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ABSTRACT
Geosynthetics play an ever increasing role in enhancing pavements. The construction of
asphalt overlays with geosynthetic interlayers is a common method to rehabilitate flexible and
rigid pavements. Geosynthetic interlayers provide numerous benefits to a pavement system.
When utilized properly, geosynthetic interlayers can prevent water from infiltrating a roadway
base and can extend the life of a pavement and assist in absorbing stresses. Geoysnthetics lead to
an increase in a pavement overlay’s performance and also retard reflective cracking.
Warm mix asphalt has become more popular as a result of the search for more sustainable
construction practices. WMA and its technologies are looked at as means to decrease energy
consumption and lower emissions. Over the previous decade, the asphalt industry has deemed
warm mix asphalt as a viable paving option. With lower mixing and compaction temperatures,
WMA has become an increasingly popular alternative to HMA. However, because of the relative
newness of WMA there is limited long-term performance data available for WMA.
One question related to use of WMA when constructing geosynthetic interlayers is
whether or not the WMA has sufficient heat to warm the binder tack coat and saturate the
geotextile to create an impervious barrier while bonding the overlay to the existing pavement.
The scope and purpose of this study to investigate the possibility of utilizing warm mix asphalt in
geosynthetic interlayers. The results of this study on geosynthetic pavement interlayer systems
constructed with warm mix asphalt overlays, found that several factors had an effect on the
interlayer performance. These factors were binder grade, compactive effort and temperature.
The binder grade utilized in the geosynthetic interlayer had an effect on the ability to
saturate the paving fabric due to the viscosity of the binder. The effect of the overlay temperature
on the geoysnthetic interlayer was evident in the saturation of the paving fabric in the interlayer
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system. Compactive effort had an effect on the saturation of the paving fabric as greater
compactive effort resulted in an increase in saturation of the paving fabric.
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CHAPTER 1
INTRODUCTION
As the demands on our Nation’s roadway infrastructure increase, highway officials face
greater challenges than ever before, such as expansion of new roadways and maintenance of an
existing, aging roadway system (U.S. DOT 1998). Since the majority of the Nation’s major
roadway expansion has occurred, the primary concern of roadways is preservation and
maintenance of this investment (U.S. DOT 1998). Roadways are continuing to deteriorate as
The investment in the Nation’s roadway

budgets for roadway maintenance are declining.

system is estimated at $1.75 trillion (U.S. DOT 2012). Maintaining this investment is largely the
responsibility of state and local departments of transportation. As funds for maintenance decrease
and become more limited, it becomes vital for agencies to allocate funds properly and utilize the
most cost effective rehabilitation techniques available to keep roadways in good operating
condition.
Pavement management is the process of planning for and the maintenance and repair of
roadways or other paved facilities. Proper maintenance ensures roadways are functional.
Pavement maintenance preserves the pavement surface and helps prevent early deterioration (The
Asphalt Institute 2007). Pavement maintenance has several goals. One of the primary goals of
agencies is the maintenance of roadway systems to ensure that they are safe and function
properly. Agencies also perform preventative maintenance on roadways to delay the need for
costlier surface treatments and provide asphalt overlays to rehabilitate streets and extend street
service life.
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Background on Interlayer Systems
Geosynthetics play an ever increasing role in enhancing pavements. The construction of
asphalt overlays with geosynthetic interlayers is a common method to rehabilitate flexible and
rigid pavements (Shukla and Yin 2004). Geosynthetic interlayers provide numerous benefits to a
pavement system. When utilized properly, paving fabric interlayers can prevent water from
infiltrating a roadway base and can extend the life of a pavement and assist in absorbing stresses
(Marienfeld and Baker 1999; Shukla and Yin 2004; Button and Lytton 2003; Khodaii et al 2008;
Blankernship, et al 2002). These interlayers can enhance a pavement overlay’s performance and
also retard reflective cracking (Blankenship et al 2002). A typical geosynthetic overlay system
has a cross section that consists of the existing base pavement, tack coat, paving fabric and
asphalt overlay as illustrated in Figure 1.1. Geosynthetic interlayer systems are typically placed
on top of an existing pavement surface and serve several purposes: (1) they can retard reflective
cracking by providing stress relief for the overlay and (2) work as a moisture barrier to seal a
pavement from water intrusion.

Figure 1.1. Typical Cross Section of a Geosynthetic Interlayer System
When working with geotextiles in an interlayer system, it is extremely important to
ensure that proper construction practices are followed. Quality construction will generally lead
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to a quality finished product. Interlayer systems are a function of the existing pavement that they
are being placed over and the construction techniques being utilized during construction (Khodaii
et al. 2008). Heavy winds can disrupt construction by hindering adhesion of fabric to the tack
coat. Improper adhesion between the fabric and tack coat will lead to an interlayer system that
will not prevent water from infiltrating a roadway and ultimately, it will not extend the life of a
pavement as it does not function as designed. Another construction issue to consider is the
placement of interlayers on steep grades and slopes. It is possible that slippage can occur at the
pavement interface with the fabric, which can be exacerbated in hot conditions. Failing to
properly construct an interlayer system can lead to poor performance of the entire system and
eventually, distresses will form due to moisture issues (Button and Lytton 2003). Moisture is a
key factor leading to pavement damage and it is important to develop a plan to mitigate moisture
intrusion in a pavement system (Marienfeld and Baker 1999). Failing to address water issues can
lead to numerous detrimental issues in a roadway. Moisture can weaken subgrade and since the
subgrade of a roadway serves as the foundation, not properly dealing with the water or moisture
issues can eventually lead to a failed pavement (Button and Lytton 2003; Blankenship et al 2002).
The useful life of the pavement can also be reduced due to water or moisture related issues,
eventually, leading to pavement distress. Moisture issues can lead to rutting. Rutting is a
distortion in a pavement layer and is the result of instability in the asphalt mix. Premature
pavement rutting can be brought about by an increase in moisture content (Zaumanis 2010; The
Asphalt Institute 2007). Stripping is a durability issue also associated with moisture damage.
Stripping involves water or water vapor that gets introduced between the asphalt binder and the
aggregate that can break the adhesive bond between the aggregate and binder (The Asphalt
Institute 2007).
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Construction of Geosynthetic Interlayers
Geosynthetic interlayers are constructed in four basic steps (Shukla and Yin 2004):
1. First, the existing pavement surface is cleaned to remove loose material and cracks are
filled as needed. A leveling surface course of asphaltic concrete is added to the existing
pavement if it is in poor condition. If a leveling course is provided, it needs sufficient
time to cure prior to placement of a tack coat. Other distresses such as potholes are
patched as well.
2. A tack coat is applied to the surface. It is important for the tack coat to be applied
uniformly across the pavement surface typically at a rate of 0.25 gal/yd2.
3. Once the tack coat is applied, the geosynthetic paving fabric is placed, fuzzy side down,
on the tack. It is important that the smooth side of the fabric is upward and that the fabric
is free of wrinkles or folds. Wrinkles or folds will ultimately lead to cracking in the new
pavement. It is also important that the paving fabric is not stretched as it will reduce in
thickness and change the asphalt retention property of the fabric.
4. Finally, the pavement overlay is applied. It is best to place the paving fabric and pave the
overlay on the same day. During paving, it is important that the asphalt temperature be
high enough to draw the tack coat up, into and through the paving fabric to ensure a good
bond between the new overlay and the existing pavement. It is important that the heat of
the mix and pressure of the compaction equipment force the tack coat into the paving
fabric and complete the process.
Warm Mix Asphalt in Interlayer Systems
The majority of pavement interlayer systems utilize a paving fabric, tack coat application
with hot mix asphalt (HMA) overlay. Interlayer systems with HMA have had numerous studies
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performed and have been utilized in existing roadways. Very little information is available on the
possibility of warm mix asphalt (WMA) being utilized in an interlayer system, particularly as the
overlay in the composite. When HMA is used for the overlay in the interlayer system, it
generates enough heat to sufficiently reduce the viscosity of the tack coat to promote saturation of
the paving fabric to create both a moisture barrier and a barrier to retard reflective cracking
through the overlay. Increasing energy costs, global warming and more stringent environmental
regulations have led to an increase in the popularity of warm mix asphalt (Zaumanis 2010), which
is produced and constructed at lower temperatures than HMA. WMA technologies are a means to
decrease energy consumption and lower emissions associated with plant mixed asphalt
production and construction (Putman and Xiao 2012). Over the past decade, the asphalt industry
has deemed warm mix asphalt as a viable paving option (Zaumanis 2010). However, because of
the relative newness of WMA, there is limited long-term performance data available for
pavements constructed with WMA (Putman and Xiao 2012). One question related to the use of
WMA when constructing geosynthetic interlayers is whether or not the WMA has sufficient heat
to warm the binder tack coat and saturate the geotextile to create a moisture barrier while bonding
the overlay to the existing pavement.
With warm mix asphalt (WMA) becoming more commonplace for use in flexible
pavements, the opportunity to utilize WMA in lieu of HMA in geosynthetic interlayer systems
has yet to be explored. It is the scope and purpose of this study to investigate the possibility of
utilizing warm mix asphalt in geosynthetic interlayers.
Research Objectives and Scope
The primary objective of this study was to investigate geosynthetic interlayers made with
warm mix asphalt overlays and answer the following:
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1. Does the reduced temperature of warm mix asphalt overlays affect the
application of paving fabric interlayers?
2. Is there a minimum threshold overlay temperature for application of paving
fabric interlayers?
3. Is additional compaction effort required at lower overlay placement temperatures
for application of paving fabric interlayers?
4. How are different binders used as tack coats affected by lower overlay
compaction temperatures in paving fabric interlayer systems?
To answer these questions, the following tasks were completed:
1. A detailed literature review related to geosynthetic overlays and warm mix
asphalt.
2. Experimentation to determine the wettability of one 4.1 oz/yd2 geotextile paving
fabric by four different asphalt binder grades (PG 58-28, PG 64-22, PG 67-22,
PG 76-22) at five different temperatures (300oF, 275oF, 250oF, 225oF and 200oF).
3. Experimentation to determine the uptake of the tack (PG 58-28, PG 64-22, PG
67-22, PG 76-22) by the paving fabric at different temperatures (300oF, 275oF,
250oF, 225oF and 200oF).
4. Experimentation to measure the effect of overlay compaction temperature on the
interlayer shear strength.
Organization of Thesis
This thesis is divided into five chapters. The first chapter is the introduction and provides
background information pertaining to the research topic and defines the research objectives. The
second chapter presents an extensive literature review, which includes information on
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geosynthetic interlayer systems as well as warm mix asphalt. Chapter three describes the
experimental materials and procedures used to complete the research. Chapter four of this thesis
discusses the results of the research. Finally, the fifth chapter completes the manuscript and
presents the conclusions of the research and provides recommendations for implementation and
future research.
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CHAPTER 2
LITERATURE REVIEW

Introduction
Paved roadways are tasked with safely transferring goods and people to and from their
destination. Eventually, roadways become distressed. These distresses come from vehicular use,
environmental factors, or improper construction techniques. Remediation of distressed roadways
needs to be performed to ensure that they remain in an operable condition for its users. The use
of geosynthetic interlayer systems is a common method to rehabilitate or maintain flexible and
rigid pavements (Shukla and Yin 2004).
Geosynthetic Interlayer Systems Role in Enhancing Pavements
Geosynthetic interlayer systems play an ever increasing role in enhancing pavements.
They are typically utilized to provide a waterproofing element to the pavement layers as well as
to assist in retarding pavement cracking, specifically in pavements with low severity reflective
cracking and medium severity fatigue cracking (Marienfeld and Baker 1999; Shukla and Yin
2004; Button and Lytton 2003; Blankenship et al 2002). The ideal opportunity to utilize a
geosynthetic interlayer system is in the early stages of a distress becoming visible (Shukla and
Yin (2004). Geosynthetics are not generally used to address any structural deficiencies in an
existing pavement (Shukla and Yin 2004).
When a geosynthetic interlayer system is utilized properly, it can work to lengthen the
life of a pavement; however, it is imperative that the pavement selected as a candidate for the
geosynthetic interlayer have several years of useful, operational life (>5 years) remaining prior to
an interlayer being applied to it. When evaluating whether an existing pavement is a candidate for
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an overlay, it is important to consider the condition of the pavement. Pavements need to be
inspected and a proper maintenance program developed to identify distresses and develop
solutions to offset deterioration of pavements. Identification of the distresses present and the tools
needed to repair the existing pavement need to be considered. An evaluation of the subgrade
should also be performed as well to ensure that they are sufficient to accommodate the anticipated
loading. A proactive approach to pavement maintenance will lead to a quality pavement with a
good ride quality (Blankenship et al 2002).
It has been reported that geosynthetic interlayers perform best in warm/milder climates
and the proposed asphalt overlays need to be a minimum of 1– 2 in. thick (Button and Lytton
2003; Blankenship et al 2002). In addition, geosynthetic interlayers aid in cushioning the
roadway and assist in absorbing some of the stresses associated with vehicular traffic.
Moisture is a key factor leading to pavement damage and it is important to develop a plan
to mitigate moisture intrusion in a pavement system (Marienfeld and Baker 1999). Moisture can
come from different sources such as rainwater, lateral seepage from drainage structures or from
subsurface flows such as a spring. Rainwater is considered the primary concern when dealing
with pavements, with subsurface flows being a secondary concern (Marienfeld and Baker 1999).
Failing to address water issues can lead to numerous detrimental issues in a roadway. Moisture
can weaken subgrade and since the subgrade of a roadway serves as the foundation, not properly
dealing with the water and moisture issues can eventually lead to a failed pavement (Button and
Lytton 2003; Blankenship et al 2002). The useful life of the pavement can also be reduced due to
moisture related issues, eventually, leading to pavement distress. Pumping is another negative
effect that may occur from moisture in the pavement subgrade. Pumping occurs when water and
fines rise through a crack.
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Geosynthetic interlayers provide an impermeable barrier that can prevent water from
damaging a roadway as the interlayers can control infiltration and remain intact even after an
asphalt pavement overlay begins to crack and show signs of distress. The interlayer continues to
provide a moisture barrier and prevent water and moisture from flowing either up or down
through a crack (Button and Lytton 2003). To be an effective moisture barrier, the paving fabric
must be saturated with sufficient asphalt binder and insufficient tack will diminish the
waterproofing effect (Shukla and Yin 2004; Button and Lytton 2003).
It should be noted that a paving fabric interlayer can potentially trap water in the
pavement. If proper construction procedures are not followed and the new pavement overlay is
not properly compacted, the system will eventually begin to crack. Water can enter into these
cracks and become trapped by the impervious layer, which can lead to damage by trapped water
vapor rising from below (Button and Lytton 2003).
With the inclusion of a geosynthetic in an interlayer system, the resistance to cracking is
improved because it provides a stress relief to the existing distressed pavement as the fabric
absorbs the stress. The ability of the fabric interlayer to absorb stress can also assist in protecting
the new overlay as well by taking on loads that act on the pavement (Khodaii et al 2008). Paving
fabric interlayers retard pavement cracking, specifically reflective cracking. Reflective cracking
is caused by the horizontal and vertical movements of an underlying pavement that ultimately
result in the crack pattern of the underlying pavement reflecting through to the new pavement
overlay as the result of load-induced or temperature induced stresses (The Asphalt Institute 2007;
Papagiannakis and Masad 2008; and Khodaii et al 2008). Reflective cracking is a complex
pavement distress and it is important to note that it cannot be halted from affecting an overlay
indefinitely. Eventually, the cracks in the older underlying pavement layer will affect the
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overlay. It is common for cracks to start to reappear in an overlay within 1 – 2 years, and no later
than 3 – 5 years (Blankenship et al 2002). It is best to develop a strategy to slow down the
progress of cracks and utilizing a geoysnthetic material is a viable option of doing so (Khodaii et
al 2008).
Paving Fabric Interlayers Considerations
When planning to utilize paving fabrics for a project, it is important that the following be
considered:


It is necessary for the paving fabric to be kept dry and out of sunlight, away from any
chemicals and avoid storing in areas where the temperature is greater than 160 oF.



Prior to installation, be sure to inspect the fabric to verify that it is not wet as wet fabric
will not allow the tack coat to stick to the paving fabric.



The existing surface that the fabric is to be placed on needs to be cleaned and any loose
material or material that can damage the fabric removed. Any existing cracks should be
filled and sealed to protect from water infiltration and any potholes or other distresses
should be patched as needed and a leveling course must be placed on the existing surface
prior to the placement of the fabric (Button and Lytton 2003; Khodaii et al 2008).



The tack coat application is a crucial step in the interlayer construction process. Ensure
that the tack material is of good quality and asphalt emulsions are not recommended
(Khodaii et al 2008). Apply the tack at the rate as recommended by the manufacturer.
Ensure that the entire surface area is completely covered and it is uniform across the
entire area (Button and Lytton 2003; Khodaii et al 2008).



The paving fabric is then placed on the tack coat. It is important that the fabric is aligned
straight and smooth and does not contain wrinkles or folds. It is best avoid traffic on the
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fabric and maintain an overlap of 4 to 6 in. at longitudinal and transverse joints (Button
and Lytton 2003; Khodaii et al 2008). It is recommended that the fabric not be stretched
as it will reduce the fabric thickness to a point where the fabric cannot absorb all the
applied tack, which can cause the non-absorbed tack to eventually bleed through the
asphalt pavement overlay (Khodaii et al 2008). The paving fabric must be placed fuzzy
side down (Button and Lytton 2003; Khodaii et al 2008).


When working in hot conditions (>90oF), extra care needs to be taken during
construction. Ensure that the tack is allowed to cool prior to placement of the fabric and
place a small amount of asphalt mix or sand, if needed, to avoid the wheels of the vehicle
from sticking to the fabric. The grade of the tack coat should be reviewed and modified
as needed, and limit the distance of paving fabric placed to ensure that paving overlay
operations can keep up with the amount the tack and fabric placed (Button and Lytton
2003; Khodaii et al 2008).



During cool weather conditions, it is important that light weight, rubber tired rollers be
utilized in lieu of heavier equipment and that excessive rolling is avoided and that rolling
distances are kept short to ensure that the fabric successfully adheres to the binder
(Button and Lytton 2003).
Past Performance of Geosynthetic Interlayer Systems
In a 2009 case study for a commercial street interlayer system in Washington, D.C., a

geosynthetic was successfully utilized in an interlayer system with an asphalt overlay. The
original surface was milled and PG 64-22 binder applied to the milled surface, followed by
paving fabric and finally a 2 in. HMA overlay surface placed on top. The interlayer system has
helped to extend the life of the pavement by providing a waterproof barrier, assisting in retarding
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reflective cracks, and creating a stress relieving membrane between the existing and new
pavement (TenCate Geosynthetics North America 2011).
In a second case study in Schaumburg, Illinois, paving fabrics were utilized in an
interlayer system with modified asphalt binder. A paving fabric was successfully utilized to aid a
highly distressed roadway that was subject to utility restrictions, which limited what
improvements could be done to the surface. A leveling course was used to fill in irregular
surfaces and was followed by a tack coat application of a styrene-butadiene-styrene (SBS)
polymer modified PG 70-22 binder and then followed by paving fabric and finally a 2 in. HMA
overlay.
Geosynthetic Interlayer Materials
Geosynthetic interlayer systems are typically placed on top of an existing pavement
surface. Geosynthetic products encompass fabrics, grids, composite materials or membranes.
Additional components in an interlayer system include cutbacks, emulsions or straight paving
grade binders, and an asphalt pavement overlay (Shukla and Yin 2004; TenCate Geosynthetics
North America 2011). Geosynthetic interlayers serve several purposes. Geosynthetics can be a
part of an overall rehabilitation strategy to utilize with an asphalt overlay.
Construction of Geosynthetic Interlayers
Geosynthetic interlayers are constructed in four basic steps (Shukla and Yin 2004):
1. Surface Preparation: The site surface is to be cleaned by removing loose
materials, sharp / angular protrusions (these can tear the fabric) and filling cracks,
as needed. The surface is to be leveled and needs to be dry. When filling cracks,
be sure to fill to the level of the existing pavement surface. Any potholes or
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other distresses are to be patched as needed as well. The leveling course of
asphalt pavement is then applied over the existing surface. This leveling course
ensures that the tack coat and fabric have a smooth surface to adhere to.
2. Tack Coat Application: Proper application of tack coat is important as poor tack
coat application can lead to overlay failure. Straight paving grade binder is most
ideal (cutbacks and emulsions can be used but must be applied at an increased
rate and allowed to cure completely). Air temperature must be 50oF for
placement of tack coat. The tack coat must be spread between 284 – 320oF and
applied uniformly. Tack application should equal paving fabric width plus 6 in.
and should be restricted to the area of immediate fabric lay down.
3. Geosynthetic Placement: The paving fabric is placed fuzzy side down on the
tack coat prior to it cooling and losing tackiness. The smooth side of the fabric is
placed up (helps to avoid wrinkles, snags, folds) during application. Failure to
smooth the fabric can lead to cracks in the overlay. Today, most paving fabric is
applied using tractor mounted rigs. It is important not to stretch the fabric as this
will reduce the thickness and it may not be thick enough to absorb the tack,
which can lead to bleeding of the tack coat up through the overlay pavement. At
areas where fabric is overlapping or wrinkled, the composite should have
additional tack provided (two layers of fabric to bond). Insufficient bonding
leads to cracks. Ensure that the overlap is not more than 6 in. in both
longitudinal and transverse directions. It is best to apply the binder and fabric to
one lane and then immediately pave it for traffic prior to installing another lane.
4. Overlay Pavement: All areas with geosynthetic in place are to be paved on the
same day. It is best to place the overlay almost immediately after the fabric and
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binder is placed. The asphalt pavement temperature should not exceed 320oF to
avoid damaging the pavement fabric. Mix temperatures should not be less than
284oF and the air temperature should not be less than 50oF. It is important that
the asphalt temperature be high enough to draw the tack coat up, into and through
the paving fabric. This will lead to a good bond. It is important that the heat of
the mix and pressure of the compaction equipment force the tack coat into the
paving fabric and complete the process. If this step is not properly completed,
the bonding process will be disrupted and this will lead to slippage failure. The
immediate compacting of the asphalt helps to concentrate the heat and applies
pressure to start the process of moving the binder up through the fabric.
Benefits of Interlayer Systems
Geosynthetic interlayers have numerous benefits. Key benefits and features of a
geosynthetic interlayer system include reducing moisture and infiltration, increasing pavement
strength, extending pavement life, lowering life cycle costs and extending maintenance budgets,
and delaying reflective cracking (Shukla and Yin 2004; TenCate Geosynthetics North America
2011). Geosynthetics in an interlayer system can also increase bearing capacities by forcing the
potential bearing failure surface to develop along an alternate, higher strength surface. (Lenz
2001).
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Concerns of Interlayer System
Some concerns associated with geosynthetic interlayer systems include the potential for
poor bonding of the overlay material to the geosynthetic (mix too cool), which will lead to
premature failure of the interlayer. The air and mix temperature are important to the success of
the project. During delivery, asphalt mix is exposed to the environment and air temperature. In
cooler temperatures, hot mix asphalt is subjected to more severe temperatures drops.
Temperature drops can affect the characteristics of mix. If mix temperature is too low, it may not
generate enough heat to draw the tack coat up, into and through the paving fabric; this leads to a
poor bonding between layers. (Shukla and Yin 2004; Lenz2001). Geosynthetics are not
recommended for pavements with structural base issues and pavements with severe fatigue
cracking (Lenz 2001).
Concerns with paving fabric interlayers include weather and site construction issues.
Heavy winds can disrupt construction by hindering adhesion of fabric to the tack coat (Button and
Lytton 2003). Grade conditions can also hinder construction. Steep grades and slopes can lead
to slippage at the pavement interface with the fabric. This is especially prevalent in hot
conditions as the paving fabric may slide due to the viscous nature of the binder (Button and
Lytton 2003). Construction practices are also important to the success of a paving fabric
interlayer system. Quality construction will lead to a quality finished product. Proper
construction techniques will provide an interlayer system that helps improve and extend a
pavement’s life (Khodaii, Fallah, et al 2008).
Tack Coats and Tack for Interlayer Systems
Tack coats are thin layers of asphalt products utilized in construction or resurfacing of
roadways and are sticky layer of asphalt binder that promotes adhesion. This attribute makes it
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ideal for use as an adhesive between layers of asphalt (Affordable Paving 2014). Tack coats,
typically, are emulsified asphalt. Emulsified asphalts are made in several different grades. These
grades include:


Slow-setting grades - Slow-setting grades of emulsion utilized for tack coats include SS1,
SS1h, CSS1 and CSS1h.



Rapid-setting grades - Rapid-setting grades of emulsion utilized for tack coats include
RS1, RS2, CRS1, and CRS2.



Quick-setting grades - Quick-setting grades of emulsion used for tack coats include QS1,
QS1h, CQS1 and CQS1h.

When applied, the tack should be allowed to cure prior to the placement of a new pavement
surface (The Asphalt Institute 2007). Tack coats are usually needed when an asphalt mix is
placed over an existing paved surface (Affordable Paving 2014; The Asphalt Institute 2007).
Tack helps bond newly applied asphalt to an existing surface. As a result, the newly applied
overlay is better able to hold up under traffic. Tack also allows for the interlayer system to bond
together more efficiently (Affordable Paving 2014).
Tack coats are critical when used to bond layers of pavement surface together. The rate
of the tack coat depends on the application proposed as well as the condition of the existing
surface it is being applied to. It is especially important to apply the tack evenly across the
pavement at the rate recommended by the manufacturer, typically 0.05-0.15 gallons per square
yard when a paving fabric is not being utilized (The Asphalt Institute 2007). In an interlayer
system, tack must be applied at a rate sufficient to saturate the fabric and bond the overlay asphalt
to the existing pavement (CAPA 2011). In an interlayer system with paving fabric, it is
recommended that the 0.25 gallons per square yard (Asphalt Interlayer Association 2014). For a
tack coat to achieve the highest degree of efficiency, it is important for the roadway to be
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properly prepared; meaning that the existing roadway is relatively free of dirt and debris, any
other existing deficiencies are repaired and the surface of the roadway is dry. A wet surface will
not allow for proper bonding between layers and will eventually lead to a weakness in the
pavement (Affordable Paving 2014; The Asphalt Institute 2007).
Several variables can negatively impact a tack coat’s effectiveness in an interlayer
system. As noted, it is important to apply tack at the rates recommended by the manufacturer as
excess tack can cause possible slippage between layers, especially in warm temperatures and in
sloped areas (Affordable Paving 2014; The Asphalt Institute 2007). It is equally important that
the tack coat is applied across the entire surface area. Without the addition of a tack coat, the new
layer of asphalt pavement placed on top of the existing road would deteriorate much more
quickly. This will create distresses in the pavement. These distresses can vary from cracks to
potholes. Ultimately, these distresses decrease the safety of the roadway (Affordable Paving
2014). Failing to cover the entire surface prior to application of a new pavement layer could lead
to distresses forming in the pavement or the potential for water to seep through distresses
(Affordable Paving 2014; The Asphalt Institute 2007).
Interlayer systems can extend the life of a pavement system. When paving fabrics are
placed between pavement layers and properly field saturated with a tack coat, they become an
integral part of a roadway system. The interlayer will provide a barrier that prevents water
infiltration and it also works to absorb stresses acting on the pavement. The ability to absorb
stresses help to reduce reflective and fatigue cracking of new asphalt surface layers. The ability
to improve pavement performance while reducing maintenance leads to cost savings (Affordable
Paving 2014).
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Warm Mix Asphalt
Warm mix asphalt (WMA) is a relatively new concept that has been developed to allow
asphalt mixtures to be produced and placed at lower temperatures compared to traditional hot mix
asphalt (HMA). WMA allows for a reduction in production temperatures by approximately 30 –
120oF (U.S. DOT 2013). Even at these reduced temperature rates, the binder in the mix can coat
the aggregate during mixing at the plant while still providing the necessary workability needed at
a job site (The Asphalt Institute 2007).
WMA was developed in Europe in the mid 1990’s and was introduced in the United
States in 2002 when the National Asphalt Pavement Association (NAPA) sponsored a tour of
European asphalt paving operations to learn about WMA technologies. From this tour, agencies
such as the Federal Highway Administration (FHWA), the National Center for Asphalt
Technology (NCAT), and NAPA met to explore the potential benefits of utilizing WMA in the
United States. WMA technologies were demonstrated for the first time in the US at the “World
of Asphalt” exposition in 2004, and from this, came research and studies showcasing WMA as an
alternative to HMA (MVW Specialty Chemicals 2008; Putman and Xiao 2012). The exploration
of WMA technologies by the asphalt industry has helped to enhance the material performance,
increase construction efficiency, conserve resources and advance environmental stewardship
(Newcomb 2007). WMA is becoming an attractive alternate for some agencies because of
policies and regulations regarding emissions. In addition, WMA may result in less odor, which is
also an environmental and community concern (Zaumanis 2010).
Warm Mix Additives
There are a variety of technologies that have been developed that are utilized in the
production of WMA. These technologies can be classified by the following: foaming techniques

19

(water and water containing), organic or wax additives, and chemical additives (The Asphalt
Institute 2007; Zaumanis 2010). Examples of these technologies are provided in Table 2.1:
Table 2.1. Examples of Warm Mix Asphalt Additives.

Product
Sasobit ®
Asphaltan A

Company
Organics
Sasol International
Romanta GmbH

Asphaltan B

Romanta GmbH

Clariant

Licomont S 100
Foaming Processes
Advera

Aspha-min zeolite
Low Energy Asphalt
Ultrafoam GM
EvothermTM

LEACO
Gencor Industries
Chemical
MeadWestvaco

Evotherm DATTM

MeadWestvaco

REVIX

Mathy-Ergon

Product Description
Fischer-Tropsch wax
Montan wax for mastic
asphalt
Refined Montan wax with
fatty acid amide
Fatty acid amide
Water containing using
Zeolite
Water based foaming
Water based foaming
Chemical bitumen
emulsion
Chemical package plus
water
Surface active agents,
waxes, polymers,
processing aids

Organics and wax additives achieve lower temperatures by reducing the viscosity of the
binder while foaming processes work by adding a small amount of water to the asphalt mix.
Water expands dramatically in volume when it turns to steam, which expands the binder through
foaming and reduces the mix viscosity. Foaming can be achieved by different methods; the most
widely adopted involves injecting water through a pump or nozzle (Pavement Interactive 2010).
Chemical additives typically utilize emulsification agents, surfactants which improve the

20

adhesion between the binder and aggregate, polymers, and additives to improve coating of
aggregate, mixture workability and compaction (Pavement Interactive 2010; Zaumanis 2010).
For this project, EvothermTM was the technology selected for the additive to be added to
binder. EvothermTM, produced by MeadWestvaco is an asphalt emulsion that promotes adhesion
at lower temperatures and requires no special procedures for integrating into binder (Putman and
Xiao 2012). The additive needs to be agitated for several minutes to ensure that it has been
mixed sufficiently with the binder. Once the EvothermTM is mixed into the binder, mix
production temperatures can be lowered by approximately 50oF. EvothermTM is compatible with
all grades of binder (MWV Specialty Chemicals 2008).
Benefits of Warm Mix Asphalt
Warm mix asphalt has numerous benefits that can be classified into five major categories:
Environmental, production, paving, performance and economic (The Asphalt Institute 2007;
FHWA 2012; Zaumanis 2010; and Broadsword 2011).
1. Environmental benefits include a reduction of energy and fuel consumption utilized
to produce HMA as well as a reduction in carbon dioxide (CO 2) and other greenhouse
gas emissions due to the lower temperatures required to produce and compact WMA
compared to HMA. Odors associated with asphalt plant operations can also be
reduced with WMA technologies. Improved working conditions at asphalt plants and
at job sites can be expected. WMA is also less intrusive on the public because of its
lower emissions, less odor and fumes.
2. Production benefits also include a reduction of energy and fuel consumption utilized
to produce HMA as well as a reduction in carbon dioxide (CO 2) and other greenhouse
gas emissions due to the lower temperatures required to produce and compact WMA

21

compared to HMA as well as the reduction in odors associated with the plant
operations. In the future, it may be more difficult to permit and construct new HMA
plants in urban areas or in areas where emission standards are more stringent or noise
and dust control is a requirement. In some areas of the country, paving season is
dictated by the beginning and ending of certain calendar dates. WMA allows for the
possibility of cold temperature paving, which potentially extends the paving season.
3. WMA cools more slowly than HMA since there is a smaller difference between the
mix temperature and the surrounding air (Pavement Interactive 2010) and is less
sensitive to cooling compared to HMA, which allows for long haul distances. This is
a by-product of the production temperatures of WMA (212 – 280oF) compared to
HMA (300 – 350oF) (Australian Asphalt Pavement Association 2001). This lower
temperature leads to better productivity and a better product as it improves working
conditions at the job site for paving crews.

Improved workability is also a benefit to

WMA. WMA mix has improved workability because of lower viscosity of the mix
during placement, which improves the compactibility of the mix. Because of the
lower temperature of WMA, it is able to cure at a quicker rate than HMA, allowing
for roadways to open for traffic more quickly (Pavement Interactive 2010).
4. Performance benefits include less aging of the binder during the production and
paving process. This equates to less oxidation of the binder leading to a longer
pavement service life.
5. Economic benefits include a reduction of energy consumption, which leads to lower
energy costs to produce and place WMA. With the burner temperature lower than
that of HMA, it is estimated that an asphalt plant producing WMA could potentially
save approximately 20-35% in energy costs (FHWA 2012). In 2010, 42 million tons
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of WMA were produced saving approximately 35 million gallons of fuel. This was
due to the reduction of temperature from 325oF for HMA to 265oF for WMA, which
saved 0.5 to 1 gallon of fuel per ton of mix (U.S. DOT 2013). With the lower
temperatures, asphalt plants also see a reduction in wear and tear on equipment,
which translates to cost savings for WMA producers.
Drawbacks of Warm Mix Asphalt
While WMA has many positive attributes, there are several drawbacks associated
with WMA.
1. WMA is a relatively new technology in the U.S. and there is limited long-term
performance data for projects in the U.S. and it is unknown how the product will
ultimately perform in service (NAPA 2012; Pavement Interactive 2010).
2. There is also the possibility for plant modifications or mix modifications, which can have
the potential of being expensive depending on the technology used and the application
(FHWA 2012). The production process may also present challenges; the plant burners
must be properly monitored by plant operators to ensure that they are burning at a steady
state and that the asphalt is flowing at the required rates (Pavement Interactive 2010).
3. Moisture issues are also a major concern with WMA. Foaming and some WMA
additives utilize the introduction of water in the mixing process. Because of possible
incomplete vaporization of water during the mixing and the laying process of residual
water in the mixture, there is the potential problem for premature rutting to occur as well
as stripping (Zaumanis 2010).
4. Pavement rutting is distortion in a pavement layer. Rutting is the result of instability in
the asphalt mix. Premature pavement rutting can be brought about by an increase in
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moisture content. Many foaming technologies associated with WMA introduce water into
mix (Zaumanis 2010; The Asphalt Institute 2007). Binder aging reduction can
contribute to the loss of stability in hot weather, leading to rutting in the pavement. This
can, however, be addressed by using more angular aggregate (better interlock without
relying on binder cohesion). It can be noted that a higher temperature PG can be used to
counter the effects of reduced oxidation (grade bumping) (Lenz 2011).
5. Stripping is a durability issue that is associated with moisture damage. Stripping involves
water or water vapor that gets introduced between the asphalt binder and the aggregate.
Water will break the adhesive bond between the aggregate and binder. This ultimately
will strip the asphalt from the aggregate (The Asphalt Institute 2007). Foaming agents
can work to lower temperatures but can increase moisture content which can lead to
stripping (Zaumanis 2010). During production of WMA, it is important to ensure that the
aggregate is properly dried prior to coating with binder, and that the mix does not cool off
too quickly.
6. When placing WMA, it is important to ensure that the equipment is warmed up prior to
filling it with WMA. It is equally important that the mix is kept warm and that the crew
is aware of climate conditions. Certain additives will affect the performance of the
WMA; including increasing the viscosity and stiffness of the binder.
It is important to note that, like paving operations for HMA, problems may arise during
the laydown and the laydown procedures may need to be adjusted accordingly. It is also
important that the same quality construction practices utilized for hot mix pavements are also
followed during construction of warm mix pavements. (Payne and Dolan Incorporated 2009;
Pavement Interactive 2010).
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Comparison of Hot Mix Asphalt to Warm Mix Asphalt
Hot mix asphalt has been the standard in the asphalt industry for many years. HMA is a
combination of aggregate and binder which are heated and blended together. HMA, once mixed,
is typically placed on a compacted stone base or another course of asphalt, which assists in
carrying load and increases durability. Paving and compaction of HMA must be performed while
the asphalt is still hot or the new pavement may not achieve the density requirements to properly
perform as designed. Typical HMA mixing temperatures range between 300 -350oF. However,
with increasing energy costs, global warming and more stringent environmental regulations,
HMA has come under increased scrutiny (Putman and Xiao 2012).
Warm mix asphalt has benefited from the increased scrutiny associated with HMA,
leading to an increased interest in the use warm mix asphalt technology. WMA and its
technologies are looked at as a means of decreasing energy consumption and lowering emissions
(Putman and Xiao 2012) and over the previous decade, the asphalt industry has deemed warm
mix asphalt as a viable option to HMA. Warm mix asphalt is the same as hot mix asphalt that is
modified in a way that allows it to be produced and placed at lower temperatures (Payne and
Dolan Incorporated 2009). With lower mixing and compaction temperatures, WMA has become
an increasingly popular alternative to HMA (MWV Specialty Chemicals 2008).
Workability of the mix is important. In HMA and WMA alike, both the aggregate and
binder must be heated prior to mixing. For both HMA and WMA, failing to properly heat the
components of a mix can lead to issues with the mix such as improper / lack of coating of the
aggregate with binder, which will lead to issues in placement of the pavement in the field (The
Asphalt Institute 2007). WMA, with its lower mixing and compaction temperatures, and lower
viscosity than that of HMA, still provides sufficient coating of the aggregate with binder. Lower
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viscosity allows for increased workability of WMA at lower temperatures, which results in easier
raking for crew workers and the ability to manipulate and better compact the WMA at lower
temperatures than that of HMA. The better compaction leads to higher in-place density and
provides a pavement that is less prone to binder aging and oxidation, resulting in a pavement that
is more crack resistant (CalTrans 2010).
Trends in Asphalt Industry
In a 2012 report, the National Asphalt Pavement Association (NAPA) discussed trends in
the asphalt industry. Per this report, NAPA stated that the pavement industry has seen an increase
in both the use of recycled asphalt pavement in mixes as well as a wider acceptance of warm mix
asphalt by numerous state agencies. Since 2009, agencies have seen either a decrease in funding
or funding levels staying at the same amount. With budget dollars being stretched, it has become
imperative for the asphalt industry to find solutions to ensure that roadways remain in working
order for its users.
In 2009, it was estimated that warm mix asphalt usage accounted for approximately 5.4%
of total asphalt production in the United States. In 2010, this amount increased to 13.2% and in
2011, it exceeded 14%. Production, in tons, has shown an increase as well, going from
approximately 19 million tons produced in 2009 to 48 million tons produced in 2010, which
equates to an increase of 148%. This upward trend shows that agencies have started to see the
benefits of utilizing warm mix asphalt (NAPA 2012).
As further evidence on the acceptance of warm mix asphalt by agencies, in 2011, the
Federal Highway Administration incorporated language into its specifications allowing the use of
warm mix asphalt on projects and in 2012, at least 30 State DOTs set targets for warm mix
asphalt usage on projects (NAPA 2012).
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WMA is gaining further acceptance by the asphalt community and exhibits promising
benefits both environmentally and economically. It is expected that WMA use will continue to
grow and become a more viable option in projects across the U.S. (Pavement Interactive 2010).
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CHAPTER 3
EXPERIMENTAL MATERIALS AND METHODS
This chapter summarizes the materials and methods used to satisfy the objectives of this
research. The materials used in the preparation of the mixes consisted of aggregate (789 stone,
manufactured screenings and regular screenings) along with Asphalt Surface Type C Mix,
hydrated lime (1% by aggregate weight), four grades of asphalt binder (PG 58-28, PG 64-22, PG
67-22, and PG 76-22), and paving fabric.
The research was divided into three distinct phases:
1. Determination of the effect of compaction effort and temperature on the uptake
of binder by the paving fabric.
2. Determination of the wettability of the paving fabric by different binder grades at
different temperatures.
3. Determination of the interlayer bond strength of interlayer composites.
Experimental Materials
The project entailed the use of a geotextile paving fabric (Petromat 4598). This paving
fabric meets the requirements of AASHTO M288 and was utilized along with four different
grades of binder (PG 58-28, PG 64-22, PG 67-22, and PG 76-22) which were utilized as a tack
coat. The properties of the geotextile paving fabric and the binders are provided in Tables 3.1
and 3.2, respectively.
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Table 3.1. Properties of Paving Fabric (Propex 2011) (AASHTO M288)
Property
Material
Mass/Unit Area (ASTM D5261)
Grab Tensile Strength (ASTM D4632)
Grab Elongation (ASTM D4632)
Asphalt Retention (ASTM D6140)
Melting Point (ASTM D276)
UV Resistance % Retained at 150 hours (ASTM D4355)

Value
Nonwoven Polypropylene
4.1oz/yd2
101 lbs
50%
0.20 gal/yd2
320oF
70%

Table 3.2. Unaged Properties of Binders Used as Tack Coats
PG 58-28

PG 64-22

PG 67-22

PG 76-22

Viscosity (Pa*s)
at 200oF (93oC)

5.279

7.283

10.987

*

o

o

1.987

2.579

3.596

14.300

o

o

0.605

0.750

1.009

3.929

o

o

0.431

0.504

0.635

2.045

o

o

at 300 F (149 C)
G*/sinδ (kPa)

0.153

0.126

0.107

0.790

at 58oC

at 225 F (107 C)
at 250 F (121 C)
at 275 F (135 C)

1.803

**

**

**

o

0.876

1.359

1.95

**

o

**

0.629

0.946

**

o

**

**

**

1.592

o

**

**

**

0.901

62.9

66.4

69.5

80.9

at 64 C
at 70 C
at 76 C
at 82 C
DSR Failure Temp. (oC)

* - Viscosity was too high to test with equipment available.
**- G*/sinδ was not tested at this temperature.
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Asphalt Mix Composition
The base specimens developed for the interlayer system were prepared using an SCDOT
Asphalt Surface Course Type C mix. The base specimens were 6 in diameter by 3 in tall and
compacted to an air void content of approximately 4% using a gyratory compactor. The overlay
specimens developed for the interlayer system were prepared using an SCDOT Asphalt Surface
Course Type C mix. The overlay specimens were 6 in diameters by 1.5 in tall and compacted to
an air void content of approximately 7% using a gyratory compactor.
Rotational Viscometer Test
Overview of Test
The purpose of performing the rotational viscometer test was to determine flow
characteristics of the asphalt binder over the temperature range evaluated in this study.
Understanding the flow characteristics helped to measure how resistant the binder acted at
varying temperatures. The viscosity is determined by measuring the torque required to maintain
a constant rotational speed of a cylindrical spindle that is submerged in an asphalt binder
specimen at a given temperature. In this study, the viscosity of four different binders was tested
at five different temperatures each for a total of 20 specimens (n = 1) as illustrated in Figure 3.1.
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Rotational Viscometer

5 samples of
PG 58-28
binder

5 samples of
PG 64-22
binder

5 samples of
PG 67-22
binder

5 samples of
PG 76-22
binder

200 o F

200 o F

200 o F

200 o F

225 o F

225 o F

225 o F

225 o F

250 o F

250 o F

250 o F

250 o F

o

o

o

275 F

275 F

275 F

275 o F

300 o F

300 o F

300 o F

300 o F

Figure 3.1 Flow chart for viscosity analysis.
Preparation of Specimens for Rotational Viscometer Test
The viscosity was measured using the rotational viscometer in accordance with AASHTO
T316. The binder was heated in an oven until it was sufficiently fluid and could be poured. The
binder was stirred to ensure that it was uniform and homogeneous and then was poured into a
specimen chamber, which was also preheated prior to pouring of the binder. The mass of binder
placed in the specimen chamber depended on the spindle size utilized.
For a # 21 spindle, 8 grams of binder was poured into the specimen chamber and for the #
27 and # 28 spindles, 10.5 grams of binder was used for the test. Care was taken to ensure that
the binder was poured in the middle of the specimen chamber and not along the sides of the
specimen chamber walls.
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Running the Rotational Viscometer Test
Once the temperature control system was programmed to the proper test temperature and
the rotational viscometer was programmed to the proper spindle size, a specimen chamber was
inserted into the rotational viscometer. The specimen was brought to the desired test temperature
in approximately 30 minutes and then allowed to equilibrate at the test temperature for 10
minutes. After 10 minutes, the rotational viscometer was turned on and rotated at a motor speed
of 20 rpm. The spindle rotated in the specimen for 10 minutes. Following this rotation period,
the viscosity was recorded at 1minute intervals for 3 minutes.
Experimental Methods
Overlay Temperature and Binder Uptake by the Petromat 4598 Fabric
Overview of Test
The purpose of the binder uptake test was to investigate the effect that overlay
temperature had on the saturation of the paving fabric during overlay compaction. This test
procedure was based on a melt-through test procedure developed by Smith (1984) and later used
by Marienfeld and Baker (n.d.). The test specimen consisted of a 4 in square by 3.5 in thick
concrete block, which served as the base substrate and simulated an existing pavement. A 4 in
square piece of aluminum flashing was coated with a tack coat of binder and was followed by a 4
in square piece of the paving fabric, which was placed fuzzy side down on the tack coat, followed
by a 4 in square piece of indicator paper, and finally another 4 in square piece of aluminum
flashing. This composite was placed in an environmental chamber which maintained a constant
temperature of 50oF to condition the lower portion of the specimen. The overlay was a 4 in x 4 in
x 1.5 in concrete block conditioned at the compaction temperature prior to placement on the base
substrate. A schematic of the melt-through test is shown in Figure 3.2.
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Figure 3.2. Schematic of a typical melt-through test specimen
For this analysis, a total of 160 specimens were tested as shown in Figure 3.3 (3
replicates x 3 binder grades [PG 58-28, PG 64-22 and PG 67-22] x 5 temperatures + 1 specimen x
5 temperatures for the PG 76-22 binder).

33

50 o F Ambient
T emperature

Petromat 4598 Paving Fabric

PG 58-28
binder
application

PG 64-22
binder
application

PG 67-22
binder
application

PG 76-22
binder
application

200 o F overlay

200 o F overlay

200 o F overlay

200 o F overlay

o

225 F overlay

225 F overlay

225 F overlay

225 o F overlay

250 o F overlay

250 o F overlay

250 o F overlay

250 o F overlay

o

o

o

o

o

275 F overlay

275 F overlay

275 F overlay

275 o F overlay

300 o F overlay

300 o F overlay

300 o F overlay

300 o F overlay

Melt-T hrough T est

Figure 3.3. Flow chart of the melt-through test plan.
Preparation of Melt-through Composite Specimen
The first step in preparing the melt-through composite specimen was the preparation of
the materials. Nine (9) 4 in block specimens, which served as the existing base pavement course,
were cut from a 4 in x 8 in x 12 in grey solid concrete cap block using a masonry saw to the
desired dimensions (4 in x 4 in x 3.5 in).
Nine (9) 4 in x 4 in x 1.5 in block specimens, which served as a mock asphalt overlay in
this test, were cut from a 16 in x 16 in x 2 in concrete paver. The perimeter of the concrete paver
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was cut to remove the outer 1in edge of the block to remove the lip around the edge of the block.
Next, the remainder of the block was cut to create 4 in x 4 in x 1.5 in overlay blocks.
The aluminum flashing was cut into 4 in x 4 in square pieces and the mass of each piece
of aluminum flashing was measured and recorded. Once the 4 in x 4 in aluminum plates were
cut, binder was applied to each piece of flashing. The amount of binder placed on each plate was
based on an application rate of 0.20 gal/yd2. Utilizing the dimensions of each square specimen
and the specific gravity of the binder, the appropriate mass of binder was determined (approx. 9.6
g of binder for each specimen). In addition to the 4 in x 4 in square flashing, other components
were also trimmed to the 4 in x 4 in dimension. The indicator paper utilized was a 6 in diameter
circular disc, cut to a 4 in x 4 in size. Each paper specimen was weighed to determine its initial
mass prior to testing.
The binder was heated in a 350oF oven until it was fluid enough to pour (approximately
30-45 minutes). Once the binder was fluid enough for pouring, a piece of aluminum flashing was
pre-heated on a hot plate (temperature of approximately 150-175oF) for several minutes to get it
warm prior to placement of the binder specimen. Once warm, the aluminum square was placed
on a scale that was then zeroed, and the required mass of binder was applied. The plate was
transferred to a second hot plate (temperature of approximately 250-300oF) and the binder was
evenly spread across the square and allowed to level out. The square was weighed, and if needed,
binder removed or added until the desired weight was achieved. Once the desired mass was
achieved, it was placed on the cooling tray at room temperature (approximately 77 oF). When the
specimen was stable, it was wrapped in wax paper and placed in the environmental chamber set at
50oF.
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Running the Melt-through Composite Test
An oven was heated to the desired test overlay compaction temperature (300oF, 275oF,
250oF, 225oF and 200oF) and nine 4 in x 4 in x 1.5 in overlay specimens were placed in the oven
to reach the required temperature. Once the specimens reached the desired test temperature, they
were conditioned at the temperature for a minimum of two hours. These specimens served as the
simulated asphalt overlay to be placed on top of the existing base pavement course composite.
While the 4 in x 4 in x 1.5 in overlay specimens were heated to their testing temperature,
the binder, paving fabric, indicator paper and aluminum foil was placed on the base pills. The
nine 4 in base specimens covered with the interlayer components were placed in the
environmental chamber (set at 50oF) where they were cooled to the required test temperature.
Once the specimens reached the desired temperature, they conditioned at this ambient
temperature for a minimum of two hours. The temperature for these 4 in composite base
specimens was tracked utilizing a thermocouple with a data logger. The thermocouple end was
dipped in Omegatherm “201,” a high thermal conductivity paste. Thermocouples were also
inserted into one of the 4 in x 4 in x 1.5 in overlay blocks. Both the overlay specimen in the oven
and 4 in base block in the environmental chamber were tracked and recorded to ensure that they
were at the required temperature over time.
Once the specimen and base block met the conditioning requirements, a single base
specimen was removed from the environmental chamber and brought to the universal testing
machine (UTM) and a heated 4 in x 4 in x1.5 in overlay specimen was taken from the oven and
placed on top of the composite base block. The total composite specimen was centered in the
UTM and a load (1,840 lbs) was applied for the proper number of repetitions (1, 3, or 5). The
load, when applied with more than one repetition, utilized a uniform testing procedure. The
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procedure for multiple loads included application of the initial load by the testing machine to the
specimen, stopping the testing machine, raising the cross head for 3 seconds, stopping the load
and then reapplying the load to the specimen to the proper load for approximately 5 seconds. This
process was performed for both 3 and 5 applications. The components of the composite specimen
are shown in Figure 3.4. A schematic and photo of the melt-through test set up are shown in
Figure 3.5.
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Figure 3.4. Photos of each component of a melt-through specimen

Figure 3.5. Schematic and photo of the melt-through test set up.
Once the test was completed, the composite specimen was removed from the testing
machine and returned to the 50oF environmental chamber where the temperature of both the top
and base blocks were tracked until they reached the temperature of the environmental chamber
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(50oF). The top block was removed from the base cube and placed in the oven to condition for
the next test temperature. The compacted binder specimen, paving fabric, absorption paper and
foil were removed from the base block and then the base blocks were plated with another binder
square, paving fabric, absorption paper and foil for the required time and temperature for the next
test group.
The compacted binder specimen, paving fabric, and absorption paper were placed in a
warm oven (170oF) for approximately 3 minutes to loosen the absorption paper from the binder
specimen. The mass was then recorded for each of the tested absorption sheets. The absorption
sheets were then placed on wax paper and stored in a cool, refrigerated area until they were
analyzed further.
Scanning of the Absorption Sheets
The absorption paper specimens were carefully removed from the wax paper. Once
removed, each individual specimen was placed on a transparency sheet, scanned and saved as a
JPEG image. Each scan was analyzed utilizing Matlab to determine the percentage absorbed by
the indicator paper by determining the area of coverage of the binder on the indicator paper, (area
of black pixels) and dividing by the total area of the 4 in square indicator paper.
Each specimen was also analyzed utilizing AutoCAD. Each scanned image was inserted
into the program and the overall paper area calculated. The perimeter of the binder that passed
through onto the indicator paper was traced and the area of binder determined. The percentage
absorbed by the specimen paper was determined by finding the area of coverage of the binder on
the indicator paper and dividing by the total area of the 4 in square indicator paper.
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Wettability of Paving Fabric for Varying Binder Grades and Temperatures
Overview of Test
The purpose of testing wettability was to investigate the saturation of the fabric with
varying binder grades at different temperatures and determine the time that it takes for a 2 in
square paving fabric specimen to reach full saturation. The test was comprised of a Pressure
Aging Vessel (PAV) pan filled with 100g of binder that was cooled and topped with a 2 in square
piece of the paving fabric placed fuzzy side down on the binder. A total of 60 specimens were
tested for wettability (3 replicates x 4 binder grades x 5 temperatures) as summarized in Figure
3.6.
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Figure 3.6. Flow chart of the Wettability Test.
Preparation of Wettability Test
Pressure Aging Vessel (PAV) stainless steel pans were filled with 100 grams of the
specified binder (PG 58-28, PG 64-22, PG 67-22, and PG 76-22). Once at the 100g mass, the
PAV pan was allowed to sit at room temperature (approximately 77 oF) for approximately 30
minutes. These specimens were then placed in the environmental chamber until ready for testing
(2 hrs minimum) to ensure that they reached the ambient temperature of 50oF.
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Running the Wettability Test
Three pans of the same binder grade were removed from the environmental chamber and
a 2 in square piece of paving fabric was placed in the center of each specimen. The 2 in square
paving fabric was gently pressed to the surface of the binder. Once the specimens were prepared,
they were placed in the test oven in a manner so that they faced a window in the door of the oven
(Figure 3.7). A camera was set on a tripod in front of the oven and a photo was taken in 4
minutes to visually observe the saturation of the specimens to track the saturation of the paving
fabric.
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(a)

(b)
Figure 3.7. (a) Specimen preparation and (b) placement in oven for wettability test.
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Testing the Interlayer Shear Strength of a Composite Specimen
Overview of Test
The composite interlayer asphalt specimens were comprised of a 6 in diameter by 3 in tall
base pill, which was compacted to 4 ± 1% air voids. The base pill was followed by an interlayer
system, composed of an application of a binder tack coat of 0.25 gal/yd 2, paving fabric and finally
a 1.5 in asphalt overlay, which was compacted to approximately 7% air voids. The completed
composite specimen was tested in a shear testing apparatus that applied a load at a controlled rate
until failure occurred. As Figure 3.9 shows, a total of 45 specimens were tested for interlayer
shear strength (3 replicates x 3 binder grades x 5 temperatures).
Composite Specimen Fabrication
The composite specimen prepared to evaluate the interlayer shear strength (ISS) was
composed of a 6 in diameter base pill at 4% air voids (approximately), a 21.3 g layer of binder
(PG 58-28, PG 64-22, PG 67-22), a 6 in diameter paving fabric (Petromat 4598) specimen and a
1.5 in thick warm mix asphalt overlay specimen compacted to approximately 7% air voids
(Figure 3.8).

1.5in thick
overlay
Binder and
paving
fabric

3in thick
base pill

Figure 3.8. Composite specimen
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Figure 3.9. Flow chart of the Interlayer Shear Test.
Procedure for Developing Base Course Specimens
The base specimens were prepared using an SCDOT Asphalt Surface Course Type C mix
that was provided by a local asphalt plant. Canvas bags of plant mix were delivered to the asphalt
research lab at Clemson University. The 6 in diameter by 3 in tall base specimens were
compacted to an air void content of approximately 4% using a gyratory compactor. This density
level is similar to that of a typical in-place pavement at the time at which it is typically overlaid.
The maximum specific gravity (Gmm) and density of asphalt was determined for the
provided mix by utilizing ASTM D2041 procedures. Two specimens, each with a mass greater
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than 1,500g were utilized to determine the Gmm of the mix. Following the procedures outlined in
ASTM D2041, the maximum specific gravity, Gmm, was found to be 2.448.
Determining the approximate mix weight was the first step in creating the base pills. To
determine the mix weight for the base pill, five pills of varying mass were created. These pills
varied in mass, and started at 2,950 g and ended at 3,100g. The mold with the mix was then
placed in the gyratory compactor, which was set to compact to a set height of 3 in. Once
completed, the base pill was removed from the mold and allowed to cool for several hours. The
same procedure was followed for the 3,000g, 3,050g, 3,075g and 3,100g mix. Once cooled, the
bulk specific gravity (Gmb) of each pill was found utilizing ASTM D2726. Using G mb and Gmm
values found above, the air void content of each pill was calculated using Equation 3.1 and are
shown in Table 3.1.

Va = (1 – Gmb / Gmm) x 100%

Equation 3.1

Table 3.3. Air Voids for Base Pills

Specimen Size (g)
2,949.3
2,998.4
3,048.2
3,062.7
3,101.7

Gmm

Gmb

Va (%)

2.448
2.448
2.448
2.448
2.448

2.240
2.278
2.326
2.335
2.348

8.5
6.9
4.98
4.61
4.08

A mix quantity of 3,102g produced an air void content of 4.08%, which was sufficiently
close to the goal of 4% air voids for the base pills. A total of 45 base pills were compacted using
approximately 3,100 g of mix and the void content of each pill was calculated to verify
consistency. The base pills were coated with 21.3 g of binder to serve as a tack coat (0.25
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gal/yd2). Fifteen specimens were coated with each binder grade (PG 58-28, PG 64-22, and PG
67-22).
Procedure for Developing Overlay Surface
The 1.5 in overlay pill also utilized SCDOT Surface Course Type C mix. The job mix
formula for these overlay pills was determined utilizing an approved mix design sheet provided
by a local asphalt plant. The job mix formula utilized was selected because it was a mix
approved by SCDOT as a surface course, which was a key factor because it was important that a
realistic pavement surface be analyzed. The overlay pill was 6 in in diameter and 1.5 in in height,
and was intended to act as a new overlay pavement surface that has an air void content of
approximately 7%.
Aggregate and Mix Design of the Overlay Surface
The overlay surface was prepared in the lab and was an approved SCDOT Surface
Course Type C mix design. The job mix formula developed for the 1.5 in overlay pill followed
an approved mix design sheet. The aggregate blend comprised of 41% 789 stone, 36%
manufactured sand, 22% regular screenings and 1% hydrated lime. The Surface Course Type C
required binder content, Pb, of 6.2%, and a PG 64-22 binder grade.
The 789 stone, manufactured sand and regular screenings were heated in pans and placed
in an oven at a temperature of approximately 220oF for 24 hours to completely dry the aggregate.
The material was removed from the oven and allowed to cool. Once the aggregate was cool
enough to handle, the 789 stone was sieved into individual size fractions. A ¾ in sieve, ½ in
sieve, ⅜ in sieve, #4 sieve, # 8 sieve and pan were utilized.
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The 1.5 in overlay previously discussed in the mix design portion of this section defined
the binder content, Pb, to be 6.2% of the mix, however, warm mix asphalt was utilized in lieu of
hot mix asphalt. To produce the warm mix asphalt, the additive Evotherm ™ 3G was utilized.
The Evotherm ™ 3G was integrated thoroughly into the PG 64-22 binder at a temperature of
approximately 267oF. This was done by first placing the binder in the 350oF oven for
approximately 1 hour until the binder was homogeneous and uniform. The binder was transferred
to a hot plate to assist in maintaining the 270 oF temperature. Once the binder temperature was
established and maintained, 0.5% of Evotherm ™ 3G (by weight of the binder) was slowly added
to the binder, stirred and agitated for approximately 30 minutes to ensure that the Evotherm ™
3G was thoroughly integrated with the binder, per the manufacturer’s recommendations. Once
thoroughly blended, the mix was conditioned in an oven heated to the desired compaction
temperature for two hours prior to compaction.
Determining the approximate mix weight was the first step in creating the overlay pills.
Utilizing the Type C mix design, four pills of varying mass were created. These trial mixes were
developed to determine what overlay mix produced an air void content of approximately 7%.
The trial overlay pills varied in mass, which started at 1,450g and ended at 1,550g. The
experiment required that the overlay be part of a composite system, and the G mb of the 1.5 in
overlay needed to reflect the combined conditions of this system.
The maximum specific gravity (Gmm) and density of asphalt was determined for utilizing
ASTM D2041 procedures. Two specimens, each with a mass greater than 1,500g were utilized to
determine the Gmm of the mix. Following the procedures outlined in ASTM D2041, the
maximum specific gravity, Gmm, was found to be 2.402.
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The composite pill required that the base pill be reintroduced back into the 6 in mold
prior to the 1.5 in overlay application. The base pill was placed in the environmental chamber,
which was set at a temperature of 50oF for several minutes (contracting the pill) while the mold
was placed in a 350oF oven for several minutes to expand the metal mold. Cooking spray was
applied inside the mold to act as a lubricant as well as around the perimeter of the 6 in base pill
and the base pill was pushed back down into place. The steps noted above allowed for the base
pill to be reintroduced back into the mold.
Once the base pill was in place, the overlay mix was introduced into the mold on top of
the base pill. The mold was placed in the gyratory compactor, and set to compact to a set height
of 4.5 in. Once completed, the composite pill was removed from the mold and allowed to cool
for several hours. The same procedure was followed for the trial 1,475g, 1,500g, and 1,550g
mixes.
Once cooled, the overlay pill was separated from the base pill and the bulk specific
gravity (Gmb) of each overlay pill was found utilizing ASTM D2726. These values and associated
air voids are noted in Table 3.4. Using the Gmb and Gmm values found above, the air void content
of each pill was calculated using equation 3.1.
Table 3.4. Air Voids for Overlay Pills

Specimen Size (g)
1,444.9
1,476.7
1,488.9
1,560.1

Gmm

Gmb

Va (%)

2.402
2.402
2.402
2.402

2.205
2.236
2.278
2.339

8.13
6.91
6.50
2.54
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A mix quantity of 1,477g produced an air void content of 6.91%, which was sufficiently
close to the goal of 7% air voids for the overlay pills. The job mix formula for this mix is
provided in Table 3.5 and was utilized for all overlay pills.
Table 3.5. Job Mix Formula for the 1,475g Overlay Pill

Aggregate blend
Aggregate

Mass (g)

3/4" sieve
1/2" sieve
3/8"sieve
#4 sieve
#8 sieve
Pan
Manufactered Sand (MS)
Regular Screenings (RS)
Hydrated Lime (HL)

0
11.6
40.1
380.2
113.6
21.1
498.3
304.6
13.9
1383.4

% Aggregate in
Mix

41

36
22
1
100

Binder
Grade
Content (Pb)

PG 64-22
6.20%
1% lime
70g water *

Other
* - Utilized to hydrate the lime.
Aggregate mixture dried in 350oF oven for 24 hrs.

Addition of Evotherm ™ 3G to the Mix Design
The 1.5 in overlay previously discussed earlier in the mix design portion of this section
defined the binder content, Pb, to be 6.2% of the mix. To produce the warm mix asphalt, the
additive Evotherm ™ 3G was utilized.
An empty quart can was weighed and its mass recorded (96g). Next, each can that
contained PG 64-22 was weighed and their mass recorded. The mass of binder in each can was
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determined by taking the difference in the mass of the can with binder and the empty can. The
binder total for the can was then used to calculate the amount of Evotherm to be incorporated into
the binder. The amount of Evotherm ™ 3G added was based on 0.500% of the binder mass in
each can.
The Evotherm was integrated thoroughly into the PG 64-22 binder at a temperature of
approximately 267oF. This was done by first placing the binder in the 350oF for approximately 1
hour until the binder was homogeneous and uniform. The binder was transferred to a hot plate to
assist in maintaining the 270oF temperature. Once the binder temperature was established and
maintained, the Evotherm ™ 3G was slowly added to the binder, stirred and agitated for
approximately 30 minutes to ensure that the Evotherm ™ 3G was thoroughly integrated with the
binder, per the manufacturer’s recommendations.
The modified binder was quickly incorporated into the prepared, hot aggregate and mixed
until all the aggregate was properly coated. The warm mix asphalt was then transferred into a pan
sheet and placed in an oven with the temperature set at the required compaction temperature
(300oF, 275oF, 250oF, 225oF, and 200oF) for approximately 2 hours for conditioning.
After 2 hours, the overlay mix was taken from the oven and introduced into the
composite mold and compacted to produce the desired air voids (7%). This overlay is the top
portion of the interlayer composite. The composite was comprised of the base 3 in pill, followed
by the application of 21.3g of binder, paving fabric and finally the 1.5 in compacted overlay. The
composite was approximately 4.5 in in total height. The mold with the base pill, binder, fabric
and mix were then placed in the gyratory compactor, which was set to compact to a set height of
4.5 in. The components of the composite specimen as well as the completed composite are shown
in Figure 3.10.
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Figure 3.10. Photos of the components of the composite specimen preparation.
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Interlayer Shear Strength (ISS) Test
Once completed, the composite pill was removed from the mold and allowed to cool for
several hours at room temperature, until it was cool enough to handle. Once cooled, the
composite was placed in the environmental chamber for a minimum of 48 hours at 50oF. After 48
hours, the composite pills were removed from the chamber and conditioned at room temperature
(77oF) for a minimum of 12 hours prior to testing.
The composite specimens were tested in a shear testing apparatus, shown in Figure 3.11,
to measure the interlayer shear strength (ISS). This analysis assessed the bond between the base
and overlay with the paving fabric interlayer.

Load Platen

Shear Test
Apparatus

Composite
Specimen

Figure 3.11. Shear testing apparatus with composite specimen
The ISS was measured utilizing a procedure developed by Mohammad, et al 2012. The
composite specimen was placed in the shear test apparatus shown in Figure 3.11 and a load was
applied with a controlled crosshead movement of 0.1 in/min. The load was applied until failure
of the composite specimen occurred. Test data for each specimen were recorded and analyzed.
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CHAPTER 4
RESULTS AND DISCUSSION
In this chapter, the experimental results for the viscosity analysis, melt-through test,
wetting test and interlayer shear strength are presented. The rotational viscometer was utilized to
determine the viscosity of each binder at each of the test temperatures. For the melt-through test,
the uptake of the binder by the fabric at varying temperatures was determined. This was
accomplished using a single binder application rate of 0.20 gal/yd2. The amount of binder present
on the indicator film was determined using MATLAB along with AutoCAD. For the wetting test,
the geotextile fabric was subjected to constant heat while being placed on a set mass of binder to
determine the time required to saturate the fabric. For the interlayer bond strength using a direct
shear test, warm mix asphalt overlays were placed over a geosynthetic interlayer system at
varying compaction temperatures.
Viscosity Analysis
Four grades of binder were utilized for the study (PG 58-28, PG 64-22, PG67-22 and PG
76-22) and the viscosity of each binder grade was found over a range of temperatures. These
results are shown in Table 3.2 and Figure 4.1.
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Figure 4.1. Viscosity of Binders
The viscosities of all the binders were at their lowest level at the highest temperature,
300oF. The PG 58-28 binder consistently had the lowest viscosity at all temperatures. The PG
64-22 and PG 67-22 binders maintained low viscosity levels at the mid to high test temperatures.
At the lower temperatures, specifically at 225oF and 200oF, a significant increase in the viscosity
was noticeable for all binder grades. The PG 76-22 binder consistently had the highest viscosity
across all test temperatures; at the 200oF temperature, the PG 76-22 binder was too high to be
tested with the available equipment.
Binders are viscoelastic, meaning they have both elastic properties (deform due to load
but can recover to original shape after removal of the load) and viscous properties (deform due to
load but cannot recover to original shape after the load is removed). The dynamic shear rheometer
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(DSR) quantifies both elastic and viscous properties of an asphalt binder. The binders were
analyzed utilizing the DSR to determine their complex shear modulus (G*/sin δ), which predicts
the rut resistance of a binder as it a measure of binder stiffness (its resistance to shear) at high
temperatures. G* is the total resistance to deformation when repeatedly sheared and δ (phase
angle) is the lag between the applied shear stress and its resulting shear strain. The higher the
G*/sin, the stiffer the binder.
Melt-Through Test
The goal of the melt-through test was to determine the influence that the overlay
temperature had on the uptake of the binder through the paving fabric. Four binders were
subjected to the melt-through test; PG 58-28, PG 64-22, PG 67-22 and PG 76-22. In the meltthrough test, the binder interlayers were subjected to overlays of various temperatures (300oF,
275oF, 250oF, 225oF, and 200oF) placed on top of them and subjected to multiple levels of
compaction.
In the melt-through test, the saturation of the paving fabric was affected by several
factors: temperature of the overlay, compactive effort that was applied to the overlay, and the
binder grade used for the tack coat. This can be seen in the scanned images of the indicator paper
specimens shown in Figures 4.2 – 4.5. The results for the area of binder passed through and
collected on the indicator paper can be seen in Figures 4.6 and 4.7.
Visual Inspection of Indicator Paper
All binders utilized in the melt-through test showed an increasing trend of coverage on
the indicator paper at the higher end test temperatures. As temperature decreased, binder
coverage area decreased. This can be seen in Figures 4.2 – 4.5. PG 58-28 binder consistently
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provided the highest percentage of binder coverage over all ranges of temperature and
compactive effort and provided the highest percentage of binder coverage of all binder grades
between the 200oF – 250oF range. At the higher end test temperatures (275oF – 300oF), both the
low and high grade binders produced similar area values on the indicator paper. However, the
higher grade binders, (PG 67-22 and PG 76-22) produced lower area values on the indicator paper
than that of the lower grade binders at low – mid range test temperatures. All binders had similar
trends with binder coverage decreasing with temperature as shown in Figures 4.6 and 4.7
As Figures 4.2 – 4.5 show, the general trend for all binders tested showed that the
coverage on the indicator paper increased with compactive effort. The PG 58-28 binder provided
the highest percentage of area coverage of the indicator paper across all compactive efforts. PG
64-22 binder provided next highest percentage of area coverage of the indicator paper followed
by PG 67-22 and finally PG 76-22.
Binder grade also played a role in the melt-through test. The softer grade binders (PG
58-28 and PG 64-22) with lower high temperature stiffness provided a greater area of coverage
across the indicator paper than the stiffer grade binders (PG 67-22 and PG 76-22) across the
overlay temperatures tested.
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Figure 4.2. Images of indicator paper from the melt-through test for the PG 58-28 binder.
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Figure 4.3. Images of indicator paper from the melt-through test for the PG 64-22 binder.
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Figure 4.4. Images of indicator paper from the melt-through test for the PG 67-22 binder.
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Figure 4.5. Images of indicator paper from the melt-through test for the PG 76-22 binder.
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Statistical Analysis of Indicator Paper
Saturation of the paving fabric was affected by several factors; overlay temperature, the
compactive effort that was applied to the overlay stratum as well as binder grade. The indicator
paper was scanned and the area of binder present determined using MATLAB as well as
AutoCAD. The area values for PG 58-28, PG 64-22 and PG 67-22 were compared at each
temperature and compaction level to determine statistical differences.
Effect of Overlay Temperature
The area data was subjected to statistical analysis. The results of this analysis with
respect to the effect overlay temperature are shown in Tables 4.1 through 4.3 for the different
binder utilized. One factor affecting the melt-through results was the overlay temperature. In
addition, the compactive effort played a role in increasing coverage on the indicator paper as
well.
An analysis of the overlay temperature and compactive effort was performed for each of
the binder grades (PG 58-28, PG 64-22, and PG 67-22). The results of the analysis showed that
the area of coverage was statistically similar at 275oF and 300oF for all the binders across all
compactive efforts. The analysis showed that in many cases, the area of coverage was
significantly similar for samples that had an overlay temperature of 250 o and 275oF. Below
250oF, the results showed that the temperatures and compactive effort for the binder samples
were not significantly similar. No statistical analysis was performed for the PG 76-22 binder as
only one specimen was tested at each temperature and compactive effort.
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Table 4.1. Effect of Overlay Temperature Analysis for PG 58-28
Compactive Effort Temperature (oF)
200
225
1
250
275
300
200
225
3
250
275
300
200
225
5
250
275
300

200
NSS
NSS
NSS
NSS
NSS
NSS
NSS
NSS
NSS
NSS
NSS
NSS

225
NSS
SS
NSS
NSS
NSS
NSS
NSS
NSS
NSS
SS
NSS
NSS

250
NSS
SS
SS
NSS
NSS
NSS
SS
SS
NSS
SS
SS
SS

275
NSS
NSS
SS
SS
NSS
NSS
SS
SS
NSS
NSS
SS

300
NSS
NSS
NSS
SS
NSS
NSS
SS
SS
NSS
NSS
SS
SS

SS

NSS indicates that the temperatures were not statistically similar at the temperatures being compared.
SS indicates that the temperature were statistically similar at the temperatures being compared (α = 0.05).

Table 4.2. Effect of Overlay Temperature Analysis for PG 64-22
Compactive Effort Temperature (oF)
200
225
1
250
275
300
200
225
3
250
275
300
200
225
5
250
275
300

200
NSS
NSS
NSS
NSS
SS
NSS
NSS
NSS
SS
NSS
NSS
NSS

225
NSS
NSS
NSS
NSS
SS
NSS
NSS
NSS
SS
NSS
NSS
NSS

250
NSS
NSS
SS
NSS
NSS
NSS
NSS
NSS
NSS
SS
SS
SS

275
NSS
NSS
SS
SS
NSS
NSS
NSS
SS
NSS
NSS
SS

300
NSS
NSS
NSS
SS
NSS
NSS
NSS
SS
NSS
NSS
SS
SS

SS

NSS indicates that the temperatures were not statistically similar at the temperatures being compared.
SS indicates that the temperature were statistically similar at the temperatures being compared (α = 0.05).
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Table 4.3. Effect of Overlay Temperature Analysis for PG 67-22
Compactive Effort Temperature (oF)
200
225
1
250
275
300
200
225
3
250
275
300
200
225
5
250
275
300

200
SS
NSS
NSS
NSS
SS
NSS
NSS
NSS
SS
NSS
NSS
NSS

225
SS
NSS
NSS
NSS
SS
NSS
NSS
NSS
SS
SS
NSS
NSS

250
NSS
NSS
SS
SS
NSS
NSS
SS
NSS
NSS
NSS
SS
SS

275
NSS
NSS
SS
SS
NSS
NSS
SS
SS
NSS
NSS
SS

300
NSS
NSS
SS
SS
NSS
NSS
NSS
SS
NSS
NSS
SS
SS

SS

NSS indicates that the temperatures were not statistically similar at the temperatures being compared.
SS indicates that the temperature were statistically similar at the temperatures being compared (α = 0.05).

During the analysis, a large discrepancy was found between the MATLAB and AutoCAD
results. AutoCAD consistently had a higher binder absorption value than that of MATLAB. This
discrepancy is likely due to the scanning of the image. The jpeg image utilized in the MATLAB
program allowed for limited cropping of the image while AutoCAD allowed for better cropping
and rotation of the image. As Figures 4.6 and 4.7 show, both MATLAB and AutoCAD results
showed similar trends with the higher temperatures and more compaction leading to an increase
in tack coverage. For this reason, only the MATLAB results will be used for subsequent analysis.
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Effect of Compactive Effort
The effect of the compactive effort is shown in Figures 4.7 and 4.8. These results
showed the trend that the compactive effort had an impact on the area of coverage in the meltthrough test. The trends show that the area of coverage on the indicator paper, in general,
increased with the number of compaction applications. At the higher temperatures (275 o and
300oF), the effect of the number of compaction applications was less pronounced. At the lower
overlay temperatures, however, the compactive effect was more pronounced.
Tables 4.4 – 4.6 show the results of the statistical analysis performed for all binders. The
compactive effort was statistically similar for three and five compactive efforts, except for two
cases (PG 64-22 at 200oF and PG 67-22 at 300oF). The compactive effort showed that different
binders with varying overlay temperatures would have statistically similar values at the higher
compactive levels. When comparing a single compactive effort with three compactive efforts, the
statistical analysis showed that the binders were significantly similar except for four cases (PG
58-28 at 250 and 275oF, PG 64-22 at 200oF, and PG 67-22 at 300oF). When comparing a single
compactive effort with five compactive efforts, the statistical analysis showed that the binders
were significantly similar except for seven cases (PG 58-28 at 200 and 250oF, PG 64-22 at 200,
225, and 250oF, PG 67-22 at 200 and 250oF). No statistical analysis was performed for the PG
76-22 binder as only one specimen tested at each temperature and compactive effort.
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Figure 4.6 Area of coverage, % from melt-through test for (a) PG 58-28, (b) PG 64-22, (c) PG 6722 and (d) PG 76-22 using Matlab.
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Figure 4.7 Area of coverage, % from melt-through test for (a) PG 58-28, (b) PG 64-22, (c) PG 6722 and (d) PG 76-22 using AutoCAD.
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Table 4.4. Analysis of the Effect Binder Grade for the Melt-Through Test with One Compaction
Application.

Temperature (oF)
200

225

250

275

300

Compactive Effort
1
3
5
1
3
5
1
3
5
1
3
5
1
3
5

1
NSS
NSS
NSS
NSS
NSS
NSS
SS
SS
SS
SS

3
NSS
SS
NSS
SS
NSS
SS
SS
SS
SS

5
NSS
SS
NSS
SS
NSS
SS
SS
SS
SS
SS

SS

NSS indicates that the temperatures were not statistically similar SS indicates that the binders were
statistically similar at the two temperatures being compared (α = 0.05).
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Table 4.5. Analysis of the Effect Binder Grade for the Melt-Through Test with Three Compaction
Application.

Temperature (oF)
200

225

250

275

300

Compactive Effort
1
3
5
1
3
5
1
3
5
1
3
5
1
3
5

1
SS
NSS
SS
SS
NSS
NSS
SS
SS
SS
SS

3
SS
SS
SS
SS
NSS
SS
SS
SS
SS

5
NSS
SS
SS
SS
NSS
SS
SS
SS
SS
SS

SS

NSS indicates that the temperatures were not statistically similar SS indicates that the binders were
statistically similar at the two temperatures being compared (α = 0.05).
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Table 4.6. Analysis of the Effect Binder Grade for the Melt-Through Test with Five Compaction
Application.

Temperature (oF)
200

225

250

275

300

Compactive Effort
1
3
5
1
3
5
1
3
5
1
3
5
1
3
5

1
SS
SS
SS
NSS
SS
SS
SS
SS
SS
NSS

3
SS
SS
SS
SS
SS
SS
SS
SS
SS
NSS
NSS

5
SS
SS
NSS
SS
SS
SS
SS
SS
NSS
NSS

NSS indicates that the temperatures were not statistically similar SS indicates that the binders were
statistically similar at the two temperatures being compared (α = 0.05).

Effect of Binder Grade
The binder grade utilized in the melt-through test had an effect on the area of coverage as
shown in Figure 4.8. Softer grade binders resulted in a greater area of coverage at a given overlay
temperature than stiffer binders. PG 58-28 binder had the lowest stiffness and viscosity and, in
general, produced the greatest area of coverage. This can be seen in Figures 4.2 – 4.5 and 4.8.
The analysis of the binder grades (PG 58-28, PG 64-22, and PG 67-22) showed that the area of
coverage was statistically similar at 275 and 300oF for all the binders at one and three compactive
levels except for three cases PG 58-28 at 200oF was not similar to either PG 64-22 or PG 67-22
for a single compaction and PG 58-28 at 200oF was not similar to either PG 64-22 or PG 67-22 as
well as at 250oF for three compactive efforts. At five compactive levels, the binder grades all
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performed similarly across the range of test temperatures except for two cases (PG 67-22 had
lower coverage at 225 and 300oF).
No statistical analysis was performed for the PG 76-22 binder as only one specimen was
tested at each temperature and compactive effort. When comparing binder grades with a five
compaction applications, the statistical analysis showed that the binders were statistically similar
except for one case at (PG 58-28 at 225oF was not similar to either PG 64-22 or PG 67-22).
The binder grade effected the saturation of the paving fabric. This can be seen by the
area of coverage on the indicator paper. Viscosity is temperature sensitive; as the temperature of
the binder increased, the viscosity decreased. This can be seen in Tables 4.7 – 4.9. An analysis
of the binder viscosity and area of coverage on the indicator paper is shown in Figures 4.2 – 4.5.
As this shows, the coverage of the indicator paper was very much dependent on the binder and its
ability to reduce its viscosity and to be successfully pulled up through the fabric. With this
relationship, the grade of binder was not as important as the binder’s viscosity. As Figure 4.9
shows, the relationship between binder viscosity and indicator paper coverage was important.
This figure shows that lower viscosity levels, regardless of binder grade, allowed for the binder to
be more easily drawn upward into the paving fabric. Overlay temperatures can work to produce
the required viscosity needed to saturate the paving fabric.
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Figure 4.8. Comparison of coverage by binder grade (a) single compactive effort (b) three
compactive efforts (c) five compactive efforts using MATLAB.
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Table 4.7. Analysis of the Effect Binder Grade for the Melt-Through Test with One Compaction
Application.

Temperature (oF) Binder Grade PG 58-28 PG 64-22 PG 67-22
PG 58-28
NSS
NSS
200
PG 64-22
NSS
SS
PG 67-22
NSS
SS
PG 58-28
NSS
NSS
225
PG 64-22
NSS
SS
PG 67-22
NSS
NSS
PG 58-28
NSS
NSS
250
PG 64-22
NSS
SS
PG 67-22
SS
SS
PG 58-28
SS
SS
275
PG 64-22
SS
SS
PG 67-22
SS
SS
PG 58-28
SS
SS
SS
300
PG 64-22
SS
SS
PG 67-22
NSS
SS
NSS indicates that the temperatures were not statistically similar SS indicates
that the binders were statistically similar at the two temperatures being
compared (α = 0.05).
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Table 4.8. Analysis of the Effect Binder Grade for the Melt-Through Test with Three Compaction
Application.

Temperature (oF) Binder Grade PG 58-28 PG 64-22 PG 67-22
PG 58-28
SS
NSS
200
PG 64-22
SS
SS
PG 67-22
NSS
SS
SS
PG 58-28
SS
SS
225
PG 64-22
SS
SS
PG 67-22
SS
SS
PG 58-28
NSS
NSS
250
PG 64-22
NSS
SS
PG 67-22
NSS
SS
PG 58-28
SS
SS
275
PG 64-22
SS
SS
PG 67-22
SS
SS
PG 58-28
SS
SS
300
PG 64-22
SS
SS
PG 67-22
SS
SS
NSS indicates that the temperatures were not statistically similar SS indicates
that the binders were statistically similar at the two temperatures being
compared (α = 0.05).
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Table 4.9. Analysis of the Effect Binder Grade for the Melt-Through Test with Five Compaction
Application.

Temperature (oF) Binder Grade PG 58-28 PG 64-22 PG 67-22
PG 58-28
SS
SS
200
PG 64-22
SS
SS
SS
PG 67-22
SS
SS
PG 58-28
SS
NSS
225
PG 64-22
SS
SS
PG 67-22
NSS
SS
PG 58-28
SS
SS
250
PG 64-22
SS
SS
PG 67-22
SS
SS
PG 58-28
SS
SS
275
PG 64-22
SS
SS
PG 67-22
SS
SS
PG 58-28
SS
NSS
300
PG 64-22
SS
NSS
PG 67-22
NSS
NSS
NSS indicates that the temperatures were not statistically similar SS indicates
that the binders were statistically similar at the two temperatures being
compared (α = 0.05).
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Figure 4.9. Comparison of binder viscosity and indicator paper coverage, %
The compactive effort also had an effect on the degree of saturation of the paving fabric.
At the higher overlay temperatures, the binder viscosity reduced and was more easily drawn
upward to the paving fabric, making compaction less of a factor. However, at the lower overlay
temperatures, the binder viscosity was higher and not drawn upward as easily. In order to
compensate for the lower overlay temperature and draw the binder up into the paving fabric,
additional compactive effort was needed. This additional compactive effort was necessary to
overcome the lower overlay temperature.
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Wettability of Paving Fabric for Varying Binder Grades and Temperatures
The wettability test was an empirical test in which direct observation of the samples was
performed to determine the time it took 2 in square paving fabric specimens with varying binder
grades at different temperatures to reach full saturation. The paving fabric was recorded, with a
photograph taken every 4 minutes over a 5 hour period. The photographs were reviewed to track
the paving fabric progression as it eventually absorbed the binder and settled below the surface of
the binder. Figures 4.11 – 4.12 track the progression of the wettability test for varying binder
grades analyzed. As Figure 4.13 shows the lower grade binders, particularly the PG 58-28 and
PG 64-22 appeared to fully saturate the fabric quicker than higher grade binders. Figure 4.1
shows that the viscosity of an asphalt binder is dependent upon temperature; specifically, as
temperature increases, the binder viscosity decreases.
The saturation time for each sample set varied. The PG 58-28 and PG 64-22 binders
appeared to saturate the paving fabric quicker than both the PG 67-22 and PG 76-22 binders. The
PG 76-22 binder was consistently the binder that required a longer period of time to saturate the
geotextile fabric, primarily at the lower temperature range.
The PG 67-22 grade binder followed a similar trend as the lower grade binders at the
higher test temperature (300oF and 275oF), however, at the mid and low test temperatures, the PG
67-22 grade binder required more time to fully saturate the paving fabric. The PG 76-22 grade
binder followed a higher trend line than the other three binders tested.
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Figure 4.10. Progression of wettability test for PG 58-28 binder at 300oF.
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Figure 4.11. Progression of wettability test for PG 64-22 binder at 300oF.
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Figure 4.12. Progression of wettability test for PG 67-22 binder at 300oF.

80

200
180

Time (minutes)

160
140
PG 58 - 28

120

100

PG 64 - 22

80

PG 67 - 22

60

PG 76 -22

40
20
0
175

200

225

250
275
Temperature oF

300

325

Figure 4.13. Binder viscosity and area of tack coat coverage from the melt-through test.

Interlayer Shear Strength with Binder Application
There were three binders used as tack coats subjected to the interlayer bond strength test:
PG 58-28, PG 64-22, and PG 67-22. These binder were applied at a tack rate of 0.25 gal/yd2 atop
all base pills, followed by the paving fabric and warm mix asphalt overlay. The warm mix
asphalt overlay temperatures varied (300oF, 275oF, 250oF, 225oF, and 200oF). The overlays were
also subjected to the required level of compaction to achieve the 7±1% air voids.
The analysis performed for the interlayer shear strength (ISS) showed a general trend that
ISS increased as binder grade increased. This is shown in Figure 4.14. PG 67-22, the highest
grade binder tested had the highest ISS, followed by the PG 64-22 and finally PG 58-28. The
statistical analysis performed for the ISS showed that there was a significant difference in the ISS
the PG 58-28 and PG 67-22 tack coats at 225, 250 and 300oF. For PG 64-22 and PG 67-22, all
values were statistically similar at all temperature tested except 225 oF.
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The analysis of the k-modulus showed a general trend similar to that of the ISS; an
increase with binder grade. The k-modulus had like values and were statistically similar across
all temperatures ranges, except the PG 58-28 at 250oF where the data point is shown outside of
one standard deviation as shown in Figure 4.15.
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Figure 4.14. Interlayer shear strength
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From the melt-through test, the lower grade binder was more successful at being drawn
up through and saturating the paving fabric; however, higher grade binder provided a better bond
between the layers of the interlayer system as seen from the graph above.
The gyratory compactor was set to produce a 1.5 in tall overlay pill with 7±1% air voids.
As the overlay mixture cooled, the viscosity of the binder increased, making the asphalt mix more
difficult to compact. To achieve the required air void requirements of 7±1%, a greater
compactive effort was needed to reach the desired thickness and density. Figure 4.16 indicates
that at the lower temperatures, a higher number of gyrations were needed to achieve the necessary
compaction to achieve the air voids noted above. The increased compactive effort was able to
compensate for the increased viscosity of the binder at lower overlay temperatures and achieve
the necessary compaction and air voids.
EvothermTM was incorporated into the overlay to create the warm mix asphalt. Warm
mix allows for compaction of the mix at lower temperatures than that of hot mix asphalt. It
should be noted, warm mix asphalt is typically 50oF lower than hot mix asphalt temperatures.
EvothermTM recommends that the lowest compaction temperature utilized with the product for
warm mix asphalt technology is 250oF. The study performed had samples below this
recommended temperature. As Figure 4.16 indicates, the overlays below 250 oF required
significant compaction to achieve the necessary air voids.
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Figure 4.16. Average gyrations for overlay composite pill compaction.

Visual Inspection of Failed Specimens
As Figure 4.17 shows, the paving fabric on the specimens appeared to be saturated,
indicating that the binder tack was successfully heated by the warm mix overlay and pulled
upward into the paving fabric. This observation was found to be consistent for all binder grades
tested (PG 58-28, PG 64-22 and PG 67-22). The paving fabric remained bonded to the base
portion of the composite specimen at the higher end test temperatures (275oF and 300oF). At the
300oF temperature, the shear failure was clean, with no bunching around the edge of the sample.
However, at 275oF, the paving fabric had some minor bunching at the edge of the sample but the
paving fabric remained bonded to the base portion of the composite specimen.
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Figure 4.17. Photos a, and b denote the interlayer bond failures at 300oF while photos c and d
denote the interlayer bond failures at 275oF.
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At the 250oF temperature, the results were mixed for the interlayer analysis. The paving
fabric appeared to peel from both the base and overlay pill, as shown in Figure 4.18.

(a)
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(c)

(d)

Figure 4.18. Interlayer bond failures at 250oF.
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At 225oF, the paving fabric appeared to bond to the top portion of the overlay specimen
but had some minor bunching along the edges as shown in Figure 4.19.

(a)

(b)

(c)

(d)

Figure 4.19. Interlayer bond failures at 225oF.
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At 200oF, the paving fabric appeared to bond to the overlay specimen but some minor
bunching along the edges or slight pulling was noted as shown in Figure 4.20.

(a)

(b)

(c)

(d)

Figure 4.20. Interlayer bond failures at 200oF.
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Interlayer Bond Strength with Tack Application
Conventional tack coat composites were also created for interlayer bond strength
analysis; these composites were different than those binder composites developed for the
interlayer system described in the previous section.
Two sets of three samples were subjected to the interlayer bond strength test to analyze
the effect of a HFMS-1 emulsion tack application in lieu of the binder grades. One of the sets
utilized an application of 0.05gal/yd2 while the second set utilized an application of 0.10gal/yd2
atop the base pill as shown in Figure 4.21. No paving fabric was applied to the base pill but the
base pills were subjected the same conditioning prior to the application of a 300 oF hot mix asphalt
layer. The composite overlays were also compacted to the 7±1% air voids requirement as the
previous composite pill.
At 300oF, the interlayer bond strength with a 0.05gal/yd2 tack application failed at an
average ISS of 71 lbs/in2 and the interlayer bond strength with a 0.10gal/yd2 tack application
failed at an average ISS of 75 lbs/in2. The analysis performed for the interlayer bond strength
with tack application with hot mix asphalt overlay had a higher ISS value when compared with
the geosynthetic interlayers. The values for the HFMS-1 emsulsion tack application benefited by
not having the pavement fabric interlayer that the binder system utilized with a heavy tack coat
application. Applying the overlay directly to the base allowed for a better friction between the
base and overlay. The geosynthetic interlayer system did not provide for the direct bonding of the
two layers and therefore did not have frictional resistance between the layers.
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Figure 4.21. Tack applications of (a) 0.05 gal/yd2 and (b) 0.10 gal /yd2 and examples of failure of
(c) 0.05gal/yd2 and (d) 0.10 gal/yd2.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
Summary
Geoysnthetic interlayer systems provide numerous benefits to a pavement system. Major
advantages of geosynthetic interlayers include prevention of water infiltration on a roadway base
which can extend the life of a pavement and assist in absorbing stresses . Geoysnthetic interlayers
can increase a pavement overlay’s performance and also retard reflective cracking. The primary
objective of this study was to investigate geosynthetic interlayers made with warm mix asphalt
overlay; specifically, does the reduced temperature of a warm mix asphalt overlay affect the
application of geotextile interlayers, is there a minimum threshold overlay temperature for
application of geotextile interlayers, is additional compaction effort required for lower overlay
compaction temperatures and does binder grade affect compaction effort of geotextile interlayers?
Conclusions
Based on the results of this study on geosynthetic pavement interlayer systems
constructed with warm mix asphalt overlays, several factors were found to have an effect on the
interlayer performance. These factors were binder grade, compactive effort, and temperature.
Binder Grade
The binder grade utilized in the geosynthetic interlayer had an effect on the ability to
saturate the paving fabric. This was due to the viscosity of the binder. During experimentation,
the movement of the binder tack upwards into the paving fabric was effected by the viscosity of
the binder. Higher grade binders such as PG 67-22 and PG 76-22 performed better with a higher
overlay temperature; with these higher overlay temperatures, viscosity was reduced, thus
allowing for better upward movement of the binder and better saturation of the paving fabric.
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Lower grade binders such as PG 58-28 and PG 64-22 were also able to achieve high saturation
levels at higher overlay temperatures. The higher grade binders required a greater level of
compactive effort to ensure that sufficient levels of binder were successfully drawn up from the
sub-base and saturated the paving fabric. Lower grade binders performed better at lower test
temperatures.
Compactive Effort
The compactive effort utilized to compact the overlay had an effect on the saturation of
the paving fabric in the interlayer. Greater compactive effort leads to an increase in saturation of
the paving fabric. At lower temperatures, a higher compactive effort was needed to increase the
saturation due to the increased viscosity.
Temperature
The effect that overlay temperature had on the geoysnthetic interlayer was evident in the
saturation of the paving fabric in the interlayer system. The binder tack coat had better upward
movement and better saturation of the paving fabric at higher overlay temperatures than at lower
overlay temperatures. The specimens with higher overlay temperatures were better able to heat
the binder tack coat; this reduced the binder viscosity allowing for the binder to be better drawn
up through the paving fabric compared to those at lower temperatures.
Melt-Through
The melt through test confirmed that the paving fabric’s ability to become saturated was
dependent on temperature along with a reduction of the viscosity of the binder. At higher
temperature ranges, the binder viscosity was able to reduce more quickly, allowing the paving
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fabric to more quickly absorb the binder. At lower temperatures, it took longer for the binder to
heat up and saturate the paving fabric.
Interlayer Shear Strength
The interlayer shear strength of the geosynthetic interlayer composite was affected by the
grade of the binder. The binder was applied to the base, followed by the paving fabric and warm
mix asphalt overlay. The ISS and k-modulus both showed an increasing trend with binder grade
(higher the binder grade, the higher the ISS and k-modulus values). It can be concluded that the
G*/sin δ of the binder, as it a measure of binder stiffness (its resistance to shear) supports the ISS
and k-modulus trends and the samples that utilized the higher grade binder as a tack coat were
better able to resist shearing.
The fact that overlay temperature did not influence the composite shear strength was
likely due to the compactive effort required to compact the overlay samples at lower
temperatures. Additional compactive effort was needed to achieve the required overlay density,
which likely offset the lower overlay temperatures.
A comparison was made between a layered system with hot mix asphalt with a
conventional tack coat application (0.05 – 0.10 gal/yd2 asphalt emulsion) against the composite
warm mix samples with the straight binder tack coat application (0.25 gal/yd2). The samples with
conventional tack application with hot mix asphalt overlay had a higher ISS value when
compared with the binder grades, paving fabric and warm mix asphalt overlay. However, the
results of each system should not be compared as the geosynthetic specimens were constructed of
different materials and tack coat application rate. The values for the conventional emsulsion tack
application benefited by not having the pavement fabric interlayer that the binder system utilized.
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Applying the overlay directly to the base allowed for a better friction between the base and
overlay. The geosynthetic interlayer system did not allow for the direct bonding of the two layers.
Recommendations


It is best to use a minimum overlay temperature of 250oF when using a geosynthetic
interlayer. At this temperature and above, the binder is able to reduce its viscosity and
promote better upward transfer to the paving fabric.



Utilize a higher grade binder tack coat material if the interlayer system will be subjected
to higher shear stresses.



When warm mix asphalt overlays are being utilized at colder temperatures, increased
compactive effort may be needed. This compactive effort could be along the lines of
additional passes by rollers or heavier compaction equipment.



Higher grade binders created an interlayer having a higher shear strength than that of
lower grade binders even though the lower grade binders were more easily drawn upward
from the overlay applied. For higher ISS, the higher grade binder is recommended.



Further testing with PG 76-22 in the warm mix asphalt composites should be investigated
to see if the higher grade binders could achieve higher ISS close to the level of
conventional tack coat applications.
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Appendix A
A.1 - Area summary of PG 58-28 melt-through test

Binder
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28

Compactive
Temperature ( F)
Effort
o
300
1
o
300
1
300o
1
o
300
3
o
300
3
o
300
3
300o
5
o
300
5
o
300
5
o
275
1
275o
1
o
275
1
o
275
3
o
275
3
275o
3
o
275
5
o
275
5
o
275
5
250o
1
o
250
1
o
250
1
o
250
3
250o
3
o
250
3
o
250
5
o
250
5
250o
5
o
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Area (%) by Area (%) by
MATLAB
AutoCAD
83.67
98.24
84.70
98.65
82.81
95.91
84.33
99.28
80.07
98.31
83.73
98.53
85.12
99.15
84.68
99.80
84.81
99.13
75.33
94.42
84.61
93.77
79.89
94.08
87.72
99.41
87.19
99.00
83.53
97.52
84.48
98.59
86.30
98.96
86.11
99.04
78.74
95.68
74.34
90.20
73.70
89.47
83.20
95.05
81.79
94.80
83.17
95.01
82.42
93.37
79.72
92.60
84.99
97.80

A.1 - Area summary of PG 58-28 melt-through test (cont.)

Binder
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28
PG 58-28

Compactive
Temperature ( F)
Effort
o
225
1
225o
1
o
225
1
o
225
3
o
225
3
225o
3
o
225
5
o
225
5
o
225
5
200o
1
o
200
1
o
200
1
o
200
3
200o
3
o
200
3
o
200
5
o
200
5
200o
5
o
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Area (%) by Area (%) by
MATLAB
AutoCAD
75.94
87.08
69.06
78.81
68.58
83.81
77.57
90.64
63.53
72.02
74.10
83.94
77.29
87.38
71.60
81.50
79.86
91.05
53.20
59.62
57.71
65.87
55.51
63.63
61.61
73.49
61.27
70.92
55.24
64.00
58.72
68.37
69.87
81.15
72.01
84.04

A.2 - Area summary of PG 64-22 melt-through test

Binder
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22

Temperature (F)
300o
300o
300o
300o
300o
300o
300o
300o
300o
275o
275o
275o
275o
275o
275o
275o
275o
275o
250o
250o
250o
250o
250o
250o
250o
250o
250o

Compaction
1
1
1
3
3
3
5
5
5
1
1
1
3
3
3
5
5
5
1
1
1
3
3
3
5
5
5
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Area (%) by Area (%) by
MATLAB
AutoCAD
87.11
94.97
89.48
98.41
77.05
84.10
87.19
94.67
84.32
91.76
80.88
87.89
84.37
93.68
86.85
93.86
85.34
91.94
69.53
75.70
83.29
88.58
67.90
71.51
83.80
92.01
84.34
91.27
85.68
93.20
90.41
97.50
76.62
96.34
88.82
95.07
68.59
71.47
67.26
72.14
70.12
74.64
70.43
78.48
81.48
89.05
73.17
89.04
78.11
91.59
84.31
90.93
74.69
81.90

A.2 - Area summary of PG 64-22 melt-through test (cont.)

Binder
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22
PG 64-22

Temperature (F)
225o
225o
225o
225o
225o
225o
225o
225o
225o
200o
200o
200o
200o
200o
200o
200o
200o

Compaction
1
1
1
3
3
3
5
5
5
1
1
3
3
3
5
5
5
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Area (%) by Area (%) by
MATLAB
AutoCAD
65.09
71.88
52.62
57.35
49.95
55.21
71.51
80.05
59.91
62.06
56.59
73.30
67.25
86.95
72.32
78.44
70.96
77.08
44.20
46.14
41.02
41.82
53.51
57.36
57.63
59.57
52.74
56.81
61.45
64.97
69.16
75.39
71.98
75.42

A.3 - Area summary of PG 67-22 melt-through test

Binder
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22

Temperature (F)
300o
300o
300o
300o
300o
300o
300o
300o
300o
275o
275o
275o
275o
275o
275o
275o
275o
275o
250o
250o
250o
250o
250o
250o
250o
250o
250o

Compaction
1
1
1
3
3
3
5
5
5
1
1
1
3
3
3
5
5
5
1
1
1
3
3
3
5
5
5
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Area (%) by Area (%) by
MATLAB
AutoCAD
77.17
94.96
79.47
93.93
80.14
91.67
83.72
96.66
84.81
98.43
84.46
98.86
77.84
93.27
81.63
96.93
79.51
98.46
80.44
79.47
78.51
95.58
79.52
91.74
83.22
95.52
84.53
96.95
76.02
99.01
77.42
91.23
78.65
91.98
67.21
92.83
68.81
78.79
67.21
78.91
73.65
89.01
72.84
84.43
70.13
81.91
73.93
84.18
77.18
91.10
74.37
86.93
80.23
94.12

A.3 - Area summary of PG 67-22 melt-through test (cont.)

Binder
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22
PG 67-22

Temperature (F)
225o
225o
225o
225o
225o
225o
225o
225o
200o
200o
200o
200o
200o
200o
200o
200o
200o
200o

Compaction
1
1
1
3
3
3
5
5
5
1
1
1
3
3
3
5
5
5
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Area (%) by Area (%) by
MATLAB
AutoCAD
55.54
63.36
43.30
50.54
43.84
49.28
65.16
75.09
44.04
58.15
64.27
75.82
55.19
65.25
66.69
78.61
65.00
76.55
28.53
31.17
46.52
64.52
40.34
75.92
49.26
57.30
46.28
71.79
53.60
54.68
54.50
63.48
56.90
64.97
60.50
68.50

A.4 - Area summary of PG 76-22 melt-through test

Binder
PG 76-22
PG 76-22
PG 76-22
PG 76-22
PG 76-22
PG 76-22
PG 76-22
PG 76-22
PG 76-22
PG 76-22
PG 76-22
PG 76-22
PG 76-22
PG 76-22
PG 76-22

Temperature (F)
300o
300o
300o
275o
275o
275o
250o
250o
250o
225o
225o
225o
200o
200o
200o

Compaction
1
3
5
1
3
5
1
3
5
1
3
5
1
3
5
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Area (%) by Area (%) by
MATLAB
AutoCAD
73.92
90.53
78.17
93.56
81.03
97.37
57.92
67.8
71.58
85.05
79.66
92.25
61.96
72.25
68.75
80.71
67.14
82.69
36.88
42.84
52.26
62.07
59.38
69.76
28.49
36.19
36.89
44.64
46.87
58.46

Appendix B
Melt-Through Images

PG 58-28 Sample 1
o
300 F Single Compaction

PG 58-28 Sample 2
o
300 F Single Compaction

PG 58-28 Sample 3
o
300 F Single Compaction

PG 58-28 Sample 4
o
300 F Three Compactions

PG 58-28 Sample 5
o
300 F Three Compactions

PG 58-28 Sample 6
o
300 F Three Compactions

PG 58-28 Sample 7
o
300 F Five Compactions

PG 58-28 Sample 8
o
300 F Five Compactions

PG 58-28 Sample 9
o
300 F Five Compactions

Figure B.1 Scans of PG 58-28 indicator paper.
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PG 58-28 Sample 10
o
275 F Single Compaction

PG 58-28 Sample 11
o
275 F Single Compaction

PG 58-28 Sample 12
o
275 F Single Compaction

PG 58-28 Sample 13
o
275 F Three Compactions

PG 58-28 Sample 14
o
275 F Three Compactions

PG 58-28 Sample 15
o
275 F Three Compactions

PG 58-28 Sample 16
o
275 F Five Compactions

PG 58-28 Sample 17
o
275 F Five Compactions

PG 58-28 Sample 18
o
275 F Five Compactions

Figure B.1 Scans of PG 58-28 indicator paper (cont.)
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PG 58-28 Sample 19
o
250 F Single Compaction

PG 58-28 Sample 20
o
250 F Single Compaction

PG 58-28 Sample 21
o
250 F Single Compaction

PG 58-28 Sample 22
o
250 F Three Compactions

PG 58-28 Sample 23
o
250 F Three Compactions

PG 58-28 Sample 24
o
250 F Three Compactions

PG 58-28 Sample 25
o
250 F Five Compactions

PG 58-28 Sample 26
o
250 F Five Compactions

PG 58-28 Sample 27
o
250 F Five Compactions

Figure B.1 Scans of PG 58-28 indicator paper (cont.)
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PG 58-28 Sample 28
o
225 F Single Compaction

PG 58-28 Sample 29
o
225 F Single Compaction

PG 58-28 Sample 30
o
225 F Single Compaction

PG 58-28 Sample 31
o
225 F Three Compactions

PG 58-28 Sample 32
o
225 F Three Compactions

PG 58-28 Sample 33
o
225 F Three Compactions

PG 58-28 Sample 34
o
225 F Five Compactions

PG 58-28 Sample 35
o
225 F Five Compactions

PG 58-28 Sample 36
o
225 F Five Compactions

Figure B.1 Scans of PG 58-28 indicator paper (cont.)
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PG 58-28 Sample 37
o
200 F Single Compaction

PG 58-28 Sample 38
o
200 F Single Compaction

PG 58-28 Sample 39
o
200 F Single Compaction

PG 58-28 Sample 40
o
200 F Three Compactions

PG 58-28 Sample 41
o
200 F Three Compactions

PG 58-28 Sample 42
o
200 F Three Compactions

PG 58-28 Sample 43
o
200 F Five Compactions

PG 58-28 Sample 44
o
200 F Five Compactions

PG 58-28 Sample 45
o
200 F Five Compactions

Figure B.1 Scans of PG 58-28 indicator paper (cont.)
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PG 64-22 Sample 1
o
300 F Single Compaction

PG 64-22 Sample 2
o
300 F Single Compaction

PG 64-22 Sample 3
o
300 F Single Compaction

PG 64-22 Sample 4
o
300 F Three Compactions

PG 64-22 Sample 5
o
300 F Three Compactions

PG 64-22 Sample 6
o
300 F Three Compactions

PG 64-22 Sample 7
o
300 F Five Compactions

PG 64-22 Sample 8
o
300 F Five Compactions

PG 64-22 Sample 9
o
300 F Five Compactions

Figure B.2 Scans of PG 64-22 indicator paper.
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PG 64-22 Sample 10
o
275 F Single Compaction

PG 64-22 Sample 11
o
275 F Single Compaction

PG 64-22 Sample 12
o
275 F Single Compaction

PG 64-22 Sample 13
o
275 F Three Compactions

PG 64-22 Sample 14
o
275 F Three Compactions

PG 64-22 Sample 15
o
275 F Three Compactions

PG 64-22 Sample 16
o
275 F Five Compactions

PG 64-22 Sample 17
o
275 F Five Compactions

PG 64-22 Sample 18
o
275 F Five Compactions

Figure B.2 Scans of PG 64-22 indicator paper (cont.)
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PG 64-22 Sample 19
o
250 F Single Compaction

PG 64-22 Sample 20
o
250 F Single Compaction

PG 64-22 Sample 21
o
250 F Single Compaction

PG 64-22 Sample 22
o
250 F Three Compactions

PG 64-22 Sample 23
o
250 F Three Compactions

PG 64-22 Sample 24
o
250 F Three Compactions

PG 64-22 Sample 25
o
250 F Five Compactions

PG 64-22 Sample 26
o
250 F Five Compactions

PG 64-22 Sample 27
o
250 F Five Compactions

Figure B.2 Scans of PG 64-22 indicator paper (cont.)
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PG 64-22 Sample 28
o
225 F Single Compaction

PG 64-22 Sample 29
o
225 F Single Compaction

PG 64-22 Sample 30
o
225 F Single Compaction

PG 64-22 Sample 31
o
225 F Three Compactions

PG 64-22 Sample 32
o
225 F Three Compactions

PG 64-22 Sample 33
o
225 F Three Compactions

PG 64-22 Sample 34
o
225 F Five Compactions

PG 64-22 Sample 35
o
225 F Five Compactions

PG 64-22 Sample 36
o
225 F Five Compactions

Figure B.2 Scans of PG 64-22 indicator paper (cont.)
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PG 64-22 Sample 37
o
200 F Single Compaction

PG 64-22 Sample 38
o
200 F Single Compaction

PG 64-22 Sample 39
o
200 F Single Compaction

PG 64-22 Sample 40
o
200 F Three Compactions

PG 64-22 Sample 41
o
200 F Three Compactions

PG 64-22 Sample 42
o
200 F Three Compactions

PG 64-22 Sample 43
o
200 F Five Compactions

PG 64-22 Sample 44
o
200 F Five Compactions

PG 64-22 Sample 45
o
200 F Five Compactions

Figure B.2 Scans of PG 64-22 indicator paper (cont.)
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PG 67-22 Sample 1
o
300 F Single Compaction

PG 67-22 Sample 2
o
300 F Single Compaction

PG 67-22 Sample 3
o
300 F Single Compaction

PG 67-22 Sample 4
o
300 F Three Compactions

PG 67-22 Sample 5
o
300 F Three Compactions

PG 67-22 Sample 6
o
300 F Three Compactions

PG 67-22 Sample 7
o
300 F Five Compactions

PG 67-22 Sample 8
o
300 F Five Compactions

PG 67-22 Sample 9
o
300 F Five Compactions

Figure B.3 Scans of PG 67-22 indicator paper.
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PG 67-22 Sample 10
o
275 F Single Compaction

PG 67-22 Sample 11
o
275 F Single Compaction

PG 67-22 Sample 12
o
275 F Single Compaction

PG 67-22 Sample 13
o
275 F Three Compactions

PG 67-22 Sample 14
o
275 F Three Compactions

PG 67-22 Sample 15
o
275 F Three Compactions

PG 67-22 Sample 16
o
275 F Five Compactions

PG 67-22 Sample 17
o
275 F Five Compactions

PG 67-22 Sample 18
o
275 F Five Compactions

Figure B.3 Scans of PG 67-22 indicator paper (cont.)
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PG 67-22 Sample 19
o
250 F Single Compaction

PG 67-22 Sample 20
o
250 F Single Compaction

PG 67-22 Sample 21
o
250 F Single Compaction

PG 67-22 Sample 22
o
250 F Three Compactions

PG 67-22 Sample 23
o
250 F Three Compactions

PG 67-22 Sample 24
o
250 F Three Compactions

PG 67-22 Sample 25
o
250 F Five Compactions

PG 67-22 Sample 26
o
250 F Five Compactions

PG 67-22 Sample 27
o
250 F Five Compactions

Figure B.3 Scans of PG 67-22 indicator paper (cont.)
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PG 67-22 Sample 28
o
225 F Single Compaction

PG 67-22 Sample 29
o
225 F Single Compaction

PG 67-22 Sample 30
o
225 F Single Compaction

PG 67-22 Sample 31
o
225 F Three Compactions

PG 67-22 Sample 32
o
225 F Three Compactions

PG 67-22 Sample 33
o
225 F Three Compactions

PG 67-22 Sample 34
o
225 F Five Compactions

PG 67-22 Sample 35
o
225 F Five Compactions

PG 67-22 Sample 36
o
225 F Five Compactions

Figure B.3 Scans of PG 67-22 indicator paper (cont.)
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PG 67-22 Sample 37
o
200 F Single Compaction

PG 67-22 Sample 38
o
200 F Single Compaction

PG 67-22 Sample 39
o
200 F Single Compaction

PG 67-22 Sample 40
o
200 F Three Compactions

PG 67-22 Sample 41
o
200 F Three Compactions

PG 67-22 Sample 42
o
200 F Three Compactions

PG 67-22 Sample 43
o
200 F Five Compactions

PG 67-22 Sample 44
o
200 F Five Compactions

PG 67-22 Sample 45
o
200 F Five Compactions

Figure B.3 Scans of PG 67-22 indicator paper (cont.)
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PG 76-22 Sample 1
o
300 F Single Compaction

PG 76-22 Sample 2
o
300 F Three Compactions

PG 76-22 Sample 3
o
300 F Five Compactions

PG 76-22 Sample 4
o
275 F Single Compaction

PG 76-22 Sample 5
o
300 F Three Compactions

PG 76-22 Sample 6
o
275 F Five Compactions

PG 76-22 Sample 7
o
250 F Single Compaction

PG 76-22 Sample 8
o
250 F Three Compactions

PG 76-22 Sample 9
o
250 F Five Compactions

Figure B.4 Scans of PG 76-22 indicator paper.
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PG 76-22 Sample 10
o
225 F Single Compaction

PG 76-22 Sample 11
o
225 F Three Compactions

PG 76-22 Sample 12
o
225 F Five Compactions

PG 76-22 Sample 13
o
200 F Single Compaction

PG 76-22 Sample 14
o
200 F Three Compactions

PG 76-22 Sample 15
o
200 F Five Compactions

Figure B.4 Scans of PG 76-22 indicator paper (cont.)
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Appendix C
Wettability Test

PG 58 - 28
3/15/2013
300oF
0 minutes

4 minutes

8 minutes

12 minutes

16 minutes
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32 minutes

36 minutes

40 minutes

44 minutes

48 minutes
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60 minutes

64 minutes

68 minutes

72 minutes

76 minutes

Figure C.1 PG 58-28 @ 300oF
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PG 58 - 28
3/20/2013
275oF
0 minutes
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Figure C.2 PG 58-28 @ 275oF
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Figure C.2 PG 58-28 @ 275oF (cont.)
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PG 58 - 28
3/24/2013
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Figure C.3 PG 58-28 @ 250oF
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Figure C.3 PG 58-28 @ 250oF (cont.)

124

PG 58 - 28
3/27/2013
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Figure C.4 PG 58-28 @ 225oF
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Figure C.4 PG 58-28 @ 225oF (cont.)
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PG 58 - 28
3/27/2013
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Figure C.5 PG 58-28 @ 200oF
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Figure C.5 PG 58-28 @ 200oF (cont.)
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PG 64 - 22
3/18/2013
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Figure C.6 PG 64-22 @ 300oF
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PG 64 - 22
3/20/2013
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Figure C.7 PG 64-22 @ 275oF
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Figure C.8 PG 64-22 @ 250oF
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Figure C.9 PG 64-22 @ 225oF
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Figure C.9 PG 64-22 @ 225oF (cont.)
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Figure C.10 PG 64-22 @ 200oF
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Figure C.10 PG 64-22 @ 200oF (cont.)
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Figure C.11 PG 67-22 @ 300oF

136

PG 67 - 22
3/20/2013
275oF
0 minutes

4 minutes

8 minutes

12 minutes

16 minutes

20 minutes

24 minutes

28 minutes

32 minutes

36 minutes

40 minutes

44 minutes

48 minutes

52 minutes

56 minutes

60 minutes

64 minutes

68 minutes

72 minutes

76 minutes

Figure C.12 PG 67-22 @ 275oF
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Figure C.13 PG 67-22 @ 250oF
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Figure C.13 PG 67-22 @ 250oF (cont.)
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Figure C.14 PG 67-22 @ 225oF
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Figure C.14 PG 67-22 @ 225oF (cont.)
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Figure C.15 PG 67-22 @ 200oF
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Figure C.15 PG 67-22 @ 200oF (cont.)
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Figure C.15 PG 67-22 @ 200oF (cont.)
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Figure C.16 PG 76-22 @ 300oF
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Figure C.16 PG 76-22 @ 300oF (cont.)
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Figure C.17 PG 76-22 @ 275oF
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Figure C.17 PG 76-22 @ 275oF (cont.)
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Figure C.18 PG 76-22 @ 250oF
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Figure C.18 PG 76-22 @ 250oF (cont.)
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Figure C.19 PG 76-22 @ 225oF
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Figure C.19 PG 76-22 @ 225oF (cont.)
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Figure C.20 PG 76-22 @ 200oF
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Figure C.20 PG 76-22 @ 200oF (cont.)
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Appendix D
Table D.1 – Load Analysis Data

Temperature
Binder
PG 58-28 -3
PG 58-28 -4
PG 58-28 -5
PG 58-28 -7
PG 58-28 -8
PG 58-28 -9
PG 58-28 -1
PG 58-28 -2
PG 58-28 -3
PG 58-28 -10
PG 58-28 -11
PG 58-28 -16
PG 58-28 -13
PG 58-28 -14
PG 58-28 -15
PG 64 -22 -1
PG 64 -22 -2
PG 64 -22 -3
PG 64 -22 -4
PG 64 -22 -5
PG 64 -22 -6
PG 64 -22 -7
PG 64 -22 -8
PG 64 -22 -9
PG 64 -22 -10
PG 64 -22 -11
PG 64 -22 -12
PG 64 -22 -13
PG 64 -22 -14
PG 64 -22 -15

o

( F)
300
300
300
275
275
275
250
250
250
225
225
225
200
200
200
300
300
300
275
275
275
250
250
250
225
225
225
200
200
200

ISS
k-modulus
Load
# of
2
2
3
(lbs) Area (in ) (lbs/in ) (lbs/in ) gyrations
719.29
28.26
25.45
361.58
9
868.56
28.26
30.73
378.11
9
669.95
28.26
23.71
426.62
7
1014.49
28.26
35.90
397.52
26
612.00
28.26
21.66
434.19
22
455.70
28.26
16.13
208.67
7
468.70
28.26
16.59
209.89
16
417.42
28.26
14.77
190.77
14
467.29
28.26
16.54
192.46
19
683.47
28.26
24.18
301.65
27
611.12
28.26
21.62
278.73
48
935.99
28.26
33.12
373.88
60
694.53
28.26
24.58
230.15
17
427.61
28.26
15.13
193.22
13
857.50
28.26
30.34
323.15
57
930.55
28.26
32.93
431.68
12
898.24
28.26
31.78
344.65
14
857.14
28.26
30.33
383.42
9
819.04
28.26
28.98
369.56
22
844.15
28.26
29.87
331.95
10
725.97
28.26
25.69
319.78
12
879.97
28.26
31.14
277.22
17
1237.69
28.26
43.80
341.99
36
1449.82
28.26
51.30
440.41
44
648.35
28.26
22.94
209.03
15
781.63
28.26
27.66
265.01
26
957.77
28.26
33.89
309.33
24
417.25
28.26
14.76
133.31
10
411.80
28.26
14.57
150.24
7
1071.91
28.26
37.93
394.49
51
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Table D.1 – Load Analysis Data (cont.)

Temperature
Binder
PG 67- 22 - 1
PG 67- 22 - 2
PG 67- 22 - 3
PG 67- 22 - 4
PG 67- 22 - 5
PG 67- 22 - 6
PG 67- 22 - 7
PG 67- 22 - 8
PG 67- 22 - 9
PG 67- 22 - 10
PG 67- 22 - 11
PG 67- 22 - 12
PG 67- 22 - 13
PG 67- 22 - 14
PG 67- 22 - 15

o

( F)
300
300
300
275
275
275
250
250
250
225
225
225
200
200
200

ISS
k-modulus
Load
# of
2
2
3
(lbs/in
)
(lbs) Area (in ) (lbs/in )
gyrations
843.27
28.26
29.84
372.33
9
1025.73
28.26
36.30
478.94
7
924.58
28.26
32.72
387.03
9
1110.20
28.26
39.29
457.25
20
1907.99
28.26
67.52
736.08
18
588.82
28.26
20.84
205.94
15
662.75
28.26
23.45
251.89
10
1154.80
28.26
40.86
354.53
13
1031.70
28.26
36.51
432.15
31
1164.28
28.26
41.20
359.77
37
1188.17
28.26
42.04
363.39
34
976.56
28.26
34.56
291.40
15
873.00
28.26
30.89
267.54
22
1272.28
28.26
45.02
357.68
68
1158.66
28.26
41.00
415.19
92
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Appendix E
Table E.1 – ISS Shear Data for PG 58-28
Temperature

ISS

Specimen

( F)

(lbs/in2)

PG 58-28 -3

300

25.45

PG 58-28 -4

300

30.73

PG 58-28 -5

300

23.71

PG 58-28 -7

275

35.90

PG 58-28 -8

275

21.66

PG 58-28 -9

275

16.13

PG 58-28 -1

250

16.59

PG 58-28 -2

250

14.77

PG 58-28 -3

250

16.54

PG 58-28 -10

225

24.18

PG 58-28 -11

225

21.62

PG 58-28 -16

225

33.12

PG 58-28 -13

200

24.58

PG 58-28 -14

200

15.13

PG 58-28 -15

200

30.34

o

Average ISS
(lbs/in2)

Standard
Coefficient of
Deviation (ISS) Variation (ISS)

26.63

33.81

126.94

24.56

121.01

492.72

15.96

10.59

66.32

26.31

49.66

188.74

23.35

66.95

286.72
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Table E.2 – ISS Shear Data for PG 64-22
Temperature

ISS

Specimen

( F)

(lbs/in2)

PG 64 -22 -1

300

32.93

PG 64 -22 -2

300

31.78

PG 64 -22 -3

300

30.33

PG 64 -22 -4

275

28.98

PG 64 -22 -5

275

29.87

PG 64 -22 -6

275

25.69

PG 64 -22 -7

250

31.14

PG 64 -22 -8

250

43.80

PG 64 -22 -9

250

51.30

PG 64 -22 -10

225

22.94

PG 64 -22 -11

225

27.66

PG 64 -22 -12

225

33.89

PG 64 -22 -13

200

14.76

PG 64 -22 -14

200

14.57

PG 64 -22 -15

200

37.93

o

Average ISS
(lbs/in2)

Standard
Coefficient of
Deviation (ISS) Variation (ISS)

31.68

43.60

137.63

28.18

25.95

92.10

42.08

82.17

195.27

28.16

50.26

178.46

22.42

146.15

651.81
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Table E.3 – ISS Shear Data for PG 67-22
Temperature

ISS

Specimen

( F)

(lbs/in2)

PG 67- 22 - 1

300

29.84

PG 67- 22 - 2

300

36.30

PG 67- 22 - 3

300

32.72

PG 67- 22 - 4

275

39.29

PG 67- 22 - 5

275

67.52

PG 67- 22 - 6

275

20.84

PG 67- 22 - 7

250

23.45

PG 67- 22 - 8

250

40.86

PG 67- 22 - 9

250

36.51

PG 67- 22 - 10

225

41.20

PG 67- 22 - 11

225

42.04

PG 67- 22 - 12

225

34.56

PG 67- 22 - 13

200

30.89

PG 67- 22 - 14

200

45.02

PG 67- 22 - 15

200

41.00

o

Average ISS
(lbs/in2)

Standard
Coefficient of
Deviation (ISS) Variation (ISS)

412.77

57.77

14.00

466.42

265.19

56.86

346.19

90.42

26.12

338.19

40.56

11.99

68.57

74.43

108.53
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Appendix F
Table F.1 – k-modulus Data for PG 58-28
kTemperature modulus
o

3

Specimen

( F)

(lbs/in )

PG 58-28 -3

300

361.58

PG 58-28 -4

300

378.11

PG 58-28 -5

300

426.62

PG 58-28 -7

275

397.52

PG 58-28 -8

275

434.19

PG 58-28 -9

275

208.67

PG 58-28 -1

250

209.89

PG 58-28 -2

250

190.77

PG 58-28 -3

250

192.46

PG 58-28 -10

225

301.65

PG 58-28 -11

225

278.73

PG 58-28 -16

225

373.88

PG 58-28 -13

200

230.15

PG 58-28 -14

200

193.22

PG 58-28 -15

200

323.15

Average kmodulus
(lbs/in )

Standard
Deviation

Coefficient of
Variation

388.77

33.81

8.70

346.79

121.01

34.89

197.71

10.59

5.35

318.08

49.66

15.61

248.84

66.95

26.90

3
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Table F.2 – k-modulus Data for PG 64-22
kTemperature modulus
Specimen

(o F)

(lbs/in 3 )

PG 64 -22 -1

300

431.68

PG 64 -22 -2

300

344.65

PG 64 -22 -3

300

383.42

PG 64 -22 -4

275

369.56

PG 64 -22 -5

275

331.95

PG 64 -22 -6

275

319.78

PG 64 -22 -7

250

277.22

PG 64 -22 -8

250

341.99

PG 64 -22 -9

250

440.41

PG 64 -22 -10

225

209.03

PG 64 -22 -11

225

265.01

PG 64 -22 -12

225

309.33

PG 64 -22 -13

200

133.31

PG 64 -22 -14

200

150.24

PG 64 -22 -15

200

394.49

Average kmodulus
(lbs/in 3 )

Standard
Deviation

Coefficient of
Variation

386.58

43.60

11.28

340.43

25.95

7.62

353.20

82.17

23.26

261.12

50.26

19.25

226.01

146.15

64.66
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Table F.3 – k-modulus Data for PG 67-22
kTemperature modulus
Specimen

(o F)

(lbs/in 3 )

PG 67- 22 - 1

300

372.33

PG 67- 22 - 2

300

478.94

PG 67- 22 - 3

300

387.03

PG 67- 22 - 4

275

457.25

PG 67- 22 - 5

275

736.08

PG 67- 22 - 6

275

205.94

PG 67- 22 - 7

250

251.89

PG 67- 22 - 8

250

354.53

PG 67- 22 - 9

250

432.15

PG 67- 22 - 10

225

359.77

PG 67- 22 - 11

225

363.39

PG 67- 22 - 12

225

291.40

PG 67- 22 - 13

200

267.54

PG 67- 22 - 14

200

357.68

PG 67- 22 - 15

200

415.19

Average kmodulus
(lbs/in 3 )

Standard
Deviation

Coefficient of
Variation

412.77

57.77

14.00

466.42

265.19

56.86

346.19

90.42

26.12

338.19

40.56

11.99

346.81

74.43

21.46
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Appendix G
ISS Failures

PG 58-28-3
Failure: Some shear, but small portion of top pill adhered to base.

PG 58-28-4
Failure: Shear. Clean break between layers. Adhered to base.

PG 58-28-5
Failure: Shear. Clean break between layers. Adhered to base.

Figure G.1 PG 58-28 Shear Failures
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PG 58-28-7
Failure: Shearing, but small portion of top pill
adhered to base.

PG 58-28-8
Failure: Shear with some bunching of fabric noted. Adhered to top.

PG 58-28-9
Failure: Some fabric pulled up from the base pill and adhered to
overlay but majority adhered to base.

Figure G.1 PG 58-28 Shear Failures (cont.)
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PG 58-28-1
Failure: Fabric 1/2 on base pill and 1/2 on overlay. Pull from
fabric from both base and top pill.

PG 58-28-2
Failure: Fabric 1/2 on base pill and 1/2 on overlay. Pull from
fabric from both base and top pill.

PG 58-28-3
Failure: Majority of fabric on overlay pill.
Fabric pulled from both base and overlaypill.

Figure G.1 PG 58-28 Shear Failures (cont.)
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PG 58-28-10
Failure: Fabric adhered to overly. Mostly clean. Some bunching of
fabric noted on the top layer.

PG 58-28-11
Failure: Fabric adhered to overly. Mostly clean. Some bunching of
fabric noted on the top layer.

PG 58-28-12
Failure: Fabric adheres to overlay. Some fabric detached
from both top and base pill.

Figure G.1 PG 58-28 Shear Failures (cont.)
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PG 58-28-13
Failure: Fabric adhered to top. Some overlay material
pulled up with fabric. Fabric was bunched.

PG 58-28-14
Failure: Shear. Clean break between layers.

PG 58-28-15
Failure: Majority of fabric attached to top. Small portion still
attached to bottom. Some pull of fabric from both pills.

Figure G.1 PG 58-28 Shear Failures (cont.)
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PG 64-22-1
Failure: Shear. Clean break between layers. Adhered to base.

PG 64-22-2
Failure: Shear. Clean break between layers. Adhered to base.

PG 64-22-3
Failure: Shear. Clean break between layers. Adhered to top.

Figure G.2 PG 64-22 Shear Failures

168

PG 64-22-4
Failure: Some shear but 1/2 of fabric pulled off base.
Adhered to base.

PG 64-22-5
Failure: Shear. Clean break between layer but fabric bunched.
Adhered to base. Poor binder adhesion at edge
where bunched.

PG 64-22-6
Failure: Some shear but 1/2 of fabric pulled off base.
Adhered to base.

Figure G.2 PG 64-22 Shear Failures (cont.)
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PG 64-22-7
Failure: Some shear but 1/2 of fabric pulled off base.
Adhered to base.

PG 64-22-8
Failure: Shear. Clean break between layer but fabric bunched.
Adhered to base. Poor binder adhesion at edge
where bunched.

PG 64-22-9
Failure: Some shear but 1/2 of fabric pulled off base.
Adhered to base.

Figure G.2 PG 64-22 Shear Failures (cont.)
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PG 64-22-10
Failure: Fabric adhered to overlay; mostly clean. Some
bunching of fabric noted on the top layer.

PG 64-22-11
Failure: Fabric adhered to overlay; mostly clean. Bunching
fabric from both base and top pill. Shear failure.

PG 64-22-12
Failure: Fabric adheres to overlay. Mostly clean seperation.
90% of fabric on top, 10% on base.

Figure G.2 PG 64-22 Shear Failures (cont.)
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PG 64-22-13
Failure: Fabric adheres to overlay. Some pull and bunching
of fabric noted on overlay pill.

PG 64-22-14
Failure: Shear. Clean break between layer.
Fabric adhered to top.

PG 64-22-15
Failure: Shear. Some pull and bunching but mostly clean.
Fabric adhered to top.

Figure G.2 PG 64-22 Shear Failures (cont.)
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PG 67-22-1
Failure: Shear. Clean break between layers. Adhered to base.

PG 67-22-2
Failure: Shear. Clean break between layers. Adhered to base.

PG 67-22-3
Failure: Shear. Clean break between layers. Adhered to base.

Figure G.3 PG 67-22 Shear Failures
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PG 67-22-4
Failure: Shear. Clean break between layers. Adhered to base.

PG 67-22-5
Failure: Shear. Clean break between layers. Adhered to base.

PG 67-22-6
Failure: Shear. Clean break between layers. Adhered to base.

Figure G.3 PG 67-22 Shear Failures (cont.)
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PG 67-22-7
Failure: Fabric bunched on base pill on load end.
Adhered to base.

PG 67-22-8
Failure: Some fabric pulled up from the base pill and adhered to
overlay but majority adhered to base.

PG 67-22-9
Failure: Fabric 1/2 on base pill and 1/2 on overlay. Pull from
fabric from both base and top pill.

Figure G.3 PG 67-22 Shear Failures (cont.)
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PG 67-22-10
Failure: 2/3 fabric adhered to top, 1/3 to base.
Some fabric detached from both top and base pill.

PG 67-22-11
Failure: Fabric adhered to top. Some overlay material
pulled up with fabric. Fabric was bunched.

PG 67-22-12
Failure: Fabric adhered to top. Some overlay material
pulled up with fabric. Fabric was bunched.

Figure G.3 PG 67-22 Shear Failures (cont.)
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PG 67-22-13
Failure: Shear failure. Mostly clean break between layers some
bunching of fabric on top pill. Fabric adhered to top.

PG 67-22-14
Failure: Fabric adhered to top. Some overlay material
pulled up with fabric. Fabric was bunched.

PG 67-22-15
Failure: Shear failure. Clean break between layers.

Figure G.3 PG 67-22 Shear Failures (cont.)
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