresponds to the ratio of the subgrade soil bearing capacity of an unreinforced section to that of
a reinforced section.*” The method implicitly incorporates this ratio to develop an equivalent
aggregate layer thickness for reinforced layers through a chart shown in figure 3.6. This method,
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which is empirical in nature, was validated through field results. The United States Corps of
Engineers recommends the use of the Webster’s chart for the geogrid reinforcement of
pavements. "
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Figure 3.6. Design criteria for unreinforced thickness versus equivalent reinforced thickness —
2in HMA surface plus base.“”

The aforementioned empirical methods have been used by the majority of major geosynthetic
manufacturers. For example, Tensar and Tenax base their design methods on modified versions
of the 1993 AASHTO Design Guide;(zo’m whereas, Colbond uses the aforementioned BCR
method;*? but based on a design traffic number using the German Road Design Guide.

Finite Element Analysis has been widely used as a design tool for various structures, including
pavements. Even though many different FE models have been developed for pavements, none of
the produced models can be regarded as rugged and universal enough to accommodate the
various types of geosynthetics and/or soil conditions. The key factor for an accurate FE
approach lies in the realistic modeling of actual interaction properties of the geosynthetic and the
surrounding layers, specifically surface friction of the geosynthetic, proper characterization of
the physical and mechanical properties of the geosynthetic in its applied medium and conditions,
in addition to the interlocking mechanisms of geogrids with the aggregates.

Miura et al. carried out an isotropic linear elastic FE analysis using 2D continuum elements to
represent the HMA, base, subbase and subgrade layers.“” The geogrid reinforcement was
represented through truss elements connected to the upper and bottom layers by joint elements.
The results were compared to pavement models constructed in a test box subjected to cyclic and
static loads. The study compared results for one and two layers of geogrid placed at different
depths. The results showed that the reinforcement by a one-layer geogrid is comparable to the
bearing function of a 100mm-thick base material.
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Dondi performed a 3D FE analysis of a pavement structure using non-linear constitutive models
for the base and subgrade (Drucker-Prager and Cam-Clay models) and a linear elastic model for
the HMA and geogrid layers.*” The elements used for the surface and foundation layers were
continuum 8-node hexahedral elements and for the geogrid a 4-node membrane element. The
study was not supported by any experimental results. However, the author used a transfer
function to predict the fatigue life of the HMA layer when a reinforcement geogrid is placed at
the interface between the HMA and base layers. Perkins and Edens developed a mechanistic-
empirical design method for pavement systems incorporating geogrid or geotextile base
reinforcements.* Three FE models were originally developed to simulate: unreinforced
pavement, perfectly-reinforced pavement, and a geosynthetic-reinforced pavement. The FE
models were calibrated based on the results of four laboratory-reinforced plate loading test
sections.*” A parametric study was then conducted using the calibrated FE models to develop a
design methodology based on the analysis of 465 pavement design cases. An unreinforced
pavement is first assumed in this design approach. Using the 1993 AASHTO pavement design
equation, the number of ESALs the pavement can sustain is calculated based on the AASHTO
regression model. The TBR for the Perfect-Reinforced (PR) case is then estimated based on the
following regression equations:

TBRspr — 10(m15N+10gyo| )

1.6<SN<33 (3.9
where,
log&
m, = Yy
1.7 (3.10)
oy
YOI 101.6m] (31 1)
_ (mZSNHogyOZ)
TBR; p =10 3.3 <SN<6.0 (3.12)
where,
m - —logy,
, =
SN(TBRy_p,)-3.3 (3.13)
_ Y
Yo2 107 (3.14)

Values of y; and y; are related to the subgrade CBR as follows:

_ 1 (log8-1og CBR)
y, =107 (3.15)

_ log100-1.7log CBR
,=10

y (3.16)
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For the same pavement structure and knowing the TBR value, the improvement in traffic level
that the pavement can sustain before failure can be determined as follows:

Wig_p = W5y TBR (3.17)

where,

Wis.r 1s number of ESALSs for the reinforced case; and

Wig.y is number of ESALs for the unreinforced case (as defined for the original design).

The value of Wig g obtained from Equation 3.17 is then used in the AASHTO pavement design
equation to calculate the structural number for the reinforced pavement. Using Equation 3.18, a
new value for the base layer coefficient (a,) is then estimated:

SN = alDl + azDzmz (318)

where all parameters are as previously defined for Equation (3.2). A possible reduced base
thickness is then calculated as follows:

SN, —a,d
d, , = U 1%

4y-rM (3.19)

This allows for the determination of the Base Course Reduction Ratio (BCR):

BCR =100 320~z
dyy (3.20)

The TBRS-PR calculated from Equations 3.9 and 3.12 and used in Equation 3.17 is modified to
account for the properties of the geosynthetic under consideration and the contact properties
between the interlayer product and the surrounding materials.*> Kwon et al. compared the
results of a 2D FE mechanistic model to the results provided by the ABAQUS contact model.*”
The authors formulated a three-noded axis-symmetric membrane element with normal and shear
coefficients at each node. The software has been developed to provide design tools for geogrid-
reinforced flexible pavements using elastic FE analysis and non linearity of granular materials.

In summary, the design of pavement with geosynthetic reinforcement appears to be more
empirical than mechanistic. This could be related to several factors including the following:
unavailability of geosynthetic characteristics that related the material to its performance in
pavements, lack of understanding the reinforcing mechanisms, inappropriate modeling of the
geosynthetic interlayer systems, the interaction between geosynthetics and surrounding layers,
the response of geosynthetic to a moving load under confined conditions, and effect of
environment on its long-term performance in the pavements.
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3.5 REINFORCING INTERLAYER SYSTEMS FOR HMA AND MITIGATING
REFLECTIVE CRACKING

It has been well-documented that a geosynthetic-reinforced interlayer for HMA overlays should
have higher stiffness than the surrounding HMA. However, few numerical and mechanistic
methods have been developed in order to better characterize the mechanisms of geosynthetic
reinforcement that help reinforce the overlay, and to accurately predict the service life of such
reinforced flexible pavements. A number of design methods have incorporated constitutive
relationships and fundamental properties; but fall short of being regarded as purely mechanistic.
On the other hand, when an interlayer system is performing as a stress-relieving layer (strain
energy tolerant), a dissipation of energy is anticipated that is otherwise part of the crack
propagation process. It was previously emphasized that a stress-relief interlayer does not justify
a reduction in the HMA thickness since it does not contribute to the structural capacity of the
pavement system. The main contribution expected from a stress-relief layer is a retardation of
crack reflection.

Hot-mix asphalt (HMA) overlays are typically applied to existing flexible and rigid pavements
when the structural or functional conditions of the structure have reached an unacceptable level
of service. Most of the overlay design approaches propose an increase in structural capacity to
improve fatigue and/or rutting pavement service lives."®* However, adequately designed
overlays against rutting and fatigue distresses may still show cracking patterns similar to the ones
which existed in the old pavement after a short period of time.®” This distress is known as
‘reflective cracking’. Although reflective cracking is a very common distress in rehabilitated
pavements, it is sometimes neglected in the overlay design process mainly due to its complexity
and because of the lack of understanding of this failure mechanism.

Reflective cracks are caused by discontinuities (cracks or joints) in underlying layers, which
propagate through an HMA overlay due to continuous movement at the existing crack due to
thermal expansion and traffic loading. If the new overlay is bonded to the distressed layer,
cracks in the existing pavement almost always propagate to the surface within one to five years;
although as early as a few months have sometimes been reported.°" Seasonal temperature
variations may also affect the reflection cracking process; especially when dealing with
rehabilitated rigid pavements. To accurately predict and control reflective cracking in
rehabilitated pavements, a better understanding of this failure mechanism is necessary. This can
only be achieved by linking field observations and measurements to well-established engineering
theories. In the face of these challenges, several research studies were conducted to develop a
better understanding of the reflective cracking failure mechanism. Many of these studies were
based on theoretical approaches, laboratory tests, and in few cases field measurements and
observations. In many cases, attempts were also made to develop a design methodology against
this critical failure mechanism that incorporates interlayer systems.

3.5 1 Fundamentals of Reflective Cracking
Reflective cracks are caused by discontinuities (cracks or joints) in underlying layers that

propagate through an HMA overlay. This propagation is due to continuous movement at the
crack prompted by thermal expansion and traffic loadings. If the new overlay is bonded to the
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distressed layer, cracks in the existing pavement propagate to the surface after a period of time,
which is generally a function of the thickness of the overlay. The passing of a wheel load over a
crack in the existing pavement causes three critical pulses (one maximum bending and two
maximum shear stresses). As the movement of the crack increases, the propagation of the crack
through the overlay accelerates. Changes in temperature can also contribute to crack
propagation. Contraction and curling of old rigid pavement caused by temperature variation
result in the opening of existing cracks, which induce horizontal stresses in the HMA overlay.*?
In general, a cracked pavement system can be loaded in any one or a combination of the three
fracture modes (figure 3.7):

e Mode I loading (opening mode, KI) results from loads that are applied normally to the crack
plane (thermal and traffic loading).

e Mode II loading (sliding mode, KII) results from in-plane shear loading, which leads to crack
faces sliding against each other, normal to the leading edge of the crack (traffic loading).

e Mode III loading (tearing mode, KIII) results from out-of-plane shear loading, which causes
sliding of the crack faces parallel to the crack leading edge. Although this mode may occur if
the crack plane is not normal to the direction of traffic, this mode of loading is usually
neglected for simplicity.

To establish if fracture mechanics principles can be applied to discontinuous crack growth in
HMA, Jacobs et al. compared FE simulation (continuous crack growth) to experimental crack
growth of HMA (discontinuous crack growth).®> Although the level of agreement was highly
influenced by the mix nominal aggregate size (better agreement was found for mixes with small
aggregate size), it was concluded that the crack growth in HMA might be accurately described
using linear elastic fracture mechanics.

Medel Mede Meodelll
{Opening) {Sliding} {Taaring)

Figure 3.7 Fracture modes.

Two distinct phases, in addition to the softening phase, are considered in the cracking process in
pavement systems; neglecting the ultimate failure stage, in which the crack growth rate increases
rapidly as global instability is approached: the crack initiation and propagation phases. The
crack initiation phase is composed of two distinct phases of microcracking and formation of
macrocracks, and is defined by the number of load applications to form a visible damaged zone
at the bottom of the overlay.(54) The number of cycles of a specific load a pavement can
withstand before it cracks may be related to the critical strain using a fatigue law. The direction
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of the strain depends on the failure mechanism under consideration. For example, in the case of
fatigue cracking, the horizontal tensile strain at the bottom of the HMA is used. In the case of
reflective cracking induced by Mode II loading, the number of cycles for crack initiation is
related to the shear strain above the existing crack.®” The reason for considering the shear strain
is that previous researchers have found that Mode II loading is the controlling mode for crack
initiation in HMA.®® Tt is also based on the hypothesis that Mode I would only initially
propagate the crack a short distance, and then it becomes ineffective.®* In contrast, Mode II
loading may propagate the crack to the surface. It is important also to mention that when the
reflection of cracks is considered, the pavement service life against crack initiation may be much
shorter than that resulting from regular distresses (such as fatigue cracking) since the crack is
already well established in the existing pavement.

The crack propagation phase represents the stage where the crack propagates to the surface
through the entire thickness of the HMA overlay. A description of the crack propagation phase
in flexible pavements can be based on the empirical power law developed by Paris and

Erdogan:®”

dc n
N A(AK) (3.21)

where,

c is crack length;

N is number of loading cycles;

A and n is fracture parameters of the material; and
AK is stress intensity factor amplitude.

The Paris-Erdogan phenomenological law in its form (presented in Equation 3.21) is only
applicable to linear elastic materials. Since asphalt binder is a viscoelastoplastic material,
discrepancies exist among researchers about the applicability of Paris’ Law to accurately
describe the rate of crack growth in HMA and further evaluation of this critical concept will be
required.®®*” Although attempts were made to extend Paris’ Law for elastic-plastic fatigue
crack propagation, this concept was not validated.®” Another rationale considers that pavement
materials may be assumed to behave elastically in fracture because of their large size as
compared to the developed plastic zone.®" Given this inconsistency, it will be critical to ensure
the applicability of Paris’ Law to the discontinuous crack growth in HMA before selecting a
suitable model for prediction of reflection cracks.

Another critical factor in Paris’ Law is that the computed number of cycles is highly sensitive to
the assumed values of the fracture parameters (A and n). The appropriate way to determine the
fracture parameters of a material (A and n) is to examine the stable crack growth of HMA beam
samples under repeated loading conditions, which is a difficult and expensive process.*? Since
no direct measurements of the fracture parameters (A and n) is expected to be conducted in a
routine overlay design, theoretical relations between the fracture parameters of the material and
its creep properties may be used.®”
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Different methods, including the use of geosynthetics, have been suggested to mitigate reflective
cracking in HMA overlays. Experimental investigations in the early 1980s showed that
interlayer systems might be used to delay or to prevent the reflection of cracks through a new
overlay laid over an old cracked pavement.®® Later, Button and Lytton postulated that the use
of interlayer systems to mitigate reflective cracking can be achieved by using two different
mechanisms:®” reinforcement of HMA with a stiff interlayer to provide a better distribution of
the applied load over a larger area and to compensate for the lack of tensile strength of the HMA;
and dissipation of strain energy in the vicinity of the crack through the use of a soft layer. Itis
important to realize that a material would provide reinforcement to the surrounding medium only
if it is stiffer than the material that needs to be reinforced.®> Within the context of this study, a

reinforcing material would have to be stiffer than the HMA material.

3.5.2 Mechanisms and Evaluation of Reinforcement and Strain Energy Absorption
Interlayer Systems

According to Lytton, the passing of a wheel load over a crack in the existing pavement causes
three critical pulses, one maximum bending and two maximum shear stresses.*? As the
movement of the crack increases, the propagation of the crack to the overlay occurs faster. A
difference in temperature can also contribute to the crack propagation. Contraction and curling
of the old pavement caused by temperature variation may result in the opening of the cracks,
which may induce horizontal stresses in the HMA overlay. Based upon earlier work by Lytton
and Monismith, the reinforcement mechanism seems to be better understood, with major outlines
drawn for the requirements from an interlayer system to act as reinforcement.***® Button and

Lytton summarized the reinforcement failure mode as follows:®”

e The crack starts to propagate (due to thermal and traffic loading) from its original
position upward until it reaches the reinforcement layer. If the interlayer is stiff enough,
the crack will turn laterally and moves along the interface until its energy is exhausted.
Lytton noted that the reinforcement failure would develop only after debonding has
occurred between the lower layer and the interlayer.®”

e From the previous mechanism, it can be concluded that reinforcement can only occur if
the interlayer is sufficiently thick and is stiffer than the surrounding materials. The
stiffness of an interface is equal to the material elastic modulus times its thickness.®

e Based on the explained mechanism, a reinforcement interface may contribute to the
structural capacity of the pavement. Given this, it is realistic to reduce the required
thickness to reach the same level of performance.

A strain absorption (stress relief) interlayer system is a soft layer that is usually placed at the
bottom of an HMA overlay to absorb a large portion of the energy, which would otherwise be
part of the crack propagation process.®® Based on earlier work by Lytton and Monismith, the

stress relief failure mode can be summarized as follows:*?

e The crack starts to propagate (due to thermal and traffic loading) from its original
position upward until it reaches the stress-relieving layer. Due to its low stiffness, the
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interlayer will exhibit large deformations, which will be accompanied with a dissipation
of energy. The crack propagation will stop for a while due to the lack of energy, and then
propagate from the top of the interlayer upward to the surface.

e A second mode of failure was hypothesized by Lytton based on laboratory results, but
was not supported by any other studies. In this failure mode, the crack starts to propagate
from its original position upward until it reaches the stress-relieving layer. The crack
then begins from the top of the overlay to the interlayer.

e It is clear from the explained mechanism that a low stiffness interlayer product is
preferred in this application. In this case, the interlayer product will only retard the
appearance of the reflection cracking.

Monismith and Coetzee associated the contribution of a stress-relief interlayer to the pavement
system with what they called “a crack arrest” phenomenon.®® Based on this mechanism, a soft
interlayer is capable of redirecting the crack from its original direction to the horizontal plane.
This phenomenon was also noticed by Majidzadeh when testing an HMA beam reinforced at mid
depth using “Petromat.”®” However, it was reported that the use of a stress-relieving interlayer
may increase the chance of delamination between the overlay and the cracked HMA layer. It is
clear from the explained mechanism that stress-relieving interlayers will not contribute to the
structural capacity of the pavement. Hence, it is misleading to assume reducing the HMA layer
in this case.

Elseifi and Al-Qadi linked field observations and measurements to engineering theories to
evaluate the effectiveness of a newly-developed geocomposite membrane, a PVC layer
sandwiched between two layers of geotextile, as a strain energy absorber.””” Based on the
results of this study, the following fundamental observations were made:

e When used in rehabilitated pavement, a low modulus interlayer is able to dissipate most
of the available energy at the crack tip, therefore minimizing the potential of an existing
crack reflecting into the overlay, given that the interlayer has the appropriate thickness
and properties.

e A geocomposite membrane creates a protective shield around the crack tip, separating the
criticality of the stress field in the cracked area from the bottom of the overlay.
Moreover, a resultant compressive horizontal stress field helps close the crack rather than
open it.

e A strain energy absorber would only be effective in the crack propagation phase if the
crack does not pass through the interlayer and propagates horizontally at the interlayer-
existing pavement interface. Therefore, the installation of this interlayer is crucial in
dictating its performance. If damage or tearing of the interlayer occurs, the effectiveness
of the strain energy absorber membrane would be altered.

e When a strain-energy absorber layer is used, fatigue of the overlay should not be
neglected and should be adequately controlled through the proper design of the overlay
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thickness and materials. The increase in deflections may be least critical when a low
modulus interlayer is placed on top of an existing rigid pavement, where fatigue of the
overlay is usually not a concern.

Tschegg studied the factors affecting the fracture behavior of HMA overlays with
geosynthetics.”" A laboratory test procedure was developed to evaluate the effectiveness of
interlayer systems in delaying reflective cracking. These tests were carried out on three various
interlayer systems using laboratory-prepared slabs. Cores, having diameters between 150 and
200mm, were obtained from the slabs and used in two test types: a bonding and a fracture test.
The cross section of the cores consisted of 70-80mm thick HMA base, which was cleared from
binder using water jet to simulate a heavily trafficked road surface; a polymer-modified
emulsion, an interlayer system, and a 40 to S0mm HMA overlay. Three interlayer systems were
evaluated: a nonwoven polypropylene fabric composed of continuous filaments mechanically
bonded by needling; a geocomposite interlayer consisting of a nonwoven polypropylene
continuous filament fabric stick bonded to a reinforcing glass filament grid (40x40mm); and a
biaxially stretched polypropylene geogrid (65x65mm with a rib of 1x4mm) combined with a
nonwoven polyester fabric. Conclusions supported by the results of this study were as follows:

o Results of the bonding tests indicated that the crack propagation process took place at the
interface between the interlayer and the HMA base course. The highest resistance against
crack propagation was obtained when the nonwoven fabric and the geocomposite
interlayer systems were used, followed by the samples with no interlayer systems, and
finally the sample with geogrid.

e Results of the overlay fracture tests showed that samples with the geocomposite
interlayer had the highest resistance against crack propagation.

e The nonwoven geotextile had a very good bonding quality; but due to the nonwoven
structure has too low an effective stiffness to deter cracking.

e The geogrid has a low bonding quality; and therefore, a low effective stiffness.

e The geocomposite interlayer showed the best performance. This system has a high
bonding quality due to the nonwoven component and thus has a high effective stiffness,
and the glass filament grids were effective.

Zhengpi and Dengliang evaluated the effectiveness of a reinforcing interlayer in preventing
reflection cracking.’? Laboratory investigation was first conducted using regular fatigue test.
Slabs (300x300x60mm) were prepared with and without reinforcement and were then cut into
fatigue beams (50x50x240mm). Testing was conducted at 15 and -10°C in a stress-controlled
mode. A full-scale fatigue system was also used. In this setup, two concrete slabs separated by a
joint, were used to simulate thermal horizontal movement in rigid pavement. An HMA layer
was then compacted on top of the concrete slabs to simulate an overlay. Reinforcement was
placed between the two layers and testing was conducted at two temperatures: -10°C and at room
temperature. The overlay thickness was fixed at 70mm. Reinforcement was also evaluated in a

61



100m test section. The reinforcement was placed between 30mm of wearing course and 40mm
of macadam base course.

Results of laboratory testing indicate that geonet improves the fatigue life of HMA beams by a
factor ranging from 15 to 220% at 15°C and by a factor ranging from 14 to 240% at -10°C. The
level of improvements depended on the stress ratio applied during the experiment; but did not
appear to follow a specific trend. Results of full-scale testing indicated that reinforcement might
improve the HMA resistance to reflective cracking by nearly ten fold. Moreover, monitoring of
crack propagation during this test indicated that the reinforcement reduces stress concentration
near the cracks, and therefore, retards reflection cracking. Two years after installation,
transverse cracks only appeared in the control section. In contrast, no cracks appeared in the
reinforced section.

Brown et al. conducted various laboratory tests to identify the effectiveness of interlayer systems
and develop a design procedure for reinforced flexible pavements.”® A repeated load shear test
was used to evaluate the interface shear strength and stiffness of unreinforced and reinforced
samples. A set of four-point bending tests was performed to establish the contribution of
reinforcement to the fatigue life of HMA. Beam sample dimensions were 400x120x200mm. An
interface was created in all samples at a height of 30mm, where the reinforcement (if any) was
placed. Although the normal procedure would require that an equal vertical load be applied in
both directions to minimize the permanent deformation of the beam, it was found that such a
procedure would result in the possibility of crack initiation from the top, bypassing the effect of
the reinforcement. Therefore, a greater downward load was applied to ensure that the crack
would initiate from the bottom of the beam. A semi-continuous fatigue test fixture was then
utilized to evaluate the fatigue life of 400x200x90mm thick beam samples. Reinforcement was
placed 30mm above the base, and support was provided by two rubber layers placed over a steel
base. A parallel set of laboratory tests was also performed to evaluate the effect of interlayer
systems on thermally induced loading due to the expansion and contraction of a concrete base.
This fixture simulated an HMA overlay over a jointed concrete. The joint was slowly opened
until failure of the specimen occurred.

Results of this study indicated that both geogrid and glass fiber caused a significant reduction in
the interface shear stiffness compared to the unreinforced case. Results of the four-point bending
tests indicated that the contribution of the reinforcement is negligible under these conditions.

The presence of the reinforcement was found to have no effect on the initiation of the crack, or
on the early stages of crack propagation. Results of the semi-continuous fatigue test indicated
that glass fiber might improve the fatigue life by a factor of 1.2. It was also found that all
interlayers were effective in preventing reflective cracking due to the thermal movement of a
concrete slab. Geogrid and glass fiber gave an improvement factor of up to eight.

Dempsey presented the development and evaluation of the Interlayer Stress-Absorbing
Composite (ISAC) system.” The ISAC system consists of a low modulus geotextile, a
viscoelastic membrane layer, and a high stiffness geotextile. The low-stiffness geotextile fully
adheres to the existing pavement and accommodates large deformation at the joint without
breaking its bond with the slab. The viscoelastic membrane layer would act similar to a SAMI
by allowing relative movement between the top and bottom geotextile and between the overlay
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and the existing pavement. The high modulus geotextile, which forms the upper layer of ISAC,
provides reinforcement to the overlay. The ISAC system has been evaluated in the laboratory.
The laboratory setup consists of an HMA overlay placed on top of a jointed PCC slab. A
hydraulic actuator was used to simulate thermal loading by opening and closing the joint in the
slab. The performance of the ISAC system was compared to an unreinforced overlay and to two
interlayer products. Testing was conducted in an environmental chamber set at a temperature of
-1.1°C. Field performance of the ISAC system is also reported in six pavement sections.

Laboratory results indicated that the control section and the overlays reinforced with two typical
interlayer products failed after less than 10 cycles of joint movement of 1.83mm. In contrast, the
overlay incorporating the ISAC system only cracked at a joint movement of 5.08mm and did not
exhibit any cracking at smaller joint movements with cycles. Field performance of the ISAC
system indicates that it is effective in retarding reflective cracking. In one test site (IL 38), while
the control sections showed 16 and 18 full-width reflective cracks after less than a year, the
section reinforced with ISAC only showed five reflective cracks after six years in service. At
another location, while the control section experienced 45 to 50 reflective cracks per kilometer,
the ISAC section only indicated three reflective cracks. Recent study by Al-Qadi et al. (2008)
showed clearly that ISAC can retard reflective cracking; but its cost effectiveness depends on the
number of cracks or joints per lane length.

Cleveland et al. developed a methodology to compare the effectiveness of different geosynthetic
materials based on the Texas overlay tester.”” A modified Paris Law was defined in terms of
the pseudo J-Integral, which considers the crack growth in nonlinear viscoelastic materials:

dc o
—=A'UJ 3.22
A (3.22)
where,

c is crack length;

N is number of load applications;

J; 1s viscoelastic pseudo J-Integral; and
A’ and n’ are fracture parameters.

Fracture properties of six geosynthetic materials (two composite polyester grids, two composite
fiberglass grids, one nonwoven fabric; and one fiberglass grid) were characterized using the
Texas Transportation Institute (TTI) Overlay Tester. This device applies a cyclic horizontal
displacement on a beam specimen (152x76x508mm) until failure. Based on the plot of the
measured load against pseudo displacement, a reinforcing factor (R) and a crack speed index
were defined to characterize the reinforcing benefits of geosynthetics. Laboratory test data
suggest that a tack coat alone may improve the overlay resistance against reflection cracking.
Comparison of the crack speed index (CSI) for the various interlayer systems indicated that grids
and composites performed better than fabrics in resisting reflection cracking. In general, all
interlayer systems considered in this study improved the performance of the overlay against
reflection cracking as compared to unreinforced cases.
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Aldea and Darling investigated the effect of coating on glass grid performance.”’® The
experimental program consisted of testing selected products using a tensile test and a tensile
strength retention test. In the tensile test, the interlayer was dried in the oven at 150°C and was
then pulled at a rate of loading of 300mm/min until failure. In the tensile strength retention test,
an HMA base course was compacted using the Marshall procedure and an interlayer was placed
on top of the base. A surface course was then compacted on top of the interlayer. After
compaction, the sample was broken apart and the interlayer was recovered and tested for its
tensile properties. The effect of coating was evaluated in three distinct phases:

e Phase 1: two coating types (polymer-based and emulsion-based coating) were compared
to an uncoated glass grid.

e Phase II: five polymeric coatings were compared to an uncoated glass grid. The
difference between the coatings was in chemical composition and coating process.

o Phase III: two coated glass composites (fiberglass mesh attached to a polypropylene non-
woven fabric) were compared to an uncoated glass grid composite.

Optical microscopy was also used to assess the quality of coating penetration. Results of this
study indicated that regardless of the coating used, the addition of coating significantly improved
the initial tensile performance by 50 to 60%. Moreover, polymeric coating significantly
improved the tensile retention of the interlayer as compared to the uncoated and emulsion-coated
glass grid. Results of Phase II indicated that not only the type of coating influences the grid
performance but also the coating process. Optical microscopy images indicated the presence of
air voids within the coating. If located at the center of the section, these voids may have
detrimental effects on the grid performance. However, the concentration of air voids varied
greatly with the coating type and process. Coating also significantly improved the tensile
strength of glass grid composite by as much as 74%.

Montestruque et al. evaluated the effectiveness of polyester geogrid in combating reflective
cracking."” Fatigue tests were conducted with and without reinforcement using HMA beams
(75x150x460mm) resting on an elastic rubber base support. The geogrid was placed right on top
of a pre-crack (3, 6, and 9mm in width). Failure was defined at the point in the test in which the
crack appeared at the surface. A crack activity meter was installed to monitor the horizontal
movement of the crack during testing. The central part of the beam was painted white to easily
visualize the crack propagation process. A sinusoidal load was applied at a frequency of 20Hz
using a steel plate. Two positions were used for the load to simulate bending and shear failure.
A factor of effectiveness of geogrid (FEG) was defined as follows:

FEG = M (3.23)

f (without geogrid)

where,
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N (3.24)

where,

1 2
+

Nf(B) Nf(S)

c, = (3.25)

where,

N¢ g 1s the fatigue life in a bending mode; and
N (s) is the fatigue life in a shearing mode.

Two-dimensional FE was also used to simulate the fatigue test and to explain the contributing
mechanism. Results of the experimental program showed that unreinforced beams failed quickly
after the start of the test. When the reflected crack reached the surface of the sample, the beam
completely ruptured. The crack propagation process was vertical in both the bending and
shearing modes. Reinforced beams only exhibited vertical growth for 20-30mm. Then,
microcracks appeared and spread over a wide area. The test was discontinued after one small
crack reached the surface although the sample was still able to resist additional cycles. The FEG
for the different crack geometries ranged from 4.60 to 6.14. In addition, the plastic deformations
in the reinforced beams were reduced by a factor ranging from 30 to 36%. Results of the FE
simulation indicated that the reinforcement reduces the tensile stresses at the crack tip by as
much as 56%. After propagation, the geogrid continued to reduce the tensile stress in the HMA.

Gallego and Prieto developed a laboratory setup, the Wheel Reflective Cracking (WRC) device,
to determine an overlay performance against reflective cracking with and without
reinforcement.””® The developed laboratory test setup consists of applying a moving wheel load
on a HMA specimen that is supported at the middle span and at both ends. The specimen is
enclosed in two chasses that are set 10mm apart to simulate a joint or a crack. The middle
support rests on a rocker that allows simulating the relative vertical movement between the
borders of the crack. When the wheel travels on top of the specimen, it can simulate
symmetrical (Mode I) and asymmetric (Mode II) loading positions. Changes in temperature are
also simulated by fixing the bottom of the specimen to two plates. During the test, one of the
plates remains fixed while the other is moved horizontally to simulate the progressive widening
of the crack. The test is also conducted at low temperature (5°C) to test the overlay under the
worst service conditions. Vertical movement is also simulated by placing a rubber block under
the rocker at the center of the specimen. Failure was defined as the time when the relative
vertical displacement between crack borders reached 0.2mm. The proposed setup was tested in
two unreinforced overlays and one fiberglass reinforced overlay.

Of the two overlays without geosynthetics, the test results successfully predicted that the mix
with polymer-modified binder would perform better than the mix with straight binder. The
reinforced overlay performed better than the two unreinforced specimens did. The reinforced
overlay had 1.5 times better strength than the polymer-modified overlay. At failure, the
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reinforced overlay exhibits failure over a large area while the unreinforced specimens exhibited
one reflective crack at failure. This indicates that the presence of geosynthetics helps reduce the
stress concentration near the crack and allows distributing the stresses over a wider area.

3.6 MODELING HMA WITH REINFORCEMENT AND STRAIN ENERGY
ABSORPTION

Significant efforts have been made to analyze the phenomenon of reflective cracking by utilizing
FE methods. Three-dimensional FE analysis was performed for HMA overlay placed on a
jointed PCC pavement.””” Reflective cracking induced by temperature variations and traffic
loading was evaluated by means of tensile stress on the top and bottom of the overlay. This
study concluded the effectiveness of the interlayer stress absorbing composite (ISAC) in
reducing stress around a crack tip. Kuo and Hsu examined the path of reflective cracking by
applying various fatigue criteria on HMA overlay and interfaces.®” Al-Qadi et al. and Elseifi
and Al-Qadi utilized the path-independent J-integral to compute energy dissipation in the vicinity
of a reflective crack tip when steel reinforcement netting and geocomposite interlayer are used as
interlayer systems.®*" Depending on interface conditions, reflective cracking was initiated and
propagated in different locations. Theses FE approaches were primarily carried out to analyze
either stress or strain based on continuum mechanics.

Based on the principles presented in the previous section, fracture mechanics approaches have
been utilized to analyze the fracture behavior of HMA. The Cohesive Zone Model (CZM)
proposed in the 1960s has been utilized to model HMA cracking.®” In their study, various
combinations of nonlinear spring and dashpot models were used to represent the viscous
behavior of HMA. After that, several research efforts have shown successful applications for
modeling a crack in HMA. (See references 83, 84, 85, 86, and 87.) Song inserted the CZM
elements into the pre-defined crack path over a PCC joint.*® He concluded that bottom-up
reflective cracking results from traffic loading while top-down reflective cracking is induced by
temperature variation. Currently, more applications of the CZM are used in pavement analysis
because of the efficiency and the versatility. However, 3D FE analysis has not been performed
to examine the complex behavior of reflective cracking induced by moving traffic loading which
can lead to mixed mode fracture in tension and shear. The following sections present a review of
the most noteworthy studies in modeling reflective cracking in rehabilitated pavements.

Elias et al. evaluated the effectiveness of a geocomposite interlayer consisting of a high modulus
grid and a polyester nonwoven geotextile using 2D FE.®® The considered problem consisted of
a HMA layer on top of a cracked unbound base. Two-dimensional elements, which allowed
considering the slip at the interface, were used to simulate the bonding between the HMA and
the base layers. The strength of the bonding between the two layers was determined using the
results of a pullout test. Singular elements were used to simulate the stress concentration at the
crack tip. Results of this study indicated that a geogrid composite improves the performance of a
pavement system against crack propagation. The increase in the pavement service life ranged
from 10 to 33%. The level of improvement depended on the base thickness and the strength of
the soil expressed in this study using CBR. Greater improvements were noticed with high base
thickness and weak subgrade soil. Design charts were developed to allow quantifying the
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increase in the pavement service life due to the reinforcement and the possible reduction in the
subbase thickness when a geogrid composite is used.

Tandon et al. utilized a 3D FE approach to investigate the influence of debonding between an
overlay and a PCC layer in mitigating reflective cracking.®” The impact of geosynthetics on the
stress field was also investigated. The modeled pavement structure consisted of an HMA
overlay on top of a PCC slab resting on a subbase layer. The geosynthetics was simulated as a
continuous layer with a thickness of 6.35mm and a modulus ranging from 0.001 to 0.7GPa. All
layers were modeled as linear elastic with varying thicknesses and moduli. Von Mises stresses
were used to judge the criticality of the responses to the applied load. A static circular load was
used in the analysis. Bonded and debonded analyses were conducted and compared. Results of
this analysis showed that debonding between the layers increases the stress field in the pavement
structure. In addition, the use of geosynthetics significantly reduced the induced stress field in
the pavement structure. Based on the results of a parametric study, a minimum thickness of
HMA overlay of 102mm and a geosynthetics modulus greater than 0.07GPa were recommended.

Jun et al. evaluated the stress intensity near a crack with and without geosynthetics using FE
analysis.(%) A pavement structure consisting of an HMA overlay, an interlayer, a cracked PCC
layer, and a subgrade, was analyzed. All materials were assumed to be linear elastic. Two types
of geosynthetics were simulated: a stress-relief interlayer with a modulus ranging from 30 to
140MPa and a reinforcing interlayer with a modulus ranging from 2000 to 8000MPa. The
interlayer systems were simulated as a continuous layer with a thickness of 0.01m. Both thermal
and vehicular loadings were considered in the simulation. The thermal field was simulated by
considering the temperature variation in the overlay and the PCC layer. Criticality of the stress
field was judged based on the stress intensity factors (K; and Kyj). Results of this study showed
that vehicular loading is the major source of the shearing mode (Mode II) in the overlay. On the
other hand, thermal loading is the major cause of the opening mode (Mode I) in the overlay.
Increasing the overlay thickness helps to control the crack initiation associated with vehicular
loading; but does not seem to control cracks caused by thermal loading. A stress-relief interlayer
results in reduced stress concentration at the joint. However, a low modulus interlayer leads to
greater tensile strain at the bottom of the overlay. Therefore, a minimum modulus of 30MPa is
required and a modulus of 60MPa is viewed as optimal. A reinforcing interlayer would reduce
the stress concentration at the crack tip. However, when the modulus of the interlayer is greater
than 6000MPa, the benefits of the interlayer become less significant.

Elseifi and Al-Qadi linked field observations and measurements to engineering theories to
evaluate the effectiveness of a newly-developed geocomposite membrane.®" Strain absorption
capabilities of a geocomposite membrane were evaluated using a theoretical finite element
approach. To simulate the stress fields that develop around a cracked pavement, a focused two-
dimensional FE mesh was developed. Four contour lines were simulated around the crack to
calculate the path-independent J-Integral. Each contour line is a ring of finite elements that
surrounds the crack tip from one crack face to the opposite one. The calculated J-Integral was
then used to estimate the stress intensity factor for the cases with and without the geocomposite
membrane. The greater the value of the stress intensity factor, the faster is the initiation and
propagation of the crack in the overlay. Two positions of the load were considered to evaluate
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Modes I and II of loading. Results of the FE model were linked to deflection measurements and
to observed crack behavior in extracted cores.

The overlay life against reflection cracking was described by the process of crack intrusion into
the overlay (initiation) and crack propagation. For each of these two phases, a number of cycles
were estimated to determine the overlay service life against reflective cracking. A low modulus
interlayer is able to dissipate most of the available energy at the crack tip, therefore, minimizing
the potential for reflective cracking. A low modulus interlayer creates a protective shield around
the crack tip, separating the criticality of the stress field in the cracked area from the bottom of
the overlay; figure 3.8. A strain energy absorber would only be effective in the crack
propagation phase if the crack does not pass through the interlayer. Extracted cores indicated
that after three years in service, the crack did not propagate through the interlayer. A
geocomposite membrane does not provide any reinforcement to the pavement system. FWD
measurements indicate a very high jump in the center deflection on top of the interlayer. This
jump was not observed in the control section.

(a) with geocomposite membrane (b) without geocomposite membrane

Figure 3.8 Shear stress distribution with and without geocomposite membrane.

Figure 3.9 illustrates the performance of the geocomposite membrane in delaying the reflection
of cracks when installed on a bridge deck in Italy. As shown in this figure, the crack did not
propagate through the geocomposite membrane, but completely stopped at the interlayer level.
Results of this analysis also showed that a strain energy absorber would only be effective in the
crack propagation phase if the crack does not pass through the interlayer and propagates
horizontally at the interlayer-existing pavement interface.
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Figure 3.9 Performance of the geocomposite membrane in delaying the reflective cracking in a
bridge deck.

Baek and Al-Qadi evaluated the fracture mechanism of reflective cracking in HMA overlay
using a 3D FEM and utilizing the cohesive zone model (figure 3.10).°" A fractured area due to
potential reflective cracking was calculated at a region in which cohesive elements were inserted.
A represent fracture area (RFA) is introduced as a weighted average value of degradation to
calculate the fractured area. Utilizing global and local RFAs, the mechanism of reflective
cracking is investigated for HMA overlay with interlayer systems. By utilizing the RFA in
global and local zones, the effectiveness of interlayer systems were evaluated. This study found
that different reflective cracking patterns occurred in terms of quantity and distribution.

HMA overlay

Cohesive elements

PCC slabs

Bulk elements

PCC joint

“6.4mm joint

Figure 3.10 Schematic of cohesive element application to mode reflective cracking in HMA
overlay over the joint.

3.6.1 Models for Pavement Design that Incorporate Interlayer Systems

Starting from the early 1980s, a number of empirical models have been developed to predict the
performance of HMA overlay against reflection cracking. These models related the traffic
volume (Equivalent Single Axle Loads [ESALs]), environmental conditions (Freezing Index),
and overlay thickness to the expected extent and severity of reflection cracking. Although
empirical design methods are relatively simple and popular, the achieved level of reliability with
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these design methods is very low, and hence, premature failure of the pavement may occur. This
concern has led pavement engineers to pay close attention to updating and modifying current
empirical design methods and to consider a more accurate mechanistic pavement design
procedure. The additional research costs associated with developing and implementing suitable
design methods is justified and is considered minimal with respect to the ability of pavement
agencies to better plan and to use available funds to build long-lasting pavement.

There is a growing recognition among pavement engineers that despite the complexity of the
reflective cracking failure mechanism, an ideal design tool should be based on well-established
engineering theories. However, the final design method should be presented in a simple
approach free of complicated engineering tools such as FEM or fracture mechanics. This means
that simplicity does not justify empiricism. Based on this concept, several methodologies were
developed to predict the overlay service life against reflective cracking. Most of these models
followed a simplified approach in order to avoid excessive complexity of the developed models.
This section presents a brief overview of some of the most noticeable models.

3.6.1.1 Design Methods without Interlayer Systems
In 1987, a mechanistic-empirical design methodology was developed to predict the overlay

service life against reflection cracking.®? Using Paris’ Law and assuming a beam-on-elastic
formulation for estimating the stress intensity factor, the following model was developed:

N 1 N t
Nobs = th - th [N_jbj - th(Nl J (3.26)

where,

Nobs 1s observed reflective cracking life (correlated to the theoretical life);

Ny 1s calculated service life due to thermal loading; and

Ng» and Ngs are calculated service life due to traffic associated with bending and shearing
actions.

It can be noticed from Equation 3.26 that the observed service life was correlated with the
calculated service life due to thermal loading. However, to account for the effect of traffic
loading, the actual service life was reduced due to the bending and shearing effects. In 1991, the
use of a cohesive crack model to predict the crack propagation in HMA was suggested.®? This
model, which was originally proposed to observe the plastic fracture process in metal, is based
on the tensile strength, the fracture energy, and the stress-separation relationship. In addition, it
was assumed that the fracture starts at one point when the principal stress exceeds the tensile
strength of HMA. To determine the required properties, the indirect tensile and the three-point
bending tests were conducted. Results of this analysis indicated that the selected parameters
provided a good indication of the fracture behavior of the material.

In 2001, a mechanistic-empirical approach was developed to predict the pavement service

life against reflective cracking. Based on the results of fatigue laboratory testing and
assuming the applicability of Paris’ Law, the following model was proposed:®>’
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where,

Ny, 1s number of cycles for crack initiation (defined as the time cracks become visible in the
overlay surface); and

B and pNg are parameters of the models empirically related to the stiffness and structural design
of the pavement system.

This regression equation was developed based on the computed number of cycles for crack
propagation assuming an elastic beam formulation. The model was calibrated and validated
against the field performance of 20 various test sites. It was reported that Equation 3.27 can
predict the number of cycles for crack initiation with an absolute error of 18%. In 1998, a design
procedure was developed to describe the crack propagation phase in rehabilitated rigid
pavement.”? Assuming the validity of Paris’ Law and utilizing a two-dimensional FE model,
the stress intensity factor was determined for traffic and thermal loadings. Then, assuming
typical values for the fracture parameters (A and n), the following model was derived:

h
N = overlay 3.28
X 10712(KC )2.4 ( )

where,

Ny is number of load applications till failure through a thermal or traffic loadings,
Hoverlay 1s thickness of overlay, and
K. isstress intensity factors associated with thermal and traffic loadings.

In 2003, a simplified design model was developed to predict the service life of rehabilitated
flexible pavement structures against reflective cracking.” A simple equation was derived based
on 3D FE models utilizing linear elastic fracture mechanics (LEFM) principles. The FE models
simulated a variety of rehabilitated cracked pavement structures. A detailed sensitivity analysis
was performed to establish the accuracy of the FE models. Accurate simulation of the crack
singularity was achieved by modeling several contour integral evaluations along the crack front.
Both crack initiation and propagation phases were considered in the formulation. The crack
initiation phase was described using a traditional fatigue law developed by the Belgium Road
Research Center, and the crack propagation phase was described using Paris’ Law. Three
contour lines were used around the crack front to calculate the path-independent J-integral.
Calculation of the stress intensity factors based on the J-integral was presented. The following
model was developed from performing numerous cases of pavement analysis:
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LOg th() = # [255Hover1ay + 2.08E0verlay + 45-3HHMA + 873EHMA + 1-34Hbase + 6-93Ebase +
1.49E gubgrade] (3.29)

where,

Wiso is the total number of 80-kN single-axle load applications;
a, b, c, d, e, f, and g are regression constants;

Hoverlay 15 the thickness of HMA overlay (mm);

Eoverlay 15 teh resilient modulus HMA overlay (MPa);

Hyma is thickness of existing HMA layer (mm);

Emma is resilient modulus of existing HMA layer (MPa);

Hyase 1s the thickness of base layer (mm);

Ebpase 18 the resilient modulus of base layer (MPa); and

Esubgrade 15 the resilient modulus of subgrade (MPa).

3.6.1.2 Design Methods with Reinforcement Interlayer Systems

It was previously shown that in order to act as reinforcement, an interlayer must have stiffness
greater than that of the surrounding materials. In this case, the interlayer system may provide a
substantial savings in the overlay thickness. The proposed design method should reflect this
concept. Few numerical and mechanistic methods have been developed in order to appraise the
contribution of geosynthetic reinforcement, and ultimately the prediction of the service life of
such reinforced flexible pavements. However, because of a lack of accurate characterization of
a geosynthetic-reinforced HMA overlay, the ill performance of some products, and rigidity and
inappropriateness of some products intended to be applied under HMA, the United States Army
Corps of Engineers (USACE) does not recommend the use of geogrid-reinforced HMA
overlays.“? The following section presents an overview of available design methods for HMA-
reinforced pavement.

Brown et al. carried out a set of laboratory tests in order to quantify the influence of the geogrid
reinforcement of asphalt layers.> The mechanistic design method developed by Brown and
Brunton was used to produce typical unreinforced designs for three different climate areas (New
York, South Carolina, and Illinois).®® The predicted performance of fatigue cracking and
rutting failure mechanisms of the conventional unreinforced pavements were compared with the
experimental results. They were able to quantify the benefits of including a geogrid at the bottom
of the asphalt layer and within the layer to minimize cracking and rutting, respectively. The
percentage savings in HMA thickness are shown in table 2. The study considered only one type
of geogrid and a granular subbase of 200mm as well as a single layer of HMA. Lytton
developed a method through which Paris’ Law was modified to account for viscoelasticity using
what he called the pseudo-J integral.®® The method developed used a reinforcing factor (R) that
is obtained based on the analysis of the dissipated pseudo-strain energy, as illustrated in figure
3.11. The method uses experimental testing, where beam bending tests are performed with
unreinforced and reinforced specimens under cyclic loading. The hysteresis loop from the load
versus pseudo-displacement is plotted. Pseudo strain energy is then calculated as the sum of the
tension areas bounded by each load cycle, numbered 1 and 2 in figure 3.11.
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Table 3.2 Summary of potential HMA saving through inclusion of reinforcing grid.®”

Fempere Pfesign % Saving in asphalt thickness
Region (1mesa) | laver of erid at bottom 1 layer grid near top and
yerotg otto 1 layer grid bottom

: 1 - 14

10 16 29

New York 100 26 35

5 1 13 27

. 10 24 35

South Carolina 100 29 31

3 1 11 24

y 10 25 36

Ottawa, Illinois 100 30 31
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Figure 3.11 Measured load versus reference displacement displaying loops generated for each
load cycle used to define the reinforcing factor.*?

After comparing the non-reinforced and reinforced results, the contribution due to reinforcement
can be calculated. The clockwise loop forming area 1 follows a path similar to that obtained
from unreinforced beam tests. Area 2 divided by area 1 yields the reinforcing factor. The
reinforcing factor R is used to calculate the crack propagation rate using the formula described as
follows:

dc m
N~ B® (3.30)
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The values for B and m are obtained from a power curve fitting of the rate of crack growth
versus the reinforcing factor graphic. The suggested equation for overlay design incorporating a
solid interlayer:

dy = KA Bw [coshB—W—l}—ntf (3.31)
(fro)Bsinh(™ ")

where,

dy 1s the required thickness of the overlay;
ko is the shear stiffness of the tack coat;

B= |
Eudu
E, is the elastic stiffness of the under-layers;

d, is the combined thickness of the existing pavement;
f,, 1s the e design tensile strength of the overlay;

W is the minimum width of the interlayer placed above the existing pavement;

n is the elastic stiffness ratio (ratio of the elastic stiffness of the interlayer to the elastic stiffness
of the overlay;

t¢ is the thickness of the interlayer; and

A is the crack full width opening.

A similar equation was provided for an interlayer system with openings:
koA
(fto)(1 + np) Psinh(

[coshBTW - 1} (3.32)

dO:

Bw
5)

where,

all of the repeated variables are defined as before; and
p is the ratio (in decimal form) of the cross-sectional area of the interlayer divided by the cross-
sectional area of the overlay.

A mechanistic design procedure for geosynthetic reinforced flexible pavement was proposed by
Majidzadeh et al.°” This design method is based on the two traditional failure modes considered
in any mechanistic design method: fatigue of the HMA and rutting of the subgrade. The rutting
of the subgrade is assumed to be directly caused by the vertical strain at the top of the subgrade
layer; the HMA fatigue is assumed to be caused by the horizontal tensile strain at the bottom of
the HMA layer. The relationship between the critical strain at the bottom of the HMA and the
number of cycles for fatigue failure is expressed as follows:
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N, =c¢ 1 for controlled stress tests (3.33)
f 1
€y

1" .
N; =c, —) for controlled strain tests (3.34)
€p

where,

Nt is the fatigue life of a flexible pavement;
€ 1S the maximum tensile strain; and
c1, C2, My, and m, are parameters determined by laboratory beam testing.

To consider the contribution of the interlayer, Majidzadeh et al. introduced the following
parameter:”

. . N
FEF = Fabric Effectiveness Factor =—= (3.35)

fu

where,

Ny, 1s the number of fatigue cycles for unreinforced pavements; determined from Equations
(x.34) or (x.34);
Ny is the number of fatigue cycles for reinforced pavements determined as follows:

N, =N, x FEF(i,g, ) x GEO (3.36)
where,
FEF(i,ey) is the value of FEF for fabric i at strain h; and

GEO is the geometry correction affected by the depth of fabric in the HMA layer.
To determine, the FEF in Equation 3.6, Majidzadeh et al. suggested the following equation:

FEF=a,(¢,)" (3.37)

where,

a; and a, are parameters to be determined from laboratory testing of beams reinforced with
geosynthetics. GEO is related to the depth of interlayer from the top of flexible pavement (d’),
the depth of the neutral axis (zero horizontal bending strain, (z) under the traffic load). GEO is
limited to the value of 1.0, and is determined as follows:

GEO = 0.64 (d’/z)"*° (3.38)

It may be noticed that this method required excessive testing to evaluate the contribution of the
interlayer, which may not be ideal for use in routine design. Moreover, this method is limited
and considers only the fatigue failure mode.
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Using a modified version of the Paris’ Law to calculate the crack propagation rate, Koerner
proposed a set of constants that can be used to predict the overlay lifetime with various types of
geogrids and geotextiles.”® The values of A proposed by the author are presented in table 3.3.
Again, the applicability of Paris’ Law to HMA is questionable at best.

Table 3.3 Values proposed for various types of geosynthetics.””

Nonwoven geotextile 0.5

Polypropylene geogrid 0.35
Polyester geogrid 0.35
Fiber glass geogrid 0.25

3.6.1.3 Design Methods with Stress Relief Interlayer Systems

As an acceptable approximation, it was found that, although traffic loading contributes to both
modes I and II crack propagation processes, the stress intensity factor resulting from mode I
(Kic) is negligible compared to the stress intensity factor resulting from mode IT (Kyc).®? On
the other hand, thermal loading mainly contributes to the mode I crack propagation process. If
both types of loading are assumed to occur simultaneously, which will be the critical loading
case; the combined stress intensity factor can be calculated as follows:®”

K, =0.5(K+ K2+ Qe Kyp)?) (3.39)
where,
P 3/2
_ 2(1-v)—-v (3.40)
3(1-2v) '
where,

v is the Poisson’s ratio of the overlay material.

The number of cycles needed for a crack to grow from length c; to length ¢, (¢c; > ¢;) can be
obtained from Paris Law by integration:

= (AK) (3.41)

The main problem associated with the integration in Equation 3.41 is the determination of the
stress intensity factor for the considered geometry and loading. Only a limited number of exact
solutions exist when the size of the crack is small compared to the dimensions of the body and
for very simple geometry."'®” To overcome this problem, different approximations have been
proposed; most are based on the application of the FEM, which allows for a direct calculation of
the stress intensity factor with only minor change to a standard FE code. Among the various
approximations recently proposed, the one suggested by Graf is presented."'®" To determine the
stress intensity factor in mode I loading (due to thermal stresses), Graf made use of the following
approximation assuming an uncoupled overlay (unbounded to the existing pavement):

76



c c
K ~o4mc f(—); 0<—<0.5 3.42
iy =m0 (342)
where,

Kj is the stress intensity factor due to thermal loading;

v1 1s a coupling factor, where y;=1 indicates full bonding between the overlay and the existing
pavement and ;=0 indicates an unbounded case; and

h; is the overlay thickness.

0.857 +0.265 hi

() = 0.265(1— )% + ! (3.43)
h, h, (1_i)3/2
hl

and;

c c

= —F.| —

Or R(hlj

(3.44)
where,

oy 1s the thermal surface stress; and

Fr is a function determined with the help of FE calculations.
Another solution was given to determine the stress intensity for mode II loading (traffic loading):

- Q
Kyl, o =0.65 . Jae; c<h (3.45)

1—€C

Q .
Jah, —c)’

KH|Y1:l =231 c<h, (3.46)

where,
Q is the applied shear force.

After defining the stress intensity factor, Equation 3.41 is used to determine the number of cycles
before the crack propagates to a specific length c, (usually taken as half the overlay thickness,
c2=0.5h;). The number of cycles can then be evaluated for various situations (incorporating a
stress relieving layer or without interlayer), and the contribution of the interlayer system in
delaying the crack propagation process can be evaluated. It is also important to determine the
correct values of the material fracture parameters (A and n). One method is to examine the
stable crack growth of HMA beam samples under repeated loading conditions, which is a tedious
and expensive operation.®® A simpler approach is that of Schapery who presented theoretical
relations between the fracture properties of a material and its creep, tensile and fracture energy
properties.®® These relations were based on both linear viscoelastic theory and the path
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independent J-integral. For both traffic and thermal loading, the fracture properties of a material
can be determined as follows:

n=— (3.47)
where,

m is the slope of the log creep compliance versus log time curve. In most cases for typical HMA
mixes, the exponent lies between 2.1 and 6.0.° Schapery also showed that for traffic fatigue,
and conventional HMA:

n=-2.2-0.5(log Ar) (3.48)

and for thermal fatigue:

n=-0.72 — 0.42(log A7) (3.49)

During the past two decades, several design methodologies were developed to predict HMA
overlay service life against reflective cracking. Upon initial review of these methodologies, two
major shortcomings arise. First, several of the assumptions made in the formulation were neither
validated nor justified. For example, one of the most popular assumptions is to consider that the
pavement structure may be represented by a beam resting on elastic foundations. Although this
approximation may be acceptable when dealing with a two-layer system, the error becomes more
significant when dealing with a multi-layered pavement structure. Another assumption usually
made in the formulation and that requires further investigation is assuming that the discontinuous
crack growth in HMA may be accurately simulated using fracture mechanics principles. Second,
most of the available models fall short in being adequately validated against actual field
performance. This prevents direct generalization of these models, and necessitates further
research to properly evaluate and validate these models.

3.7 SUMMARY

It is evident that geosynthetics can be used to improve pavement drainage. However, a design
that quantifies the impact of including a geosynthetic-drainage system in pavement is needed.
The current models that incorporate geosynthetics as stabilization in pavements lack the
quantification and validation. As to the use of geosynthetics to reinforce unbound layers, the
models appear be empirical at best. This could be due to several factors including the following:
unavailability of geosynthetic characteristics that relate their properties to the geosynthetic
performance in pavements, lack of understanding the reinforcing mechanisms, inappropriate
modeling of the geosynthetic interlayer systems, the interaction between geosynthetics and
surrounding layers, the response of geosynthetic to a moving load under confined conditions, and
effect of environment on its long-term performance in the pavements. Finally, an accurate
design model that may be used to predict pavement service life against reflective cracking is
needed. The current models used assumptions that lead to erroneous results.
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CHAPTER 4. METHODS OF CONSTRUCTION
AND RELATED QC/QA PROGRAMS

4.1 INTRODUCTON

When properly selected and installed, geosynthetics can provide significant enhancement to a
pavement system. Given that appropriate geosynthetic material properties are selected for
pavement application, the degree to which the system improves is highly variable and dependent
upon the expertise of the contractor and the personal experiences of the workforce installing the
geosynthetic. Hence, geosynthetic installation procedures have evolved through cumulated
experience and empirical testing results. Presently, either manufacturers or state transportation
agencies provide the construction specifications and installation sequence for specific
geosynthetic applications. Hence, many state specifications have evolved from manufacturer
provided guidelines. Minute variances in specification and procedure do exist and are dependent
upon the geosynthetic applied and the location of material within the pavement system.

4.2 CURRENT GEOSYNTHETIC MATERIAL PROPERTIES FOR UNBOUND
LAYERS

From a review of agency practices, geosynthetic material is typically placed at three different
locations in the pavement structure for applications intended to improve unbound materials
performance: Geosynthetics placed on the subgrade may be used as a separation/stabilization or
reinforcement layers beneath any aggregate base material. Geosynthetics placed under or within
an aggregate layer is typically intended as a reinforcing layer to reduce the lateral movement of
the granular material. Geosynthetic drainage layers have been used beneath, within, or on top of
an aggregate base layer; or within the subgrade as a capillary break layer.

Three distinct geosynthetic applications and three distinct material types have been identified as
those primarily in current use among highway agencies in association with unbound materials in
pavement systems."” The applications include separation/stabilization, reinforcement, and
drainage. The material types include geotextile fabrics, geogrids, and triplanners.

4.2.1 Separation/Stabilization

The earliest and perhaps most common use of geosynthetics in roadway applications was to
provide separation/stabilization functions. The benefit from these applications was identified
early in the development of geosynthetic uses. The separation/stabilization interlayers are placed
on top of the subgrade, providing separation between the aggregate base material and subgrade
or stabilizing a weak subgrade for the construction of the other pavement layers. Hence,
geosynthetics applied on the subgrade surface are used primarily as a material
separation/stabilization layer, but may also be intended as either structural support or as a
moisture barrier. Applying a geosynthetic as subgrade reinforcement, however, has been
determined to provide little, if any, structural support to the pavement system.

The most effective application of geosynthetics at the subgrade-granular layer interface is as a
separation layer, preventing intermixing of aggregate base and subgrade materials. While this
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application was initially limited to geotextiles, it currently encompasses geogrids as well. In
certain special cases such as construction over contaminated soil, geosynthetic moisture barriers
may be used at the subgrade surface to prevent moisture penetration.

Specifications in effect for geotextile material requirements typically include the following
physical property requirements: Grab Tensile Strength; Grab Elongation; Sewn Seam Strength,;
Puncture Strength; Permittivity; Apparent Opening Size (AOZ); Trapezoid Tear Strength; and
Burst Strength. Most of these tests initially evolved from the textile industry, and some
additional requirements such as permittivity and AOZ were added as experience with using
geosynthetics with pavements increased.

The following states were identified as having specifications on geosynthetics used for
separation/stabilization: Alaska, Arkansas, Colorado, Idaho, lowa, Maine, Montana, New
Mexico, Oklahoma, Pennsylvania, Washington, Florida, Idaho, Kentucky, Louisiana,
Massachusetts, Michigan, Minnesota, Missouri, New Jersey, New York, North Carolina, Ohio,
Oregon, Pennsylvania, South Dakota, Utah, Vermont, Virginia, Washington, and Wisconsin
(USDOT 2004). An example of separation requirements is presented in table 4.1; while the
requirements for lowa are presented in table 4.2. In addition, some states, such as Alabama and
California, have specifications for filtration applications.

Table 4.1 Colorado’s material requirements for separation application.

Class A Class B
Property Elongation | Elongation | Elongation | Elongation | Test Method
< 50%° >50%° < 50%° >50%°
Grab Strength, N (Ibs) 1200 (270) 800 (180) 800 (180) 510 (115) ASTM D 4632
Puncture Resistance, N (Ibs) 445 (100 310 (70) 310 (70) 180 (40) ASTM D 4833
Trapezoidal Tear Strength, N (Ibs) | 445 (100 335 (75) 310 (70) 180 (40) ASTM 4533
Apparent Opening Size, mm AOS < 0.3 mm (US Sieve Size No. 50) ASTM D 4751
(US Sieve Size)
Permittivity, sec' 0.02 default value, must also be greater than that of soil ASTM D 4491
Permeability, cm/sec K fabric > soil for all classes ASTM D 4491
Ultraviolet Degradation at 500 50% strength retained for all classes ASTM D 4355
hours

'Strength values are in the weaker principle direction
*As measured in accordance with ASTM D 4632

Table 4.2 Towa’s requirements for stabilization.

Property Value Test Method

Minimum tensile strength at 2% 250 Ibs/ft (3650 N/m) Geosynthetic Research Institute (GRI)
strain, both directions Test Method GG1-87

Maximum aperture, both directions 2 in (50 mm) Internal Dimension Measuring Calipers
Minimum aperture, both directions 0.5 in (13 mm) Internal Dimension Measuring Calipers
Minimum ultimate junction strength, | 800 lbs/ft (11,675 N/m) | GRI Test Method GG2-97

both directions
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4.2.2 Reinforcement of Unbound Materials

Geosynthetic materials are commonly used to provide reinforcement to the granular unbound
layer. The reinforcement may be provided in the form of either a geotextile fabric or a geogrid
material. The reinforcing fabric is usually manufactured from polyester, polypropylene or
polypropylene-nylon material. It should be nonwoven, and heat treated on at least one side."
States that have specifications for geotextile fabric reinforcements include Arizona, Connecticut,
Maryland, North Dakota, and Mississippi. Typical geotextile fabric characteristics used for
reinforcement must meet the thresholds identified in ASTM standards such as 4632, 4833,
4533,4751,4491,4355

Geogrid is more typically used for reinforcement purposes. Several states have specifications for
geogrid, with many being similar to the manufacturers’ geogrid requirements. These states
include Alaska, Arizona, Illinois, Indiana, and Oregon. Table 4.3 illustrates the specifications
used in Alaska for geogrid property requirements.

Table 4.3 Alaska’s specifications for geogrid used in granular layers.

Property Requirement Test Method

Average Aperture Size,

MD' 0.8-2.0 in ID Callipered Maximum

XD? 0.8-2.0 in Inside Dimension
Open Area, min 70%" Corps of Engineers

CW-02215

Weight, min 5.5 oz/yd ASTM D 3776
Rib Thickness, min 30 mils ASTM D 1777
Junction Thickness, min 60 mils

Tensile Strength,
Wide Width Strip, min

At 2% Strain 275 1b/ft ASTM D 4595
At 5% Strain 550 Ib/ft
At 15% Strain or Ultimate 8001b/ft
Flexural Rigidity, min 25,000 mg-cm ASTM D 1388
Junction Strength, min 80% ASTM D 638 Mod*

4.2.3. Prefabricated Drainage Layer

Another geosynthetic application in unbound materials is that of a prefabricated drainage layer.
The geosynthetic layer provides for lateral drainage in a pavement system, and may also provide
other characteristics such as separation and stress absorption.*” Typical state specifications
from the Washington DOT for a prefabricated drainage layer requires the layer to consist of a
single or double dimpled polymeric core with a geotextile attached (table 4.4).
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Table 4.4 Washington DOT’s prefabricated drainage layer specifications.

Prefabricated Drainage
Property Test Method Material/Geotextile Property
Requirements
Width 12-inches min
Thickness ASTM D 5199 0.4-inches min
Compressive Strength at Yield ASTM D 1621 100 psi min
In Plan Flow Rate ASTM D 4716
Gradient = 0.1, 5.0 gal/min/ft
Pressure = 5.5 psi
Gradient = 1.0, 15.0 gal/min/ft
Pressure = 14.5 psi
Geotextile — AOS ASTM D 4751 #60 US Sieve max
Geotextile — Permittivity ASTM D 4491 > 0.4 SEC -1
Geotextile — Grab Strength ASTM D 4632 Nonwoven — 110 Ib min

General requirements for three aforementioned applications can be found in the following
example from South Dakota (table 4.5). Similarly, a general specification for the use of
geotextiles for several applications in unbound and bound layers in Ohio can be found in table
4.6. While most agencies have material prequalification requirements, some states including
Alabama, Connecticut, Nebraska, and New York require the material used to be included on a
preapproved list of geosynthetic materials. This limits the products which can be used on agency
projects, and may help control the fit of application to specific materials.

4.3 CURRENT GEOSYNTHETIC MATERIAL PROPERTIES FOR BOUND LAYERS

Application of interlayer systems in conjunction with bound pavement layers involves more
complex mechanisms than those involving unbound material layers. In addition, their
effectiveness has been more controversial than the geosynthetics used for unbound materials;
especially when used for reflective cracking. While success was reported in some cases; less
than favorable performance was reported in others. Hence, some reluctance exits relative to the
application of geosynthetics for bound layers. The interlayer systems in bound materials can be
divided into three categories: reinforcement, stress absorption (also referred to as strain energy
relief or strain tolerant), and moisture barrier.”

Regardless of its application, geosynthetic materials should meet minimum a ultraviolet strength
retention requirement. In addition, geotextile fabric shall be composed of at least 85-95% by
weight of polyolefins, polyesters, or polyamides. The geotextile shall be resistant to chemical
attack, rot and mildew, and shall have no tears or defects which adversely alter its physical
properties. When required, the geotextile fabric shall contain stabilizers and/or inhibitors added
to the base material to make filaments resistant to deterioration due to ultraviolet and heat
exposure. Also, edges of geotextile fabric shall be finished. Geotextile rolls shall be furnished
with suitable wrapping for protection against moisture and extended ultraviolet exposure prior to
placement. Each roll shall be labeled with the manufacturer’s name, date of manufacture, batch
number, and name of product.(l)
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Table 4.5 South Dakota’s specifications for various applications of geosynthetics in unbound

materials.

GEOTEXTILE FABRIC TYPE

Geotextile
Property

Test
Method

Separation®

Drains

Riprap

Reinforcement

S1 S2

D1

D2

D3’

D4’

RR

R1 R2*

Grab Tensile
Strengthl, Ibs,
min

ASTM D-4632

180 180

180

80

100

N/A

200

N/A -

Grab Tensile
Elongation,
%, min

ASTM D-4632

N/A N/A

N/A

N/A

N/A

N/A

15

N/A -

Grab Tensile
Strength',
Ibs/in, min
Wide-Width
Method

ASTM D-4595

N/A N/A

N/A

N/A

N/A

N/A

N/A

270 -

Grab Tensile
Elongation, %
max

ASTM D-4595

N/A N/A

N/A

N/A

N/A

N/A

N/A

15 -

Trapezoid
Tear Strength,
Ibs, min (any
direction)

ASTM D-4533

50 50

50

25

N/A

N/A

50

100 -

Puncture
Strength 1bs,
min

ASTM D-4833

75 75

80

25

N/A

N/A

80

100 -

AOS <mm (>
US STD
Sieve)

ASTM D-4491

0.212
(70)

0.150
(100)

0.30
(50)

0 | 0.150
(100)

0.125-0.425
(40-120)

0.125-0.425
(40-120)

0.300
(50)

0.600
(30) -

Permittivity,
sec’!, min

ASTM D-4491

0.10 0.05

0.50

.05

0.70

1.0 relaxed

0.20

0.05 -

uv
Resistance
(after 150 hrs)
% Strength
Retained

ASTM D-4355

70 70

70

70

70

N/A

70

70 -

Weight oz/sy

N/A N/A

N/A

N/A

N/A

3.5

N/A

N/A -

Sewn-Seam
Strength, lbs

ASTM D-4632

160 160

160

70

90

N/A

180

N/A -

Sewn-Seam
Strength,
Ibs/in

ASTM D-4884

N/A N/A

N/A

N/A

N/A

N/A

N/A

240 -

(All values represent minimum roll values. Test results from any sample shall meet or exceed the minimum values listed.)
"Weakest principal direction.
“Separation Fabrics shall be nonwoven fabrics.
*Type D3 and D4 fabric will only be used as a geotextile fabric sock. The type D4 fabric will be knit of 150 denier (min.)

polyester yarn, exhibit minimum snag or “run” potential, be factory-applied to maintain a uniform installed weight, and conform
to the outside diameter of the pipe with a snug fit throughout.
*Properties will be specified by Plan Note.
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Table 4.6 General specifications for geotextile applications in pavements used by Ohio DOT.

Type A: Underdrains and Slope Drains

Minimum Tensile Strength'
Minimum Puncture Strength’
Minimum Tear Strength’
Apparent Opening Size*

Soil Type-1: Soils with 50% or less passing No.
200 (75 pm) sieve

80 1b (355 N)
251b (110 N)
251b (110 N)

AOS <0.6 mm

Soil Type-2: Soils with 50 to 85% passing No. 200  AOS < 0.3 mm

(75 um) sieve
Minimum Permeability’

1x10” cm/sec

Type B: Filter Blankets for Rock Channel Protection

Minimum Tensile Strength' 200 1b (890 N)
Minimum Puncture Strength? 80 1b (355 N)
Minimum Tear Strength’ 501b (220 N)
Minimum Elongation' 15%

Apparent Opening Size® AOS <0.6 mm

Minimum Permeability’

1x107 cm/sec

Type C: Sediment Fences

Minimum Tensile Strength' 120 1b (535 N)
Minimum Elongation at 60 Ib (265 N)' 50%

Minimum Puncture Strength? 501b (220 N)
Minimum Tear Strength3 40 1b (180 N)
Apparent Opening Size® AOS <0.84 mm
Minimum Permeability’ 1x10? cm/sec™
Ultraviolet Exposure Strength Retention® 70%

Type D: Subgrade-Base Separation or Stabilization

Minimum Tensile Strength' 180 1b (800 N)
Minimum Elongation at 170 Ib (755 N)' 35%

Minimum Tear Strength’ 701b (310 N)
Minimum Puncture Strength? 70 Ib (310 N)
Apparent Opening Size” Same as Type A
Permeability’ 1x10” cm/sec

Type E: Pavement Reinforcement Fabric

AASHTO M 288, Section 9, Table 7

'TASTM D 4632
ASTM D 4833
SASTM D 4533
*ASTM D 4751
SASTM D 4491
SASTM D 4355

4.3.1 Hot-Mix Asphalt Reinforcement

For reinforcement, geosynthetics are typically used between two successive lifts of HMA layers,
underneath HMA on top of a granular layer, or a Portland cement concrete pavement. This could
be in conjunction with a rehabilitation overlay, or as a part of a new pavement design. This
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application is one of the most questionable applications of geosynthetics in pavements because it
can cause debonding and installation is critical to its performance. Specific examples of
geosynthetic material used as pavement reinforcing fabric identified were manufactured from
polyester, polypropylene or polypropylene-nylon material.

4.3.2 Stress Absorption Interlayer

The use of geosynthetic materials as a stress absorbing layer in conjunction with bound
pavement materials is one which has received a great deal of attention over the past two decades.
The primary application has been in conjunction with overlays of jointed rigid pavements, with
the objective of controlling reflection cracking from rigid pavement joints to the new overlay
surface. Manufacturers have claimed that even when reflective cracks do appear, the
geosynthetic layer serves to reduce the penetration of moisture through the cracks, thus
extending pavement life.”) Historically, this has been one of the largest applications of
geosynthetics in bound pavement layers. The success of such applications has been mixed.
Results appear to depend upon project conditions and the type of movement taking place in an
overlaid pavement joint or crack. Applications to prevent reflective cracking in HMA overlays
over cracked flexible pavements have a similar purpose. In state specifications, the geosynthetic
fabric is required to be nonwoven, heat treated on at least one side, and with overlap fabric joints
a minimum of 4-6in. Several states have specifications for what is commonly referred to as a
paving fabric or geosynthetic material being used in bound pavement layers. These states
include Alaska, Arkansas, California, Colorado, Georgia, Hawaii, Idaho, lowa, Louisiana,
Wyoming, Idaho, Nevada, Ohio, Oregon, and Oklahoma.

4.3.3. Pavement Underseal

A special category labeled pavement underseal was identified in two state specifications, Texas
and Mississippi. This application is for the inclusion of a moisture barrier within the pavement
layers. Typical requirements include that the geosynthetic is composed of nonwoven polyester
or polypropylene. Unless otherwise specified, the fabric geosynthetic shall conform to the
physical requirements for geotextiles."

4.4. GEOSYNTHETIC INSTALLATION

Recommended installation guidelines by manufacturers are general in nature, typically not
providing means for measuring satisfactory installation beyond visual appearance. These
procedures appear to have evolved over time as a result of practical experience. In certain cases,
installation guidelines have been the result of empirical research.”) Hence, these guidelines are
also typically generic in nature, and often attempt not to be product specific. Historically, state
requirements were developed cooperatively with manufacturers through field testing and include
many of the definitions and requirements observed in the manufacturer specifications. As the
specification requirements are typically general in nature, there are limited differences in the
guidelines for the several geosynthetic applications identified for pavement systems.
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A review was made of state specifications for the purpose of identifying which applications are
being used by which state agencies, and to assess the nature of the specifications being used for
construction."

In many cases where the material is placed on subgrade or unbound layers, no specific methods
are provided for assuring that the geosynthetic materials are adequately anchored to the substrate.
Discussions with industry representatives about methods of anchoring typically do not result in
specific recommendations. Methods considered include placement of the covering material at
the start and end, pinning with metal staples, or no anchoring at all. Hence, no criteria are
provided for determining when the material has been adequately anchored.

For placements on existing bound layers, a bituminous tack coat is normally used to anchor the
geosynthetic material to the underlying layer. Tack coat application rates are typically somewhat
subjective. For example, no guidelines have been identified for tack coat application rate on
existing bound surface material which is aged and badly cracked, as opposed to a milled surface,
a new surface, or a surface in a good condition. Guidelines typically provide caution to assure
that sufficient tack application rate is applied to ensure that bond loss between layers does not
occur.”® However, the effect of excess tack coat application rate is not addressed. Excess tack
coat application rate can cause slippage at the interface that can result in reduced overall
structural capacity; while an insufficient tack coat application rate can cause debonding, hence,
increasing strain at the bottom of the overlay layer.

With respect to the installation of products for stress absorbing, some manufacturers provide
specific instructions for the use of the product, particularly for strip products. In the case of area
products, the installation guidance is relatively lacking. Generic descriptions of unrolling
material and smoothing wrinkles are typical. Prior to installation, the geosynthetics should be
checked for flaws, rips, holes, and defects.”” They should be protected at all times from
contamination, direct sunlight, dirt and debris, and hot temperatures. Any damaged part of the
materials should be repaired or replaced. Individual isolated cuts, tears, or punctures should be
repaired by placing a patch of the same material that extends at least 3ft beyond the damage in all
directions or by field splicing the patch. !

4.4.1 Unbound Materials
4.4.1.1 Geosynthetics Placed on Subgrade

Geosynthetics applied on the subgrade surface are used primarily as a separation/stabilization
layer; but may also be intended as either structural support or as a moisture barrier. Some
subgrade preparation is typically required prior to geosynthetic placement. The subgrade should
be properly leveled and approved by the owner’s representative before geosynthetic installation.
Woven and nonwoven geosynthetics are used in the separation/stabilization of the subgrade with
woven geosynthetics requiring more care than nonwoven geosynthetics during installation.
Woven geosynthetics do not have the same ability to stretch in all directions as do nonwoven
geosynthetics, hence, complicating their installation. Subgrade surface construction tolerance
recommendations also vary with manufacturer; but should be strictly adhered to. Surface
tolerance recommendations range from finished grade elevation to general leveling.
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Nonwoven geosynthetics may be placed over small stumps, roots, stalks, or other buried debris
in situations with low subgrade support. At least one recommendation suggests adding a stiff
geogrid in such instances to prevent puncture of the nonwoven material. Placing nonwoven
geosynthetics over certain obstacles allows some reduction in site preparation time where poor
subgrade conditions exist.""” In some cases, two geosynthetic materials may be placed as two
individual layers or as a combined system.

The geosynthetic placed on subgrades can be secured with soil staples, stakes, or other means of
anchoring the geosynthetic to the subgrade where subgrade can adequately support the use of
anchoring devices. Otherwise, geosynthetic location is secured by placing granular base/subbase
material at specific locations prior to placing the granular layer to restrain roll ends and perhaps
edges. Care should be taken not to permit the development of wrinkles in the spread
geosynthetic material. Geosynthetic roll ends should be overlapped in accordance with the
manufacturer specifications, with recommendation ranging from 2 inches to more than 3ft, but
more typically 12-18 inches. Minimum overlap requirements for Colorado are presented in table
4.7. When required, sewn seams shall either be J or Butterfly type and shall utilize a lock stitch.
Sewn seams shall conform to the tensile strength requirements for the geotextile when tested
across the seam. The durability of the thread for seaming shall be at least equal to that of the
geotextile itself. New York, for example, requires that sewn seams be double stitched. Sewn
seams are typical only for use in pretensioned conditions or moisture barrier applications, as
discussed below.

Table 4.7 Colorado’s requirement for minimum overlap.

Minimum Required Overlap

Subgrade Strength Overlap Width (Unsewn Seam)
R-Value mm (inches)

5-10 750 (30)

10 —20 600 (24)

> 20 450 (18)

Overlap joints are used for most applications. Transverse laps are placed so the upstream strip
laps over the downstream strip and horizontal laps are placed so the upper strip lies over the
lower strip. Fastener pins are installed through both strips of overlapped fabric at no less than 5-
ft intervals along a line through the midpoint of the overlap; as well as at any other locations as
necessary to prevent any slippage of the fabric.

For moisture barrier applications, some geosynthetic material requires the use of stitching to
maintain a continuous layer of barrier material. For geosynthetic stitching, the contractor must
ensure that no gaps in material are present and that all manufacturer stitching procedures be
followed to insure that seams have adequate strength.

The geosynthetic should be covered with a layer of the design specified material within 14 days.
The subsequent course of soil or aggregate material shall be back-dumped in such a manner as to
avoid damage to the underlying fabric. Place the fill material in uniform layers so that the
minimum specified thickness between the geotextile and equipment tires is maintained at all
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times. Equipment may not operate directly on the geosynthetic fabric. One exception to this is
that rubber-tired vehicles may be permitted to operate directly on exposed geotextiles when the
subgrade has an R-value greater than 10%. Even in this case the operating speed is not to exceed
10 mph. No sudden movements, starting, stopping, or turning, should be made.

4.4.1.2 Geosynthetics Placed in Conjunction with Granular Base Layer

Geosynthetics placed in conjunction with a granular aggregate base layer are typically intended
as reinforcement. Typical application locations are at the bottom of, or within the aggregate
layer. In either case, installation guidelines are consistent with those for other geosynthetic
applications. The material should be spread evenly on the underlying strata, free from wrinkles,
and adequately anchored to prevent movement as successive layers are placed.'?

In addition to separation/stabilization geosynthetic at the subgrade-granular interface, a geogrid
may also be used at the bottom of an aggregate base layer for the purpose of reinforcement."”
To function properly in this case, the grid opening should be sized to interlock with the overlying
aggregate material.

Geosynthetics may also be placed within the granular aggregate layer to limit the lateral
movement of the aggregate. Similar installation requirements as discussed above are still needed
to assure the grid works effectively. Different locations within the aggregate layer have been
suggested to optimize the geosynthetic effectiveness for reinforcing the granular layer. Although
bottom of the layer and sometimes mid depth are used, it is the authors’ opinion that placing
grids in the upper one third of the granular layer if possible will provide the most benefit as the
shear is the highest and the grid could limit the lateral movement.

A relatively new application has surfaced recently: placement of the geosynthetic on top of an
aggregate base layer, figure 4.1. Geogrids have been used occasionally in this configuration,
when other configurations are not feasible. Surface preparation differs from subgrade
application in that the aggregate layer surface should be fine graded to the final approved
elevation before the geosynthetic is applied. In this application, the geosynthetic, which interacts
with both the HMA and the aggregate layers, is thought to provide reinforcement. In this case,
anchoring could be sometimes challenging, figure 4.2. Some concerns on the effectiveness of
this application have been reported.
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Figure 4.2 Photo of folding of geogrid during paving operations.

As to the installation of geosynthetic for this application, after surface grading and preparation,
the same placing procedures as for subgrade placement should be followed. Geosynthetics
should be placed so that the rolls overlap in the direction of paving to prevent the downstream
roll from rolling onto itself. Overlapping is prepared in accordance with the manufacturers’
specifications, which range from 2 inches to more than 3ft.

4.4.1.3 Prefabricated Drainage Mat

The geosynthetic prefabricated drainage layer provides for lateral drainage within a pavement
structure, and may also provide other characteristics such as stress absorption and separation. A
typical state specification for a prefabricated drainage layer requires the mat to consist of a single
or double dimpled polymeric core with a geotextile attached. For moisture barrier applications,
installation follows the same approach presented under the aforementioned section.

4.4.2 Bound Materials

In this section the installation of geosynthetics on bound layers is presented. This includes the
placement at the bottom of HMA layers on top of granular, concrete, or HMA layers.

4.4.2.1 Geosynthetics Placed on Existing Portland Cement Concrete (PCC)
Geosynthetics placed on bound surfaces (PCC and HMA) are usually used to mitigate potential

reflective cracking or providing drainage. For controlling reflective cracking, there are two
separate approaches to reduce stresses associated with reflective cracking in HMA layer. The
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first approach is placing geosynthetic material over cracks and joints only (referred to as a strip-
type system). This method involves placing the geosynthetic strip directly on the existing bound
surface with equal extents of material on both sides of the joint/crack. The area where the strip-
type geosynthetic is to be applied must be clean and dry. These products usually contain a pre-
applied adhesive, such as bituminous tack material. Appropriate contact pressure should then be
applied to ensure proper bonding.

The second approach of applying a geosynthetic to a bound surface involves the application of a
tack coat prior to placement of “area-type” geosynthetic. To ensure adequate bond between the
HMA and underlying pavement layer, the surface of the paving layer must be free from dirt,
water, and debris. The use of a street sweeper is often recommended over other machine brush
combinations as the street sweeper removes the debris from the site through the use of a vacuum
system. Free water may also be removed through the use of squeegee systems to achieve a dry
surface. The asphalt tack coat is applied to a clean and dry surface. Tack coat application rate is
dependant on manufacturer installation guidelines and state specifications. It can range from 2-
3.5 lb/yd2 ,or 0.2-0.35 gal/yd>. Tack coat application must ensure complete coverage of the
underlying pavement layer to ensure proper bonding. Tack coat application rates should be
computed on the amount of residual asphalt recommended. Geosynthetic materials should be
placed while the tack coat remains tacky, and may be further seated using a rubber tired roller to
improve bonding. Once the geosynthetic is secured to the surface, another tack coat is applied
followed by the HMA overlay. The tack coat temperature, at the time of contact with
geosynthetics, may not exceed 320°F to prevent possible degradation of some geosynthetic
material.”

Application of the geosynthetic layer should progress at an even pace with gradual radius turns
to prevent forming wrinkles and folded material. If folded material or wrinkles are found, the
affected area should be cut and overlapped to allow the geosynthetic to remain flat. Shingled
transverse joints should be formed in the direction of paving. Apply additional binder to joints to
assure overlap bond. If needed, additional tack coat may be applied in the affected area to
provide additional mechanical bonding within the geosynthetic material. Additional rolling
using a rubber tired roller may be applied to ensure proper bond is achieved at overlaps,
including joints and cut sections."'?

4.4.2.2 Geosynthetics Applied within Hot-Mix Asphalt Layer

Whether used in an overlay application or in new construction, the addition of a geosynthetic
layer between two HMA layers remains similar. Successful installation of geosynthetics on new
or existing HMA layers requires proper surface preparation, tack coat application, placement of
the geosynthetic, another tack coat application, prior to HMA surface layer construction.
Geosynthetic placement should closely follow the application of tack coat. The tack coat
provides the mechanical bonding between the layers.

Cleaning and drying of the surface prior to the tack coat application is important. Similar
methods, as suggested in the aforementioned section, may be used. Some states have specific
requirements for asphalt tack coat application rates and temperatures; such as Colorado, Hawaii,
Oklahoma, and Texas.
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The criterion used by Unified Military Standards is 0.2-0.3 gal/yd” of residual asphalt; depending
on the texture depth. A texture test for evaluating the existing surface is provided to assist in
determining how much tack coat should be used. The test presses a ball of silicone putty onto
the pavement using a steel plate. The smaller the spread of the ball, the more textured the
existing pavement surface is. Four tests within an area are averaged to arrive at the average
texture depth.

For use in new pavement construction, the exiting surface should be prepared/cleaned. Any
cracks and depression should be filled with HMA. Tack coat should be applied at a uniform rate
of 0.2-0.3 gal/yd”. The temperature of asphalt cement at the time of spraying must be greater
than 290°F and should not exceed 320°F. When the asphalt binder has cooled to 250°F,
geosynthetic is placed with minimum wrinkles or folds. For overlap preparation is similar to the
process described above.

4.4.2.3 Pavement Underseal

A special category labeled as pavement underseal was identified in two state specifications,
Texas and Mississippi. This application is for the inclusion of a moisture barrier within the
pavement layers figure 4.3. The fabric is required to be nonwoven polyester or polypropylene
which is satisfactory for use with HMA. Unless otherwise specified, the fabric shall conform to
the general physical requirements for geotextiles. Additional nonstandard specifications when
applying underseal material include that the contractor shall apply HMA at a temperature within
15°F of the design application temperature. Other HMA construction specifications apply to
assure quality installation.

Figure 4.3 Photo of moisture barrier material in pavement layers.

98



For construction, the area should be cleaned of dirt and debris. Tack coat should be applied on
the clean surface by an approved self-propelled pressure distributor at an application rate of 0.2-
0.4 gal/yd®, evenly and smoothly. The contractor shall provide and maintain the application
temperature continuously. The underseal shall be applied on a surface having a temperature of at
least 60°F. It should not be applied when the air temperature is below 60°F and falling, but may
be applied when the air temperature is above 50°F and rising. Tack coat should be applied at a
width of about 6 inches wider than that of the geosynthetic. In the event the geosynthetic is
wrinkled or misaligned, it should be cut and realigned overlapping the previous material. All
transverse joints shall be overlapped a minimum of 6 inches. Adjacent longitudinal rolls of the
fabric shall overlap at a minimum of 4 inches.

4.5 QUALITY CONTROL/QUALITY ASSURANCE

The results of the literature review identified very little existing practice of having construction
quality control and quality assurance (QC/QA) processes for use in the installation of
geosynthetic materials. Common elements of such processes would be expected to include
material certification and QA/QC parameters for the installation of geosynthetic materials.

4.5.1 Material Certification

At present, material certifications are the typically required documentation for geosynthetic
properties and installations. These certifications attest that the material provided comply with
specific ASTM empirical tests. Many of these material properties have evolved from the carpet
production industry. For example, Mullen burst strength and grab tensile strength were adapted
to civil engineering applications early on, and remain the parameters used to assess geosynthetics
to date. Other standard properties such as AOZ and permittivity have evolved from a need for
engineering related measures of performance. These properties are very useful in determining
specific geosynthetics for specific applications, in combination with other surrounding
engineering materials. However, it is important to have tests that can be directly related to
geosynthetic performance and measure material fundamental properties. The required material
property requirements will vary with application.

Some states, such as Virginia and Indiana, require a form of material characterization using
specific types of modulus value. Virginia requires a secant modulus and Indiana requires a
tensile modulus. These specifically defined moduli values have been included to assure some
minimal material modulus level. They represent early efforts to apply a mechanistic approach to
the use of geosynthetics materials in pavements. However, much more work is needed. Other
states have specific unique requirements such as Colorado, which has criterion for material
elongation.

4.5.2 Construction Installation Procedures
During installation of most major construction projects, some form of QC/QA is applied to
ensure that installation meets minimum quality requirements. Geosynthetic installation has not

been subjected to the same scrutiny applied to other construction products such as Portland
Cement Concete, steel, or HMA. No existing QC/QA criteria have been identified for the
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installation of geosynthetics among state highway agencies. The development of such criteria is
appropriate. At a minimum, the criteria should provide for a check on the anchoring, stretching,
folding, and slipping of material on the substrate. The criteria for this will likely vary for
different geosynthetic applications. For example, if the design assumes that the geosynthetic is
mobilized in tension to resist cracking stresses or displacement, some method is needed to verify
that the appropriate condition is realized in the field during the construction. Some states, e.g.
Wyoming and Colorado, require that a representative from the geosynthetic manufacturer be on
the project during the initial placement of the geosynthetic.

4.6 PAVEMENT REHABILITATION INCLUDING INCORPORATED
GEOSYNTHETIC MATERIALS

Flexible pavement is a frequently recycled material; but relatively little information discussing
recycling of pavements which incorporate geosynthetic materials is available. In general,
manufacturers and states guidelines and specifications are focused on the installation and
physical properties of geosynthetics for incorporation into pavements. Manufacturers’ literature
suggests that geosynthetic be placed within a new pavement in a location which allows future
milling operation to be performed without puncturing the geosynthetic material; hence,
maintaining the desired properties of the geosynthetic.

Recycling is primarily an issue for geosynthetic materials used within HMA layers. Several
manufacturers do state that their geosynthetic can be milled and recycled without causing
damage to milling machines. However, some geosynthetic materials have been found to wind
around the milling head mandrel, rather than being ground up with the HMA material. Other
materials have been found to grind and be incorporated into the recycled HMA without problem.
However, the effect of geosynthetics (material and configuration) on reclaimed asphalt pavement
(RAP) during the process and the resulting performance in recycled pavement mixes is still
unknown. Certainly the effect of plant temperatures on polyethylene, polypropylene, and
polyester materials can expect to be different. Another potentially important issue might be the
effect of geosynthetic materials at plant temperatures on the asphalt binder used for the recycled
mix. It is expected that in addition to the effect on the asphalt mix, the binder rheology will be
affected.

4.7 RECOMMENDATIONS

The review of existing specifications found that whether used as an overlay or in new
construction, current geosynthetic construction guidelines focus more on the location of the
geosynthetic within the pavement structure than on the desired benefit the geosynthetic may
provide, or required material conditions to actually achieve any intended benefit. The review of
the current state of practice with respect to the installation of geosynthetic materials in
pavements identified many gaps. Installation guidelines usually lack specific detail to assure that
the design intended performance will be achieved in the field. Often specifications rely upon
recommendations from the manufacturers, and these in turn typically do not provide much
specific detail which will assure the material will function as it must to accomplish the objective
of the application. In addition, there is little information required in construction specifications
which can be directly related to installation, end results, or performance-based requirements.
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State highway agencies generally do not provide specific QC/QA requirements for the
installation of geosynthetic materials. Typically material certifications are required, and some
states require a manufacturer’s representative be on site for some types of installation. These
guidelines are a set of general guidelines for installation which address unrolling geosynthetic
materials, address folds and wrinkles, and provide some general anchoring instructions.
Potential climatic affects, such as temperature limitations, on incorporation of the material into
the work is usually not included. Some states, such as Kentucky and Minnesota, were identified
as having requirements for a construction quality control plan. In both these cases the form and
contents of the quality control plan are left to the manufacturer’s recommendations.

To achieve the maximum potential benefit, and typically the design assigned expectation for the
incorporation of geosynthetic into pavement systems, it is important that the geosynthetic
material be effectively installed within the pavement layers consistent with the design intention.
Major improvement in both installation guidelines and construction quality monitoring are
needed in order to realize the full potential and design assumed benefits of the geosynthetic. The
following discusses the needs identified to provide comprehensive construction requirements for
geosynthetic materials utilized as a part of pavement structures for rehabilitation or new
construction.

4.7.1 Installation Guidelines

Considerably more guidance is needed in the installation of geosynthetics in pavements to ensure
that geosynthetics provides the expected enhancement to pavement performance. Specific
procedures for anchoring the material at the start-up end, and along edges are needed. This is
particularly true where pavement geometry is not tangent, and curves and grades may affect the
successful incorporation of the geosynthetic into the pavement cross section. Simply placing
material as a means of anchoring the geosynthetic may result in sliding, wrinkling, folding, and
stretching of the material. While most installation instructions provide some discussion of
wrinkling and folding, the situation may be more severe than described, resulting in concern as
to whether the recommendations are adequate. In addition, there may be some differences
depending upon application, for example, anchoring requirements may be different for bound
and unbound materials. In both cases, a better understanding of the function of the geosynthetic
for the application is required, as well as more guidance and specification requirements.

Stretching and sliding of geosynthetic materials during installation have not been identified in
installation procedures. However, this can have a major impact on the success of a geosynthetic
material placed within pavement layers.

Installation instructions typically do not address pre-tensioning or stretching of the geosynthetic
material. In most pavement related applications, these are significant factors which can play an
important part in the performance and relative benefit of the material to the pavement structure.
Most construction instructions leave these issues to the “weight” of the cover material and
installation process. This is an important issue when reinforcing geosynthetic is applied.
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For applications when HMA layer is involved, specific guidance regarding the application of
tack coat materials, type and application rate should be developed. Such information is currently
lacking and not specific.

The potential installation criteria must be tied to the design assumptions and material
characteristics which result in the intended performance prediction.

4.7.2 Quality Control/Quality Assurance

There is a very real need for the implementation of QC/QA requirements. A part of the lack of
such requirements may be attributable to the lack of construction control procedures identified.
However, no serious efforts were identified that resulted in providing any form of QC/QA
requirements for verification that the geosynthetic used would perform in an anticipated manner.

A valid QC/QA program should include material quality assurance, personnel experience,
construction methods quality assurance including anchoring, spreading, tensioning/stretching,
bonding/adherence, cover material placement methods, and compaction control of cover
material.

4.7.3 Recycling

Specific guidelines are needed for the rehabilitation of pavements which incorporate
geosynthetic materials. They should provide specific recommendations to address situations
where geosynthetics will remain in place, and not be directly affected by the rehabilitation work.
They should also extend to the potential recycling of pavement materials with incorporated
geosynthetic materials. This situation may occur either during rehabilitation or reconstruction
work.

The effect of geosynthetics on RAP should be clearly examined. Any rheological effects on
HMA should be included in the recycled mix design process. Depending upon the specific
geosynthetic material used, and the volume of pavement material removed, it may be possible
that the geosynthetic could have a serious negative affect on binder stifftness characteristics. In
depth research resulting in guidelines for various types of geosynthetic materials should be
conducted.
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CHAPTER 5. ROADMAP TO SUCCESSFUL GEOSYNTHETICALLY-
STABILIZED/REINFORCED PAVEMENTS

5.1. INTRODUCTION

The scope of this study is limited to the pavement structural system. The application of
geosynthetics for roadside drainage, erosion control, slope stabilization, and retaining walls is
not considered in this roadmap. The extensive literature, presented in chapters 2 and 3, and the
detailed information from the recent investigations into this field presented in appendices A and
B clearly indicate the high level of ongoing interest and research regarding the use of
geosynthetics in pavement structures. In general, it is evident that geosynthetics have shown
substantial potential for increasing pavement service life and improving pavement performance
if appropriately used and installed correctly. It is unfortunate that in many cases the contribution
of geosynthetics to pavement performance has been oversold, misused, or materials failed due to
improper installation. In addition, the excessive marketing of geosynthetics, as well as the lack
of availability of mechanistic pavement design approaches that consider geosynthetic systems in
pavements, have resulted in using geosynthetics in pavements based on engineering judgment
and/or experience. Hence, it is acknowledged that geosynthetics may not solve all pavement
problems, and use must be limited to situations where they can improve the pavement
performance.

The following key issues in current geosynthetic applications in pavement structures were
identified upon the completion of the review of available literature as presented in chapters 2 and
3:

e Subgrade-Granular Base Stabilization/Separation
o The relationship between the Apparent Opening Size (AOS) of geotextile and
subgrade and granular base gradation needs to be established.

o The inter-relationships between geosynthetic durability for construction, optimum
application, cost effectiveness, subgrade structural capacity threshold, load
application, pavement structure, and environment need to be quantified.

o Many geosynthetic material testing procedures currently exist. However, limited
tests procedures provide geosynthetic characteristics that are related to pavement
applications or field performance.

e Subgrade-Granular Base Reinforcement
o The actual geosynthetic reinforcing mechanisms are not well understood, and
currently all design approaches are based on using assumptions in the design.
This includes the use of assumed friction coefficients or parameters obtained from
tests unrelated to geosynthetic behavior in pavements such as the pull-out test.
» Quantify benefits and generate thresholds as to geosynthetic applications
for various levels of traffic.
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e Hot-mix asphalt (HMA) Overlay Reinforcement/Strain Tolerant (Stress Absorption)

o Develop an understanding of geosynthetic interlayer system mechanisms for
pavement rehabilitation or new pavements, for controlling reflective cracking and
reinforcing overlays.

o Identify the mechanism of geosynthetics for various rehabilitation and new
pavement applications.

o Develop overlay design approaches that allow the incorporation of geosynthetic
interlayer systems.

o Define the installation requirements for geosynthetics in pavements.
o Identify the effect of interlayer systems on overlay recycling.

It was evident in the literature that information on geosynthetics and their application in
pavement systems are often product-driven, rather than purpose or mechanism driven. This may
pose an obstacle to implementation of the use of geosynthetics which is focused on optimization
of their use, and quantification of their benefits. This situation results from the facts that
significant information is provided by the manufacturer, and many of the geosynthetics were
initially developed for geotechnical applications other than pavements. Hence, the tests and
specifications may have carried over from those other applications. In addition, most of the
design approaches are based on methods used for static loading.

5.2 GEOSYNTHETIC ROADMAP

The literature review allows a summarization of the work conducted in this field, and identifies
the contribution of each study. The contradictions in the outcome of some of the research clearly
demonstrate the need for a coordinated national level research plan to facilitate advances in the
practice of the incorporation of geosynthetics into the pavement structure. In this chapter, a
“roadmap” for the development of a unified generic geosynthetic testing program, a pavement
design outline that incorporates geosynthetics, and installation/construction approaches is
presented. This roadmap is intended to provide the pavement community with the appropriate
tools to effectively and efficiently incorporate geosynthetics into pavements through the
following:

o Recommendations and best practices for optimal geosynthetic type and location in new
pavements and rehabilitation projects.

o Incorporation of geosynthetics into a mechanistic-empirical pavement design approach
and validate the developed approaches.

o Standard test methods of geosynthetics that can be related to their behavior in pavements
as well as during construction.

o Standard specifications for construction and quality control/quality assurance methods.

e Life-cycle cost analysis tools.
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The roadmap is organized by the functional use or mechanism, rather than by the characteristics
of the geosynthetic itself. This approach may lend itself more readily to the development of
performance-based specifications for geosynthetics. Although it may pose a productive
challenge to the geosynthetic industry to develop and market materials that are cost-effective to
address the requirements developed during the conduct of this roadmap, the effect is expected to
be minimal when compared with the significant benefits.

A further consideration during the development of the roadmap was that the optimal
applications, and the cost-effectiveness considerations, are different in many cases between low-
volume and high-volume roadways. This is especially true for subgrade and some subbase
applications, where the unbound layers are more significant in the low-volume roads. For
rehabilitation purposes, additional factors such as reflective cracking and recycling become more
manifested.

An overview of the roadmap is presented in figures 5.1 and 5.2. The roadmap is initially
separated into two tracks: unbound and bound materials. The primary mechanisms that can be
served by geosynthetics are presented in each as a subtrack. Each track contains the following
stages:

o Development of performance-based tests and specifications, directly related to pavement
mechanisms.

e Understanding the inherent mechanisms of geosynthetic interlayer systems and
development of advanced modeling.

e Development of the optimum location of geosynthetics in pavements.

o Incorporation of the geosynthetics into the appropriate stages of mechanistic-empirical
pavement design, including performance predictions for life-cycle cost analysis.

o Specification of construction requirements to fulfill the needs of each specific application
type.

e Implementation with the goal of incorporating geosynthetics into pavements in a more
uniform, cost-effective, and quantifiable manner.

While in some cases, the progress of the roadmap may not have to flow in the aforementioned
order, it is important that the understanding of the geosynthetic interlayer system mechanisms be
developed first. All other requirements and research should be guided by that first step. In the
case of the separation function, however, the mechanisms are fairly well understood, but the
specific characteristics of the geosynthetics that will fill those requirements are needed.

The development of research and implementation projects from this roadmap will undoubtedly
depend upon the sources and quantities of funds available, and the urgency of specific needs.
The projects, therefore, may take more or less than a full “box” step toward progress through the
roadmap. The following descriptions are not intended to describe well-developed individual
projects, but rather the overall scope and needs of each step. Subsequent to these steps, and upon
the development of specific recommendations, tests and specifications at intermediate stages,
overall efforts are needed for implementation. These implementation efforts should focus on
pavement-specific standard tests and specifications, and upon the development of targeted
training materials and programs.
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5.3 RESEARCH NEEDS FOR UNBOUND LAYERS
5.3.1 Materials Specifications for Separation and Stabilization Applications

Many agencies and researchers report the successful use of geosynthetics for separation and
stabilization within the pavement structure, most specifically for preventing the intrusion of the
subbase granular particles into the subgrade, and/or the pumping of the subgrade fines into the
granular subbase. Geosynthetics are also used for the stabilization of weak subgrades,
particularly for low-volume roads. The properties of geosynthetics needed to meet the separation
and stabilization requirements should be evaluated, and tests developed if needed. Restrictions
on the gradations of granular materials for use with geosynthetics in these applications may also
be needed. Further, some physical properties currently required may be unnecessary, resulting in
increased costs of application.

5.3.2 Incorporation of Geosynthetic Stabilization into Mechanistic Design

Although there have been many successful applications of geosynthetics for separation within
the pavement structure, there have also been reports of deleterious effects on overall pavement
performance. Although the mechanism of geosynthetic separation is well understood,
recommendations for the use of geosynthetics for separation applications, within the structural
cross-section of pavements, are needed. Information about best practices in terms of criteria for
use, selection of materials, and cost considerations is desired. The recommendations and
particularly the degree of performance improvement may be substantially different between low-
volume and high-volume roads, and the recommendations may be developed separately. While
the stresses at the subgrade-granular subbase interface are low in the case of pavement designed
for heavy traffic, the stresses are relatively high in the case of low volume roads. Further, the
load repletion is different in addition to differences in the pavement materials.

While geosynthetics have been used for the stabilization of weak subgrades, support for the
quantification of improvement has not been well-developed. Criteria for choosing appropriate
projects have been predominantly empirical. Relationships between the application of a
geosynthetic, required pavement structure, and performance effects are needed.

5.3.3 Installation Procedures for Geotextiles for Stabilization and Separation

Most installation recommendations for geotextile stabilization and separation applications have
been developed by manufacturers, or are essentially ad hoc. While some reports indicate that
damage during construction did not hamper the functionality of the application, guidelines and
best practices for uniform installation are needed.

5.3.4 Development of Test Methods and Specifications for Geosynthetic Reinforcement
Specifications for geosynthetic reinforcement of granular materials must include both the
physical (aperture size) and mechanical (modulus, creep, relaxation modulus, etc.) properties

needed for successful use. After tests to determine the essential properties and mechanistic
modeling have been developed, specifications will also be required. These specifications must
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identify parameter thresholds (minimum and/or maximum values of key characteristics), as well
as the effective combinations of granular materials and geosynthetics. In addition, prior to the
development of mechanistic modeling of geosynthetic reinforcement (predominantly geogrids),
the needed specific mechanical and physical properties must be quantified. Tests are necessary
to assess properties needed as input for the modeling; both existing and new tests may be
necessary.

5.3.5 Mechanistic Modeling of Geosynthetic Reinforcement of Granular Materials

Geogrids and other geosynthetics are increasingly popular as a method of reinforcing granular
materials in subbase and base course applications. However, the mechanisms are not well
understood, and there may be multiple mechanisms. The mechanisms must be thoroughly
explored using both advanced modeling and testing techniques. The interactions of the
geosynthetic properties, granular material shape and gradation, subgrade properties, and overall
pavement structure create a complexity not conducive to empirically based solutions. In
addition, the effectiveness of the incorporation of geosynthetic materials such as geogrids may
not be quantified without conducting advanced modeling capable of simulating the geogrid
structure, the surrounding materials, and the applied moving load. Another known complexity is
that geosynthetic materials are not linear elastic materials. Additionally, incorporation of the
geosynthetic relaxation modulus into the modeling is important. Once the mechanism is well
quantified and modeled, the requirements and locations for optimal placement can be
recommended.

5.3.6 Incorporation of Geosynthetic Reinforcement into Mechanistic Design

The incorporation of geosynthetic reinforcement into mechanistic design may be relatively
complex. Depending upon the overall pavement structure, the optimal location for placement,
and the degree of structural contribution may vary. This step of the roadmap must follow the
development of successful mechanistic modeling for geosynthetic reinforcement of granular
pavement layers.

5.3.7 Installation Requirements and Best Practices for Geosynthetic Reinforcement in
Granular Materials

Depending upon the findings of the previous investigations, the installation requirements for
geosynthetic reinforcement in granular materials should be clearly developed. These
requirements may be specific to the type of geosynthetic, and may vary with other design factors
as well.

5.4. RESEARCH NEEDS FOR BOUND LAYERS
5.4.1 Selection of Appropriate Interlayer System
One of the most important misunderstandings of using geosynthetic interlayer systems in bound

materials is the ability to distinguish between the need for a reinforcement and/or strain tolerant
(stress absorption) interlayer. Depending on the existing pavement structure, expected applied
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load, extent and severity of distress to be controlled, the type of interlayer should be identified.
Currently, no guidelines exist on when and how an interlayer system should be applied. This is
considered the first step for incorporating geosynthetics in bound layers.

5.4.2 Specifications and Tests for Geosynthetics Used in HMA Layers

Prior to quantification of the mechanisms for geosynthetic use for reinforcement or reflection
crack mitigation, appropriate specifications and tests should be developed to determine the
parameters needed for modeling. The tests and specifications should focus on the required and
desirable mechanical properties needed for successful application of the design models and for
successful performance within a pavement system.

5.4.3 Mechanisms and Modeling of Geosynthetics for Reflective Crack Mitigation

Geosynthetics of various types and compositions have been used and tested for reflective crack
mitigation in several application modes. At least two mechanisms by which geosynthetics may
mitigate reflection cracking have been identified in the literature, including by increasing
effective tensile strength of the material (reinforcement), or by serving as a stress-arresting or
strain-relieving interlayer. These mechanisms need to be more thoroughly modeled, so that the
necessary properties and procedures to achieve the desired effect can be selected.

5.4.4 Specifications and Tests for Recycling Geosynthetically-Modified HMA

Recycling of HMA is widely performed and rapidly increasing. Thorough consideration is
needed regarding the physical and chemical impacts of recycling HMA containing geosynthetics,
including the use of geosynthetically-modified RAP, and their effect on HMA performance.

5.4.5 Design Inputs and Considerations for Use of Geosynthetics in Bound Pavement
Materials

The incorporation of geosynthetics as reinforcement or as a strain tolerant interlayer should be
evaluated for design inputs needed in mechanistic-empirical pavement design. This is expected
to be complex; but the outcome will result in better designed pavements incorporating interlayer
systems, as well as better use of geosynthetics to improve pavement performance.

5.4.6 Performance Modeling for Design with Geosynthetics for Reflective Cracking Control

Current work is underway to better understand reflective cracking and to model the softening,
initiation, and propagation of reflective cracking in HMA. This work may be evaluated for the
potential incorporation of interlayer systems, and then extended for modeling geosynthetic
interlayer systems (reinforcement or strain tolerant layers). In addition to the modeling, the
outcome should provide information on the cost-effectiveness of using these interlayer systems
in the design process.
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5.4.7 Construction Specifications for Geosynthetics in Bound Pavement Layers

Improved and more uniform construction specifications are needed for geosynthetics of various
types, and reinforcement and strain relief interlayer systems when installed between layers of
bound materials. Those specifications may depend upon the material specifications and design
requirements developed in previous stages of the roadmap, as well as the interlayer
characteristics (such as a need for tensioning, fixation, and tack coat application, etc.).
Substantial progress in developing uniform minimum standards may be possible based upon
current information.

5.5 SUMMARY

The aforementioned discussed issues, highlighted in figures 5.1 and 5.2 (the incorporated flow
chart) provide a discussion of the issues which must be addressed for each geosynthetic
application identified for use within pavement structures. In several cases the needs are traffic
level and environment dependent. In general, it is believed that suitable geosynthetic properties
which aid pavement performance must be identified, characterized by appropriate material
testing methods, and achieved during construction are required to fulfill the vision of the
proposed “roadmap.” The route to successful implementation will vary from one geosynthetic
application to another, and in some cases realization of full implementation may be much closer
to reality than in others.

The ultimate goal of this roadmap in all application situations is to improve the understanding of
the performance mechanisms of geosynthetics in pavements, so that meaningful, cost effective,
and reliable mechanistic designs can be carried out. Hence, pavement performance can be
improved by assuring that the construction delivers the promise of the design.
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Findings & Conclusions

Holtz and
Page

1991

Evaluate the field
performance of
eight different
geotextiles to act as
separators after one
to seven years in
service.

Geotextiles, base, and subgrade samples were
retrieved from in-service pavements for
laboratory testing. Pavement sections were in-
service for a period ranging from one to seven
years. Evaluated geotextiles included five slit
film wovens, two needle-punched nonwovens,
and one heat-bonded nonwoven. Laboratory tests
included grain size distribution and moisture
content for base and subgrade materials.
Geotextiles were tested for strength (grab tensile,
trapezoidal tear, puncture resistance, and Mullen
burst tests) and permittivity (volumetric flow rate
of water per unit cross sectional area).

Most of the geotextiles sustained some damage but it
did not appear to affect the sections’ performance.
Damage was usually induced during construction
either through sharp particles (rocks, debris, etc.) that
may puncture the geotextile or through heavy
equipment. Lightweight geotextiles were severely
damaged while heavyweight geotextiles did not
appear to be damaged. Slit film woven geotextiles
endured puncture holes when placed on coarse-
grained subgrades.

The authors recommended that lightweight geotextiles
should not be used as separators. In addition,
nonwoven geotextiles should only be used as
separators for clayey and silty subgrades.

Tsai et al.

1993

Evaluate the
performance of
geotextiles to
stabilize a soft
subgrade (shear
strength from 18 to
192kPa) based on
the results of full-
scale field tests.
This test site is the
same as the one
used in the
evaluation
conducted by
Black and Holtz
(1999).

A full-scale field test section was constructed
with five different types of geotextile separators
(four nonwoven and one woven geotextiles). A
control section was also included. The length of
each section was 7.6m. The subgrade was a
clayey-soil with high moisture content and more
than 80% of the particles passing the No. 200
sieve. Instrumentation was installed during
construction including vertical soil strain gages,
moisture, and temperature sensors. Two base
thicknesses were used (150 and 300mm). Traffic
test (10 passes of a loaded dump truck) was
conducted during installation to simulate typical
construction traffic. Rut-depth was then
measured and geotextile samples were extracted.
After completion of construction, traffic and
FWD tests were conducted.

Preliminary evaluation of the performance of the test
section is presented in this paper. Long-term
performance of the constructed test site is provided in
Black and Holtz (1999).

The use of a geotextile prevents base/subgrade
intermixing given that the interlayer is able to survive
construction.

Although the use of a geotextile was not found to
reduce permanent deformation, it improved the
uniformity of the rut depths.

Among the five geotextiles tested, a nonwoven
polypropylene interlayer with a mass area of 270g/m?
performed best based on visual observations and
measured rut depths.

Nonwoven geotextiles appeared to enhance the
drainage performance of the subgrade.




Authors

Year

Shoenberger

1992

Main Objective

To provide the
technical information
required to implement
application of
geotextiles as
separation layers in
pavement structures.

Research Approach

Describes the details on area of application,
benefits/advantages, imitations/disadvantages,
and costs associated with this technology.

Findings & Conclusions

Information on two demonstration sites is provided.
It is concluded that the application in the two sites is
successful.

Guram et al.

1994

Compare the
performance and cost of
geotextile-stabilized
subgrade to lime-treated
subgrade.

A pavement section was constructed with two
methods of stabilization: a nonwoven needle-
punched geotextile (271g/m?) and a 24in lime-
stabilized subgrade. Pavement design was
identical in both sections (6in base and a chip
seal). Long-term durability of the geotextile
section was assessed after 9 years in service
by exhuming geotextile and measuring the
mechanical loss in strength as compared to the
original samples.

The cost of the lime-treated section was $11.26/m*
higher than the geotextile section. After 6 months,
the lime-treated section failed and required an
additional overlay.

The nonwoven geotextile did not show any loss of
strength after 9 years in service. Elongation data
also did not show any change in the elongation
properties of the geotextile. The exhumed geotextile
did not show major damage after extraction with
only two 1-mm holes.

Although the subgrade was of very poor quality, no
distresses were observed in the nonwoven geotextile
section.

Metcalfe and
Holtz

1994

Evaluate the
survivability and
drainage performance
of 14 different
geotextiles to act as
separators.

Getoextiles, base, and subgrade samples were
retrieved from in-service pavement sections
for laboratory testing. Subgrade and granular
materials were tested using grain size
distribution, Atterberg limits, and moisture
content. Geotextiles were tested for strength
and permittivity.

Grain-size distribution tests showed that the base
materials conformed to the specs and did not show
any evidences of fines migration.

All geotextiles installed under angular base materials
experienced some damage, including two
heavyweight geotextiles. However, sustained
damage did not appear to affect the performance of
geotextiles to function as separators.

Slit film woven goetextiles appeared to experience
difficulty performing a drainage function in the
subgrade due to blinding and caking. The authors
recommended avoid using this type of geotextiles in
locations with high groundwater table.
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Rowe and 1996  Investigate the A laboratory setup was developed to determine the - Geotextile effectively minimized the intrusion of
Badv effectiveness of potential intrusion of compacted clayey soil through a fines into the stone voids. The quantity of fines,
geotextile and geotextile and into a layer of coarse stone with a which passed through the geotextile, was
graded-granular nominal size of 50mm. This setup simulates the minimal. MOSt of the fines that pas_sed thr_ough
filter to minimize ~ design of waste disposal facilities. The test cell the geotextile were due to compaction during
the intrusion of consisted of two steel cylinders with 202mm and installation.
fines into a coarse  305mm inside diameters connected to each other by a - A granularfilter that was placed between the
stone layer. steel flange. The stones were placed in the large clayey soil and a layer of coarse stone was also
cylinder and the clayey soil was compacted in the efficient in preventing the intrusion of fines into
small cylinder. The geotextile layer was exhumed the granular layer. The intrusion of fines was
from a waste management facility so that it had limited to the upper 30mm of the stone layer.
already endured some construction damage. To - Athird case was simulated when a geotextile
minimize side shear at the soil-cylinder interface, would be used but it will then be removed from
grease was applied around the inner surface of the the layered system. This situation simulates the
small cylinder and a plastic sheet was placed in the case where a geotextile would be used during
cylinder prior to placing the soil. construction and consolidation but would then be
Gradually increasing pressure was applied to the top irﬁ?;ﬁ:egrduf ntt?]ﬂhggégaiﬁsgigdgtlzgi?wgse
of the apparatus. Testing was conducted at different brougr?/t iﬁto direct con’tact witlz/t?:e stone layer
xim;agg(;f:i?ﬁ?’asgtrl;;aﬁ; ?ﬂ?el;,n:g(tju\:?it;dns;ones, Recovered stone indicated that the voids in the
filter/separator. Testing was conducted for a period of gg&eglggnr?iﬁ];éh\?vﬁ?zﬂir IR
one to two weeks. After terminating the test, the '
stones were hand excavated and the percentage of
fines in the granular material was determined.
DeBerardino | 1996 | Discusses the role | Starting in 1982, West Virginia's Department of | -In terms of free-draining bases such as West

and Baldwin

of geotextile in
West  Virginia’s
free-draining

pavement systems.

Highways developed a free-draining base system.
Geotextiles were used as separators between the in-
situ soil and the free-draining base.

Virginia's example, the geotextile simply keeps fines
from migrating into the specially prepared base
course so that water is allowed to leave the pavement
system quickly and effectively.

-The West Virginia experience shows qualitatively the

cost/benefits of incorporating a freedraining base
layer in their pavement systems that must have an
effective geotextile as a separator between the soil
subgrade and the free-draining base course.
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Al-Qadi et al.

1997

Investigate the
performance of
geosynthetics
stabilized
flexible
pavements
based on
laboratory and
field-testing.

18 different pavement sections were constructed and
tested dynamically in the laboratory. The test pit
consisted of two opposing rectangular sidewalls,
3.1m long by 2.1m high, and a back wall, 1.8m wide
by 2.1m high. The subgrade consisted of silty sand
placed at CBR values of 2 and 4%. Three different
types of geosynthetics were used at the base-
subgrade interface including two woven fabrics and a
geogrid. The thicknesses of the base course were 15
and 20cm while the thickness of the HMA layer was
kept constant at 7.0cm. Loading was achieved using
a circular steel plate with a diameter of 30cm. A
40kN load was applied on the pavement surface at a
frequency of 0.5Hz. The surface deformation was
monitored throughout the test and sections were
excavated after failure to determine the amount of
deformation in each layer and to detect any evidence
of migration of subgrade fines. Preliminary results
of full-scale field tests are also presented.

Based on the results of laboratory testing, a geotextile
separator increased the pavement service life against
rutting failure by two to three times as compared to
the control sections.

Geotextile stabilization was found to increase the
pavement stiffness as pavement surface displacement
increased. This finding suggests that geosynthetics’
contribution mainly comes into play whenever
substantial rutting occurs in the subgrade.

Without a separator geotextile, a transition
(intermixing layer) forms at the bottom of the base
course layer and its thickness increases with time.
This transition layer is weaker than the base course
layer.

Preliminary results of full-scale field tests confirm the
development of a transition layer when a geotextile is
absent.

Sprague

1997

Evaluate the
cost-
effectiveness of
separator
geotextiles in
low volume
roads.

Three different types of geotextiles were installed as
separators in three pavement cross sections. Two
geotextiles were needle-punched nonwoven
interlayers and one type was slit-film woven. Three
different pavement designs were evaluated in the test
sections: 65mm full-depth HMA, 40mm HMA on
top of 75mm granular base, and 25mm surface
treatment on top of 75mm granular base. A control
segment was included in each pavement test section.
The subgrade was predominantly silt and silty clay.
Pavement performance was monitored periodically
through visual inspection and distress surveys.
Results of the distress survey were then used to
calculate the pavement condition index (PCI). After
eight years in service, the entire road was resurfaced.

In the full-depth HMA test site, a section constructed
with a 140g/m? needle-punched geotextile performed
best. The slit-film woven geotextile proved
detrimental to pavement performance since it caused
slippage of the asphalt layer during placement.

In the asphalt over granular-base test site, the sections
with geotextiles performed similarly to the control
section.

In the sections with surface treatment, geotextile-
stabilized pavements performed superiorly to the
control section. However, this design was a poor
performer compared to the other two pavement
designs.

Based on the initial and maintenance costs, pavement
alternatives were compared. In most cases, life cycle
costs for pavements incorporating separators were
lower than the cost associated with the control
sections. Annual cost saving ranged from 5 to 15%.
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Black and
Holtz

1999

Evaluate the field
performance of five
different separator
geotextiles on a test
site with soft silty
clay subgrade, high
groundwater table,
and heavy truck
traffic five years
after installation.

Research Approach

A test site located in Bucoda, Washington was
selected to evaluate the field performance of
geotextiles to act as separators. The selected test
site had a long history of poor performance with
significant rutting and fatigue cracking and a
high percentage of heavy trucks. Test sections
were constructed with five different geotextiles
in addition to a control section. Each test
section was 7.62m and a base course with two
thicknesses (150mm and 300mm) was installed
on top of the geotextile. A 170mm asphalt layer
was then placed on top of the base course. Four
geotextiles were non-woven and one was woven
with a mass per unit area ranging from 132 to
240g/m®. Performance evaluation was based on
exploratory excavations on the inside wheel
paths. At each exploratory location, soil, base,
and geotextile samples were collected and field
and laboratory tests were conducted on the
subgrade soils. Field tests included pocket
penetrometer, torvane, and nuclear densimeter.
Laboratory tests included grain size distribution
and Atterberg limits.

Findings & Conclusions

Various levels of iron oxide staining were observed
on the surface of the subgrade with a penetration
depth ranging from 10 to 30mm, although a deeper
penetration of 250mm was observed in some of the
sections.

Extracted geotextile contained a minimal amount of
damage due to construction. However, holes varying
in size between 1 and 2mm were observed in isolated
areas of the lighter-weight nonwoven geotextiles.
Extracted nonwoven geotextiles seemed to have
various levels of clogging but none was significantly
blinded. In contrast, woven geotextiles appeared
more affected by blinding than clogging.

After 5 years in service, various geotextiles were
effective in providing acceptable pavement
performance with no signs of distresses in the test
road section. However, one should note the high
HMA thickness used in the pavement design as
recommended by WSDOT.

Exploratory excavations indicated a zone of
intermixing between the base layer and subgrade soil
with a thickness ranging from 30 to 50mm. Fines in
the base layer were of the same color as the subgrade
soils. The amount of fines was not related to the level
of damage experienced by the geotextiles.

Tests of the subgrade indicated that the soils have
consolidated since the geotextiles were installed. It
appears that the subgrade may have consolidated more
in the sections with geotextile than in the sections
without geotextiles.
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Research Approach

Findings & Conclusions

Loulizi et al.

1999

Obijective

Evaluate the use
of geosynthetics
as separators
based on Ground
Penetrating Radar
(GPR) surveys,
rut measurements,
and materials
excavation.

A full-scale pavement test section was
instrumented and constructed in a secondary
road. The test-bed pavement consisted of
nine sections. Three sections were stabilized
with geotextile, three were stabilized with
geogrid, and the other three were kept as
control sections. Over a monitoring period
of three years, rut measurements, falling
weight deflectometer (FWD) analysis, and
GPR surveys were regularly conducted. At
the end of the monitoring period, ground
truth (excavation) samples were collected.
72 samples were collected from the test
sections. Gradation and moisture content
tests were conducted on the collected
samples. In addition, recovered geosynthetic
materials were tested for ultimate strength
and elongation.

Base course gradations indicated that the fine percentage in
the base course material has increased over the three years
monitoring period in all sections. However, fines
represented 16.1% of the base material in the control
section, 15% in the geogrid-stabilized section, and 12.4% in
the geotextile-stabilized section.

GPR surveys indicated that more contamination had
occurred in the control section as compared to the sections
stabilized with geosynthetics.

There was considerable reduction in the geotextile ultimate
strength in the warp direction (33%) while in the fill
direction; the ultimate strength of the interlayer did not
change. Geogrid did not show any significant reduction in
its ultimate strength.

Both geosynthetics were found to increase pavement
service life. However, geotextiles provide a greater
increase in service life than geogrids due to their separation
function.
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Suits and 2001
Koerner

Evaluate the field
performance of
five different
geotextiles to act as
separators between
a drainable base
layer and a fine-
grained subgrade
soil.

Research Approach

A test site located in New York was constructed
with five different geotextiles and a control
section. The site under investigation was a rural,
two lane road with light traffic. The length of the
project was 482m and is located in an area with
high potential for the presence of moisture.
Construction was completed in November 1997.
Four of the five geotextiles were non-woven while
one was woven. The mass per unit area for the
geotextile used ranged from 169 to 264g/m>.
Falling weight deflectomter testing was conducted
subsequently over three years since the completion
of the project. Analysis of the deflection data was
conducted by calculating the change in the
subgrade modulus over time.

Findings & Conclusions

Although differences were noticed in the subgrade
modulus between the test sections, the authors
attributed this initial difference in the variation in
depth from bedrock.

Over the four years monitoring period, the site did
not show signs of distresses.

The change in subgrade modulus over the monitoring
period indicated a decreasing trend, as expected.
The control section showed a decrease in subgrade
strength of 37%. One of the tested geotextile only
experienced a decrease in strength of 5% while
another product showed a decrease of 48%.

For further evaluation of the test site, the authors
plan to conduct FWD testing over 15 to 20 years.

Naughton and 2002
Kempton

Correlate field
damage to
geotextiles when
used as separators
to laboratory
damage-simulated
tests.

In order to quantify the extent of damage
experienced by geotextiles during construction,
eight geotextile products were tested (one woven,
four thermally bonded, and three mechanically
bonded). Survivability of geotextiles was
measured in the field by measuring the reduction
in tensile strength after being exposed to
accelerated damage. Field test consisted of
exposing installed geotextiles to 14 passes of a 4-
axle truck with a gross weight of 32tonnes.
Geotextiles samples were then extracted and tested
to determine retained tensile strength. Laboratory
damage was simulated based on ISO 10722.
Evaluated laboratory parameters included retained
tensile strength, mass per unit area, strain energy,
and peak strain.

Laboratory simulated damage indicated a similar
trend in terms of retained tensile strength to that
observed in the field trials.

Mass per unit area correlated well with the retained
tensile strength parameter. On the other hand, strain
energy and shape of the deformed geotextile did not
seem to be good indicators of a geotextile’s
survivability.

Geotextiles with a mass per unit area of less than
175g/m? appeared to lose 50% of their initial tensile
strength immediately after installation.

Survivability of geotextile depends on the thickness
of subbase placed over the interlayer during
installation.

Most geotextiles will fail locally when subjected to a
protruding object such as scattered stones. While
these localized ruptures may allow migration of fines
into the subbase, it does not appear to affect the
ability of the interlayer to function as a separator.
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Al-Qadi and
Appea

2003

Quantify the
effectiveness of
geosynthetics in
enhancing pavement
performance when
placed at the
subgrade-base
interface.

Nine pavement sections were constructed
on a secondary road with variable base
thicknesses (100 to 200mm) and with
different types of geosynthetics. Three
sections were stabilized with geotextiles and
three with geogrids at the subgrade-base
interface. The other three sections were
used as control sites. An average HMA
thickness of 95mm was used in all sections,
and the subgrade had a California Bearing
Ratio (CBR) ranging from 6 to 10%.
Falling weight deflectometer (FWD)
deflection data and surface rutting were
monitored over eight years after
construction. Deflection data were
normalized for different temperature
conditions encountered during
measurements.

Over the eight years monitoring period, control sections
had the greatest rutting, followed by the geogrid-stabilized
section, while the geotextile-stabilized section had the
least amount of rutting.

Benefits of the geotextiles were significantly pronounced
in section with 100mm base course as it was estimated that
it could increase the life of the pavement by almost two
folds. However, this increase in service life is reduced for
stronger pavements. One should note that in this study,
geotextiles acted as separators and as reinforcement.
Analysis of FWD data indicated that the sections stabilized
with geotextiles had the lowest Base Damage Index (BDI);
almost half that of the unstabilized section. The Base
Damage Index (BDI) is a basin parameter indicative of the
condition of the base layer. The BDI is directly related to
the pumping of fines from the subgrade to the base layer,
which reduces the base material strength.

Narejo

2003

Determine the
opening size for
separation
geotextiles used
with different soil

types.

Opening size of a geotextile must prevent
subgrade fines from moving up into base
layer under dynamic loads. AASHTO
M288 specification recommends a
geotextile apparent opening size (AOS) of
less than 0.6mm. Using published
laboratory and field data, an evaluation of
the needed opening size was conducted.
Data from 18 studies were collected and
used in the analysis. For each study, dgs
value for the tested soil was determined.
The geotextile apparent opening size Ogs
was also identified or derived from
established relationship.

AASHTO M288 recommends an AOS of less than 0.6mm.
Using this threshold would lead to an Ogs/dgs ratio as high
as 100. Under these conditions, it is not expected that the
geotextile would be successful in retaining soil.

Collected and analyzed data indicates that in most cases,
geotextiles with an AOS of less than dgs value for the soil
would function adequately as a separator. However, for
fine and clayey soils, the required AOS of a geotextile
would be 0.5 dgs value.

For successful separation function, Ogs/dgs should be <1
for sandy soils and 0.5 for fine silts and clays. The
opening size recommendations of AASHTO M288
specifications may be unsuitable.
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Geotextiles provide an excellent alternative to graded

Dhani 2004 Investigate the Literature review on the aspects of design, _ erna raded
utilization of performance, and cost/benefit analysis. aggregates for the separation and filtration functions in
geotextiles placed fully drainable pavement.
within fully - The selection and specification of geotextiles must take
drainable pavements into account construction survivability and soil retention.
as one of the The published data indicates the need for a minimum
solutions to prevent geotextile mass of 270 grams/m2 for soil/stone interface
intermixing of and 450 grams/m2.
materials.

Collinsand 2005  This study Five different geotextiles were installed at After 12 years in service, the test sections are still

Holtz summarizes Phase the subgrade-base interface to perform as performing adequately. The successful performance may
11 of the field separators. Phase | evaluated the be in part due to the use of geotextiles as separators.

investigation
previously described
in Tsai et al. (1993)
and Black and Holtz
(1999). Phase Il
was conducted 12
years after
installation.

performance of the geotextile after
construction while Phase Il evaluated the
performance of the separators 5 years after
installation. Twelve years after installation,
evaluation plan was based on field tests
(extraction, visual inspection, pocket
penetrometer, torvane, nuclear densimeter,
and FWD) and on laboratory tests (water
content, grain size analysis, Atterberg
limits, permittivity, and retained tensile
strength).

Results from FWD showed a decrease in deflection with
time over the 12-year period. The greatest increase in
subgrade modulus occurred 6 months after construction.
However, the control section experienced a similar
increase indicating that the benefits of separation may be
overlooked due to the relatively thick pavement sections.
The geotextiles performed successfully as separators by
preventing intermixing of soil at the subgrade-base
interface. However, the control section had also minimal
intermixing of soil at the subgrade-base interface.

The performance of lightweight geotextiles was
comparable to heavyweight geotextiles in terms of
separation, filtration, and drainage after 12 years in
service.
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Authors

Year

Main Objective

SUMMARY OF SELECTED STUDIES

FIELD INVESTIGATION

Research Approach

Findings & Conclusions

Puffer, WG

1991

Field testing of
geotextile on very
weak subgrade

Part of the 17km of the Pan-American Highway,
known as Darien Gap located on the Panama-
Colombian border, is tropical swamps. Daily tropical
rains combined with unconsolidated silts and clays
made grading, aerating, and compacting of an
embankment all but impossible. Substantial portions
of aggregate layers placed over graded surfaces were
displaced downward into soft clay silts. Eventually, a
test section of the proposed road was constructed
using a geotextile. This section performed well and
was subsequently used as a model for the remaining
sections.

- Success of geotextile was attributed to the existence
of lateral frictional forces at the fabric/aggregate
interface. Based on subsequent research, it seems
more likely that separation function of the fabric
provided the key to success.

Webster, SL

1993

Geogrid
reinforcement of
flexible pavements
for light aircraft

The experimental setup consisted of four lanes of
flexible pavement with each lane divided into four
separate sections. Subgrade strength was kept
constant at a CBR of 8%. The base course was
constructed with one of four thicknesses: 152, 254,
305, and 457mm. The used geogrid had 5% secant
moduli and the interlayer was placed at different
depths in the flexible pavement. In each traffic lane,
the HMA thickness was about 51mm, which met FAA
standards for aircraft gross weights less than 267kN
and tire pressure less than 690kPa. Deflection
measurements were made using four sets of Multi-
Depth Deflectometer (MDD) modules installed
beneath the pavement surface. Traffic loading was
applied to each flexible pavement section using a
single tire from a C-130 aircraft with a 133kN load at
a tire pressure of 469kPa. The performance of each
section was based on the MDD data, rut depth

- Geogrid reinforcement improved the performance
of flexible pavement systems. Geogrid
reinforcement should be placed at least 152mm
below the HMA wearing surface. The geogrid
should be placed at the base course-subgrade
interface for best performance.

- Webster developed a linear relationship between
base courses thicknesses needed in a reinforced
pavement versus an unreinforced section. This
relationship was based on a comparison of the
number of cycles applied to a section for failure of
reinforced and unreinforced sections, with all other
variables constant. An example of this relationship
is that a base course 305mm thick in an
unreinforced section is equivalent to a geogrid-
reinforced section with 203mm of base course.

14



measurements taken at the surface, and full depth
deformation data taken from the trenches dug into the
flexible pavement sections after loading. Failure of a
section was defined at a rut depth equal to 25.4mm.

Austin, and
Coleman

1993

Performance of
geotextile and
geogrid reinforced
unsurfaced roads

Approximately 300mm of organics and soil were
excavated from the test site, revealing gray clay. The

initial soil strength of the test area was too high for the

research objectives, so the test site area was flooded
for nearly eight months. The flooded area was
drained, resulting in a CBR value of approximately
1% for the test site subgrade. The subgrade was
covered with either a geogrid or geotextile, and then
overlaid with an aggregate layer of varying thickness.
Aggregate thickness varied from approximately 152
to 279mm throughout the length of the road. Four
geogrids and two geotextiles were used as
reinforcement in the study. Rod and level
measurements were used to monitor the deflection at
the surface of the aggregate. A rut depth of
approximately 76mm was chosen as failure for a
given section. A truck with a single front axle of
25.1kN and a rear dual axle of 81.4kN was used for
the traffic loading. The tire pressure for both axles
was 550kPa.

Geogrids and geotextiles improved the performance
of unsurfaced pavements. For an equal amount of
permanent deflection, it was found that 2 to 3 times
the numbers of Equivalent Single Axle Load
(ESAL) repetitions were applied to the reinforced
sections compared to the control sections. There
was no significant correlation between the
geosynthetic tensile strength and the measured
performance.

Approximately 4.5 times the number of ESAL
repetitions were applied to the composite reinforced
section compared to the control section.
Approximately three times as many ESAL
repetitions were applied to the geotextile sections
compared to the control section. The improvement
gained from the geogrid reinforcement varied from
about 1.5 to 3 times the number of ESAL
applications compared to the control section.

In the unreinforced sections, there was considerable
mixing of the aggregate and subgrade layers.
Contamination of the aggregate layer by the soft
subgrade was evident in the sections not containing
a geotextile separator. Fines from the subgrade
were found up to 190mm into the aggregate layer in
unreinforced sections, and up to 65mm in geogrid
reinforced sections.

Separation function of the geotextile is the main
reason for improving the performance of unsurfaced
roads.
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Al-Qadi, etal. 1995  Field evaluation of  In June 1994, a 150m-long secondary road pavement - The measured pressure at the base course-subgrade
1996  geosynthetic section in Bedford County, Virginia was interface for the geotextile-stabilized sections was
1997 reinforced instrumented. This pavement section was divided into lower than the geogrid-stabilized and control

pavement sections  nine individual sections, each approximately 15m sections, within a specific base course thickness
1998 of a low-volume long. Sections one through three have a 100mm-thick  group.
1999 traffic secondary limestone base course, sections four through six have  _ Ryting in the control section (100mm-thick base
road a 150mm-thick base course, and sections seven course) was more severe than rutting in the
through nine have a 200mm-thick base course. Three geosynthetically stabilized sections.
sections were stabilized with geotextiles and three - FWD back-calculation revealed weaker subarade
with geogrids at the base course-subgrade interface; h for th id-stabilized and gl
three were kept as control sections. The outside Strengt OG0T s_ta If1zed an con_tro
wheel path of the inner lane was instrumented with sections than the geotgxtlle-s_tablllzed sections over
: : : the three-year evaluation period.
strain gages, pressure ce_rlls, piezoelectric sensors, - Based on rut depth measurements, the geogrid-
scauiston sysom was used o colee nsrument  Sibilzedsection carred 829 more ESALS befoe
response on site. Section performances were assessed Z?;IbuiIiez:::jagetchtieoiogg:?ilezeigz&) Vr\rqrc])IrI: ItEhSe A?Egtg:ftcl)lg
basgd instrume_:nt response to control and normal failure than the control section
gggéﬁgggg?g&g?’SLl:\t/gsp;?] gn fza;lsili]rguz?;tground - Geotex_tile—stabilized sections develop lower distress
deflectometer (FWD) méasurements levels in te_rms of.s'ubgrade pressures and rut erths
' than geogrid-stabilized and unreinforced sections
because of their separation capability.

- Geotextiles increase the service life of secondary
roads by 2.4 times, while geogrids increase the
service life of secondary roads by 1.8 times.

Metcalf, etal. 1997  Compare the Three section were designed as follows: - Performance of the control and the stone and soil

performance of
three test sections

- Control section: 89mm select soil, geofabric, 215mm
limestone base, and 89mm hot-mix asphalt.

- Geogrid section: 165mm select soil, geogrid, 140mm
limestone base, and 89mm hot-mix asphalt.

- Stone and soil section: 50mm select soil, 152mm
stone and soil, 100mm limestone base, and 89mm hot-
mix asphalt.

Loading was performed using the Accelerated Load
Facility (ALF) and was applied on a single set of dual
wheels. The tire pressure was 724kPa. Loading was
applied in sets of 25000 passes followed by the
performance measurements. Loading continued until
the severity of cracking and/or permanent deformation

sections was as anticipated; actual applied ESALs
were 880,000 and 674,000 for both sections,
respectively, which compares well to the design
ESALSs (863,000 and 648,000 for both sections)
Performance of the geogrid section was unexpected
and resulted in a localized failure. It is not possible
to reach any conclusion as to the effect of the
geogrid.
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exceeded the defined failure condition.

Cancelli, A. 1999 Investigate the A full-scale oval-shaped pavement facility was Geogrids are effective in reducing the overall
structural constructed consisting of 56 different sections, each rutting when used to reinforce a very soft subgrade
contribution of 36m or 20m in length. Pavement cross sections (CBR less than 3%). A geogrid-reinforced
geogrid and consisted of 0.7m subgrade clay processed to the pavement with a base thickness of 300mm behaved
geotextile when desired CBR strength (1, 3, or 8%), a granular base similarly to an unreinforced section with 500mm
placed betweena  with a thickness of 300 or 500mm, and a 75mm thick gravel base thickness.
soft subgrade asphalt layer. Six different types of geosynthetics A geogrid interlayer might increase the structural
(CBR=1-8%) and a  were evaluated including geogrid, woven fabric, and a layer coefficient of a gravel base by a ratio of 1.5 to
granular base composite geosynthetic (geogrid + woven fabric). Up 2.0. . ]
(CBR=30%) to 160,000 Equivalent Axle Loads were applied by a High strength woven geotextile may provide good

truck traveling at a constant speed (20km/h). Rut separation function, but limited reinforcement

depths were monitored throughout the experiment. contributions. Traffic improvement ratio of
geogrids was up to 40 times greater than woven
geotextiles.

US Army 1999  Determine optimal ~ The site is located in Aberdeen Proving Grounds, Test strip 1A and test strip 2 performed well. The

Corps of subgrade Maryland, approximately 48km north of Baltimore. woven and nonwoven geotextiles provided a means

Engineers stabilization The following test strip sections were constructed: of separation.

methods while
minimizing over-
excavation of
potentially
contaminated soils
located within the
Chemical
Demilitarization
Project facility

- TS-1A: Amoco 4506 nonwoven geotextile and
Tensar BX-1100 geogrid

- TS-1B: Tensar BX-1200 geogrid
- TS-2: Amoco 2016 woven geotextile

- TS-3A: Amoco 4506 nonwoven geotextile and
Presto GW-A8-46 geoweb

- TS-3B: Amoco 4506 nonwoven geotextile and
Presto GW-A6-46 geoweb

In test strip 1B, the Tensar BX-1200 was placed
directly upon the subgrade. The well-graded
Maryland CR-6 material interlocked inside the
apertures of the geogrid. Severe rutting and
localized failures were observed where intermixing
occurred.

The Presto geoweb performed poorly. Excessive
movements resulting in severe rut depths were
observed.
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- TS-3C: Amoco 4506 nonwoven geotextile and
Presto GW-A4-46 geoweb

All test strip sections were subjected to a fully loaded
tandem axle dump truck with a gross weight of 280kN
to determine their relative performance.

Perkins and
Cortez

2004

Evaluate the
performance of
three geosynthetic
products based on
accelerated
pavement testing

Four test sections were constructed in an indoor
accelerated pavement testing facility to evaluate the
effectiveness of two geogrid and one-geotextile
products as base reinforcement. The pavement cross
section consisted of 75mm HMA, 300mm aggregate
base, 1.37m subgrade, and 1.35m foundation soil.
The subgrade was treated with water to simulate a
CBR of 1%. Testing was conducted at a wheel speed
of 13km/h until a surface rutting of 25mm was
reached. Imbedded sensors were also installed during
construction to measure vertical stress and
geosynthetic strain. Some differences in thicknesses
were noted between the constructed test sections and
an increase in rutting was observed in the direction of
the wheel path. Traffic Benefit Ratio (TBR), defined
as the ratio between the number of traffic passes
between a reinforced and an unreinforced test section
for a particular level of rutting, was used to assess the
geosynthetics’ effectiveness.

In terms of rutting performance, the control section
performed the worse, followed by the geotextile,
and the two geogrids sections.

TBR values obtained for the different sections were
as follows: 9.0 for the geotextile, 10 for the light
geogrid, and 31.5 for the heavy geogrid. Previous
TRB values obtained from the plate-loading test
were 8.5 for the geotextile, 17.0 for the light
geogrid, and 56.0 for the heavy pattern. A
previously developed design model predicted 2.4
for the geotextile, 4.9 for the light geogrid, and 6.4
for the heavy geogrid.

Difference between reinforced sections was more
pronounced in the measured rutting than in terms of
instrument responses.

Reinforcement mechanisms included reduction in
the horizontal strain at the bottom of the granular
layer and wider spreading of vertical stress on the
subgrade.

Aran

2006

Evaluate the field
performance of
geogrid-reinforced
base as compared
to unreinforced
sections

Two test sections were constructed in 1986 and 1990
to evaluate the effectiveness of biaxial geogrids as
base reinforcement. In one test section, the geogrid
was placed at the bottom of 10in aggregate base
instead of 2in of HMA used in the control section.
Construction of this site was completed in 1986. In
the second test section, the geogrid was placed at the
bottom of the aggregate layer instead of 4in of base.
At the same site, a geogrid was placed at the middle
of the aggregate base layer instead of 6in lime
stabilized subgrade. Construction of this site was
completed in 1990. Short-term evaluation was

Short-term evaluation indicated that performance of
the test sections was comparable, as no major
cracks had developed in any of the sections.

In the long-term, most of the observed distresses
were longitudinal surface-initiated top-down cracks
in the wheel paths. Extent of cracking was similar
in the control and reinforced sections.
Incorporating geogrid into the base layer can
provide comparable performance with a thinner
structural section.

Deflection data indicate that placing a geogrid may
replace effectively a major part of the eliminated
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conducted in 1991 for both test sections. Long-term
evaluation was performed in 2004 and in 2005. The
older test site was overlaid in 2004.

2in HMA.

Placing a geogrid can effectively replace 6in of
lime-stabilized subgrade and provide comparable
performance.

Reyes and
Kohler

2006

Evaluate the
effectiveness of
geogrid-reinforced
base using a new
full-scale
accelerated testing
facility in
Colombia

Four sections were constructed and loaded until
failure in a full-scale accelerated test facility. The test
track consists of a circular ring 3.5m wide by 35m
long. Wheel speed can be set up to 40km/h and a
wander area may be used for the wheel. The subgrade
had a resilient modulus of 19,600kPa. The tested
geogrid was a Tensar BX1200. All sections had a
180mm HMA layer placed on top of 300mm granular
base and 300mm granular subbase. In the first
section, the geogrid was placed at mid-depth in the
granular base. In the second section, the geogrid was
placed at the base-subgrade interface. In the third
section, two geogrid layers were used at mid-depth in
the granular base and at the base-subgrade interface.
The fourth section was the control.

This study evaluated the performance of geogrid in
thick sections. Failure of the sections occurred
through a fatigue-failure mechanism.

The best structural performance was observed in the
first section with the geogrid placed at mid-depth in
the granular base followed by the third section, and
the control section. The worst performance was
observed in the second section with the geogrid
placed at the base-subgrade interface.

Placement of the geogrid in the unbound layer
directly under the HMA layer appears to be the
most beneficial. Reinforcement of the subgrade did
not seem to affect pavement performance.

Thick sections do not seem to benefit much from
geogrid.

Al-Qadi et al.

2007

Evaluate the
performance of
geogrid-reinforced
base as compared
to unreinforced
base based on
accelerated
pavement testing

Nine sections were constructed and instrumented to
quantify the benefits of geogrid base reinforcement.
The subgrade had a nearly constant California Bearing
Ratio (CBR) of 4%. Three base thicknesses of 203,
305, and 457mm were constructed. All sections
except one had a 76mm HMA layer. One section had
a 127mm HMA thickness. Constructed sections were
instrumented with a wide array of sensors to measure
temperature, moisture, pore-water pressure, stress,
strain, and deformation. A load of 44.5kN moving at
8.1km/h was applied on all sections until failure
defined at 25mm of surface rutting. Results in this
paper are presented for the first three sections.

The control section had significantly greater lateral
deflection in the aggregate base layer than the
reinforced sections especially in the direction of
traffic.

At a given number of passes, rutting in the control
section was greater than the sections with geogrid.
Subgrade shear failure was the predominant failure
mechanism due to the thin pavement sections.
Quantification of the geosynthetics’ benefits for the
other pavement cells is to be presented in future
publications.
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THEORETICAL INVESTIGATION

Authors Year E)Ate)ljlgctive Research Approach Findings & Conclusions

Holtz, and 1987  Develop design  Using the method developed by Giroud and Noiray, charts -~ Because of small strains induced in the

Sivakugan charts for for the design of geotextile-reinforced unpaved roads have geotextile at smaller rut depths, the modulus of
geotextile- been prepared for rut depths of 75, 100, 150, 200, and the geotextile is not important up to a rut depth
reinforced 300mm, and for standard design axle load of 80kN and tire of 300mm. _ _
unpaved roads pressures of 480 and 620kPa. - The tire pressure has no influence on required

aggregate thickness when the shear strength of
the subgrade is less than approximately 50kPa.

- For very low shear strength, a rapid increase in
required aggregate thickness occurs,
irrespective of the rut depth and the geotextile
modulus.

- Charts could be used to determine a possible
reduction in the required thickness of
stabilization subbase aggregate by using a
geotextile and for the design of the first
construction lift for embankments on very soft
foundations.

Dondi, G 1994  Determine the A load simulating a dual-tires assembly was applied - Vertical displacements decreased by 20% if the
behavior of a statically on a three-layer system. The developed model geosynthetic modulus is 1200kN/m and by
geosynthetic- assumed the HMA behavior as linear elastic, and the subbase ~ 15% if the modulus is 600kN/m. The vertical
reinforced and the subgrade as non-linear elasto-plastic materials. stresses did not change when the geosynthetic
pavement system  Four-node interface elements were used to simulate the was present. )
based on a 3D friction contact between the geosynthetic and the - The geosynthetic interlayer improved the
finite element surrounding materials. fatigue life expectancy of the HMA by a factor
approach of 2t0 2.5.

- The shear strain transmitted to the top of the
subgrade was also reduced when a geosynthetic
interlayer is used.
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Liu, et al. 1998  Evaluate the A 2D finite element model was developed using a program - Geogrid reinforcement significantly reduces the
effectiveness of  called CAPA-2D. This program allows for crack energy available for crack propagation. The
geogrid for base  propagation analysis, and for exact simulation of unbound use of recycled aggregates showed higher
reinforcement materials. Friction was assumed between all layer interfaces. ~ Values of stress intensity factors (K) compared
when recycled to the model with natural aggregates.
aggregate
materials are
used in road
constructions

Perkins, etal. 2000  Evaluate the A 3D finite element model was developed. While the HMA - Reinforcement reduced the lateral permanent
performance of s simulated as an elastic perfectly plastic material, a plastic strain at the bottom of the base, as well as the
geosynthetic model described the base and subgrade material. A vertical stress on top of the subgrade.
reinforced repetitive load was applied to the model for a subscribed - The amount of vertical deformation after 10
flexible number of cycles. cycles was significantly reduced in the
pavement reinforced model compared to the unreinforced
systems based on case.

a FE approach

Perkinsand 2002  Quantify the Benefits of geosynthetic base reinforcement depend on many - Results of the FE model shows the ability of the

Edens 2003  benefits of factors including structural thicknesses of the pavement reinforcement to prevent lateral spreading at
geosynthetic section, strength of the subgrade, and properties of the the bottom of the aggregate layer in contact
base interlayer used. This study presents the development of a with the interlayer. Lateral confinement leads

reinforcement
based on 3D FE
analysis and
develop a
mechanistic-
empirical design
model for
reinforced
pavement
systems

design model to quantify the benefits of reinforcement. The
design model was formulated by first developing a 3D FE
model that simulates reinforced and unreinforced pavement
sections. Empirical distress models were then used to
predict long-term pavement performance. The response and
distress models were calibrated against results from plate-
loading test sections. In the developed FE model, elasto-
plastic models were used to simulate HMA, base aggregate
and subgrade materials. The geosynthetic material was
simulated as orthotropic linear elastic. Two reinforcement
cases were simulated. In the first case, an infinitely stiff
reinforcement was assumed by restricting motion at the
bottom of the base. In the second case, the geosynthetic was
modeled by membrane elements with varying tensile
properties. Full-bonding conditions were assumed between
the base, geosynthetic, and subgrade layers. The calibrated
FE model was then used to simulate 465 different cases.
These results were then used to formulate the design model.

to an increase in the aggregate layer stiffness, a
reduction of vertical stress on top of the
subgrade, and a reduction of vertical
compressive strain in the lower half of the base.

- The developed model was expressed in terms of
equations relating reinforcement benefits to
pavement and geosynthetic input design
parameters.

- The developed design model provided mostly-
conservative predictions of reinforcement
benefits.

- The developed model showed that
reinforcement benefits increases with the
decrease in subgrade strength and increase in
geosynthetic tensile modulus.

- The authors caution that the design model is
only valid for certain conditions to which the
model use should be limited.
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Kwonetal. 2005 Tovalidatean  ABAQUS is used with its interface contact model to study - A Very good agreement was achieved between
interface spring  the frictional resistance at the soil/aggregate-geogrid the predicted pavement responses by the
model aimed at interface. The results from the ABAQUS contact model were ~ Mechanistic spring interface model and the
providing tools  compared with the spring interface model. ABAQUS analysis results. It is found that no
and solutions for large slip deformations take place in the FE
mechanistic solution of geogrid reinforced flexible
based design of pavements.
geogrid
reinforced
flexible
pavments

Perkinsetal. 2005 To develop a Use distinct response model modules created to account for -Confirms findings from other projects that show

model including
effects of lateral
confinement  of
the base
aggregate layer

that the conventional
inserting  structural  elements  for  the
reinforcement sheet and contact surfaces
between the reinforcement and surrounding
materials results in a gross under prediction of
pavement performance and corresponding
reinforcement benefit.

effects of reinforcement on lateral confinement of base
aggregate materials during roadway compaction operations
and in-service vehicular loading.

approach of simply

-Response model modules have been introduced
that account for the increase in lateral confining
stress during compaction and subsequent loading
by operational traffic. These additional response
models appear to account for fundamental
mechanisms and processes involved in
reinforced pavements that are otherwise missing
from a simple static, single load cycle response
model.
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Leng and 2005 To investigate Elasto-plastic constitutive models were used to model - The reinforcement effects were seen in reducing
Gabr the performance aggregate, subgrade and geogrid layer. Interaction between  surface deformation and improving vertical
of geogrid- geogrid and aggregate was simulated as a shear-resistance  stress distribution on the subgrade layer.
sl EEHEES - A parametric study indicated that ABC
aggregate  over . :
soft subgrade. thickness and ABC/subgrad_e modulus ratio
greatly affect the contribution of the
reinforcement.

- Reinforcement with higher tensile modulus and
better interface friction coefficient yielded
better section performance in terms of less
stress on the subgrade.

Saad, et al. 2006  Evaluate the A parametric study was conducted to investigate the benefits - When placed at the bottom of the HMA layer,

benefits of a high
modulus geogrid
when used as
reinforcement
based on 3D FE
analysis

of geosynthetics in reducing fatigue and rutting failure in
flexible pavements. Impacts of the reinforcement location,

base thickness, base quality, and subgrade quality were also
evaluated. The adopted modeling approach considered

dynamic behavior of the load using the implicit method, and -
elasto-plastic behaviors of granular and subgrade materials.

The simulated subgrade had an elastic modulus of either
8,280kPa or 50,646kPa. Hot-Mix Asphalt was simulated as
linear elastic. The geosynthetic reinforcement was modeled -
using four-node membrane elements. Full bonding was
assumed between the geosynthetic and the surrounding

layers. Geosynthetic reinforcement was simulated as linear
elastic with a modulus of 4,230,000kPa. -

the reinforcement leads to the greatest
reduction in the tensile strain, which was 48%.
This reduction was independent of the base
thickness and foundation quality.

When placed at the lower third of the base
layer, the reinforcement leads to a substantial
decrease in the tensile strain at the bottom of
the HMA only in case of a stronger base.

The potential for decreasing the rutting strain is
more pronounced when a 152.4mm thick base
layer is used. The reduction in strain ranges
between 2 and 34%.

Based on the presented results, the optimum
location for reduction of the rutting strain and
the surface deflection is at the 1/3 of the base
thickness from the bottom.

Howard and 2006
Warren

Using finite
element model to
analyze data
acquired  from
instrumented
geosynthetics-
reinforced
sections.

Axissymmetric modeling was selected for this research -
project.

An axis-symmetric finite element model was
developed to analyze a low volume, flexible
pavement reinforced with

geosynthetics.

The type of model, selection of model
parameters, choice of material models, and
testing scheme developed to provide material
properties is described in detail.

23



McDowell
al.

et

2006

To gain a
micromechanical
understanding of
the behaviour of
the ballast-
geogrid system.

A discrete element model has been developed for geogrid-
reinforced ballast. A model for the geogrid has also been
developed by bonding many small balls together.

- The DEM simulations have been shown to
predict well the peak mobilized resistance and
the displacement necessary to mobilize peak
pull-out force.

- The effect of the ratio of the geogrid aperture
size to ballast particle diameter on pull-out
resistance has also been investigated. A ratio of
1.4 gives optimum results in terms of peak
resistance  mobilized at the  smallest
displacements.

Nazzal et al.

2006

To assess the
benefits of
reinforcing  the
base course layer
with  geogrids,
and to evaluate
the effects of
subgrade

strength,

thickness of the
base course
layer, and
geogrid stiffness
on these benefits.

A two-dimensional axisymmetric finite element model was
developed and used to analyze different flexible pavement.
The rutting after two million load cycles was determined
through the model and used as a criterion to measure the
degree of improvement achieved by the geogrid
reinforcement.

-The results showed that the benefits found in

pavement sections on weak subgrades were
always superior to those found in pavement
sections on stiff subgrades.

-The benefits of the inclusion of one geosynthetic
layer at the optimum location were reduced as
the thickness of the base course layer increased,;
while they were enhanced with increasing the
stiffness of the geosynthetic material.
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Authors

Year

LABORATORY INVESTIGATION

Main Objective

Research Approach

Findings & Conclusions

Carroll,etal. 1987  Effects of Research conducted at the test facility at the University - TWo layers of geogrids, one at the middle and one
pretensioning and  of Waterloo at the bottom of the aggregate base layer, allowed
location of the more than three times the number of load cycles
reinforcement to be carried over very weak subgrades.
geogrid on its - The optimum location of geogrid reinforcement is
effectiveness to at the bottom of thin bases and at the midpoint of
reinforce aggregate bases exceeding 250mm in thickness. Over very
bases weak subgrades, the optimum benefit may be

derived by placing one layer of geogrid at the
bottom of the base, and a second layer at the
midpoint.

- The results of the pretensioning test indicated that
pretensioning had no beneficial effects over the
strength of the system when compared to normal
geogrid placement.

Barksdale, et 1989  Performance of Analytical studies were conducted at Georgia Tech, and - A woven geotextile must have a stiffness 2.5

al.

geogrids and
geotextiles in
flexible pavements

field and laboratory studies were performed at
Nottingham University in England. Before performing
the experimental work, analytical studies were
performed using finite element in order to identify the
parameters to be varied in the experimental program. In
the experimental study, the major parameters studied
were the influence of different geosynthetic types, the
placement locations of the geosynthetic, and the effect
of pre-stressing and pre-rutting. In the analytical study,
flexible pavement sections were subjected to various
traffic loading conditions. Results of the analytical
study indicated that the performance of reinforced
flexible pavement sections was not improved when the
subgrade CBR values were greater than 3%.

Large-scale experimental research was then performed
in a 4.9mx2.4m test facility. The pavement sections had
a 25 to 38mm HMA layer placed over a 152 to 203mm
aggregate layer. The subgrade was constructed of silty

times greater than a geogrid to have the same
reinforcing capability.

- With respect to the location of the reinforcement,
it was concluded that the geotextile or geogrid
should be placed in the middle of the aggregate
layer if a section has a soft subgrade (CBR<3%)
and a low-quality base course. As the quality of
the base course improves, subgrade deformation
becomes more critical. Therefore, the geotextile
or geogrid should be placed closest to the layer
that will experience the largest deformation.

- Generally, the weaker the subgrade, the greater
the improvement the geotextile or geogrid
provided. As the strength and structural capacity
of the pavement section increases, the
improvements provided by the geotextile or
geogrid decreases.

- For a thin base course over a weak subgrade,
using a geosynthetic with an effective stiffness of
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sand with a CBR of 2.5%. Up to 70,000 repetitions of
load were applied to each test section by a 6.7kN wheel
moving at 4.8km/h. Pressure cells were installed in each
section, and strain gages were used to measure strain in
each layer and in the interlayer systems.

The test sections were divided into four series of three
test sections. The first test setup had a 152mm base
course, and the other three sections used a 203mm base
course. In each test setup, the influence of geogrid
reinforcement, geotextile reinforcement, pre-stressing,
pre-rutting, and reinforcement location were evaluated.

about 700 to 1050kN/m, the base course
thickness could be reduced by 10 to 20%. The
base course thickness over a weaker subgrade
could be reduced by as much as 20 to 40%. This
conclusion was based on equal strain levels at the
top of the subgrade and bottom of the HMA
layer.

Prestressing geosynthetic and prerutting
significantly reduced the permanent deformation
in the pavement sections; however, relaxation of
the geosynthetic over time could reduce the
beneficial effects. The study also demonstrated
pre-rutting is equally effective with or without the
use of geosynthetic. However, a problem with
prerutting is that variation in the wheel path may
differ from that used during the pre-rutting
procedure.

Al-Qadi, et al.

1994

Laboratory
evaluation of
geosynthetic
reinforced
pavement sections
built on a weak
subgrade

Laboratory pavement sections were constructed to
simulate a typical low-volume traffic secondary road
built on a weak subgrade. All construction and testing
were performed within a rectangular retaining wall test
pit, which consists of two side walls 3m long and 2.1m
high, and a back wall 1.8m wide. The test sections were
constructed using different base course thicknesses and
different subgrade CBR values. Three types of
geosynthetics were used (Geotextiles: Amoco 2002 and
Amoco 2016, Geogrid: Tensar SS2). The pavements
were dynamically loaded at a frequency of 0.5Hz using
a computer-controlled pneumatic loading system. A
force of approximately 40kN was applied to the
pavement through a 300mm-diameter rigid plate.
Surface deflections were measured during loading using
an LVDT array.

Geotextiles offer substantial improvement to the
performance of a pavement section constructed on
a subgrade with a CBR value of 4% or less.

The geotextile reinforcement increased the
service life of the pavement sections 1.5t0 2.5
times the service life of unreinforced pavement
section.

The separation function provided by
geosynthetics is a key component for improving
the performance of a pavement section.

Within the unreinforced pavement SN range of
1.5 to 2.3, geotextile reinforcement increased the
SN by a value ranging from 0.2 to 0.4.

Geogrids do not seem to offer much improvement
to the performance of a pavement section
constructed on a subgrade with a CBR value of
4% or less.

The amount of improvement offered by geotextile
reinforcement seems to be the same for a
pavement section constructed on a subgrade with
a CBR value of 2% or 4%.
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Nejad and 1996  Evaluate the An oval-shaped track was used to evaluate the When the wheel was kept along a single path, a
Small effectiveness of performance of geogrid base reinforcement. The geogrid placed at the bottom of the base layer
geogrid base experimental test track is loaded through a pneumatic reduced vertical deformation by 40%. When
reinforcement tire with a diameter of 230mm and a contact pressure of ~ Placed at the middle of the base layer, the geogrid
based on 210kPa. The test track offered to move the tire decreased vertical deformation by 70%.
accelerated randomly in the lateral direction or to keep it along the When the tire was randomly moved in the wheel
laboratory loading ~ same path. The pavement design was scaled down to path, a reduction of 50% in vertical deformation
account for the dimensions of the test track and the was observed regardless of the location of the
reduced tire load. The thickness of the wearing surface, geogrid. ) )
base layer, and subgrade were 20mm, 40mm, and Two mechqmsms are thought to be associated
2,000mm, respectively. Three test sections were with geogrid reinforcement:
constructed; one unreinforced, and two reinforced - Interlock with the base layer aggregate and
sections with two types of geogrids placed at the reduction of permanent lateral displacement
subgrade-base interface. The same experimental setup of the granular layer
was repeated but with the geogrid placed at the middle - Improvement in load distribution on the
of the base layer. Throughout the test, surface and subgrade layer _
subsurface deformation were monitored. Placing the geogrid at the middle of the base layer
was most effective and is recommended.
Ho 1997  Compare the A 2.4x7.2m test pit was divided into 3 sections The control (unreinforced) section generally

effectiveness of
reinforcement in
base material with
geogrid or
geotextile over pre-
consolidated
organic soil

consisting of unreinforced (control) section, a geogrid
section, and a geotextile section. The sections were
dynamically loaded at a frequency of 1Hz using a closed
loop hydraulic system. Stresses of 345kPa and 480kPa
were applied through a 300mm diameter rigid plate on
top of the subgrade material. The subgrade consisted of
sand, 455mm of organic muck, and 455mm of marl. A
geotextile was placed at the interface of the organic
muck and marl. Above the subgrade, 356mm of
limerock base was placed for the geotextile section, the
fabric was placed between the base and marl subgrade.
For the geogrid section, the geosynthetic was placed in
the middle of the base layer. The water table was varied
within the organic soil and marl subgrade below the
base material. Surface deflections of the plate were
measured with a pair of LVDTs. Test durations varied
from one day (30,000 cycles) to one week (over 200,000
cycles). Two extended tests with one million load
cycles were performed on the geogrid and geotextile
sections. Dynamic cone penetrometer, field CBR and

deformed more than the two reinforced sections.
There was no clear-cut advantage of one type of
geosynthetic over the other. If properly designed,
one geosynthetic is as good as the other. Since
the geotextile is not as stiff as the geogrid, it is
critical during installation to ensure that no slack
or wrinkles are built into it.
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Clegg Impact tests were performed after the plate test to
determine the strength variation of the base material in
the test pit.

Leng, et al.

2002

Evaluate the
effectiveness of
geogrid base
reinforcement
based on the cyclic
plate loading test

A text box with dimensions of 1.5m x 1.5m x 1.35m
was used to evaluate the performance of geogrid base
reinforcement under cyclic loading. Cyclic load was
applied through a 0.305m plate diameter with a
controlled surface pressure of 550kPa and a load
frequency of 0.67Hz. Two base thicknesses of
approximately 150 and 260mm were used and a clayey-
sand subgrade with a CBR of 3 to 4% was constructed.
During the test, vertical stress at the base-subgrade
interface and at varying distance from the centerline of
the plate was monitored. Surface deformation was also
measured throughout the test. Two types of biaxial,
polypropylene geogrids (BX1 and BX2) were used in
the experimental program. In total, nine cyclic loading
tests were conducted to evaluate the effects of
reinforcement, geogrid types, and base thickness.

Geogrid reinforcement effectively decreased
surface deformation and improved the stress
distribution transferred to the subgrade. As
expected, the stronger BX2 performed better than
BX1.

Results showed that surface permanent
deformation quickly increased at the start of the
loading cycle and then gradually accumulated
with the number of load repetitions. Reinforced
sections experienced a slower increase in the rate
of surface deformation and reduced surface
deformation magnitude.

Geogrid successfully decreased the maximum
vertical stress at the center of the plate and
produced a more uniform stress distribution on
the foundation soil.

Improvement is related to two mechanisms:
lateral confinement of base course and tensile
membrane effect of geosynthetics.
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SUMMARY OF SELECTED STUDIES (2000 TO PRESENT)

Field Evaluation

Authors Year Products Main Objective  Research Approach Findings & Conclusions
Buttlaretal. 2000  Paving Based on the One of the most common systems (System A) used - Performance data indicated that the
Fabrics performance of 52 in Illinois to control reflective cracking consists of overlay service life would be 11.5, 14,
projects in Illinois,  sealing joints and cracks, placing a leveling course, and 10.4 years for strip-treated, area-
evaluate the cost- applying a tack coat, and installing a non-woven treated, and control sections, respectively.
effectiveness of reinforcing fabric followed by an overlay. To - Area-treated projects showed little
paving fabrics in analyze the performance and cost-effectiveness of benefits in retargimg_reflecnve cracking in
delaying reflective  this treatment, 52 projects in llinois were selected. the transverse direction. However,
cracking. Performance data were collected and Life-cycle cost reduced loss of serviceability was noticed
analysis was conducted. To allow for sound indicating that waterproofing benefits are
comparisons, evaluated sections were divided present long after the appearance of
according to two main factors: treatment type (strip, reflective cracking.
area, and control) and climatic zone (northern, - Life-cycle cost analyses indicated that
central, and southern Illinois). Size of the project cost saving ranged from a break-even in
was also used to divide the sections into small, small projects to a saving of about 6.2%
medium, and large projects. The distribution of the in large projects. However, because of
projects was 26 strip, 17 area, and 9 control sections, ~ the variability in the results, the
The condition rating survey (CRS) system used in differences in life-cycle cost were
llinois as part of its pavement management system statistically insignificant.
was adopted to assess performance along with crack - Permeability tests were conducted on
surveys. Life-cycle cost analysis considered the cost extracted cores in areas with moderate to
of the overlay, reflective crack control cost, crack high-severity reflective cracking to assess
sealing cost, and milling cost. Cost of the fabricwas ~ the waterproofing benefits of paving
dependent on the size of the project. fabrics. Results indicated that the fabric

functions effectively as a moisture barrier
even after appearance of reflective
cracking.
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Darling and
Wooltencroft

2000

Glass grid

Evaluate the
performance of
glass grid in
delaying reflection
cracking through
monitoring of two
test sections.

Performance of the two test sections was monitored
for 4 years after rehabilitation using visual surveys
conducted on a bi-yearly basis. The sections
characteristics were as follows:

- US 190 (AADT of 8,900) consisted of two original

designs: a full-depth HMA over a cement

stabilized base and a composite section consisting
of a 195mm HMA on top of a 200mm concrete

layer. Two types of glass grid were used. A light
grid was used over the total width of the pavement

while a heavy grid was used at three major

intersections. The rehabilitation strategy consisted
of milling 50 to 100mm of the existing HMA,
placing 37.5mm of binder course, followed by the
installation of a self-adhesive grid and 37.5mm of
wearing course. There were no control sections in
the composite section but two controls sections
were included in the full-depth HMA section.

US 96 (AADT of 20,600) consisted originally of
two designs: a 300mm thick flexible base on top of
an overlay 45 to 87.5mm thick; a 250mm thick

cement stabilized base and a 100mm HMA
overlay. A light grid was placed between a

37.5mm leveling course and a 37.5mm HMA
wearing course. Repair prior to rehabilitation
included removing existing flexible pavement
patches and refilling them. Even though milling

removed many of the existing cracks, the

pavement structure was still highly deteriorated

after treatment.

- In US 190, the glass grid performed
exceptionally well as compared to the
control section. For the full-depth HMA
section and after four years of service,
only 0.44% of the cracks reflected to the
surface compared to 7.65% in the control
in the transverse direction. In the
longitudinal direction, only 2.55% of the
cracks reflected to the surface compared
to 74.3% in the control sections. For the
concrete section, no control section was
available. For the glass grid sections,
18.3% of the transverse cracks reflected
to the surface after four years of service.
In the longitudinal direction, 1.82% of the
cracks reflected to the surface.

- In US 96, 42.9% of the transverse cracks
reflected to the surface in the control
section after four years of service
compared to 18.8% in the sections treated
with glass grid. In the longitudinal
direction, 14.2% of the cracks reflected in
the control section compared to 1.4% in
the reinforced section.

- In these projects, glass-grid was used to
delay reflection cracking but was not
evaluated as a way to reduce overlay
thickness.

Deuren and
Esnouf

2000

Geotextile

Present the
performance of a
system consisting of
a chip seal
reinforced with a
geotextile
membrane to treat
severely cracked
asphalt pavements.

A system consisting of an ultra-thin overlay on top of
a chip seal reinforced with a geotextile membrane is
described. This system, which is widely used in
Australia, consists of a paving geotextile saturated
with bitumen and covered with either a single or
double bituminous chip seal. A thin overlay (12 to
15mm in thickness) is then applied.

- The advantage of the described treatment
is that it prevents water infiltration into
the pavement layers and allows for
vertical movement at the cracks due to its
high flexibility.

- This system has been used successfully
for over 10 years in over 200 locations in
Australia. The authors indicate that the
average service life of this system is at
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least 10 years.

A case study in Monash Freeway is
presented. The described treatment has
been used on this heavily trafficked
freeway. To the time the paper was
written, there were no signs of cracking
for the past five years.

Hughes and
Somers

2000

Geogrid
composite
(geogrid
backed by
nonwoven
geotextile),
glass-grid,
and paving
fabric

Evaluate the field
performance of
selected interlayer
systems in delaying
reflective cracking.

Two sections were selected for this project. The
existing pavement in both test sections consisted of
an overlaid rigid pavement. The selected test sites
were carrying heavy traffic loads and were subjected
to extreme climatic conditions. A control section
was available at both locations. In the first test
section, the geogrid composite and the paving fabric
were installed underneath one and half inch overlay.
In the second test section, the glass-grid was also
installed underneath one and half inch overlay. No
repair was conducted to the existing pavement prior
to rehabilitation. In general, installation of the
interlayers was successful. However, the paving
fabric was being picked up by the tires of the haul
trucks during installation. This was attributed to the
high temperature during installation, which did not
allow the tack coat to harden sufficiently.

The geogrid composite and the paving
fabric were not successful in delaying
reflective cracks as they showed
comparable performance to the control
section. Both the unreinforced and
reinforced sections started to show
reflective cracks in the third year of the
study.

The tested glass-grid showed poor
performance after the second year
although the reinforced section performed
better than the control section during the
first year. Although the monitoring
process was planned for three years, it
was discontinued after the second year as
the reinforced section started to
deteriorate rapidly and would have been
detrimental to the road foundation and the
public safety.
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Quaresmaet 2000 Wovenand Evaluate several Seven test sections have been constructed in road - Conditions of the test sections after a 10-
al. non-woven techniques to IP5, Portugal. The average daily traffic in each year monitoring period showed that the
geotextiles  prevent transverse direction was around 8000 with approximately 6% best performance was obtained in the
reflection cracks trucks. The pavement cross section consisted of sections with pre-cracking and geotextiles
resulting from the 50mm HMA wearing course, 70mm HMA base, and with a percentage cracking of less than
reflection of 250mm cement-stabilized base. The evaluated 20%.
shrinkage cracks in  treatments to prevent reflective cracking consisted on The sections with a granular layer
cement stabilized placing different interlayer systems at the interface of performed differently depending on the
bases the cement-treated and HMA bases. These materials nominal maximum size. For the granular
were a 150mm granular layer with two nominal layer with a nominal maximum size of
sizes; a 40mm sand bitumen layer with 5mm 20mm, only 30% of reflective cracking
maximum nominal size aggregate and 8% SBS appeared at the end of the monitoring
modified binder; an 80mm penetration macadam period compared to 75% in the section
with 40/65mm aggregate and binder sprayed at a rate with a granular layer with a nominal
of 7kg/m?; and a geotextile after spraying a maximum size of 37.5mm.
bituminous emulsion at a rate of 1kg/m?®. Several The sections with sand-bitumen and
types of geotextiles were tested including nonwoven tration macadam performed poorl
needle punched or thermally bonded and woven. In pgnﬁ ratio 0 a(;? am pe Ok' ed poorly
one test section, pre-cracking was induced in the el Bl B e G @ el
cement-stabilized base by surface grooving with appearance.
regular intervals ranging from 5 to 15m. A control
flexible pavement test section was also constructed
with a 50mm thick wearing surface, 140mm HMA
base, 200mm granular base, and 150mm granular
subbase. Monitoring techniques of the test sections
included distress measurements, macrotexture,
longitudinal eveness, skid resistance, and deflection.
Storsteenand 2000  Geogrid Evaluate the A 2.2km test section located on Interstate 29 was Most of the unsawed joints reflected
Rumpca and performance of divided into 12 segments, each containing ten joints. through the asphalt overlay regardless of
geotextile geosynthetics Each segment was rehabilitated with Strata Grid 200, the use of fabrics. Additional cracks also

products Ling Tac-
711N and Strata
Grid-200 in
delaying reflection
cracking at the joints
of Portland Cement
Concrete (PCC)
pavements.

Ling Tac-711N, or no geosynthetics. Three

rehabilitation strategies were also tested:

- Maximum Rehabilitation: four-foot sections of
concrete were removed at the joints. Steel bars
were then placed and fresh concrete was laid over
them.

- Minimum Rehabilitation: Minor repairs were
conducted at the joints.

- Sawed joints in the Hot-Mix Asphalt (HMA)
overlay directly above the joints.

reflected adjacent to the joints and were
monitored.

In average, the sections with Strata Grid-
200, unsawed, and maximum
rehabilitation joints performed poorly
with 25% of the joints reflecting through
the overlay.

The sections with no fabric or with Ling
Tac-711N had 15% of the joints
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Performance of the test sections was monitored for a
period of three years. During this period, monitoring
of the joint movement, reflection cracking, shoulder
cracking, and additional cracks, was conducted. A
cost analysis was also conducted to determine the
benefits of geosynthetics in this application.

Trucks maneuvering on top of the Strata Grid-200
caused bubbling of the interlayer as it was pulled
from tack on the tires. On the other hand,
installation of the Ling Tac-711N was successful and
straightforward.

reflecting through the overlay.

Results of the cost analysis indicated that
the most preferred treatment would be
one with no geosynthetics fabric, sawed,
and with minimum rehabilitation prior to
overlay.

Ling Tac-711N performed better than
Strata Grid-200, but no better than the
case with no fabric.

Brown 2003  Paving Present a The author notes that the use of asphalt overlay on A cost comparison is established between
fabrics rehabilitation paving fabric to repair severely damaged pavements the proposed procedure and a regular 2in
treatment that could  may not be cost-effective considering the high cost overlay on top of a pavement fabric. The
be used on of HMA, key cut grinding at gutters and approaches, proposed treatment would cost $20,000 to
secondary roads and the raising of utilities to new elevations. Instead, $25,000 per lane mile compared to
reaching the end of  a double chip seal process backed with a paving $60,000 to $70,000 per lane mile for the
their service life. fabric has shown acceptable field performance by regular process.
reducing reflective cracking by as much as 90%. Savings are derived from the fact that key
This treatment starts by cleaning and drying the cutting and utility raising are not needed
existing surface. It is critical to ensure that the since the total added thickness is only Y%
surface is completely dry in order to achieve in. Aggregate transportation costs are
adequate bond between the fabric and the existing also reduced when the double chip seal
pavement. A standard 4-0z nonwoven fabric is technique is used.
recommended. Tack-coat application rate varies The author presents the performance of
from 0.30 to 0.40gal/yd? depending on the pavement h 8 q P After 6 f
conditions and ambient temperatures. Before Uil2 [DTPEEEL) BlfeEat U, Ero years o
cooling of the oil, the mat is placed directly using a IS e double.flh]p seal ﬁrocedurg, the
tractor applicator. The first layer of chip seal is then pavgfr;ent Wftshsu hlrg)e_xce Al seIrV|ce
applied. The author recommends using polymerized gon ! |ogsa. <t)ug h Gi)'r;% ste;vere y
rapid-setting emulsion for the chip binder. After amaged prior o rehabiiitation.
compaction, the second layer of chip seal is applied
with a smaller screening size to allow the chips to
key in.
Steen 2004  Paving Present the use of The author indicates that the use of cement or lime- Based on field experience, it is
fabrics paving fabrics to treated bases is increasingly favored for pavement recommended that the paving fabric be

reduce reflective
cracking originating
from cement-treated

construction over weak subgrades. This base type
provides a strong foundation for the pavement and
helps reducing rutting. It is also a common practice

installed between the two lowest layers of
asphalt overlay and not directly on top of
the cement-treated base. This provides a
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bases.

to pre-crack the base in order to reduce thermal
movements into this layer. However, even with pre-
cracking, this type of base is likely to crack due to -
the rigidity of the layer. In this case, paving fabrics
may be effectively used as a stress reliever in order
to extend the pavement service life against reflective
cracking originating from the base layer. The author
discusses some successful applications of this
methodology. In one project, pre-crack cement-
treated base was used to increase the pavement
structure capacity. However, reflective cracking
appeared right after the construction of the first lift of
HMA overlay. The use of a tack-coat saturated
paving fabric was successful. Two similar projects
are also described.

uniform platform for tack-coat
application.

Even with the use of fabrics, pre-cracking
is recommended as it is reduces thermal
movement and is inexpensive. Pre-
cracking is usually conducted during
construction prior to setting of the
stabilized material.

The use of paving fabrics offers the
advantage of obtaining stress relieving
benefits as well as water proofing
capabilities.

Based on field experience, the use of a
paving fabric is comparable to the cost of
1cm of asphalt overlay. According to the
author, this is cost effective compared to
the use of a thick overlay to combat
reflective cracking.
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Authors  Year

Products

Main Objective

Theoretical Evaluation

Research Approach and Findings

Findings & Conclusions

Eliasetal. 2000  Geogrid Evaluate the The effectiveness of a geocomposite interlayer - A geogrid composite improves the performance
composite performance and  consisting of a high modulus grid and a of a pavement system against crack
improving polyester nonwoven geotextile was evaluated propagation. The increase in the pavement
mechanism of using two-dimensional (2D) finite element. service life ranged from 10 to 33%. The level
reinforcement The considered problem consisted of a HMA of improvement depended on the base
when used on layer on top of a cracked unbound base. Two-  thickness and the strength of the soil expressed
paved roads built  dimensional elements, which allowed in this study using the California Bearing Ratio
on soft subgrade.  considering the slip at the interface, were used (CBR). Greater improvements were noticed
to simulate the bonding between the HMA W|_th large base thickness and weak subgrade
and the base layers. The strength of the soil.
bonding between the two layers was Design c_harts were devel_oped to allow
determined using the results of a pullout test. quantifying the increase in the pavement
Singular elements were used to simulate the service life due to the reinforcement and the
stress concentration at the crack tip. possible reduction in the subbase thickness
when a geogrid composite is used.
Thom, NH 2000  Geogrid Tomodelandto A program was developed (OLCRACK). The - The use of agrid improves the predicted

predict the life of
an asphalt overlay
with and without
reinforcement

HMA of the surface layer is modeled as a
linear elastic material with a fatigue cracking
characteristics related to strain in the material.
Inclusion of an interface layer is optional in
the software. The supporting structure is
assumed to consist of a cracked layer resting
over a foundation. The input for the software
are loading, HMA overlay properties, grid
reinforcement, interface condition, crack
spacing and interlock, and the foundation’s
modulus of subgrade reaction. The software
may then predict crack growth using an
incremental approach. The software considers
both top-down and bottom-up cracking. The
software was checked and calibrated with
results obtained from beam testing and pilot
scale pavement tests. The software was also
used to evaluate the effectiveness of a geogrid

service life against reflective cracking. For a
thin overlay on a cracked flexible pavement
structure, the improvement factor was
approximately four. For an overlaid concrete
pavement, the improvement factor was 2.5.
The author also indicated that the use of a
reinforcing grid may also improve the overlay
performance against rutting.
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with an aperture size of 40x40mm, a strand
diameter of 3mm, a stiffness of 0.35MN/m,
and moderate interface bond stiffness with
two different pavement configurations
(flexible and rigid pavements).

Junetal. 2004  Geosynthetics  Evaluate the stress  Using finite element analysis, a pavement Vehicular loading is the major source of the
intensity near a structure consisting of an asphalt overlay, an shearing mode (Mode 1) in the overlay. On
crack with and interlayer, a cracked PCC layer, and a the other hand, thermal loading is the major
without subgrade, was analyzed. All materials were cause of the opening mode (Mode I) in the
geosynthetics. assumed linear elastic. Two types of overlay. ]

geosynthetics were simulated: a stress-relief Increasing the overlay thickness allows to
interlayer with a modulus ranging from 30 to control the crack initiation associated with
140MPa and a reinforcing interlayer with a vehicular loading but does not seem to control
modulus ranging from 2000 to 8000MPa. The  cracks caused by thermal loading.
interlayer systems were simulated as a A stress-relief interlayer allows reducing the
continuous layer with a thickness of 0.01m. stress concentration at the joint. However, low
Both thermal and vehicular loadings were modulus interlayer leads to greater tensile
considered in the simulation. Thermal field strain at the bottom of the overlay. Therefore, a
was simulated by considering the temperature ~ Minimum modulus of 30MPa is required and a
variation in the overlay and the PCC layer. modulus of 60MPa is seen optimal.
Criticality of the stress field was judged based - A reinforcing interlayer would reduce the stress
on the stress intensity factors (K, and Ky). concentration at the_ crack t|p._ However, when
the modulus of the interlayer is greater than
6000MPa, the benefits of the interlayer become
less significant.

Tandonet 2004  Geosynthetics  Identify the A three-dimensional (3D) finite element Debonding between the layers increases the

al. influence of approach was adopted. The modeled stress field in the pavement structure.
debonding pavement structure consisted of an asphalt The use of a geosynthetics significantly
between an overlay on top of PCC slab resting on a reduced the induced stress field in the
overlay and a subbase layer. The geosynthetics was pavement structure. )

PCC layer in simulated as a continuous layer with a Based on the results of a parametric study, a
mitigating thickness of 6.35mm and a modulus ranging minimum thickness of asphalt overlay of
reflective from 0.001 to 0.7GPa. All layers were 102mm is recommended. In addition, the
cracking. The modeled as linear elastic with varying geosynthetics modulus should be greater than
impact of thicknesses and moduli. Von Mises stresses 0.07GPa.

geosynthetics on
the stress field is

also investigated.

were used to judge the criticality of the
responses to the applied load. A static circular
load was used in the analysis. Bonded and
debonded analyses were conducted and
compared.
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Elseifiand 2005
Al-Qadi

Geocomposite
membrane (a
2mm-thick
PVC backed
on both sides
with polyester
nonwoven
geotextile

Link field
observations and
measurements to
engineering
theories to
evaluate the
effectiveness of a
newly-developed
geocomposite
membrane

Strain absorption capabilities of a
geocomposite membrane were evaluated using
a theoretical finite element approach. To
simulate the stress fields that develop around a
cracked pavement, a focused two-dimensional
FE mesh was developed. Four contour lines
were simulated around the crack to calculate
the path-independent J-Integral. Each contour
line is a ring of finite elements that surrounds
the crack tip from one crack face to the
opposite one. The calculated J-Integral was
then used to estimate the stress intensity factor
for the cases with and without the
geocomposite membrane. The greater the
value of the stress intensity factor, the faster is
the initiation and propagation of the crack in
the overlay. Two positions of the load were
considered to evaluate Modes | and 11 of
loading. Results of the FE model were linked
to deflection measurements and to observed
crack behavior in extracted cores.

The overlay life against reflection cracking is
described by the process of crack intrusion in
the overlay (initiation) and crack propagation.
For each of these two phases, a number of
cycles can be estimated to determine the
overlay service life against reflective cracking.
A low modulus interlayer is able to dissipate
most of the available energy at the crack tip,
therefore minimizing the potential for reflective
cracking.

A low modulus interlayer creates a protective
shield around the crack tip, separating the
criticality of the stress field in the cracked area
from the bottom of the overlay.

A strain energy absorber would only be
effective in the crack propagation phase if the
crack does not pass through the interlayer.
Extracted cores indicated that after three years
in service, the crack did not propagate through
the interlayer.

A geocomposite membrane does not provide
any reinforcement to the pavement system.
FWD measurements indicate a very high jump
in the center deflection on top of the interlayer.
This jJump was not observed in the control
section.
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Main

Laboratory Evaluation

Research Approach and Findings

Findings & Conclusions

Tschegg

2000

Geogrid

Obijective

Study the
factors
affecting the
fracture
behavior of
HMA overlays
with
geosynthetics.

A laboratory test procedure was developed to evaluate the
effectiveness of interlayer systems in delaying reflective
cracking. The testing consists of drilling cores with
diameters between 150 and 200mm. The cores were then
used in two tests: a bonding and a fracture test. These
tests were carried out on three different interlayer systems
using laboratory-made slabs from which cores 200mm in
diameter were cut. The cross section of the cores
consisted of 70-80mm thick asphalt base, which was
cleared from binder by using water jet to simulate a
heavily trafficked road surface; a polymer-modified
emulsion, an interlayer system, and a 40 to 50mm HMA
overlay. Three interlayer systems were evaluated: a
nonwoven polypropylene fabric composed of continuous
filaments mechanically bonded by needling; a
geocomposite interlayer consisting of a nonwoven
polypropylene continuous filament fabric stick bonded to
a reinforcing glass filament grid (40x40mm); and a
biaxially stretched polypropylene Tensar grid (65x65mm
with a rib of 1x4mm) combined with a nonwoven
polyester fabric.

- Results of the bonding tests indicated

that the crack propagation process took
place at the interface between the
interlayer and the HMA base course.
The highest resistance against crack
propagation was obtained with the
nonwoven fabric and the geocomposite
interlayer, followed by the samples
with no interlayer systems than by the
Tensar samples.

Results of the overlay fracture tests
showed that samples with the
geocomposite interlayer had the highest
resistance against crack propagation.

The nonwoven geotextile had a very
good bonding quality, but due to the
nonwoven structure has a too low
effective stiffness.

Tensar grid has a low bonding quality
and therefore a low effective stiffness
as the effect of the grid comes too late.

The geocomposite interlayer showed
the optimum performance. This
system has a high bonding quality due
to the nonwoven component and thus
has a high effective stiffness. The glass
filament grid starts to have its effects at
the perfect timing to reduce crack
propagation.
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Zhengpiand ~ 2000  Geonet (grid  Evaluatethe  Laboratory investigation was first conducted using - Results of laboratory testing indicate

Dengliang weaving with  effectiveness  regular fatigue test. Slabs (30x30x6¢m) were prepared that geonet improves the fatigue life of
glass fibers)  ofa with and without reinforcement and were then cut into asphalt beams byoa factor ranging from

reinforcing fatigue beams (5x5x24cm). Testing was conducted at 15 1510 220%at 15°C and by a factor
interlayer in and -10°C in a stress-controlled mode. [anglln% from 14 to 240(‘;/0 at -cledC. Trr:e
preventing A full-scale fatigue system was also used. In this setup, evel of improvements depended on the
reflection e stress ratio applied during the
1 two concrete slabs separated by a joint, were used to : .
cracking : d N experiment but did not appear to follow
simulate thermal horizontal movement in rigid pavement. -
a specific trend.
An HMA layer was then compacted on 12y @ i3 Results of full-scale testing indicated
concrete slabs to simulate an overlay. Rem_forcement that reinforcement might improve the
was placed between the two layers and testing was mix resistance to reflective cracking by
conducted at two temperatures: -10°C and at room nearly ten folds. Moreover, monitoring
temperature. The overlay thlcknes§ was fixed at 70mm. of crack propagation during this test
Reinforcement was also evaluated in a 100m test section. indicated that the reinforcement reduces
The reinforcement was placed between 30mm of wearing stress concentration near the cracks,
course and 40mm of macadam base course. and therefore, retards reflection
cracking.

- Two years after installation, transverse
cracks only appeared in the control
section. In contrast, no cracks appeared
in the reinforced section.

Dempsey 2002 Interlayer Present the A thorough analysis of the causes of reflective cracking Laboratory results indicated that the
Stress- development indicated that neither stress-absorbing membrane control section and the overlays
Absorbing and evaluation  interlayer (SAMI) nor geotextile can completely control reinforced with two typical interlayer
Composite of the this distress when used separately. The ISAC system products failed after less than 10 cycles
(ISAC) Interlayer consists of a low modulus geotextile, a viscoelastic of joint movement of 1.83mm. In

Stress- membrane layer, and a high stiffness geotextile. The contract, the overlay incorporating the
Absorbing low-stiffness geotextile fully adheres to the existing ISAC system only cracked at a joint
Composite pavement and accommodates large deformation at the movement of 5.08mm and did not

(ISAC) system

joint without breaking its bond with the slab. The
viscoelastic membrane layer would act similar to a SAMI
by allowing relative movement between the top and
bottom geotextile and between the overlay and the
existing pavement. The high modulus geotextile, which
forms the upper layer of ISAC, provides reinforcement to
the overlay. The ISAC system has been evaluated in the
laboratory. The laboratory setup consists of an HMA
overlay placed on top of a jointed PCC slab. A hydraulic
actuator was used to simulate thermal loading by opening

exhibit any cracking at smaller joint
movements with cycles.

Field performance of the ISAC system
indicates that it is effective in retarding
reflective cracking. In one test site (IL
38), while the control sections showed
16 and 18 full-width reflective cracks
after less than a year, the section
reinforced with ISAC only showed five
reflective cracks after six years in
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and closing the joint in the slab. The performance of the
ISAC system was compared to an unreinforced overlay
and to two interlayer products. Testing was conducted in
an environmental chamber set at a temperature of -1.1°C.
Field performance of the ISAC system is also reported in
Six pavement sections.

service. At another location, while the
control section experienced 45 to 50
reflective cracks per kilometer, the
ISAC section only indicated three
reflective cracks.

Brown et al. 2003  Geogrid, and  Conduct A repeated load shear test was used to evaluate the Both geogrid and glass fiber caused a
glass grid various interface shear strength and stiffness of unreinforced and significant reduction in the interface
laboratory reinforced samples. A set of four-point bending tests was ~ Shear stiffness compared to the
tests to performed to establish the contribution of reinforcement unreinforced case. _
identify the to the fatigue life of HMA. Beam sample dimensions Results of the four-point bending tests
effectiveness  were 400 x 120 x 200mm. An interface was created in all ~ indicated that the contribution of the
of interlayer samples at a height of 30mm, where the reinforcement (if ~ reinforcement is negligible under these
systems and any) was placed. Although the normal procedure would conditions. The presence of the
develop a require that an equal vertical load be applied in both reinforcement was found to have no
design directions to minimize the permanent deformation of the effect on the initiation of the crack, or
procedure for  beam, it was found that such a procedure would result in on the early stages of crack
reinforced the possibility of crack initiation from the top, bypassing propagation. ] _ ]
asphalt the effect of the reinforcement. Therefore, a greater Results of the semi-continuous fatigue
pavements. downward load was applied to ensure that the crack test indicated that glass fiber might
would initiate from the bottom of the beam. |1mzprove the fatigue life by a factor of
A semi-continuous fatigue test fixture was then utilized to o n
evaluate the fatigue lfe of 400 x 200 x 90mm thick beam ~ 1L &% 2150 found ;?Zf/g:}'u':;errg]iﬁcﬁv .
samples. Reinforcement was placed 30mm above the cracking due to the thermal movement
base, and support was provided by two rubber layers of a concrete slab. Geogrid and glass
placed over a steel base. A parallel set of Iaporatory tests fiber gave an improvement factor of up
was also performed to evaluate the effect of interlayer to eight
systems on thermally induced loading due to the '
expansion and contraction of a concrete base. This
fixture simulated an HMA overlay over a jointed
concrete. The joint was slowly opened until failure of the
specimen occurred.
Clevelandet ~ 2003  Geosynthetics Develop a A modified Paris law was defined in terms of the pseudo Laboratory test data suggest that a tack
al. (grid, fabric,  methodology ~ J-Integral, which considers the crack growth in nonlinear coat alone may improve the overlay
composite)  to compare the  viscoelastic materials: resistance against reflection cracking.

effectiveness
of different
geosynthetics
materials

dC _ a n'
«_ i)

where ¢ = crack length; N = number of load applications;

- Comparison of the crack speed index

(CSI) for the different interlayer
systems indicated that grids and
composites performed better than
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J: = pseudo viscoelastic J-Integral; A’ and n’ = fracture
parameters. Fracture properties of six geosynthetic
materials (two composite polyester grids, two composite
fiberglass grids, one nonwoven fabric; and one fiberglass
grid) were characterized using the Texas Transportation
Institute (TTI) Overlay Tester. This device applies a
cyclic horizontal displacement on a beam specimen
(15.2x7.6x50.8cm) until failure. Based on the plot of the
measured load against pseudo displacement, a reinforcing
factor (R) and a crack speed index were defined to
characterize the reinforcing benefits of geosynthetics.

fabrics in resisting reflection cracking.
In general, all interlayer systems
considered in this study improved the
performance of the overlay against
reflection cracking as compared to
unreinforced cases.

Aldea and
Darling

2004

Glass grid
and glass
composite

Investigate the
effect of
coating on
glass grid
performance.

The experimental program consisted of testing selected
products using a tensile test and a tensile strength
retention test. In the tensile test, the interlayer was dried
in the oven at 150°C and was then pulled at a rate of
loading of 30cm/min until failure. In the tensile strength
retention test, an asphalt base course was compacted
using the Marshall procedure and an interlayer was
placed on top of the base. A surface course was then
compacted on top of the interlayer. After compaction,
the sample was broken apart and the interlayer was
recovered and tested for its tensile properties. The effect
of coating was evaluated in three distinct phases:

- Phase 1: two coating types (polymer-based and
emulsion-based coating) were compared to an uncoated
glass grid.

- Phase II: five polymeric coatings were compared to an
uncoated glass grid. The difference between the
coatings was in chemical composition and coating
process.

- Phase Ill: two coated glass composites (fiberglass mesh
attached to a polypropylene non-woven fabric) were
compared to an uncoated glass grid composite.

Optical microscopy was also used to assess the quality of
coating penetration.

Regardless of the coating used, the
addition of coating significantly
improved the initial tensile performance
by 50 to 60%. Moreover, polymeric
coating significantly improved the
tensile retention of the interlayer as
compared to the uncoated and
emulsion-coated glass grid.

Results of Phase Il indicated that not
only the type of coating influences the
grid performance but also the coating
process.

Optical microscopy images indicated
the presence of air voids within the
coating. If located at the center of the
section, these voids may have
detrimental effects on the grid
performance. However, the
concentration of air voids varied greatly
with the coating type and process.
Coating also significantly improved the
tensile strength of glass grid composite
by as much as 74%.

22



Montestruqgue 2004  Geogrid Evaluate the Fatigue tests were conducted with and without - Unreinforced beams failed quickly after
etal. effectiveness  reinforcement using HMA beams (75x150x460mm) the start of the test. When the reflected
of polyester resting on an elastic rubber base support. The geogrid crack reached the surface of the sample,
geogrid in was placed right on top of a pre-crack (3, 6, and 9mm in the beam completely ruptured. The
combating width). Failure was defined at the point in the test in crack propagation process was vertical
reflective which the crack appeared at the surface. A crack activity in both the bending and shearing
cracking meter was installed to monitor the horizontal movement modes. Reinforced beams only
of the crack during testing. The central part of the beam exhibited vertical growth for 2 to 3cm.
was painted white to easily visualize the crack Then, microcracks appeared and spread
propagation process. A sinusoidal load was applied at a over a wide area. The test was
frequency of 20Hz using a steel plate. Two positions discontinued after one small crack
were used for the load to simulate bending and shear reached the surface although the sample
failure. A factor of effectiveness of geogrid (FEG) was was still able to resist additional cycles.
defined as follows: The FEG for the different crack
N geometries ranged from 4.60 to 6.14.
FEG = —Fithgeogrid)  \ore N, 1 here In addition, the plastic deformations in
f (without geogrid) Cs the reinforced beams were reduced by a
1 ) ) o factor ranging from 30 to 36%.
NN where N g) is the fatigue life in a Results of the FE simulation indicated
f(B) £ that the reinforcement reduces the
bending mode and Ns s is the fatigue life in a shearing tensile stresses at the crack tip by as
mode. Two-dimensional finite element (FE) was also much as 56%. After propagation, the
used to simulate the fatigue test and to explain the geogrid continued to reduce the tensile
contributing mechanism. stress in the HMA.
Gallego and 2006  Glass grid Develop a The developed laboratory test setup consists of applyinga - Of the two overlays without
Prieto laboratory moving wheel load on a HMA specimen that is supported ~ 9eosynthetics, the test results
setup, the at the middle span and at both ends. The specimen is successfully predicted that the mix with
Wheel enclosed in two chasses that are set 10mm apart to polymer-modified binder would
Reflective simulate a joint or a crack. The middle support restsona  Perform better than the mix with
Cracking rocker that allows simulating the relative vertical straight binder.

(WRC) device,
to determine
an overlay
performance
against
reflective
cracking with
and without
reinforcement

movement between the borders of the crack. When the
wheel travels on top of the specimen, it can simulate
symmetrical (Mode I) and asymmetric (Mode 1) loading
positions. Changes in temperature are also simulated by
fixing the bottom of the specimen to two plates. During
the test, one of the plates remains fixed while the other is
moved horizontally to simulate the progressive widening
of the crack. The test is also conducted at low
temperature (5°C) to test the overlay under the worst
service conditions. Vertical movement is also simulated

The reinforced overlay performed better
than the two unreinforced specimens
did. The reinforced overlay had 1.5
times better strength than the polymer-
modified overlay.

At failure, the reinforced overlay
exhibits failure over a large area while
the unreinforced specimens exhibited
one reflective crack at failure. This
indicates that the presence of
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by placing a rubber block under the rocker at the center geosynthetics helps reduce the stress

of the specimen. Failure was defined as the time when concentration near the crack and allows
the relative vertical displacement between crack borders distributing the stresses over a wider
reached 0.2mm. The proposed setup was tested in two area.

unreinforced overlays and one fiberglass reinforced

overlay.
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Wu, R. etal.

Saraf C. et al.

Baek J.
Al-Qadi I.

Fujian N.

Kim H. Et al.

2006

2007

2006

2007

2007

Non woven and

woven  paving
fabrics

Steel
reinforcement
Netting

Fiber glass

polyester paving
mat

Find the right
approach to model
reflective cracking

Determine the effect
of reinforcement on

the fatigue life of
asphalt beams

Quantify the
effectiveness of

interlayer systems

Evaluate paving mat
using FEM

Evaluation of airfield
reflective  cracking
using FEM

Material  level non-local
CDM approach is used to
characterize reflective
cracking and structural level
FEM in addition with field
verification.

Control and reinforced beams
were tested at three load
levels in fatigue mode
placing the beams on an
elastic foundation. Load vs.
Number of cycles to failure
were compared.

A CZM fracture mechanics
approach is used to predict
crack initiation and
propagation in a pavement
overlay with and without
interlayer systems.

A finite element analysis
model based on asphalt
pavement, of which the semi-
rigid base has cracked, is
established

The predicted stress intensity
factors (SIFs) of 2-D finite
element pavement models
using singular elements were
verified by comparison with
reference solutions based on

The implicit gradient non-local CDM,
implemented in FEM, provides a promising
mechanistic model for simulating reflective
cracking.

From qualitative results, fatigue lives of composite
reinforced beams are significantly higher than
those reinforced with fabric. Overall reinforced
beams showed better fatigue life than control
beams.

Effectiveness of interlayer systems is quantified
based on interface shear stiffness as well as HMA
temperature (Bonding).

Improper installation of steel reinforcement netting
may cause local and global debonding at material
interface.

The incorporation of steel netting was found to
delay crack initiation by 1.5-1.9 times and crack
propagation by 1.5-3.7 times.

The asphalt mixtures with the fiberglass-polyester
paving mat can mitigate and delay reflective
cracking effectively and prolong the life of asphalt
overlays.

The fracture models with existing different crack
length were analyzed and compared to investigate
the stress concentration change at the crack tip.
Other geometric and environmental factors such as
model thickness, temperature gradient, subgrade
support, load transfer efficiency, interlayer friction
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Luo R. Etal.

2007

Geogrids

Fracture mechanics
was used to evaluate

effectiveness
geogrids

of

displacement correlation
techniqgue (DCT). The J-
contour integral can be
determined from the stress
intensity  factors using
interaction integral method.
The verified fracture model
was applied to investigate a
number of  complicated
environmental effects and
critical aircraft gear loading
conditions in an airfield
overlay system.

This paper evaluates the
stress field and constitutive
models of the subgrade soil
subjected to matric suction
change. Fracture mechanics
theory was used to analyze
the crack propagation in the
pavement and the mechanism
of the geogrid-reinforcement.

were analyzed with stress intensity factors in mode
I and mode II.

The benefit of using geogrid was quantified by
comparing the stress intensity factors of the crack
in the pavement without and with geogrid. Results
showed that the geogrid can significantly reduce
the stress intensity factor at the crack tip in the
pavement, which indicates that the desiccation
crack in the subgrade is less likely to propagate
through the base layer toward the pavement
surface. The geogrid with higher stiffness provided
marginal additional reinforcement to the pavement
structure.
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