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Synopsis

These Proceedings from the AR2009 Conference in Nanjing, China, summarized 50
years of research and experience in the use, performance, and properties of Asphalt-
Rubber binders and provided much needed vital current and historical information
on the product for engineers worldwide. This information has allowed engineers
to successfully take advantage of this cost effective, durable and environmentally
beneficial material. These proceedings from AR2009 will build on the earlier
AR2000, AR2003 and AR2006 volumes through the latest research and experiences
of routine and beginning users throughout the world.






Editorial

China is an amazing country. It embodies the feeling I had as a young kid studying the
evolution of earth’s fauna and flora during periods of our planet’s history when millions of
new species were being created and evolving rapidly (actually this evolution took millions of
vears but when presented in class it seemed rapid). The reason that AR2009 will take place
in Nanjing is rooted in one of those “new species” created by David Lee when he founded
GoldBond. The combination of many unlikely partners, bonded only by the honorable
handshake of a gentlemen’s agreement has set in motion the asphalt rubber industry in China.
In large part, the asphalt rubber industry that now exists stems from the huge promotional
efforts spearheaded by David Lee in almost every province and major city in China ( /
personally made presentations on asphalt rubber to well over 15 000 people .. maybe even as
many as 20 000..).

Since the last AR2006 in Palm Springs, many amazing events have shaped my life, all of
which in one way or another can be traced to asphalt rubber. I have gotten married for the
first time and I now have two sons, George and Daniel. This only happened because I was
promoting asphalt rubber in China for David Lee when I met Li Dan Dan, my wife. It was one
of those strange Hollywood style scenes where I felt that I just needed to have children with
her even before we had spoken a word. It should be noted that the concept of actually having
to get married only really sunk in when I tried to bring her to Portugal to meet my parents.
The Portuguese Consul at the time refused to give her an entry visa, even after I demonstrated
that she was pregnant. Within a few weeks I had forced the same consul to perform her duties
as a notary of the Portuguese Government and get us married in Beijing with my parents as
witnesses (and some of my best friends).

Another life altering moment happened on my way to a consulting job in the deep bowels
of Angola’s jungle, where I was to inspect an airport project. The LEA Director Molares de
Abril was very satisfied with the performance of the first asphalt rubber job in Angola (which
was actually executed by a South African company), that I had designed a few years earlier,
and had invited me to design another airport’s overlay. The jeep I was driving rolled over four
times and I found myself upside down on a detour only traveled once a week by a German
woman. | was dazed, bleeding profusely from my head and had one leg yanked out of its
socket. In that moment when I was sure I was going to die, ironically in the country where I
was born, I felt strangely comforted with the idea that I was leaving a son in this world (my
genes would live on). However, | quickly realized that his life would be much better if [ were
to survive, and then an immense desire to be here for him and my wife overtook me. Luckily,
the German woman’s once a week trip on that road occurred only ten minutes after the
accident. I was then, and am still, deeply moved and extremely thankful for the compassion,
dedication, and humanity of all those that went out of their way and put so much effort into
making sure [ survived. I now realize how much we all can do for others.

This experience only has fueled my passion to promote asphalt rubber even more
enthusiastically, not only for what we can do for others but in order to make a better world for
my kids. The way we address our responsibility towards society and the environment dictates
our legacy to future generations (curiously this matters to me more now than before).



After it having been so amply, clearly and unequivocally demonstrated by Texas DOT Dale
Rand that asphalt rubber overlays save lives, I have found myself having serious discussions
with key members of highway network agencies. The simple fact that AR overlays saves
lives and cost less is still not enough to sway them into full use on their networks. Powerful
lobbying forces set in motion by those that stand to lose from superbly performing roads
are still in the way of cleaner environments, more cost-effective pavement structures, and
safer roads. Governments/People must step in and decide if they would rather have one more
student in college for each mile of safer asphalt rubber road or bury the money mixed in more
asphalt, more aggregate, more fuel consumption, more CO, emissions and more pollution.
The choice from any parent’s view point worldwide is obvious.

However, it is truly inspiring and motivating, when we are made aware of the phenomenal
political savvy, intelligence, patience and dedication that the Brazilian DER-RJ has employed
to win over some powerful lobbies and put into their standard specifications asphalt rubber
products, without one single ton of asphalt rubber ever having been produced in Brazil.
Actually I need to let you know a secret. The one truly responsible for all these efforts is
Raphael Pinto. His father, as all good fathers do, involves his son in things that are dear to
him, and at many meals had me explain to his son the advantages of AR. One day Raphael,
who is a brilliant kid, saw an accident caused by the notorious lack of friction in Rio’s (and
Brazil’s) roads after the first rains, and told the father that the accident was his fault because
he was not using AR in the road networks under his care.

Also since AR2006, events have happened in the USA that will shape generations to come.
Starting with the decision by the Supreme Court that CO, is a pollutant, to the worldwide
global recession we face, and lastly the election of the first mutt (in his own words) to the
Presidency of the United States. Obama campaigned on a platform of hope and he made the
world believe that we all can hope for something better. We can hope for better governments,
we can have hope for better lives, and above all we can hope that we are smart enough to
leave a better world for our children. I am absolutely sure that each one of you that is reading
this Editorial has the power to directly or indirectly influence the application of AR in some
road network, someplace in the world. I just hope that, for the sake of our children, you will
use that power.

It has taken six years, since AR2003 in Brasilia, (an only a few years after Rafael spoke to
his father) for AR specifications to be on the books in Rio de Janeiro. It has taken about eight
years since AR2000 in Vilamoura, Portugal for standard specifications to start to be more
widely accepted in Portugal, thanks to environmental forces (credit must be given to Camara
Pestana for understanding the benefits and using AR specifications early on in his AEA road
network). However, there are now in Portugal, as in other countries, some pundits clinging
to the coat tails of AR performance to market their asphalt products that have only meager
sprinklings of tire-recycled rubber.

It has to resonate positively that Jiangsu Province already has AR specifications even
before AR2009 has happened in Nanjing. This can only be attributed to the vision, leadership
and deep scientific knowledge of Dr. Qian Guochao, Deputy Director of the Jiangsu
Provincial Communications Department, who has graciously provided the FORWARD for
these Proceedings. Clearly the in-depth research conducted on asphalt rubber by the Jiangsu



Transportation Research Institute over the last few years made his task easier.

I am greatly honored that Dr. Rongji Cao agreed to be the Co-Chairman of this AR2009
conference and that we received the full support of the Jiangsu Transportation Research
Institute , the Jiangsu Provincial Communications Department and the Ministry of Transport.

We, (my Co-Chairman and I) express our gratitude to Catia Dantas for her efforts as the
Conference Secretary who, even while pregnant with her first son Pedro, persistently managed
to insure the timeliness of the review process. Since papers in the AR2009 are all peer
reviewed, we plan to send a selected number of them for further consideration and publication
in the International Journal of Road Materials and Pavement Design (IJRMPD). This creates
the potential opportunity for some of AR2009’s high caliber papers to be included in future
editions of [JRMPD. The IJRMPD has a blind peer review process for accepting papers, and
has substantial international distribution. This could facilitate the dissemination of papers that
would otherwise be confined to these proceedings and have somewhat limited distribution.
Therefore, it should be understood that papers that are being presented at this conference may
later be accepted for the peer review and modification process of the IJRMPD prior to their
printing. For those papers accepted later for publication by the IIRMPD, their inclusion here
in these Asphalt-Rubber 2009 Proceedings should be considered as pre-publication drafts.

I greatly appreciate the friendship and counseling I got from George Way and Dr. Shakir
Shatnawi throughout the AR series of conferences as I cherish their opinions and insights.
Sometimes I think I created these AR conferences just to have an excuse to interact with them.

The Rubber Pavement Association (RPA) must be recognized as a unique lighthouse in the sea
of lobbying interests in the paving community. It is a group of dedicated experts that genuinely
tries to promote asphalt rubber worldwide because they believe in its quality and in the benefits to
society which stem from its usage. I have been very proud to serve on RPA’s Board of Directors as
I respect and endorse the goals of the Association (however; taking an example from Raphael Pinto’
s intervention, we could be more effective if RPA started a campaign of education for the young
children of key people responsible for highway networks...).

The efforts of the Technical Committee should be known by all, authors and readers alike.
The quality of the papers clearly stems from the authors but in many cases the reviewers
offered excellent advice and suggestions which improved them. I personally feel highly
honored that our reviewers chose to serve in that role for the AR2009 Proceedings.

I express my deepest appreciation to the authors that have provided us with so many
excellent papers, some with a great deal of original work. Clearly, without these dedicated
individuals, neither these Proceedings nor this conference would have been possible.

Jorge B. Sousa, Ph.D.
Chairman






Foreword

In China, traffic volume and the transportation highway system of roads and bridges
is currently in the period of rapid growth. Likewise, to support this rapid growth the
transportation highway industry relies on a myriad of resources which include a large amount
of land, coastlines, mines, building materials and other natural and manmade resources. In
order to achieve a sustainable development of the rapidly growing transportation system,
China must employ means and methods to resolve the problem of wisely using limited
resources and meet environment constraints. Therefore, the Ministry of Transport made a
series of major strategic decisions, such as building a resource-saving and environment-
friendly, innovation-oriented transport industry, transiting transportation services from the
traditional to the modern style, and developing the modern transportation industry.

Recycling of waste tires into asphalt-rubber is an innovative, environmentally friendly and
resource saving means to effectively build modern highway pavements which provide ideal
pavement performance. The widespread application of the asphalt-rubber reduces the number
of waste tires, provides for energy conservation, environmental protection, and mitigates
environmental pollution problem. As early as the 1980’s, developed countries in Europe and
America had begun a large number of applications of asphalt- rubber. China, in recent years
through a series of scientific research, has made considerable progress in asphalt rubber
technology by means of appropriate industrialization methods and large-scale application.

At present, the total opening length of the Jiangsu province’s expressway have exceeded
3,700 kilometers with a density ranking first in the nation. In the past nearly 10 years, Jiangsu
Province has solved the early damages of asphalt pavement and made fundamental progress
in the road construction quality. Most newly-built pavements can be maintained with no
rehabilitation in the first 10 years.

Jiangsu Provincial Communications Department attaches great importance to the
applications of new technologies and materials in pavement. After years of researching,
application and review, Jiangsu Department of Transportation forms a complete and innovative
asphalt-rubber technology system including the selection of raw materials, production and
construction technology. Asphalt-rubber has been successfully applied in Nanjing-Changzhou,
Nanjing-Hangzhou Expressway and Highway S340 Provincial Highway and other projects.
Therefore, domestic and international experts have noted these asphalt-rubber projects for
their good quality.

AR2009 Conference will gather together the asphalt-rubber industry experts, academics,
engineers and construction managers from many countries, and will discuss on the topics of
all aspects of asphalt-rubber production, engineering application and production facilities etc.
We hope that AR2009 will help to promote the pavement application of the asphalt-rubber
technology and further contribute to energy-saving emission reduction and resource recycling
in the world.

Nanjing is a famous cultural city with a long history, and is a charming and vibrant modern



city as well. I sincerely wish every participant a happy stay in Nanjing’s golden autumn and
the AR2009 Conference a complete and great success!

Dr. Qian Guochao,
Deputy Director
Jiangsu Provincial Communications Department
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Asphalt-Rubber 40 Years of Use in Arizona

Ali Zareh — George B. Way

Arizona Department of Transportation
Recycle Tire Engineering and Research Foundation

azareh@azdot.gov
wayouta@cox.net

ABSTRACT: Since 1969 the state of Arizona in the United States has used a unique asphalt
binder called asphalt-rubber which contains a large percentage of crumb rubber from
ground waste tires as an asphalt binder. This unique paving asphalt material consisting of
approximately 20 percent ground waste tires and 80 percent paving grade asphalt is used to
primarily reduce all types of cracking, including reflective cracking, thermal cracking, fatigue
cracking and it is used as a crack and joint sealant. In addition since 1994 asphalt-rubber
binder has been defined by an ASTM standard specification. Asphalt-rubber can be applied as
a chip seal coat or in a hot mix. The asphalt-rubber chip seals and hot mixes have been used
on state, city and county highways in Arizona to increase the pavement service life in a cost
effective manner. This paper reports on the long term history and performance of asphalt-
rubber with regard to reducing all forms of cracking, providing a surface with virtually no
rutting, good skid resistance, little maintenance, smooth ride and less noise. Approximately
50 percent of the pavements in Arizona have an asphalt-rubber surface. In general, objective
pavement performance measurements taken over a 40 year period all indicate that asphalt-
rubber is a very good durable surface wearing course material that can be successfully
applied in both cold and hot climates and used on both asphalt and concrete pavements. In
addition approximately 50 million tires have been successfully recycled.

KEYWORDS: asphalt-rubber, crumb rubber, reflective cracking, benefits, performance
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1. Foreword

This paper is a continuation and updating of the AR2006 paper (Zareh, 2006) that
documented the history and use of asphalt-rubber (AR) in Arizona. The paper is similar to
the previous paper but adds new material indicative of the continued use of AR. The paper is
a summary paper and other Conference papers go into more detail in several areas touched
upon in this paper. AR continues to be used in Arizona as a routine asphalt binder which is
codified in various agency standards including the Arizona Department of Transportation 2008
Standard Specification (ADOT, 2008) and the Maricopa Association of Government standard
specification (MAG, 2008).

2. What is Asphalt-rubber?

Asphalt-rubber (AR) is a mixture of hot asphalt and crumb rubber derived from waste or
scrap tires. It is used extensively in the highway paving industry, particularly in the states of
Arizona, California and Texas. It is a material that can be used to seal cracks and joints, be
applied as a chip seal coat and added to hot mineral aggregate to make a unique asphalt paving
material. The American Society of Testing and Materials (ASTM) defines AR as “a blend of
asphalt cement, reclaimed tire rubber and certain additives, in which the rubber component is
at least 15% by weight of the total blend and has reacted in the hot asphalt cement sufficiently
to cause swelling of the rubber particles,” (ASTM, 2008). This definition was developed in the
late 1990°s along with an ASTM specification for AR, D 6114 (ASTM, 1997).

However, the story of how AR was originally invented, patented, how it has been and how
it is presently used, how it is made, and its benefits which have increased with time, that story
begins in the 1960’s. The initial development of asphalt-rubber started in the mid 1960’s when
Charles McDonald, then City of Phoenix Materials Engineer, began searching for a method
of maintaining pavements that were in a failed pavement condition as a result of primarily
cracking (Morris, 1993). McDonald’s early efforts resulted in the development of small,
prefabricated AR patches that he called “Band-Aids”, Figure 1. These patches were generally
0.61m x 0.61m (24 in x 24 in) and consisted of asphalt-rubber placed on paraffin coated paper
with 9.5mm (3/8 in) chips embedded.

Figure 1. Charles McDonald asphalt-rubber Band-aid
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3. Asphalt Rubber as a Slurry Material

Recognizing that fatigue cracking generally occurred in larger areas rather than small
patches the concept was extended to full pavement sections by spreading the AR with slurry
seal equipment, Figure 2, followed by aggregate application with standard chip spreaders
(McDonald, 1981). This process had two distinct construction problems. First, in order to
achieve the desired reaction of the asphalt and crumb rubber in the limited time available
in the slurry equipment, it was necessary to employ asphalt temperatures of 232°C (450°F)
and higher. Second, the thickness of the membrane varied directly with the irregularity of
the pavement surface. This resulted in excessive materials in areas such as wheel ruts and
insufficient membrane thickness in between.

Enrty asphalt rubber
Chip soal
Circa 1870

Early asphall b
Shary spal appiication
Circa 1870

Figure 2. Asphalt-rubber applied as a slurry seal
4. Asphalt-Rubber as a Chip Seal Application

In 1971, technology had developed to the point that standard asphalt distributor trucks
with appropriate continuous mixing capability were employed to apply a uniform thickness
of binder to the pavement Figure 3. Although problems with distribution and segregation
of materials were encountered on the early projects, these were recognized as primarily
equipment limitations. Within the next few years equipment was developed with pumping,
metering and agitation capabilities needed to handle the highly viscous AR materials.

Following the development of suitable equipment to spray apply AR Charles McDonald
and his colleagues in the development of this material were granted a patent in 1975. This
patented process is described as the McDonald Process or Wet Process for making AR. It
should be noted that AR patents ended in 1992. As noted earlier the Arizona Department
of Transportation (ADOT) monitored the development of AR and placed a band aid type
maintenance application of AR in 1964. In 1968, experience from trial and error and the
burning of a couple of distributor boot trucks lead to improvements in mixing to a satisfactory
degree that AR could be safely and consistently placed with a distributor truck by using a
diluent (kerosene). From 1968 - 1972, ADOT placed AR on six projects that were slated for
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reconstruction. The cracking on these projects was generally typical of a failed pavement
needing at least a six inch overlay or complete reconstruction, Figure 4.

Figure 4. Asphalt-rubber chip seal applied to badly cracked pavement, circa 1972

For these seal coat type application projects a boot truck distributor was used to apply the
AR. In these early applications the ground tire rubber was introduced into the top of the boot
truck and mixed by rocking the truck forward and backward. Even with this rather primitive
early technology it was possible to construct the first full scale ADOT field experiment in
1972 using AR as a seal coat or Stress Absorbing Membrane (SAM), as well as an interlayer
under a hot mix asphalt (HMA) surfacing. The interlayer application is typically referred to as
a Stress Absorbing Membrane Interlayer (SAMI), Figure 5 and 6. Both the SAM and SAMI
applications showed great promise in reducing reflective cracking (Way, 1979).
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Stress Absorbing Membrane (SAM)

Existing Pavement

Figure 5. Asphalt-rubber Stress Absorbing Membrane (SAM)

Stress Absorbing Membrane Interlayer (SAMI)

Asphalt-Rubber Membrane Surface Course

Do Cligs

Cracked Pavement

Figure 6. Asphalt-rubber Stress Absorbing Membrane Interlayer (SAMI)

From 1974 until 1989, approximately 1100km (660 miles) of state highways were built
using a SAM or SAMI application of AR. In addition to this, ADOT and the Federal Highway
Administration (FHWA) sponsored numerous research studies, thus greatly increasing the
state-of-the-knowledge concerning AR. In addition to reducing reflective cracking, it was
noted early on that AR is a waterproofing membrane. Several projects were built to control
subgrade moisture in order to control expansive (swelling) clays or to reduce structural
pavement sections. This application proved to be very successful (Forstie, 1979). In 1989
ADOT documented in a research report the history, development, and performance of AR at
ADOT (Scofield, 1999). In that report the following conclusion is stated, “AR has successfully
been used as an encapsulating membrane to control pavement distortion due to expansive soils
and to reduce reflection cracking in overlays on both rigid and flexible pavements. During
the twenty years of AR use, ADOT has evolved from using slurry applied AR chip seals to
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utilizing reacted AR as a binder in open and gap graded asphalt concrete.” He noted that AR
could be used as a binder for HMA. Concurrent with this conclusion, it became evident that
AR as a binder could provide a HMA suitable for addressing cracked pavements.

5. Asphalt-rubber in Hot Mix Applications

In 1985 ADOT began experimenting with two AR mixes an open graded (ARFC) and a
gap graded (ARAC). ADOT had experienced cracking problems with its dense graded mixes
and raveling of its open graded mixes, Figure 7 and 8.

Figure 7. Cracked highway

Figure 8. Raveled pavement

Given the good results with AR as a chip seal coat material, ADOT thought that a HMA
with AR binder might reduce the cracking and resist raveling. To fully utilize AR properties
two aggregate gradations that would provide a high voids in the mineral aggregate (VMA).
Both Gap Graded and Open Graded gradations are shown in Figure 9. The ADOT began to
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use Open Graded Friction Courses (OGFC) with conventional asphalt as early as 1954 (Morris,
1973). The primary reason for using this material was to provide a surface with good skid
resistance, good ride and appearance. Over the years the gradation has changed slightly but
has remained virtually the same since 1973. In 1985 ADOT began experimenting with two AR
mixes, an open graded (ARFC) and a gap graded (ARAC). The Gap Graded mix (ARAC) was
developed by the City of Phoenix in Arizona for use on city streets as a thin overlay of 25 mm
(1 in) in thickness. Both gradations are shown in Figure 9.
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Figure 9. ADOT ARAC (Gap-Graded) & ARFC (Open Graded) Gradation Chart -Sieve Sizes
to 0.45 Power

6. Current Asphalt-Rubber Open Graded Mix Design

In 1988, a 25 mm (1 in) layer of an open-graded AR asphalt concrete friction course
commonly referred to as ARFC was placed on several miles of Interstate 19, south of Tucson.
The gradation of this mix is the same as shown in Figure 9. This ARFC mix, containing 10.0
percent AR by weight of the mix as the binder (note: diluent is no longer used), was placed
on top of a plain jointed concrete pavement. Table 1 shows the mix design equation used to
determine the ARFC binder content. Virtually all AR mixes for ADOT projects were designed
in the ADOT Materials Central Laboratory. Since 1988, no cracks reflected through the 1-19
project until 1996, when only a few transverse cracks appeared over the concrete joints. In
1999 District Maintenance reviewed this project and concluded that as before no maintenance
was needed. Amazingly from 1988 until 2006 no maintenance was performed on this project.
In 2006 an interchange project was constructed which due to construction damage necessitated
the resurfacing of the project. From this first project, dozens of projects have been successfully
built with AR as the binder

The good success of this project and many others lead to the American Society of Testing
and Materials (ASTM) developing and publishing two open graded standards in 2004, D
6932, D 7064 (ASTM, 2004) that describe another form of mix design for open graded
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mixes including those using asphalt-rubber and guidelines for the construction of such open

graded mixes. ADOT AR open graded mixes substantially conform to the ASTM open graded
standards.

Table 1. Asphalt-rubber open graded binder content

binder content % = ((.38) (W)+8.6)) [2'620}

C
W =% WATER ABSORPTION of Aggregate (Note value cannot be greater than 2.5%)
C = COMBINED Oven Dry SPECIFIC GRAVITY of Aggregate(Note value must be between 2.35
and 2.85)

Example

2.620

((.38(1.10) + 8.6)) [7

} =8.92

The AR contains 20 percent ground tire crumb rubber by weight of the asphalt content
and is commonly referred to as the Arizona AR binder. These projects were built with the
expressed purpose of controlling reflective cracks with a very thin layer of very elastic
material. To date, all projects have performed as expected. As a further extension of this work,
a structural overlay called a gap graded ARAC was designed and built in 1990 on Interstate
40 near Flagstaff, using AR as the asphalt concrete binder (Way, 1991 and Way 2000). This
project also contained numerous Strategic Highway Research Program (SHRP) test sections
as well as ADOT test sections. The purpose of the project was to overlay a severely cracked
and failed concrete pavement. With the completion test section experiment in 2001 the AR
sections built as the top portion (overlay top 50 mm (2 in) ARAC, with a 12.5 mm (0.50 in)
ARFC) have the least percentage of reflective cracks. Indeed the percent cracking of the AR
section is less than one third of the 100 mm (4 in) conventional HMA dense graded overlay
and less than one half the 200 mm (8 in) conventional HMA dense graded overlay.

7. Asphalt-rubber Open Graded Construction

Construction of an AR pavement involves first mixing and then fully reacting the crumb
rubber as required by specification. Typically 20 percent ground tire rubber that meets the
gradation shown in Table 2 is added to a hot base asphalt heated to a temperature of about
190°C (375°F) and mixed for at least one hour. After reaction the AR mixture is kept at a
temperature of about 175°C (350°F) until it is introduced into the mixing plant. Samples
of the rubber, base asphalt, and AR mixture are taken and tested accordingly. The ARFC
which typically has one percent lime added to the mix is placed with a conventional laydown
machine and immediately rolled with a steel wheel roller. In the past on rare occasions a small
amount of sand, 1 kg/m* (two pounds per square yard) was specified in case it was needed as
a release agent. Presently lime water is used on rare occasions (high temperatures) in place
of sand to reduce pickup from tires. Generally one bag of lime is added to a water truck and
sprayed on the pavement.
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Table 2. Ground Tire Rubber Gradation

Sieve Percent
Metric US Passing
2.00 mm #10 100
1.18 mm #16 65-100
0.60 mm #30 20-100
0.30 mm #50 0-45
0.075 mm  #200 0-5

7.1. General usage

ARFC is generally used as the final wearing surface for both concrete and HMA
pavements. For concrete pavements the joints are cleaned and resealed with AR. Spalled
areas are cleaned and filled with HMA to level the surface. A 25 mm (1 in.) ARFC is placed
to improve the smoothness, reduce reflective cracking, improve skid resistance, and reduce
noise. If the concrete is in poor condition and the roadway geometrics allow a leveling and
strengthening course of AR-AC is placed 50 mm (2 in.) thick before the ARFC is placed.
For HMA pavements a standard deflection based design is conducted to correct structural
deficiencies. The ARFC is used as the final wearing surface. It is placed 12.5 mm (0.50 in.)
thick and is used to improve smoothness, reduce cracking, provide adequate skid resistance,
and reduce noise. On some badly cracked pavements a gap-graded ARAC, generally 37.5
mm (1.5 in.) to 50 mm (2 in.) thick, is placed to address cracking. An ARFC may be placed
depending upon the traffic volume and type of highway.

In reviewing numerous pavement designs over the last 20 years AR pavement sections
are typically thinner than those constructed with HMA. The average HMA pavement section
is typically 100 to 125 mm (4 to 5 in.) in thickness, whereas the AR pavement sections are
generally 37-62 mm in thickness (1.5 to 2.5 in.), Figure 10. Thus the AR pavement will be on
the order of half or less than half the thickness of the HMA pavements without AR. In addition
the degree of fatigue cracking in the AR mix pavements is on the order of only 10 percent of
that in the HMA pavements.

Asphan Rutbe % Cf Miss
ih Fatgue Cracking
%

Figure 10. ADOT AR Typical Thickness and Fatigued Cracking compared to Dense Graded
HMA
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7.2. Cost

The cost of asphalt binder has gone up tremendously during 2008 as shown in Figure 11.
Although the price or cost of asphalt may not vary directly with the cost or price of a barrel of
oil it does to track closely in the Arizona market.

Anzona Bid Price of Asphelt 1994-2008
vs. Price of a Bamel of Ol

0.00 5000 10000 15000
Price of Barrel of Oil In Dollars

Figure 11. 2008 Comparison of ADOT asphalt bid price to the price of a barrel of oil

Cost comparisons in years previous to 2008 would indicate that the AR binder alone is as
much as twice as expensive as asphalt binder. In 2008, however, with the huge increase in
asphalt binder cost the difference between the cost of asphalt and asphalt-rubber binder has
narrowed substantially. Table 3 shows that the 2008 cost of asphalt-rubber mixes is from only
9 to 16 percent greater than regular HMA.
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Table 3. Asphalt-Rubber Mix Bid Prices 2008

Total Mix Costs in Dollars, June 2008

Mix Bid Price per |Cost per Cost per

Ton Square Yd/Inch | Square
Meter/25 mm

HMA $79 $4.30 $4.66

Dense

ARAC $94 (+16%) |$5.00 (+16%) |$5.42 (+16%)

Gap

ACFC $75 $3.43 $3.72

Open

ARFC $82 (+9%) [$3.75 (+9%) $4.05 (+9%)

Open

Given this change in the cost structure it is easy to observe that asphalt-rubber mixes are
presently very attractive in cost when particularly examined in light of actual usage. On the
I-19 project, only a 25 mm (1 in.) ARFC was placed at a cost of about $2.45 per square meter.
The comparable repair strategy is to grind the concrete, which costs about $5.00 dollars per
square meter, thus the AR mix was actually less expensive to construct. The ARFC continues
to provide a smooth riding, virtually crack free, good skid resistant, quiet and virtually
maintenance free surface for a period as long as seventeen years. Similarly, the ARAC, ARFC
project on the 1-40 Flagstaft cost about ten dollars per square meter including the cost of the
cracking and seating. The adjacent reconstruction project was built at a cost of about $25 per
square meter for the paving alone. When all other costs including detours are included the cost
for reconstruction is about $45 per square meter. In addition, the 16 km (10 mile) AR overlay
project was built in four months, whereas the adjacent 8 km (5 mile) reconstruction project
took two years to build. Also, the reconstruction project was overlaid with AR after ten years
of service due to excessive cracking and rough ride. The AR overlay project built in 1990 as
of today, ten years after construction, still has virtually no cracking. It should be noted that the
Flagstaff projects are located at about 2134 m (7000 feet) elevation. Typical rainfall is about
625 mm (25 in.) per year with an average annual snowfall of about 2250 mm (90 inches) per
year. The coldest temperature recorded since construction on this project has been — 32°C
(-25°F). The use of AR on this [-40 project alone conservatively saved at least $18 million
dollars and about four years of construction traffic disruption. Attached pictures of I-40 before
overlay (Illustration 1) and pictures taken in November 1997 (Illustration 2), clearly show the
long term benefit of the use of AR on this project. In 1998 additional comparative photos were
taken from a higher vantage point, and also clearly show the reduction in reflective cracking
due to AR (Illustration 3).
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INTERSTATE 40 PRIOR TO CONCRETE PAVEMENT REHABILITATION

Illustration 1. Interstate 40 concrete pavement before overlay with asphalt-rubber mixes

INTERSTATE 40 AFTER ASPHAULRUBBER REHABILITATION

Illustration 2. Interstate 40 concrete pavement seven years after overlay with asphalt-rubber
mixes
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Ilustration 3. Interstate 40 concrete pavement nine years after overlay with 100 mm (4 in.)
of HMA and cracked (left side) and 50 mm (2 in.) of asphalt-rubber gap graded mix after nine
years and virtually no cracks (right side)



38 Asphalt-Rubber 2009

iy
-fl:\-.-' - 1|_.lr '._
t 3 L -
L v e g | 4
% f ‘._'-'-,.\ }
0 g T
{ \ el - e /! 1 b
l...-lr}._q___ - "-—._:I v"‘ﬂj—‘ " = ~
{ . |
- L | e {‘ e TR
e ] T B k> e K
? ui' (." i, | hat N |

Ilustration 4. Arizona state highways with asphalt-rubber surfacing

AR has proven to be so cost effective that over 33333 lane-km- (20000 lane-miles) of AR
mixes have been placed since 1988 (Illustration 4).

7.3. Performance

Pavement performance has been routinely monitored by ADOT’s pavement management
system since 1972. Over that time a general trend of cracking, rutting, ride, maintenance cost,
and skid resistance have been observed. Figure 12 shows a comparison of the average percent
cracking for conventional overlay/inlay projects and those projects built with AR.
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Figure 12. Percent cracking versus years of service for HMA and asphalt-rubber pavements

AR has reduced the amount of reflective cracking as expected and designed for. A value of
ten percent cracking is considered as fatigue cracking, therefore virtually no fatigue cracking
has been seen in the AR rubber projects.

Figure 13 shows the average rutting performance, which has been surprisingly better than
expected. This could be due to less cracking as well as the use of a very stable stone structure
in the ARFC. Rut depths below 6 mm (0.25 in.) are considered low and not of any major
concern. Even projects placed on very heavy truck traffic interstate highways, have shown
very little rutting. The reduction of “rut depth” on the conventional mixes after the 12th year
is due to the fact that the average is measured based only on the surviving pavements. Many
pavements at that time are overlaid only the very good pavements remain. This obviously
causes the data to be skewed. Figure 14 shows the average smoothness over time. AR has
performed a little better than expected, again perhaps due to less cracking and attendant
maintenance. Smoothness values below 1415 mm/km (93 in per mile) are considered
satisfactory and not in need of any correction. ARFC is typically used as the final pavement
surface and has produced some of the smoothness riding surfaces as measured as part of
ADOT’s smoothness specification.
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Figure 14. Pavement smoothness in mm/km versus years of service for HMA and asphalt-
rubber pavements

Figure 15 shows the average maintenance cost versus time; again, AR has performed better
as expected due to less cracking and less rutting. A value of $400 per lane kilometer ($666
dollars of maintenance cost per lane mile) per year is considered high and worthy of attention.
Projects with AR typically need much less maintenance and rarely exceed the $400 threshold
even after ten years of service.
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Figure 15. Pavement maintenance cost in $/lane-Km versus years of service for HMA and
asphalt-rubber pavements

Figure 16 shows the Mu Meter skid resistance versus time; it shows that the ARFC has
a slightly higher skid resistance over time than the conventional ACFC. This could be due to
less maintenance activities and therefore, less asphalt on the surface. A Mu Meter number of
skid resistance above 43 is considered high and of good quality and not in need of attention.

With regard to traffic noise, an Arizona Transportation Research Center study (ATRC,
1996) printed in 1996, indicated that an ARFC can lower the noise by as much as 5.7 decibels.
The report went on to say, “Human hearing can distinguish noise level differences of 3.0
decibels or more. Therefore, the ARFC overlay appears to be capable of noticeably reducing
roadside noise levels in certain situations.” In 2002 noise became a very big issue in the
Phoenix metropolitan area. It became evident from a recently completed freeway concrete
widening and overlay with an ARFC that the pavement had become much quieter. The
highway became so much quieter that it was decided to overlay all 150 miles of the Phoenix
concrete freeway system with the ARFC. Use of an ARFC to reduce noise on Urban freeways
in the Phoenix continues even through 2009 and has become an ADOT standard design and
construction practice.
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Figure 16. Pavement Mu Meter test values for skid resistance versus years of service for HMA
and asphalt-rubber pavements

In general, objective pavement performance measurements taken over time all indicate
that AR is a very good durable surface wearing course material. Over twenty years of
excellent service and cost effectiveness has been documented to date with little sign of change
in the near future.

8. Recycling of AR mix

AR hot mixes over the years have been recycled in several states with various levels of
performance. ADOT has used AR since the late 1960’s but had not recycled any of the mixes
until 2006. In 2006 the ADOT constructed a pavement rehabilitation project in the Tucson
area on Interstate 19 (Zareh, 2005) which included the recycling of an ARFC and a hot in-
place recycle. The existing ARFC was constructed in 1988 and consisted of a 25 mm layer
(1 in.) placed on top a concrete pavement. The ARFC had served satisfactorily for 18 years,
however recent construction in the vicinity of the ARFC had caused some deterioration and
the re-stripping of the highway had left the ride somewhat unsatisfactory. It was decided to
mill off most of the ARFC and replace it and to use the millings in another open graded mix
to be placed on an adjoining frontage road. The recycle mix consists of approximately 75
percent virgin open graded aggregate and 25 percent ARFC millings. To this recycle blended
aggregate mix was added 6.5 percent Performance Graded binder, PG 76-22 TR+, which
contains a minimum of 8 percent ground tire rubber and a minimum of 2 percent styrene-



Performance Evaluation and Design 43

butadiene-styrene (SBS) polymer. In addition to this hot plant mixed recycle AR open graded
mix an in-place hot recycle mix was also constructed on Interstate 19. The in-place hot recycle
consisted of heating the in-place ARFC and scarifying it and then adding a polymerized high
float emulsified asphalt at a rate of about 0.6 liters/square meter (0.15 gallons per square yard).
Both AR recycling test sections were reviewed in 2007. The frontage road hot plant recycled
AR open graded mix is performing satisfactorily with some small amount of cracking. The
hot in-place ARFC on I-19 is still in place, however all the concrete joints have reflected and
some joint/crack deterioration is occurring and is somewhat rough riding, Figure 17. This
test I-19 project showed that an AR-ACFC can be recycled and that the hot plant recycling is
preferable. The test sections will be monitored and reported on in future years.

ARFC Hot Plant
Recycled mix into
I-19 Frontage Road

ARFC Recycled in
Place on I-19, note

Figure 17. Recycled ARFC pavement
9. Summary and conclusion

In general, ADOT is using AR as a binder in HMA mixes to reduce reflection cracking,
improve durability of surface courses, and in urban areas to reduce noise. By using asphalt-
rubber as a binder the film thickness is increased to a value of 19 - 36 micrometer compared to
the typical dense-graded HMA film thickness of about 9 micrometer.

The grade of asphalt binder used as a base to make AR is a PG58-22 (AC-10), in contrast
to typically stiffer grade of PG 64-16 (AC-20) used in the mountains. In the desert the AR
base asphalt grade is PG 64-16 (AC-20) compared to PG 70-10 (AC-40) typically used
for dense grade mixes. The 20 percent ground tire crumb rubber particles change the AR
temperature susceptibility such, that at high temperatures, the AR is much more viscous than
the neat asphalt. However, at cold temperatures, the AR acts like an AC-10 asphalt. SHRP
asphalt binder tests indicate that AR can be graded from a PG 70-22 to a PG 82-28, which is
indicative of a low temperature susceptible asphalt binder.
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Typically, the AR mixes are 12.5 mm (0.50 in) to 25 mm (1 in) in thickness when open-
graded and 25 mm (1 in) to 50 mm (2 in) thick when gap-graded. For Arizona’s climate and
materials, AR provides an excellent durable wearing course. AR has proven to be so cost
effective that over 33333 lane-km- (20000 lane-miles) of AR mixes have been placed since
1988 (Illustration 4). As an extra benefit, the ground tire crumb rubber from over fifty million
tires has been recycled into these in service projects.

The story of AR began on or about the year 1965 with the simple goal of developing a
maintenance patching material to hold old crack pavements long enough to allow for the
future overlaying or reconstruction of the pavement. In the intervening over 40 years its
use has grown an expanded into a myriad of areas and now is a routine paving material in
Arizona, California and Texas. Additional useful AR reference material can be found at the
Rubber Pavements Association website (RPA, 2006) as well as in the proceedings of three
International Asphalt Rubber Conferences (Sousa, 2000, Sousa, 2003, Sousa 2006). Useful
products from adding crumb rubber to pavements will continue to be developed because
pavements that last longer and need less maintenance will always be in demand.
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ABSTRACT. The California Department of Transportation (Caltrans) employs a variety of
pavement preservation treatments to maintain and preserve their network of paved highways.
In this work a model was developed to relate asphalt treatment life in terms of Treatment
Performance Capacity (TPC), pavement condition, traffic level and location temperatures
for all asphalt based treatments. This model is able to provide estimates of the performance
of 23 treatments, in three climatic zones, three pavement conditions levels and three traffic
magnitudes. Using the TPC values for each treatment and the price of each treatment, the
cost effectiveness for all treatments was developed. The results indicate that there are huge
differences in values between treatments currently used in California and that there appears to
exist a great opportunity for Caltrans to optimize (i.e. minimize) its annual budget by applying
only treatments with highest cost-effectiveness at the correct time.
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1. Introduction

The California Department of Transportation (Caltrans) employs a variety of pavement
preservation (preventive maintenance or corrective maintenance) treatments to maintain and
preserve their network of paved highways as shown in Figure 1 (Caltrans, 2003). The primary

purpose of the proactive pavement preservation program is to delay the need for costly
pavement rehabilitation or reconstruction.

Pavement Condition

Pavement Life

Figure 1. Pavement Condition vs. Life and Type of Work Required

The purpose of this paper is to estimate, in a rational manner, the pavement treatment life.

In addition, this approach can help establish the cost effectiveness of pavement preservation
treatments and information on treatment lives.

This paper is based on the reports produced by Sousa and Way (Sousa, 2007) and Sousa
(Sousa, 2009) and it was based on subjective data developed by the California Pavement
Preservation Task Group (PPTG) and data and numerous studies conducted in Arizona
(Kaloush, 2002), (Way, 1976), (Way, 1979), (Way ,1980), and (Zborowski and Kaloush,2006).

Table 1 shows the treatments that were considered for this study. All the treatments involve

the use of asphalt based materials and may be applied very thin like a fog or rejuvenating seal
or as thick as a one inch HMA surfacing.

Furthermore, new tables representing the expected life of treatments in each of the major
climate zones in California are included in this report. It was recognized that heavy traffic
affects treatment lives more than light traffic. The proposed tables reflect the traffic index
(TI) as used by Caltrans but they can be easily converted to the standard AASHTO 18-kip
equivalent single axle loads (ESAL’s) by the Equation 1 (AASHTO, 1993).
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Table 1. Maintenance Pavement Treatments Used by Caltrans (Flexible Pavements)

Maintenance Treatment Maintenance Treatment
Hot Mix Asphalt (HMA) Asphalt Concrete (AC)

1 |HMA Crack Sealing 14 | Conventional HMA, 1 inch
2 |HMA Crack Filling 15 |Open Graded OGAC, 1 inch
3 | Fog Seals 16 |PBAHMA, 1 inch
4 | Rejuvenator Seals
5 | Scrub Seals Rubberized AC (RAC)
6 | Slurry Seals 17 |RAC-G Gap Graded, 1 inch
7 |REAS Slurry Seal 18 |RAC-O Open Graded, 1 inch
8 | Micro-Surfacing 19 |RAC-O(HB) High Binder, 1 inch
9 Polymer Modified Emulsion (PME)

Chip Seal
10 Pol‘ymer Modified Asphalt (PMA) Bonded Wearing Course (BWC)

Chip Seal
11 | Asphalt Rubber (AR) Chips Seal 20 | BWC- Open, % inch
12 Asphalt quber Cape Seals AR 21 |BWC- Gap, % inch

(slurry) %2 inch
13 Asphalt Rgbber Cape Seals AR 22 | BWC- RAC- % inch

(micro) % inch

23 |BWC- RAC-O, % inch

(1]

0.119
TI = 9.0x(%)

06

The estimated life information compiled in this document is based on the collective
experience of the California Pavement Preservation Task Group (PPTG) to which the
experience and best engineering judgment of a few experts in the industry were added. The
extensive empirical tables prepared by the PPTG relating treatment duration to TI, percent
cracking and location are presented in reports by Sousa and Way (Sousa, 2007) and Sousa
(Sousa, 2009).

The data used in this study still needs to be verified in California using actual performance
data from the existing Caltrans performance data bases or pavement management systems. Of
course, the life of the treatment is highly dependent on the timing of the treatment, the traffic
it experiences, and the climate it is placed in and these factors are addressed in the models as
well as possible given the limited data and information.

The time of placement of the treatments can influence the performance of the treatment. In
other words, treatments placed on good pavements will last longer than treatments placed on
bad pavements. Many times, a treatment is scheduled to be placed on a good pavement, but
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by the time it is actually placed, the condition of the pavement has deteriorated and this will
affect the expected life of the treatment. The models developed in this study are limited by this
observation of actual practice.

To the degree practical, the models in this report address the lives of the treatment as a
function of the level of traffic and climate (coastal, valley, mountains, and desert) in which the
treatment is placed.2. Study approach-estimating treatment lives

2. 1. Estimate of treatment lives

The initial tables were first developed by the PPTG strategy selection committee, although
the original tables provided ranges of average life. As part of this study, the PPTG original
tables were converted into the average and standard deviation of life for each treatment. Some
corrections were also made so that the treatment lives were adjusted for different climatic
regions. The asphalt PG grading regions shown in Figure 2 were used to identify treatment
lives by climatic regions. It was decided that the treatment lives developed by the PPTG most
appropriately fit into the Coastal and Valley areas (PG 64-10 and PG 64-16). Following this
approach, tables were developed for the Mountainous (PG 64-28) and the Desert regions (PG
70-10). The Mountainous and Desert values represent the estimates of the treatment lives
based on the experience of the authors, and like the Coastal and Valley regions represent a
surrogate group of values based on engineering experience and judgment. This was done in
lieu of real California performance data. In the future, it is hoped that the Caltrans pavement
management system will provide more definitive measures of treatment life for the various
climate regions.

The tables previously developed (Sousa and Way, 2007) take into consideration that the
maintenance treatments are strongly affected by climate, traffic and pavement condition. It
was considered important to try to evaluate treatment lives as a direct function of the treatment
itself and these key factors.

o ‘7 .
/
P& 64-10

P& Binder Map ‘

Figure 2. Climate Regions Proposed For California- Coastal, Valley, Mountain and Desert
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2.2. Effect of climate in life of treatments

As previously stated the first step was to identify significant climatic zones that affect
the performance of the maintenance treatments. It was considered that the expected life of
a treatment and life extension is influenced by the weather and to facilitate integration with
other areas, it was decided to develop four tables of expected performance; one for each PG
region in California as shown in Figure 2.

2.3. Effect of traffic in life of treatments

It was recognized that traffic is also a key aspect that affects the life of maintenance
strategies. However, the number of cars is not a key factor. The recognized factor that
affects any treatment is indeed the effect of heavy traffic which is defined by the American
Association of State Highway and Transportation Officials (AASHTO) as 18-kip equivalent
single axle loads (ESAL?’s). Caltrans uses the Traffic Index which can be easily converted into
ESAL’s. Also, most structural analysis and reflective modeling programs require some input
to calculate stress caused by actual loads derived from ESAL?’s.

Likewise, the traffic volume and truck volume is incorporated to the degree it can be
identified in three major traffic categories. Namely, Interstate which generally has a high
truck percentage, non interstate divided routes ( includes sections with four or more lanes that
might not be divided) which has a lower percentage of trucks and non-interstate, non divided
routes (essentially two lane highways) that have a lower traffic volume and lower truck
percentage level of traffic. The traffic loading per year was divided into three categories as
follows:

* Low TI<6 [Lessthan 33,000 ESAL’s]
*  Intermediate 6<TI<12 [Between 33,000 and 1.1 million ESAL’s]
*  Heavy TI>12 [Greater than 1.1 million ESAL’s]

2.4. Effect of existing pavement condition

It was recognized that for treatment life and life extension to be meaningful, one must
know the actual pavement condition at the time of the application of the treatment. Currently
there is no easy way to derive information on treatment performance from the existing
PMS data in California. Also, Pavement Condition Index (PCI) similar to the ASTM D6433
standard (ASTM, 2007) used by many cities and counties in California by itself may not be
descriptive enough to be of significant help in this area.

Since pavement preservation is a non-structural treatment, this means these treatments
should only be used on pavements with low deflection values and low levels of distress. If
high deflections (beyond a certain limit) are present, rehabilitation of the pavement will be
needed. There is also a maximum cracking threshold before a certain treatment is applied. For
pavement preservation, it is suggested that a maximum value of 5% cracking and a minimum
PCI of 70 be used as the limits for applying pavement preservation treatments.
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If the pavement is in poor condition, it can have structural problems. Therefore, pavement
preservation should not be used as an option in these situations. In the tables, “poor condition”
is identified along with the associated maintenance treatment option. This is done in order
to develop treatment lives that will demonstrate that preventive maintenance treatments are
not cost effective in the late cycle of pavement life. When determining extended life benefits,
it may be found that placing some pavement preservation treatments on pavements in poor
condition is not cost effective.

In summary, the primary concern for preservation treatments is surface cracking or
raveling when the pavement is in good to medium condition and structural cracking when
the pavement is in poor condition. It could be either reflective or structural cracking in
the medium condition. It should be noted that this study focuses mainly on maintenance
treatments to seal out moisture from cracks and as such raveling or bleeding are not directly
addressed in this approach.

Pavement preservation should preserve the structural integrity of the pavement so that it
can perform for a longer time where structural integrity implies load carrying capacity of the
pavement. For example, crack sealing may provide the benefits of minimizing water intrusion
into the base and subgrade and prevent fines from accumulating in the crack.

However, when taking a more in depth look at what affects a treatment life, it was
considered that cracking extent by itself may be the most significant aspect. The percent of
cracking is an indication of the capacity of the existing pavement to be relatively impervious
to water and the affect moisture has on the underlying layers. Also, the extent of cracking
is an indication of the possible relative movement between the tips of the crack that have a
strong effect on the life of the treatment. Although the treatments considered in this report are
not considered to add structural capacity to the pavement, they may to some degree reduce
the amount of water that penetrates into the pavement, which can contribute to extending the
pavement life.

Treatment life is defined as the number of years a given treatment will serve its function
(before another treatment is required). Treatment life is a function of the existing pavement
condition and other factors such as traffic, climate, quality of materials and construction.
Following are tentative definitions for the various categories of pavement condition.

*  Good — Minor distress (< 5 % cracking). Expected life of 8-10 years or more;
e Fair — minor to moderate distress (5-20% cracking). Expected life of 4-6 years;

*  Poor condition (>20 % cracking). Moderate to severe distress and with structural
problems. Expected life of 1-3 years.

2.5. Intrinsic maintenance material properties

Clearly if a good Pavement Management System (PMS) were available, it would be
populated with adequate data so that the intrinsic properties of each treatment would not be
needed because a rigorous multiple variable regression over all the data would give directly
the life of each treatment. However, these data do not exist yet for most treatments and
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therefore it is necessary to use a mathematical modelling approach to bridge this gap. As
such, the need to use some “models” in some cases to model or at least to relate and compare
estimated lives from similar treatments arises.

It was felt that there was a need to present in a simple format a summary of the data of
the key aspects that contribute to what is intrinsically valuable in a treatment. Generically, it
can be considered that many aspects will or may contribute to the quality and durability of a
flexible pavement treatment such as the following;

. Quantity of binder,

»  Aging characteristics of the binder used in treatments
. Elastic characteristics of binder,

*  Strain energy at break of the binder,

»  Types of additives (none, polymer, rubber, others),

*  Mix stiffness (if applicable)

2.6. Effect of amount of binder on treatment life

A preliminary summary research allowed the determination of the effective binder
content available for each of the treatment as presented in Table 2. Some of the numbers
were obtained from the MTAG reports while others were based on the authors’ experience
and submitted for review to the Pavement Preservation Task Group (PPTG). In this table, the
average values of the amounts of binder were used in the treatments; while for emulsions the
residual binder content was used. It was also considered the use of tack coats add to the binder
content available to each treatment. Clearly one important aspect is also thickness of the
treatment as it provides some indication of the degree of protection the treatment provides to
the underlying layer and to itself.

Table 2. Maintenance Treatment Thickness and Asphalt Content (Gallons per Square Yard) or
Percent Asphalt in the Mix

. Overall Mix
. Thickness of Qverall Asphalt/Oil Asphalt/Oil Percent
Maintenance thickness Gal./sq. yd.
Seal Layer, | . . . Gal/sq. yd. Asphalt by
Treatment . including chips | On surface .
inch Lo On surface weight of
and mix, inch . .

including tack | aggregate
HMA Crack sealing 0.10 0.10 0.59 0.59
HMA Crack filling 0.03 0.03 0.27 0.27
Fog seals 0.01 0.01 0.07 0.07
Rejuvenator seals 0.01 0.01 0.07 0.07
Scrub seals 0.19 0.19 0.30 0.30
Slurry seals 0.19 0.19 0.30 0.30
REAS slurry seal 0.19 0.19 0.30 0.30
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. Overall Mix
. Thickness of O.Vﬂa“ Asphalt/Oil Asphalt/Oil Percent
Maintenance thickness Gal./sq. yd.
Seal Layer, | . . . Gal./sq. yd. Asphalt by
Treatment . including chips | On surface .
inch g On surface weight of
and mix, inch . .
including tack | aggregate
Micro-Surfacing 0.01 0.19 0.30 0.37
PME chip seals 0.03 0.37 0.27 0.27
PMA chip seals 0.03 0.37 0.27 0.27
AR chip seals 0.10 0.37 0.59 0.59
Cape seals AR 0.10 0.56 0.55 0.85
(slurry) % inch
Cape seals AR 0.10 0.85 0.55 0.97
(micro) % inch
Conventional 0.01 1.18 0.05 0.78 5.00
HMA, 1 inch
OGAC, 1 inch 0.01 1.18 0.05 0.81 6.00
PBA HMA, 1 inch 0.01 1.18 0.05 0.78 5.00
RAC-G, 1 inch 0.01 1.18 0.05 0.86 5.50
RAC-O, I inch 0.01 1.18 0.05 0.84 6.20
RAC-O (HB), 1 0.01 1.18 0.05 1.12 8.50
inch
BWC-Open, % inch 0.02 0.75 0.11 0.60 6.20
BWC-Gap, % inch 0.02 0.75 0.11 0.62 5.50
BWC-RAC-G, % 0.02 0.75 0.11 0.62 5.50
inch
BWC-RAC-O, % 0.02 0.75 0.11 0.60 6.20
inch

2.7. Type of binder

Several types of binder are available for use in the various treatments. The quality of
binder has been defined many different ways, such as resistance to aging, elastic recovery,
stiffness and other. Clearly aging resistance is an important aspect, but specifications today
are such that all binders show similar values by aging in the Rolling Thin Film Oven (RTFO)
and Pressure Aging Vessel (PAV). One key aspect contributing to the longevity of a surface
treatment, beyond binder quantity, is its capability to withstand strain before failure (breaking
or cracking). Limited data are available for many binders regarding the strain level associated
with the break point (cracking) and as such the conclusions and numbers included in this
section should be revised as more data are collected. However, Kaloush et a/ (2002), Kaloush
et al (2003) and Zborowski and Kaloush (2006) have reported data comparing the strain at
failure for asphalt rubber (AR) binder to conventional binders. Also, relating this information
to the fact that AR is known to withstand 5 times the strain (Green, 1977) before failure, and
the results of four point flexural fatigue tests where usually the ratio between fatigue life at the
same strain level is 1 to 10 between conventional and AR binder mixes and 1 to 3 for polymer
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modified mixes in this study (Sousa et a/, 2000; Sousa et al/, 2003 and Sousa et al, 2006), the

following strain at failure ratios were adopted as shown in Table 3 (again subject to further
analysis).

Table 3. Strain at Failure Ratio

Binder type Estimated. Strain a? Failure Ratio of
mixes (or binder)
Conventional 1
Polymer/Other Modified Binder 1.5
Asphalt Rubber 5

2.8. Treatment performance capacity

To bring into a single parameter several of the key aspects related to the performance of
a treatment in a previous report (Sousa and Way, 2007), the authors developed a conceptual
measure of treatment effectiveness called the Treatment Performance Capacity (TPC) and it is
defined as follows:

TPC =BCxSFRxT 2]

where:  TPC = Treatment Performance Capacity;
BC = Binder Content per unit area (L/m?);
SFR = Strain at failure ratio;
T = Thickness of treatment (mm).

Obviously a fog seal with a regular emulsion will have a much smaller number in terms of
TPC than a chip seal simply because it has less binder. Also an asphalt rubber treatment will
show a better capacity number (even if with the same binder content) because has a higher
strain at failure ratio than regular binder.

The concept that this index is trying to capture is simple: more binder is better; better
binder (more strain before failure) is also better; and thicker treatment is better in all cases in
generic terms. Based upon these assumptions, Table 4 was developed. Clearly having a binder
that ages less is better, but this factor may be compounded or confounded (possible bleeding
or flushing and low skid resistance value) with more binder which also promotes less aging.

A treatment with a high performance capacity, when placed under heavy traffic over a
badly cracked pavement will have its performance capacity consumed, “drained”, faster
compared to when it is placed over a low traffic non-cracked pavement. Obviously a treatment
with a low performance capacity will have its performance capacity consumed even faster
under the same scenarios. The TPC is inherent to each treatment. How long it takes to
“consume” that capacity depends on the cracking condition, traffic and climate where the
treatment is applied.
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Table 4. Treatment Performance Capacity for several treatments used in California (mm l/m?)

Maintenance Treatment Treatment Performance Capacity
HMA Crack sealing 6.25
HMA Crack filling 0.81
Fog seals 0.08
Rejuvenator seals 0.08
Scrub seals 6.41
Slurry seals 7.05
REAS slurry seal 12.83
Micro-Surfacing 8.08
PME chip seals 14.25
PMA chip seals 11.88
AR chip seals 128.25
Cape seals AR (slurry) % inch 274.31
Cape seals AR (micro) % inch 473.00
Conventional HMA, 1 inch 107.11
OGAGC, I inch 110.54
PBA HMA, | inch 107.11
RAC-G, 1 inch 585.34
RAC-O, 1 inch 569.88
RAC-O (HB), 1 inch 767.38
BWC-Open, % inch 62.65
BWC-Gap, % inch 64.14
BWC-RAC-G, % inch 267.24
BWC-RAC-O, % inch 261.04

3. Modeling the effect of TPC on treatment life
3.1. General effect of TPC on treatment life

From the analysis of the data presented in Figures 3, 4 and 5 for Coastal and Valley,
Mountain and Desert regions respectively, it can be observed that the effect of TPC appears to
drive the life of a pavement preservation treatment. For a given set of conditions, treatments
with higher TPC appear to outperform in general those with lower TPC.
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TPC <> AGE for PAVEMENTS (COSTAL AND VALLEY)
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Figure 3. Influence of TPC on Treatment Life for Coastal and Valley Regions
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Figure 4. Influence of TPC on Treatment Life for Mountain Region
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TPC <> AGE for PAVEMENTS (DESERT)
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Figure 5. Influence of TPC on Treatment Life for Desert Region
3.2. Effect of temperature

Treatment life is also strongly affected by environment. After several trials, it was
determined that the temperature that best explained the observed effect was the difference
between the weighted mean monthly air temperature (Shell, 1985) and the minimum air
temperature. Table 5 shows the various average temperature statistics for the California
climate zone. For model calibration, the average of the temperatures and temperature
differences (RCT) of Valley and Coastal regions shown in Table 5 were grouped together as
the Costal — Valley (CV) statistics since they are so similar.

It is noteworthy to mention that in a totally unrelated project the difference in temperatures
was shown to have a strong influence in the reflective cracking life of overlays (Sousa et al,
2001). Thus it makes sense that as this temperature difference widens it indicates more overall
tension (stress and strain) in the surface layers which leads to increase in the likelihood of
reflective cracking.
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Table 5. Average Temperatures for the regions in California

A B C D B-D C-D
Maximum | Mean Max. 7
Maximum |7 Day Annual Air | Minimum | Day RCT
Region Air Temp. Average Temp. C Air Temp. | Ave.-Min. | (Mean-Min)
T Air Temp. | (Shell C Air T
T Design) T
Valley 38.8 353 16.2 -10.0 453 26.2
Coastal 38.1 32.7 17.3 -5.7 38.4 23.0
CvV 38.5 34.0 16.8 -1.9 41.9 24.6
Mountain 36.1 33.0 11.2 -30.7 63.7 41.9
Desert 46.9 44.7 24.8 -9.1 53.8 33.9

3.3. Model determination and parameters

The statistical analysis used to develop the model to fit the treatment life results was
performed using the nonlinear estimation option of the SPSS software. This option allows the
user to define a specified regression equation which is fitted to the existing data. The use of a
suitable estimation method, in the case the Levenberg-Marquardt estimation method produced
a precise estimation of the model parameters. The model developed was based on the fact that
the Treatment Life (LIFE) of a given pavement condition can be correlated with the TPC by a
logarithmic equation:

LIFE =k, xlog(TPC )+ k, 3]

where:  LIFE = Treatment Life;
TPC = Treatment Performance Capacity;
k, and k, = Coefficients.

The inclusion of the other independent variables (Reflective Cracking Temperature (RCT),
Percent Cracking (PC), and TI), is applied in the k, and k, coefficients of the logarithmic
equation.

Thus, the difficult job of this task is selection of the equations that best define the influence
of Reflective Cracking Temperature (RCT), Percent Cracking and Traffic Index in the
logarithmic equation. Among the known equations, a parabolic regression seems to be best at
producing a fit of the existing data, resulting in the model expressed in Equations 4 and 5,

3
k1:H(¢1i1+ai2><Xi+ai3xXi2) (4]

i=1

3
by =TT 6, +bi x X, +by x X7) (5]

i=1
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where:

Table 6. Statistical coefficients for the life model (Equations 2 and 3) [R’=0.844]

aij and bij = coefficients given in Table 6;
X; = Variables defined in Table 7.

i a; a; a; b, b by

1 -1.029E+02 | 3.826E+00 | -5.381E-02 | -1.269E+02 | -8.601E-01 3.199E-02
2 3.223E-02 -1.646E-03 3.354E-05 -8.063E-01 6.716E-02 -2.350E-03
3 -1.708E+00 | 9.926E-03 1.342E-03 7.147E-02 -3.076E-03 7.195E-05

Table 7. Variables defining the pavement conditions in Equations 4 and 5
i X, Minimum Maximum
| ‘ RCT - Temperature. d§ﬁned by: 20 45
Air Mean Monthly — Minimum Air ('C)

2 PC — Percent Cracking 0 18
3 TI — Traffic Index 3 15

All variables show statistical significance and the correlation of the model is 0.84 as
demonstrated in Figure 6.
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Figure 6. Best fit between expert estimated treatment life and corresponding estimations from
statistical model
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Based on this new model, the expected analytically derived treatment lives of the four
California regions are shown in Table 8 through Table 11. It can be observed that the values
predicted for Coastal and Valley are slightly different but vary more from Mountain and
Desert regions due to temperature effects.

Table 8. Model estimated treatment lives for Coastal Region (years) as a function of traffic
and % cracking

Treatment Lives for Coastal Region (PG 64-10)
Traffic Index (TI)
5 8.5 13

E?Z'iﬁffg Condition | o |\ 5 | 45| o | 5 |15| 0| 5 |15
Maintenance

Treatment

HMA Crack sealing 79 | 54 | 33|70 | 48 | 20 | 61 | 42 | 26
HMA Crack filling 590 | 38 | 24 | 51 33|21 44|20/ 18
Fog seals 35 [ 20 13 2016|1024 ] 141 009
Rejuvenator seals 3.5 2.0 1.3 2.9 1.6 1.0 | 24 1.4 0.9
Scrub seals 79 | 54 |33 70| 48 | 30| 61| 42 ] 26
Slurry seals 83 | 57 | 35 | 74 | 51 | 31| 64| 44| 27
REAS slurry seal 95 | 66 | 41 | 85 | 59 | 37| 74 | 52 | 32
Micro-Surfacing 8.1 5.6 34 7.2 5.0 3.1 6.3 43 2.7
PME chip seals 89 | 62 | 38 | 80 | 55 | 34| 69| 48 | 30
PMA chip seals 85 | 59 | 36 | 76 | 523266/ 46| 28
AR chip seals 108 | 7.7 | 47 | 98 | 69 | 43 | 86 | 6.1 | 3.7
,C/zaifl’lecfleals AR(Slurry) 16l g2 | sa [ 105 | 75 | 46 | 92 | 66 | 40
;ai‘l’fcieals AR (micro) 151 | g7 | 53 [ 110 | 79 | 48 | 96 | 69 | 42
Sl‘zgven“"“al AMAT V07| 75 | 46 | 96 | 68 | 42 | 84 | 60 | 37
OGAC, 1 inch 107 75 | 46 | 96 | 68 | 42 | 84 | 60 | 3.7
PBA HMA, | inch 107 75 | 46 | 96 | 68 | 42 | 84 | 60 | 3.7
RAC-G, 1 inch 123 ] 88 | 54 [ 112] 80 | 49 | 98 | 7.0 | 43
RAC-O, 1 inch 123 ] 88 | 54 [ 112] 80 | 49 [ 98 | 7.0 | 43
RAC-O (HB), linch | 126 | 90 | 55 | 114 | 82 | 50 | 100 | 72 | 44
BWC-Open, % inch 104 ] 73 | 45 ]93] 66| 40 ] 81 [ 58] 35
BWC-Gap, % inch 104 | 73 | 45 | 94 | 66 | 41 | 82 | 58 | 35
BWC-RAC-G, %inch | 11.6 | 82 | 50 | 105 | 75 | 46 | 92 | 6.5 | 4.0
BWC-RAC-O,%inch | 11.6 | 82 | 50 [ 104 | 74 | 46 | 91 | 65 | 4.0
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Table 9. Model estimated treatment lives for Valley Region (years) as a function of traffic and
% cracking

Treatment Lives for Valley Region (PG 64-16)
Traffic Index (TI)
5 8.5 13

Ei;iﬁfl‘; Condition | | 5 | 45| o | s | 15| 0 | 5 | 15
Maintenance

Treatment

HMA Crack sealing 7.6 52 32 6.7 4.6 2.8 5.9 4.0 2.5
HMA Crack filling 5.8 3.8 2.3 5.0 33 2.0 4.3 2.8 1.7
Fog seals 3.6 2.1 1.3 3.0 1.7 1.1 2.5 1.4 0.9
Rejuvenator seals 3.6 2.1 1.3 3.0 1.7 1.1 2.5 1.4 0.9
Scrub seals 7.6 5.2 32 6.8 4.6 2.8 5.9 4.0 2.5
Slurry seals 8.0 5.5 34 7.1 4.9 3.0 6.2 4.3 2.6
REAS slurry seal 9.1 6.3 3.9 8.1 5.7 3.5 7.1 4.9 3.0
Micro-Surfacing 7.8 5.4 33 7.0 4.8 2.9 6.1 4.2 2.6
PME chip seals 8.5 5.9 3.6 7.6 53 33 6.6 4.6 2.8
PMA chip seals 8.2 5.6 3.5 7.3 5.0 3.1 6.3 4.4 2.7
AR chip seals 103 | 7.3 4.5 9.3 6.6 | 4.0 8.1 5.7 3.5
IC/Zai;::CEeals ARSIy |y 01 78 | 48 | 99 | 70 | 43 | 87 | 62 | 38
;aﬁliieals AR (micro) |4y 5| gy | 50 | 104 | 74 | 46 | 9.1 | 65 | 40
iiﬁ"enﬁonal HMAT 00| 72 | 44 | 92 | 65 | 40 | 80 | 56 | 35
OGAC, 1 inch 102 | 7.2 4.4 9.2 6.5 4.0 8.0 5.7 3.5
PBA HMA, 1 inch 102 | 7.2 4.4 9.2 6.5 4.0 8.0 5.6 3.5
RAC-G, 1 inch 11.7 | 8.3 5.1 106 | 7.6 4.6 9.3 6.6 4.1
RAC-O, 1 inch 11.7 | 8.3 5.1 106 | 7.5 4.6 9.3 6.6 4.0
RAC-O (HB), 1 inch 11.9 | 8.5 5.1 10.8 | 7.7 4.7 9.5 6.8 4.2
BWC-Open, % inch 9.9 6.9 43 8.9 6.3 3.8 7.8 5.5 34
BWC-Gap, % inch 9.9 7.0 43 8.9 6.3 3.8 7.8 5.5 34
BWC-RAC-G, %inch | 11.0 | 7.8 4.8 9.9 7.1 4.3 8.7 6.2 3.8
BWC-RAC-O, % inch 11.0 | 7.8 4.8 9.9 7.0 43 8.7 6.2 3.8
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Table 10. Model estimated treatment lives for Mountain Region (years) as a function of traffic
and % cracking

Treatment Lives for Mountain Region (PG 64-28)
Traffic Index (TI)
5 8.5 13

g‘g‘c’ﬁ‘l‘;‘; Condition | | 5 | 45| o | 5 | 15| 0 | 5 | 15
Maintenance

Treatment

HMA Crack sealing 65 | 45 | 27 | 58 | 40 | 24 | 50 | 35 | 2.1
HMA Crack filling 48 | 3.1 1.9 | 42 | 27 1.7 | 3.6 | 24 1.5
Fog seals 2.8 1.6 1.0 | 23 1.3 | 0.8 1.9 1.1 0.7
Rejuvenator seals 2.8 1.6 1.0 | 23 1.3 | 0.8 1.9 1.1 0.7
Scrub seals 6.6 4.5 2.8 5.8 4.0 2.5 5.1 3.5 2.1
Slurry seals 69 | 47 | 29 | 61 | 42 | 26 | 53 | 3.7 | 23
REAS slurry seal 79 | 55 | 34 | 7.1 50 | 3.1 62 | 43 | 2.7
Micro-Surfacing 6.7 4.6 2.8 6.0 4.1 2.5 5.2 3.6 2.2
PME chip seals 74 | 5.1 32 | 66 | 46 | 28 | 58 | 40 | 25
PMA chip seals 71 | 49 | 3.0 | 63 | 44 | 2.7 | 55 | 38 | 23
AR chip seals 9.1 64 | 39 | 82 | 58 | 3.6 | 7.2 | 5.1 3.1
ia&iﬁeals AR(slurry) g5 | 69 | 42 | 88 | 63 | 38 | 77 | 55 | 34
;aifl’fcﬁeals AR (micro) | 05 1 73 [ 45 | 92 | 66 | 41 | 81 | 58 | 35
gl‘:;"en“‘mal HMAT g9 [ 63 [ 39 | 81 | 57| 35| 70 | 50 | 3.1
OGAG, I inch 9.0 | 63 | 39 | 8.1 57 1 35 | 7.1 50 | 3.1
PBA HMA, I inch 89 | 63 | 39 | 81 57 | 35| 70 | 50 | 3.1
RAC-G, 1 inch 104 | 7.4 4.5 9.4 6.7 4.1 8.2 5.9 3.6
RAC-O, 1 inch 103 74 | 45 | 94 | 67 | 4.1 82 | 59 | 3.6
RAC-O (HB), 1 inch 106 | 7.6 | 46 | 9.6 | 69 | 42 | 84 | 6.1 3.7
BWC-Open, % inch 8.7 | 6.1 37 | 78 | 55 | 34 | 68 | 48 | 3.0
BWC-Gap, % inch 8.7 | 6.1 38 | 78 | 55 | 34 | 68 | 48 | 3.0
BWC-RAC-G, % inch 97 | 69 | 42 | 88 | 63 | 3.8 | 7.7 | 55 | 34
BWC-RAC-O, % inch 97 | 69 | 42 | 88 | 63 | 3.8 | 7.7 | 55 | 34
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Table 11. Model estimated treatment lives for Desert Region (years) as a function of traffic
and % cracking

Treatment Lives for Desert Region (PG 70-10)
Traffic Index (TI)
5 8.5 13

Pavement Condition 0 5 15 0 5 15 0 5 15

Cracking

Maintenance Treatment

HMA Crack sealing 70 | 48 | 29 | 62 | 42 | 26 | 54 | 3.7 | 23
HMA Crack filling 54 | 3522 |47 |31 |19 ] 41|26 | 16
Fog seals 35 021 | 13 29|17 | 11|25 14|09
Rejuvenator seals 35 | 2.1 13 129 |17 |11 |25] 14] 09
Scrub seals 70 | 48 | 3.0 | 63 | 43 | 26 | 54 | 3.7 | 23
Slurry seals 74 | 50 | 3.1 | 66 | 45 | 28 | 57 | 39 | 24
REAS slurry seal 83 | 58 | 36 | 75 | 52 | 32| 65 | 45| 28
Micro-Surfacing 72 | 49 | 3.0 | 64 | 44 | 27 | 56 | 38 | 24
PME chip seals 79 | 54 | 33 | 70 | 49 | 3.0 | 6.1 | 42 | 2.6
PMA chip seals 75 | 52 | 32 | 67 | 46 | 28 | 58 | 40 | 25
AR chip seals 94 | 66 | 41 | 85 | 60 | 3.7 | 74 | 52 | 32
Cape seals AR (slurry) %2

. 10.0 | 7.1 44 | 9.1 64 | 39 | 79 | 56 | 34
inch

M 3
Cape seals AR (micro) 74| o5 | 74 | 46 | 95 | 67 | 41 | 83 | 59 | 36

inch

Conventional HMA, 1 inch | 9.3 6.5 4.0 84 | 59 | 3.6 7.3 5.1 32
OGAC, 1 inch 93 | 65 | 40 | 84 | 59 | 3.6 | 73 | 52 | 32
PBA HMA, 1 inch 93 | 65 | 40 | 84 | 59 | 3.6 | 73 | 51 | 32
RAC-G, 1 inch 106 | 76 | 46 | 96 | 69 | 42 | 84 | 6.0 | 3.7
RAC-O, 1 inch 106 | 76 | 46 | 96 | 69 | 42 | 84 | 6.0 | 3.7
RAC-O (HB), 1 inch 109 7.7 | 47 | 98 | 70 | 43 | 86 | 62 | 3.8
BWC-Open, % inch 90 | 63 | 39 | 81 | 57 | 35| 7.1 | 5.0 | 3.1
BWC-Gap, % inch 91 | 63 | 39 | 81 | 57 | 35 | 7.1 50 | 3.1
BWC-RAC-G, % inch 100 7.1 | 43 | 90 | 64 | 39 | 79 | 56 | 3.4
BWC-RAC-O, % inch 100 7.1 | 43 | 90 | 64 | 39 | 79 | 56 | 34

Cost effectiveness is defined in this report as a measure of the cost of the treatment in
relation to its performance. Given that each treatment has a TPC; it is possible to couple this
with the cost of the treatments and determine the cost effectiveness of each treatment. Table
12 presents typical costs of the various treatments (per square yard) provided by PPTG as a
function of the size of the job.
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Table 12. Average price per square yard for treatments in California

Average Price Average Price Average Price

August 11, 2007 USD/sq. yd. USD/sq. yd. USD/sq. yd.
Maintenance Treatment Quantity Used | Quantity Used Quantity Used

Small Medium Large
gl;/(lﬂjz‘edc)rack sealing (10%-15% 0.83 0.53 0.38
gl:g;(grack filling (10%-15% 0.78 0.48 033
Fog seals 0.30 0.23 0.15
Rejuvenator seals 0.50 0.35 0.20
Scrub seals 2.15 2.15 2.15
Slurry seals 2.25 2.10 1.80
REAS slurry seal 2.80 2.20 2.00
Micro-Surfacing 2.65 2.50 2.40
PME chip seals 3.25 2.50 1.90
PMA chip seals 3.25 2.50 2.00
AR chip seals 4.63 4.38 4.15
Cape seals AR (slurry) ' inch 6.50 6.25 6.00
Cape seals AR (micro) % inch 6.90 6.75 6.50
Conventional HMA, 1 inch 12.00 10.00 8.00
OGAC, 1 inch 12.00 10.00 8.00
PBA HMA, 1 inch 14.00 12.00 10.00
RAC-G, 1 inch 14.00 12.00 10.00
RAC-O, 1 inch 14.00 12.00 11.00
RAC-O (HB), 1 inch 15.00 13.00 10.00
BWC-Open, % inch 14.00 12.00 10.00
BWC-Gap, % inch 14.00 12.00 10.00
BWC-RAC-G, % inch 14.00 12.00 10.00
BWC-RAC-O, % inch 14.00 12.00 10.00

It has already been determined that there is a very good correlation (at times higher then
80%) between the TPC and expected treatment lives. Based on the above information, the cost
effectiveness (TPC/$) of each treatment was determined by dividing the treatment’s TPC by
its cost. In Figure 7, these values, for all treatments, can be compared. It can also be observed
that there is a very wide range in the cost effectiveness of treatments. Some are as low as 0.25
while some are close to 70.
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These values could be used as a criterion to help CALTRANS select its maintenance
strategies. What this data is basically suggesting is that treatments with low TPC/$ should
only be used in very special situations. Otherwise, other treatments can be used that are more
cost effective. The data also indicates that generally the most cost effective treatments follow
this concept: more binder is better; better binder is also better; and thicker treatment is better
- in all cases in generic terms. Asphalt rubber products generally have the best TPC/$ because
they fit the general concept and associated underlying qualities to resist cracking and water
intrusion.
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Figure 7. Cost effectiveness, measured in TPC/$, for California treatments function of job size

Depending on what the current maintenance strategies of CALTRANS are, it appears that
by maximizing treatments with asphalt rubber, the potential for long term savings or increase
pavement performance is very high.

Data are needed to determine what pavements the current monetary allocations are of
money for each type of treatment, what percentage of area is covered with each kind of
treatment each year and the total annual maintenance budget of CALTRANS so that a more
informed determination, quantifying the costs effectiveness of alternative maintenance
strategies, can be made.

4. Discussion
4. 1. Strain at failure ratio (SFR)

One of the components that have helped the TPC to capture rather well the treatment
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performance is the Strain at Failure Ratio (SFR). For this paper and as shown in Table 13 the
Strain at Failure Ratio is defined for the Static Creep Test as the ratio of asphalt-rubber mix
failure strain to the conventional mix SRB PG64-22 mix without asphalt-rubber. Likewise, for
the Thermal Cracking in Table 13 the Strain at Failure ratio is defined for the static creep test
as the ratio of asphalt-rubber mix failure strain and other mix strains to the conventional mix
PG70-10 mix without asphalt-rubber. The rational for its introduction into the formula was
to bring in the “quality” of the binder that cannot be explained only by its quantity. Several
researchers have in the past developed many methods to measure these properties using
the Dynamic Shear Rheometer (DSR), Elastic Recovery, Aging methods and many others.
Strains at Failure and Total Fracture Energy have been used and the later appears to be better
correlated with performance. Table 13 shows some examples of the Strain at Failure Ratio for
various mixes. Clearly, not all conventional binder has identical values amongst each other
and not all Polymer Modified Binder (PMB) are identical in this regard either. However the
data indicate that some differences in the “quality” of the binders affect performance.

Table 13. Strain at Failure Ratio for several treatments in the aging study

Static Target | Temp. o, o4 Axial Axial Strain
Creep Air °F (psi) (psi) Flow Strain @
Test Voids Time @ Failure
Mixture % (sec) | Failure | Ratio
%

AR-ACFC 18 130 10 120 2 4.24 6.42
ARAC 11 130 10 120 3 6.15 9.32
SRB PG64-22 7 130 10 120 8 0.66 1.00
Thermal Cracking

Air AC Ruhber P2e 5n "(j@ Stgln

. . o _
Mixture V(;/lds o % Vet VMA Tank | Failure
o

0.lmm | Ratio

SR % PG64-22 7.0 4.20 0 9.0 16.0 54
SRB PG64-22 7.5 4.55 0 8.6 16.1 54
3/4>” PG64-22 6.6 4.90 0 9.9 16.5 54
Base PG64-22 7.8 5.25 0 10.5 18.3 54
Ave | 189
SR % PG70-10 7.2 4.30 0 9.0 16.2 26
SRB PG70-10 7.3 4.25 0 8.9 16.2 26
Average | 1.00
ARAC 8.1 7.00 20 12.5 20.6 35 5.24

AR-ACFC 17.9 9.40 20 15.1 33.0 35 3.87
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Legend:

Name
AR-ACFC
ARAC

SRB PG64-22
SR % PG64-22
SRB PG64-22
3/4” PG64-22
Base PG64-22
SR % PG70-10
SRB PG70-10
ARAC
AR-ACFC

In Figure 8 data from flexural fatigue tests indicate that AR binder does perform better, at
least by a factor of 10 (Kaloush et al, 2003). Clearly the amount of binder can capture some
of those increases but not them. Also, as shown in Figure 9, the data from ALF-FHWA (Qi
et al, 2006) and the analyses reported in Sousa ef a/ (2006) demonstrated that AR binder

Mixture
Open graded mix with asphalt-rubber binder

Gap Graded mix with asphalt-rubber binder

Salt River aggregate HMA Base mix with PG64-22 binder
Salt River aggregate HMA %" mix with PG64-22 binder
Salt River aggregate HMA Base mix with PG64-22 binder
HMA % mix with PG64-22 binder

HMA Base mix with PG64-22 binder

Salt River aggregate HMA %4 mix with PG70-10 binder
Salt River aggregate HMA Base mix with PG70-10 binder
Gap Graded mix with asphalt-rubber binder

Open graded mix with asphalt-rubber binder

outperformed all other binders in the study in terms of reflective cracking resistance.
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Figure 8. Comparison of flexural fatigue lives under strain control for conventional and
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TPF-5(019) Accelerated Loading Facility Status ReportJan.2005
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Figure 9. ALF-FHWA data relating number of passes and cracking level for three pavements
with the same thickness (10 cm control- conventional, 10cm SBSLGL4- PMB binder and CR-
AZLI-with 5 cm of asphalt rubber binder over 5 cm of conventional).

Figure 10 shows the strain at failure ratio of 5 for AR binder against 1.5 for PMB and 1 for
conventional in order to help address the “extra quality” question.
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Figure 10. Influence of TPC on Treatment Life for Coastal and Valley Regions for Pavements
in POOR condition.

It can be observed in Table 14 (see columns A, B and C) that with the assumption that the Strain
at Failure Ratio is 1.5 the correlation R? is higher than if it is assumed to be 2 or even 5.
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Table 14. Influence of the value of the STRAIN at FAILURE RATIO (SFR) on the correlation
R’ between predicted life and expert estimated life (for POOR pavements in the COASTAL and
VALLEY Regions

A B C D

SFR - AR 5.0 5.0 5.0 5.0

SFR - PMB 1.5 2.0 5.0 1.0
TI<6 0.7386 0.7157 0.6233 0.7650
12>TI>6 0.5792 0.5588 0.4795 0.6033
TI>12 0.5035 0.4800 0.3948 0.5329

Interestingly enough for the case of POOR pavements, a better correlation R? is obtained
with the assumption that the strain at failure ratio is 1.0 (just like the one used for conventional
materials). This appears to indicate that over badly cracked pavement PMB materials do
not out-perform conventional materials. Nevertheless for the overall maximization of the
correlation R? of the regression, a value of 1.5 was found to yield better correlations when
FAIR and GOOD pavements are considered and thus was selected for this study. In addition,
the ALF experiment (Qi et al, 2006) also showed some cracking improvement with a PMB
albeit not as great as that for AR.

5. Conclusions

This research made clear that better treatments are those that have higher Treatment
Performance Capacity (TPC), which indicates, (and what is intuitively known) that
preservations treatments perform better if they have more binder, are made with better binder
(greater amount of strain before failure) and are thicker (i.e. more long lasting and more
waterproof).

A model was developed to relate treatment life function in terms of TPC, pavement
condition, traffic level and location temperatures (actually only the reflective cracking
temperature given by the difference between the Shell mean weighted average temperature
and the lowest temperature representative of each climatic region), for all asphalt based
treatments. This model is able to explain the performance of 23 treatments, in 3 climatic
zones, three pavement conditions levels and three traffic magnitudes (i.e. 621 observations),
with only 4 variables, with a remarkably high correlation R? of 0.84.

Using the TPC values for each treatment and the price of each treatment a cost
effectiveness table for all treatments was developed (by simply dividing the TPC of a
treatment by its cost per square yard). These theoretical model results indicate that materials
that have large TPC to cost ratios, such as asphalt-rubber materials, would be expected to be
very cost effective. A meaningful approach would be to evaluate how much TPC /square yard
CALTRANS realizes for each 1 USD spent on a given treatment. The results indicate that
there are huge differences in values between treatments currently used in California and that
there appears to exist a great opportunity for Caltrans to optimize (i.e. minimize) its annual
budget by applying only treatments with highest cost-effectiveness at the correct time.
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ABSTRACT: One difficult aspect associated with pavement maintenance strategies is the
assessment of the proper timing to intervene in a continuously deteriorating pavement and
pavement network. This paper addresses the research efforts undertaken to determine the
optimal time for maintenance treatment application and provide an assessment of cost
effectiveness of each type of treatment in terms of its own duration and its contribution to
pavement life extension. Although there are many studies on structural pavement rehabilitation
greater than one inch in thickness, comprehensive research on thin maintenance treatments is
more difficult to obtain. In addition, little if any objective maintenance performance data and
associated materials properties and aging were very hard to obtain in California. Structural
and reflective cracking analyses indicate that the optimum time to apply a treatment is when
the pavement cracking levels are in the range of 1% to 2%. There are significant structural
benefits (structural pavement life extension) when a pavement has a waterproofing treatment
applied by the time it reaches 4 to 5% cracking. Preventive maintenance treatments, if applied
at the correct time, with long lasting 100% waterproofing capabilities, can provide structural
life extensions for the underlying pavement of up to almost 3 years.

KEYWORDS: Preventative Maintenance Treatments, Optimal Timing, Treatment Performance
Capacity, Asphalt Pavements
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1. Introduction

The California Department of Transportation (Caltrans) employs a variety of pavement
preservation (preventive maintenance or corrective maintenance) treatments to maintain and
preserve their network of paved highways as shown in Figure 1 (Maintenance, 2003). The
primary purpose of the proactive pavement preservation program is to delay the need for
costly pavement rehabilitation or reconstruction.

R ——
E *
3
S Corrective:Maintenance |
E
2
5 [Rehabilitation |
g
Emergeney-Reconstruetion
Pavement Life

Figure 1. Pavement Condition vs. Life and Type of Work Required

The history of the use of these various maintenance treatments reaches back as far as
1949 (Hveem 1949) if not earlier. Hveem discussed the purpose of the seal coat, although
his discussion can be applied to many different types of maintenance surface treatments.
He noted the term “seal coat” was to seal the road surface; that is, to prevent surface water
from penetrating the pavement or base. However, all highway engineers will recognize that
a surface treatment of asphalt and screenings may be applied to a road to accomplish one or

more of several distinct purposes. Distinct purposes enumerated for seal coats are as follows
(Hveem 1949):

1. Seal the road to the entrance of moisture

2. Develop a non-skid surface on the existing road

3. Apply fresh coatings of aggregate which will enliven and provide an all weathered
surface to improve wear resistance

4. Reinforce and build an adequate pavement surface

5. Provide new stripping between lanes.

6. Improve luminosity.



Performance Evaluation and Design 75

Hveem identified sealing out moisture as the primary reason for a seal coat application.
Later he noted (Hveem 1950) that the structural integrity and endurance of most engineering
works are jeopardized by the action of water. He went on to state that in its simplest form then,
one of the major problems confronting the civil engineer is the necessity for guarding against
or combating the deleterious effects arising from the action of water upon the materials of
construction. Thus maintenance surface treatments need to be able to some degree to seal out
water, Figure 2.

Washington-Richmond rosd, 1919
MBAH, Archihes Center, APl Collsotion

Figure 2. Effect of too much water in the roadway

Historically, thin pavement preservation surfacing less than one inch in thickness are
considered to improve one or more of the distinct purposes enumerated by Hveem, but the
degree of structural reinforcement of these thin treatments has been difficult to estimate. The
purpose of this paper is to present an approach to estimate, in a rational manner, the pavement
life extension added by different types of treatment. Life extension is defined as the time the
treatment delays the need for rehabilitation. Treatment life does not necessarily equal life
extension; it is often less depending when the treatment is placed as shown in Figure 3.
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Figure 3. Maintenance Treatment Lives (Hicks 2006)
2. Study Objectives

This paper is based on a study conducted for Caltrans entitled “CONSIDERATIONS FOR
ESTIMATING PAVEMENT TREATMENT LIVES AND PAVEMENT LIFE EXTENTION
ON FLEXIBLE PAVEMENTS,” (Sousa 2007). Achieving the rather ambitious objectives of
the study was extremely difficult given the lack of objective data in general and in California
in particular. The author’s have relied on subjective data developed by the California
Pavement Preservation Task Group (PPTG) and data and numerous studies conducted in
Arizona (Kaloush, Sousa, Way and Zborowski). Table 1 shows the treatments that were
considered for this study. In all 24 maintenance treatments were identified to be studied to
estimate the treatment life extension. However, for this report life extension analysis was only
conducted for flexible pavements. All the treatments involve the use of asphalt based materials
and may be applied very thin like a fog or rejuvenating seal or as thick as a one inch HMA
surfacing.

It was recognized that heavy traffic affects treatment lives more than light traffic. The
proposed tables reflect the traffic index (TI) as used by Caltrans but they can be easily
converted to the standard AASHTO 18-kip equivalent single axle loads (ESAL’s) by the
following equation (AASHTO 1993).

TI = 9.0%(ESAL’s/1,000,000)%0.119 (]

The estimated life information compiled in this document is based on the collective
experience of the Pavement Preservation Task Group (PPTG) to which the experience and
best engineering judgment of a few experts in the industry were added.
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Table 1. Maintenance Pavement Treatments Used by Caltrans Flexible Pavements

Maintenance Treatment Maintenance Treatment
Hot Mix Asphalt (HMA) Asphalt Concrete (AC)
! HMA Crack Sealing 14 | Conventional HMA, 1 inch
2 | HMA Crack Filling 15 | Open Graded OGAC, 1 inch
3 | Fog Seals 16 |PBA HMA, 1 inch
4 | Rejuvenator Seals
Scrub Seals Rubberized AC (RAC)
6 | Slurry Seals 17 |RAC-G Gap Graded, 1 inch
7 |REAS Slurry Seal 18 |RAC-O Open Graded, 1 inch
8 | Micro-Surfacing 19 | RAC-O(HB) High Binder, 1 inch

9 | Polymer Modified Emulsion (PME) Chip Seal

10 | Polymer Modified Asphalt (PMA) Chip Seal Bonded Wearing Course (BWC)

11 | Asphalt Rubber (AR) Chips Seal 20 | BWC- Open, % inch

Asphalt Rubber Cape Seals AR (slurry) %2

12 . 21 |BWC- Gap, % inch
inch
13 ﬁliihalt Rubber Cape Seals AR (micro) 3/4 22 | BWC- RAC- % inch

23 |BWC- RAC-O, % inch

As previously stated, the data used in this study still needs to be verified in California
using actual performance data from the existing Caltrans performance data bases or pavement
management systems. Nevertheless, an attempt is made in this report to verify the models
as best as the limited data outside of California allows. Of course, the life of the treatment is
highly dependent on the timing of the treatment, the traffic it experiences, and the climate it
is placed in and these factors are addressed in the models as best as possible given the limited
data and information. The time of placement of the treatments can influence the performance
that is treatments placed on good pavements will last longer than treatments placed on bad
pavements. Many times, a treatment is scheduled to be placed on a good pavement, but by
the time it is actually placed, the condition of the pavement has deteriorated and this will
affect the expected live of the treatment. The models developed in this study are limited by
this observation of actual practice. To the degree practical, the models in this report address
the lives of the treatment as a function of the level of traffic and climate (coastal, valley,
mountains, and desert) in which the treatment is placed.
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3. Effects of Waterproofing on Treatment Life

Water within pavement layers is a principal cause of pavement deterioration (Cedergren
1994). Specific problems associated with water include: stripping of asphalt pavement; joint
displacement in concrete pavements; reduction in pavement strength due to positive pore
water pressures in the base course layers; shrinking and swelling of subgrade materials due
to water content changes; and frost heave and thaw weakening due to upward (capillary) flow
beneath pavements. Water related problems are thus responsible for decreased pavement life,
increased costs for maintenance, and increased pavement roughness, and occur throughout all
regions and climates of the US. A recent National Cooperative Highway Research Program
study estimated that excess water reduces the life expectancy of pavement systems by more
than half (Christopher and McGuffey,1997).

One of the major contributors to deterioration and premature failure of flexible pavements
is the presence of excessive moisture within the pavement structure. Water from many sources
enters a pavement structure. The largest source of free water in pavement is from surface
infiltration (Cedergren, 1974).

Excessive moisture that remains under the paved surface can substantially decrease the
service life of a pavement structure. Early full-scale pavement tests in the United States,
including the Maryland Road Test (HRB, 1952), the WASHO Road Test (HRB, 1955), and
the AASHO Road Test (HRB, 1962), indicated that rates of pavement damage attributable to
traffic were significantly higher when the pavement structure was saturated. Cedergren (1974)
predicted a 50% reduction in pavement service life if a pavement base was saturated as little
as 10% of the time.

A treatment can also be evaluated based on its water proofing capabilities. Waterproofing
is an important characteristic of a treatment from a view point of preserving the investment
in the pavement structure. Some treatments afford minimal waterproofing and would also be
ranked as a relatively short life. Not all treatments are equal in their structural and functional
roles.

A fog seal serves the purpose of holding the existing aggregate in place and thus delaying
raveling for a short time. It is not considered to be a waterproofing layer in the same sense as
a seal coat; however their contribution for evaluating extended structural pavement life can be
understood through its water proofing capability.

Likewise, crack seals, seal coats, microsurfacings, chip seals and any other treatment
that is not placed with a screed (laydown) does not improve the ride. The ride smoothness is
the most important functional attribute that a pavement can have and is by far the one that
drivers consider of most importance. Notwithstanding these treatments lack of improving
the ride smoothness can significantly contribute to the waterproofing of a pavement.
Likewise safety is very important that is why any treatment that reduces skid resistance should
not be used since as engineers first priority is always safety.

All these things are important in judging which treatment to use and when to use it. In
addition, it doesn’t rain that often in the desert areas so deflections remain very flat over time
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and aging becomes more of the predominate damage factor. So in low aging areas like high
rainfall, coastal areas waterproofing is important, in desert areas aging is important, and in
mountainous areas, snow and ice (water in another form) is important. However, given the
constraints in this project, there was a need to concentrate on waterproofing capabilities of the
treatments. Based on the engineering judgment of the authors, Table 2 was developed showing
how effective a treatment is at waterproofing a pavement as a function of the pavement
condition.

Table 2. Percent Waterproofing for Various Treatments

Maintenance Treatment Waterproofing Waterproofing Waterproofing
Pavement Pavement Pavement
Condition Condition Condition
HMA Crack sealing 70 30 15
HMA Crack filling 30 15 5
Fog seals 10 5 0
Rejuvenator seals 10 5 0
Scrub seals 50 25 15
Slurry seals 50 25 15
REAS slurry seal 50 25 15
Micro-Surfacing 40 20 15
PME chip seals 40 20 10
PMA chip seals 40 20 10
AR chip seals 80 70 60
Cape seals AR (slurry) % inch 90 80 70
Cape seals AR (micro) % inch 100 100 80
Conventional HMA, 1 inch 60 40 25
OGAC, 1 inch 60 40 20
PBA HMA, | inch 60 40 25
RAC-G, I inch 60 45 35
RAC-O, I inch 60 50 40
RAC-O (HB), 1 inch 70 65 55
BWC-Open, % inch 50 40 20
BWC-Gap, % inch 50 40 20
BWC-RAC-G, % inch 50 40 30
BWC-RAC-O, % inch 50 40 30
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4. Concepts about Pavement Life Extension
4.1 Introductory Concepts

Not all treatments will provide the same level of waterproofing. Also not all treatments will
have the same resistance to reflective cracking. The combined effect of reducing the amount
of water that penetrates the pavement and its resistance to crack propagation will be directly
related to the ability of a treatment to extend the life of a pavement. In this section the benefits
of a treatment at reducing water penetration in the pavement to maintain the moduli of the
layers and therefore preventing the strains in the asphalt layers from increasing. It is the low
strains in the asphalt layers that will result in an increase in the structural life of the pavement
compared to a do nothing no maintenance option.

One of the most effective tools to evaluate the moduli of pavement layers is the Falling
Weight Deflectometer (FWD) deflection data and corresponding back calculation analysis.
Furthermore mechanistic-empirical analyses are very valuable in investigating the strain
levels and corresponding pavement lives. Unfortunately there is no direct measurement of
pavement layer permeability and associated moisture levels of treatments over their lives. The
FWD measurements from ADOT were used as a surrogate for the lack of that information.
The ADOT FWD measurements are done annually and the level of cracking is also recorded
which also proved invaluable. As such, it was assumed that the evolution of FWD’s back-
calculated moduli of the base, subbase and subgrade layers are directly associated with water
penetrating into the pavement and changing the moisture content. Thus, as cracking increases,
it was assumed that more water penetrates into the pavement causing the underlying layers to
result in lower moduli.

4.2 Evaluation of the Reduction of Pavement Strength with Cracking Level

To investigate the reduction of pavement strength with cracking level more than 30000
FWD deflections from ADOT were reviewed and compiled (Way 2007). From this data the
average FWD deflections for various levels of cracking were obtained. The FWD data were
placed into five categories of cracking, Good 0 (0% cracking), Good 1 (1% Cracking) and
Good 2 (2% Cracking) and Fair (4.4% average cracking) and Poor (average 19.4% cracking
level) for asphalt concrete pavement thicknesses varying from 25 mm (1 in.) thick to about
400 mm (16 in). An example of the correlation of that data is presented in Figure 4 for FWD
sensor number 1.
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Figure 4. FWD Sensor Number 1 Deflection versus AC Pavement Layer Thickness

It should be noted that for Good, Fair and Poor pavement cracking levels the relationship
between pavement thickness and ESAL’s per year of traffic loading remains almost identical
as shown in Figure 5, which demonstrates that the set of data is equally balanced for different

cracking levels.
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Figure 5. AC Pavement Layer Thickness versus ESAL’s of Traffic Loading
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This data was used together with the FWD modulus backcalculation program
MODCOMP5 (Irwin 1999) to estimate the moduli of the AC layers, base layers and subgrade
layers. The relationship between AC layer thickness and base thickness was also determined
from the average of all pavements and is shown in Figure 6.

The back calculated moduli for several pavements of varying thickness were determined
at five cracking levels of 0, 1, 2, 4.4 and 19.5 percent cracking with remarkable low root
mean square (RMS) errors (mostly less than 2% the maximum error was less than 4%). The
backcalculated moduli for the pavements with 4.5 and 19.4 percent cracking were compared
to the 0 percent cracking moduli. The 4.4 and 19.5 percent cracking moduli were found to be
less in value than the 0 percent cracking pavement for all thickness of pavements for the AC,
AB and Subgrade layers as shown in Figure 7, Figure 8 and Figure 9.
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Figure 9. Reduction of Base Layer Moduli versus Percent Cracking

For the purpose of this investigation, it was assumed that the reduction in subgrade moduli
and base moduli present in the 1, 2, 4.4 and 19.5 percent cracked pavements was basically
caused by moisture/water. Clearly, this is a bold assumption because one other aspect can
be responsible for the decrease in subgrade and base moduli (namely the higher strains
representing the POOR and FAIR pavement) because the AC layer modulus has decreased due
to the presence of cracking.

However, given the strong effect that water can have in the pavements, this was considered
a valid assumption at this time. Also the reduction of moduli is not very significant in well
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compacted materials if the strain levels are low enough.

Using elastic layer theory (the BISAR program was used to compute stresses and strains)
and taking advantage of the well established SHELL equations to relate strains in the bottom
of asphalt layer and top of subgrade layer to pavement life, the lives for several pavements
with 75, 100, 150, 200, 250 mm (3, 4, 6, 8 and 10 in.) thickness and at the 5 levels of cracking
were computed and shown in Table 3.

Table 3. Determination of Remaining Life Function of Cracking Level (0, 1, 2, 4.4 and 19.5%)
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To develop Table 3 the following equations used were:

1. Maximum admissible tensile strain on the base of traditional asphalt concrete layers
(Shell 1985):

€ =(0.856V, +1.08)E;,; 03 X N 702 i [2]

where:

€ — tensile strain

Vb — volumetric bitumen percentage

Em — bituminous mixture deformation modulus
N — 86 KN standard axle number

2. Foundation soil top maximum compressive strain (Shell 1985):
E = K X IN 020 [3]
where:

€ — compressive strain

Ks — parameter depending on survival probability adopted in the criteria for pavement
design (0.028 - 50% survival probability; 0.021 - 85% survival probability; 0.018 - 95%
survival probability)

N — 86 KN standard axle number

The following is a detailed description of the development of Table 3 and its meaning.
It was assumed based on ADOT experience that a GOOD pavement with 0% cracking has
an average life of 12 years. Caltrans often places treatments on pavement with up to 25%
cracking or more indicating the life of their treatments on such a badly cracked pavement will
be much less than 12 years.

The Remaining Life (Do Nothing) column in Table 3 is computed assuming that a
pavement in good condition will last 12 years. Based on this assumption, the annual traffic
is computed (assuming no annual growth). Using that annual traffic computed from above
the number of years that remain for each condition (1%, 2%, 4.4% and 19.5% cracking) is
determined.

The number of years determined from the Do Nothing scenarios is the benchmark for the
rest of the analysis. As such the extra fatigue life determined from the Bisar and Shell analysis
for the 100% and 50% levels of water proofing are computed to determine how many years
the pavement will last after the treatment is done (assuming that the waterproofing will last
at least as long as needed). The numbers in the tables were computed for each pavement
thickness. The somewhat similarity of duration for each case is due to the fact that it is
assumed that the pavement thickness is such that it can take the traffic and fail in 12 years.
The steps taken in the analysis are summarized below.

The approach to investigate the increased structural pavement life was as such:
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1) For a pavement in GOOD condition the life expectancy given by SHELL equation was
determined say N (Good). Then the annual number of ESALS carried was determined by N
(yearly) = N (Good) /12 years.

2) The life given by the Shell equations for N (Fair) and N (Poor) was also determined in a
similar manner.

3) The corresponding remaining lives, in terms of years, of the pavements under those Fair
and Good conditions were then determined (using the annual traffic obtained for the GOOD
condition)

4) It was then assumed that a 100% water proof treatment that was made would “dry” the
subgrade and base and the lives were determined using the stiffness of AC layers obtained
for the FAIR and POOR conditions but using the moduli of the subgrade and base obtained
for the GOOD conditions (which were assumed to be “dry”). This is an attempt to simulate
pavement conditions if a treatment was made. Then the N (Fair at 100% dry) and the N (Poor
at 100% dry) was determined.

5) It was also assumed that if a treatment provided 50% water proofing that the moduli
of the base and subbase layers would be halfway between that of the 5% and 0% cracking
condition and between 18% and 0% of cracking condition and the respective lives were
determine.

6) The increase in life due to the treatment was computed subtracting N (Fair at 100%
dry)-N (Fair), (as an example for Fair condition with assumed 100% waterproofing treatment).
The same for other conditions and cracking levels. Another very important assumption in this
case is that the treatment would remain at the same level of waterproofing for the remaining
extended life of the pavement. Clearly if a treatment is 100% waterproof, but only lasts a
reduced time (say, 1 year), only during that time can it contribute to the life extension. As
such, its contribution for the total increase in pavement life is a proportional to the treatment
life over the total possible life extension with a treatment with 100% waterproofing capability.

Based on these assumptions, it was possible to determine the increase in number of years a
treatment will provide as a function of waterproofing capability for the level of cracking at the
time of the treatment shown in Figure 10.

The pavement remaining life was now determined as presented in Table 3 and in Figure
10. Clearly the data indicates that one could consider that REMAINING LIFE FOR A GOOD
PAVEMENT (with 0% cracks) is independent of the treatment applied to it in such early
stages There is some rational for it. For example, if you do place a chip seal over a brand new
pavement do you expect its structural life to change dramatically or is it more like an extra
coat of paint being applied on a house just after construction, will that extra coat increase the
life of the paint job?
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Figure 10. Pavement Remaining Structural Life vs. Cracking Level (based on data at 1, 2, 4.5
and 18% cracking)

From this data the Pavement Life Extension for preservation treatments with 50% and
100% waterproofing capability can be derived and shown in Figure 11.
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Figure 11. Structural Life Extension vs. Percent Cracking at Time of Treatment (based on
data at 1, 2, 4.5 and 18.5%)

Figure 11 implies that there is no reason for applying much in the way of preservation
treatments in the very early stages of a pavement life (before cracks develop) but rather
there is really an optimum time for pavement preservation which is between the time the
pavement is 4 to 8 % cracked, depending on whether it is a 50% waterproof treatment or a
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100% waterproofing treatment. It is also clear the great benefit of the level of waterproofing a
treatment can bring to a pavement.

However, if the shape of each curve in Figure 12 is studied, it can be observed that a
big drop in remaining life is reached when the pavement exhibits 2 to 5% cracking. This
is probably due to the fact that at this stage the pavement structure weakens from the water
“damaging” the base and subgrade.
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Figure 12. Pavement Remaining Structural Life vs. Cracking Level (based on data at 1, 2,
4.5% and 18% cracking) (no best fit)

Looking at the FWD deflections in Figure 13 of the seventh geophone, DF7, which is
indicative of subgrade support (or lack of support), reveals some of the damage process as a
function of cracking level.
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Figure 13. FWD Geophone Number 7 (DF7) Deflection Related to the AC Layer Thickness
and Level of Percent Cracking
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It can clearly be observed in Figure 13 that most of the loss of subgrade strength (higher
DF7 deflection) occurs when the cracking increases from 1 or 2% to about 4.5%. After that
the rate of loss of strength with cracking level is not as severe. This is probably due to the
cracking level magnitude allowing water penetration to some degree to reach the base and
subgrade and thus reduce the moduli. As such this is the crucial point where pavement
preservation strategies must intervene by sealing the pavement to prevent water intrusion.
Conversely, Figure 14 (based on actual values from the study not the best fit computation)
demonstrates the huge benefits of making sure that the pavement is sealed before cracking
levels reach 3 to 5%.

This analysis also indicates that the pavement should be sealed as cracking develops.
Structural cracks will indeed occur as a pavement ages. Pavement preservation treatments,
in order to extend structural pavement life must act to prevent water from penetrating the
pavement as soon as 1 to 2% cracking is reached. Pavement preservation may be delayed
but should not be delayed beyond 3 to 5 % cracking because by then weaker foundations
have accelerated the loss of the pavement flexural fatigue life due to increased deformability
(deflection) of the structure of the pavement.
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Figure 14. Structural Life Increase as a Function of cracking Level for Several Pavement
Thicknesses (using 100% waterproof treatments)

It was interesting to note that the structural life increase for all pavement thickness is very
similar as a function of percent cracking at time of treatment for all asphalt concrete layer
thickness except for the 75 mm (3 in.) section. To investigate the reason for this “abnormality”,
the back calculated AC layer moduli are examined as a function of pavement thickness as
shown in Figure 15. It is noticeable that the back calculated moduli for the 75 mm (3 in.) thick
pavement is much higher then for all other pavements. This is probably due to the fact that in
a thin AC layer ages to a greater degree then the thicker pavements. As such, it is speculated
that due to aging of the relatively thin asphalt concrete layer some capability of recuperating
structural life is lost. It is well recognized that a hot mix with a stiffer asphalt binder in general
has a lower fatigue life at the same strain level then a softer binder.
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Figure 15. Effect of Thickness on the Back Calculated Moduli of the AC Layer

After taking special care to minimize all back calculation errors the FWD values for
the 200 mm and 250 mm (8 and 10 in.) thick pavements was redone and the layer moduli
relationship at various cracking levels investigated. The results are shown in Figure 16 and
Figure 17. It is in Figure 16 clear the as cracking increases the layer moduli of the AB base
and subgrade foundation decrease. A sharper decrease can be observed between 2 and 5%
cracking levels. It should be noted that even thicker pavements exhibit aging with time. As
can be observed in Figure 17, before the AC layer moduli is severely decreased by more
extensive cracking it increases due to aging, until the cracking levels reach 2 percent. This
further validates the findings that preventive maintenance activities should take place before
cracking levels reach 1 or 2 percent levels to maximize structural pavement life extension.
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Figure 16. Variation of AB Base and Subgrade moduli of 200 and 250 mm (8 and 10 in.) AC
thick pavements with percent cracking levels



Performance Evaluation and Design 91

3500

3000 1

=== Asphalt Concrete Layer - 10 in
== Asphalt Concrete Layer - 8 in

2500
2000 -

1500 9

Layer Moduli (MPa)

1000 1

500 4

0 T T T T
0 4 8 12 16 20

% Cracking

Figure 17. Variation of AC Layer Moduli with Cracking Level for 200 and 250 mm (8 and 10
in.) AC Thick Pavements

5. Optimum Time for Treatments

The determination of the optimum time for overlay is essential when it is necessary to
optimize budgets in order to ensure acceptable levels of road serviceability. In the papers by
the authors (Sousa, 2009) it was determined that treatments with high Treatment Performance
Capacity (TPC), such as those using asphalt-rubber binder, will outperform treatments with
low TPC in every pavement condition and region. Treatments with low TPC will not last as
long and will age faster and thus be more prone to cracking and consequently allow more
water to penetrate into the pavement structure (if it is already cracked).

As a pavement is subjected to traffic and aging factors it will go through several stages of
degradation. During a first phase the pavement structure is intact and the pavement surface
layers will age (become harder and more brittle) while consuming fatigue life. As the fatigue
life reaches the end of its capability the pavement sections with lower compaction levels and
lower amounts of asphalt will first exhibit cracking which will allow water to penetrate into
the pavement. As the water penetrates into the asphalt structure, aggregate base and subgrade
it will reduce their moduli and will cause a “softer” foundation to induce higher strains in the
asphalt layers leading to accelerated fatigue damage.

When a thin maintenance surface treatment is placed on the pavement it has some degree
of waterproofing capability which keeps the base and subgrade in a more stable condition thus
promoting a more sound foundation and leading to an increase in pavement life. However the
treatment itself is subject to aging. As it ages and is subjected to traffic loads it will also crack
and allow water to penetrate again into the base and subgrade.

If a treatment that has a low TPC is applied while the pavement has no cracks it is likely
that it will age before it can perform its function. It is possible that such a treatment with a low
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TPC may last 3 years and that treatment is placed when a pavement as 0 or 1 percent cracked.
By the time the pavement develops 4 or 5 percent cracking (when water does start to seriously
affect subgrade moduli) the treatment is already consumed and of little or no value (too brittle
and prone to cracking to actually be effective.) In this sense this was a treatment of low long
term value.

However if a high TPC treatment is placed instead it may be able to function well at
the outset of the cracking thus provide some water penetration mitigation and extend the
pavement life. In this case some of the capabilities of the treatment were consumed but
because it was a longer lasting it still had performance capacities enough left to perform most
of'its function.

The treatment may be placed after the pavement reaches 10 or 12% cracking. By that time
structural damage has reached such an extent that even if a 100% water proof treatment is
placed with high TPC there is little opportunity to recover from all the loss.

Data appear to indicate that the maximum beneficial effects of a high TPC treatment are
obtained when the treatment is placed as soon as it reaches a cracking level of 1 or 2%. At
the most such treatment should be placed before the pavement reaches 4 to 5 % so that the
highest benefits in terms of pavement life extension can be derived. In this case a structural
life extension can reach 3 years.

Low TPC treatments should be placed very close to the time the pavement reaches 3 or 4%
cracking to ensure that they are at their peak of performance when they are most needed.

There is no great benefit in delaying application of treatments past 4% cracking. From that
point on for each percent cracking level reached structural life extension is always less even
for very high TPC treatments.

It was not possible from the available data to determine how much time it takes for a
pavement at the 1 or 2% level to deteriorate to the 4 or 5% level (function of region, pavement
and traffic). This clearly would help Caltrans in the definition of trigger values to plan
interventions for the years ahead. This aspect has been noted in the recommendations for
further research.

Preventive maintenance strategies based on the concepts collected in this report should
follow an approach similar to this:

(A) Determine when a pavement reaches 1 to 2 percent cracking and apply the
treatment. It is noteworthy to consider that if a treatment trigger value is set at a higher
value, (say 5 percent) it is very likely that by the time treatments are actually performed the
pavement has already further deteriorate to 7 or 8percent cracking level. Also at 7 to 8 percent
cracking the pavement structural layer experience accelerated rate of damage affecting the AC
layer due to the much higher strain/deformation level existing when the pavement is at 4 to 5
percent cracking level).

(B)  Apply the treatment with the most cost effective TPC/$ depending on what type of
road it is. These theoretical model results indicate that materials that have large TPC to cost
ratios, such as asphalt-rubber materials, would be expected to be very cost effective.
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(C) If delayed maintenance is require all efforts should be made so that maintenance
takes place before cracking levels reach 4 percent (i.e. pavements should be sealed from water
penetration BEFORE they reach 4 to 5 percent cracking levels)

6. Conclusions

Structural and reflective cracking analyses indicate that the optimum time to apply a
treatment is when the pavement cracking level is in the range of 1 to 2 percent. There are
significant structural benefits (structural pavement life extension) when a pavement has a
waterproofing treatment applied by the time it reaches 4 to 5 percent cracking. Preventive
maintenance treatments, if applied at the correct time, with long lasting 100 percent
waterproofing capabilities, can provide a structural life extension of about 3 years.
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Graded Asphalt Rubber Mixtures
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ABSTRACT: Based on the research and application of asphalt rubber in past few years, a new
type of asphalt rubber gap graded mix, named AR-ACI3S, was developed and used in many
projects. In this paper, AR-ACI13S was compared with SMA-13 and AC-13C by a series of
tests in laboratory, including wheel track tests, dynamic modulus, beam bending test, TSRST
tests etc. Finally, conclusion was drawn: (1) AR-AC13S had similar resistance to rutting
deformation as SMA-13 at high temperature; (2)In dynamic modulus test, gap gradation mixes
were more sensitive to confinement level than dense gradation mixes, and AR-ACI13S was
more sensitive than SMA-13; (3) AR-AC13S had better performance in thermal cracking than
conventional mixtures, (4)From the results of Marshall residual stability and TSR, AR-ACI13
mix had the similar water susceptibility as SMA-13 and AC-13. (5) the fatigue life of AR-
ACI13S was 17%, 87% higher than SMA-13, AC-13C respectively (6) AR-AR13S has excellent
resistance to thermal cracking and fatigue, while it still keeps good performance in resistance
to rutting and moisture sensitive.

KEYWORDS: Crumb Rubber, Asphalt Rubber, Gap-graded, Mixture, Performance
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1. Introductions

As the fast development of highway transportation, there are more and more used tires
every year, and it become an environmental problem. Crumb rubber can be used to produce
asphalt rubber for asphalt pavement. It can not only improve pavement performance, but also
save energy and protect environment.

According to the ASTM definition, asphalt rubber is “a blend of asphalt cement, reclaimed
tire rubber, and certain additives in which the rubber component is at least 15 percent by
weight of the total blend and has reacted in the hot asphalt cement sufficiently to cause
swelling of the rubber particles”. Asphalt rubber physical properties are significantly different
than those of conventional asphalts. The rubber stiffens the binder and increases elasticity
over these pavement operating temperature ranges, which decreases pavement temperature
susceptibility and improves resistance to permanent deformation and fatigue cracking.

Asphalt rubber is used as a binder in various types of pavement including surface
treatments and hot mixes. But using of asphalt rubber in hot mixes is limited to gap and open
gradations. Use of asphalt rubber in dense-graded mixtures is not recommended because there
is insufficient void space to accommodate enough binder to significantly improve performance
of the pavement (Caltrans, 2003).

In the early period, Arizona AR-AC mixes and Texas SMAR mixes were tested and
evaluated in some asphalt rubber trial projects in China [2]. Based on the research and
engineering practice at last 5 years, new generation of gap graded asphalt rubber mixes, AR-
ACI13S, were developed.

To design AR-AC13S, existing Marshall tests method is still used with some modifications,
including allowance for lower stability, requirements for voids in mineral aggregate (VMA)
and significantly higher binder content(7~9%). The target air voids at optimum asphalt content
are 5~6% (Zhao, 2007) . Void in coarse aggregate of mix (VCA) is used to measure the stone
on stone contact.

Table 1. AR-AC13S Mixture Characteristics

Parameter Design Criteria Test Method
Marshall Compaction, blows/side 75 AASHTO T-245
Stability, kN >6 AASHTO T-245
Air Void, % 5~6 AASHTO T269
VFA, % 70~85 /

VMA, % >20.0 /

VCA. i <VCA4 AASHTO T-19
TSR,% >80 JTJ052 TO729%
Dynamic stability, passes/mm >3000 JTJ052 TO719%
Failure Strain, pe >2500 JTJ052 TO728™
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Table 2. AR-AC13S Aggregate Gradation Criteria

Sieve Size,mm 19 13.2 9.5 4.75 2.36 | 0.075
Design Limits,% Passing 100 | 90-100 | 50-70 | 18-30 | 10-22 0-5

Comparing with Arizona AR-AC and Texas SMAR, new generation of gap graded asphalt
rubber mixture, AR-AC13S, has more coarse gradation, less filler content, higher WMA.
AR-AC13S mixes provide a durable, flexible pavement surface with increased resistance
to reflective cracking, rutting and oxidation, good surface friction characteristics due to the
texture provided by the gapped aggregate gradation. These types of mix are typically most
effective as rehabilitative overlays of distressed flexible or rigid pavements. It has been used
successfully in more than 10 pavement projects since 2006.

2. Test Materials

There mixtures were designed with Marshal Method in the lab. The aggregate was Nanjing
basalt. Same SBS polymer modified binder, PG76-22, was used in AC-13C mixture and
SMA-13. The asphalt rubber of AR-AC-13S was produced in wet process, with the PG64-22
base asphalt and 20 mesh crumb rubber. The ratio of asphalt to crumb rubber was 81.5:18.5.
In order to improve the resistance to moisture, 2% of cement by weight was added to AR-
AC13S mixture. The design results were shown in Table 3 and Table 4.

Table 3. Mixtures Properties

Mixture Tvoe g)‘:t‘l‘:lrt Density | VV VMA | VFA |Stability| FN
Ixture Lyp %) g/em’ (%) (%) (%) (%) | (0.1mm)
()
AR-ACI3S | 7.9 2358 | 545 | 2184 | 75.03 7.55 345
SMA-13 5.8 2469 | 4.19 1679 | 7504 | 1067 | 257
AC-13C 49 2447 | 523 1689 | 69.05 | 1326 | 256

Table 4. Mixtures Gradations

Mixture Percentage Passing, %
Type 16 132 | 95 | 475 | 236 | 1.18 | 0.6 03 | 0.15 | 0.075
AR-ACI3S | 100 | 95.6 | 65.8 | 27.9 | 18.1 | 123 | 7.9 44 3.1 2.3
SMA-13 100 | 929 | 57.6 | 27.1 | 23.2 | 19.6 | 164 | 144 13 10.4

AC-13C 100 | 92.7 | 733 | 459 | 352 | 23.1 | 16.8 11 8.5 6.4
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3. High Temperature Performance
3.1. Wheel Track Tests

Wheel track tests (T0719, JTJ052-2000)) , with tire pressure of 0.7 MPa, were done for
three mixtures at 60°C. Dynamic Stability, the slop of creep curve between 45th and 60th
minute, was used to evaluate the mixtures’ resistance to rutting deformation.

Table 5. Wheel track tests Results

Mixture binder content Dynamic Stability, passes/mm .
o Requirement
Type (%) 1 2 3 Aver.
AR-ACI13 7.9 4846 4846 4846 4846
SMA-13 5.8 7000 5727 5250 5992 >3000
AC-13C 4.9 3938 3706 3500 3715

From Table 5, all of the 3 mixtures met the requirement of 3000 passes/mm. The resistance
performance of rutting was sorted from high to low: SMA-13 > AR-AC13S > AC-13C.
Aggregate skeleton plays great contribution to mixture’s high temperature performance, so
does the asphalt property. Dynamic stability of AC-13C was the lowest among them because
its traditional dense gradation gave low internal friction strength under deformation. While
SMA-13 and AR-AC13S mixtures were gap-graded, with more coarse aggregate and better
stone skeleton, they had better high temperature performance than AC-13C. Dynamic stability
of AR-AC13S mixture was lower than that of SMA-13. But considering the asphalt content
of AR-AC13S is 1.36 times of SMA-13, its high temperature performance was obviously
excellent.

3.2. Dynamic Modulus Test

For linear viscoelastic materials, the stress-strain relationship under a continuous sinusoidal
loading is defined by a complex modulus E*, which has a real and imaginary part that defines
the elastic and viscous behavior of the linear viscoelastic material. The absolute value of the
complex modulus | E* | , is defined as the dynamic modulus. Mathematically, the dynamic
modulus is defined as the maximum (peak) dynamic stress divided by the recoverable axial
strain.

The dynamic modulus response of an asphalt mixture is known to be dependent on
temperature, rate of loading, aging level, confinement level and mixture characteristics; such
as binder stiffness, aggregate gradation, binder content, and air voids. To account for the effect
of temperature and rate of loading, a master curve is constructed which is built using as a
reference any arbitrary temperature value. Using dynamic modulus master curve, analysis and
comparisons between several mixtures and conditions can be made.

Dynamic modulus tests were performed in Simple Performance Tester (SPT) with three
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confinement levels, OkPa, 100kPa and 200kPa. The test specimens were cored from laboratory
compacted gyratory plugs, 100 mm in diameter and 150 mm high. For each specimen, a full
factorial of test frequencies (25,20, 10,5, 1, 0.5, and 0.1Hz) and temperatures of 4, 15, 25,
40, and 55 C were used. Each specimen was tested in an increasing order of temperature,
and for each temperature level, specimens were tested in a decreasing order of frequency.
This temperature- frequency sequence was carried out to cause the minimum damage to the
specimen before the next test.

Dynamic modulus master curves of three types of mixture were constructed at different
confinement level, as shown in Figurel~ Figure 3.
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Figure 3. Dynamic Modulus Master Curve( 25°C, Confined, 200Kpa)

A big difference in E* response was found when specimens were tested between
unconfined conditions and confined conditions, in low frequency area (high temperature).
E* values Increase with confinement levels, especially in the master curves of AR-AC13S
mixture AR-AC13S mixture had lower stiffness compared to conventional mixtures at
unconfined conditions. But when confined E* tests results were compared, it was found that
the AR-AC13S mixes had better response.

For gap graded mixes, such as AR-AC13S and SMA-13, coarse aggregate skeleton
gave strong support to mixes under load and made an important rule on high temperature
performance. But their performance highly depended on test confinement levels. In dynamic
modulus test, gap gradation mixes were more sensitive to confinement level than continues
gradation mixes, and AR-AC13S was more sensitive than SMA-13 because of higher binder
content.

The confined dynamic modulus E* test is a better field performance indicator than the
unconfined test (Kamil, 2002). So it could be concluded that AR-AC13S mixture has better
high temperature performance than SMA-13 and AC-13C.

3.3. E*/sing

Dynamic modulus term, (E*/sing), determined from the triaxial dynamic modulus test
was selected as the one of SPT candidates for evaluating an HMA mixture’s permanent
deformation in NCHRP report 465 (Witczak, 2002). The results of E*/singat 55°C for 3 mixes
got from dynamic modulus test were shown in figure 4~figure 6.
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The E*/sinpof AR-AC13S was low at low frequency (<1Hz) condition when it was tested
without confinement as shown in figure 4. But it changed quickly with the increasing of
confinement level, and overtook SMA-13 when 200 kPa confinement was applied as shown
in figure 5. At all test condition, the E*/sinpof AC-13C was the lowest. If E*/sinpwas used as
evaluation parameter of rutting resistance, the performance of three mixes could be ranked as
following: SMA-13 ~ AR-AC13S > AC-13C.

When considering the test results of dynamic stability, dynamic modulus and E*/sin®,
conclusion could be drawn that AR-AC13S had similar resistance to rutting deformation as
SMA-13, which was better than AC-13C.

4. Low Temperature performance
4.1. Beam Bending Test

Beam Bending Tests T0728 (JTJ052, 2000) were done at -10°C to the three mixtures.
The specimens were compacted by steel wheel in the lab and were cut to size of
300mmX45mmX30mm.

Failure strain was used to describe materials’ performance at low temperature. The higher
the Failure strain, the better the crack resistance. The test results were shown in Table 6.

Table 6. Beam Bending Tests Results (-10°C)

MistureType | Loag | Dplacement | Stress | QLY | Reguirement
) )
AR-AC13S 0.50 0.92 9.17 4823
SMA-13 1.26 0.62 10.69 3270 >2000
AC-13C 1.05 0.55 8.61 29012

Failure strain was used in the test to evaluated low temperature performance. All the failure
stains of three mixtures were higher than 2000pe. Usually, the higher the asphalt content, the
higher the failure strain. The asphalt content of SMA-13 was 18% higher than that of AC-13,
and its failure strain was 12% higher than that of AC-13. As for AR-AC13S, the asphalt
content 61% higher than that of AC-13, and failure strain was 66% higher.

4.2. Thermal Stress Restrained Specimen Test (TSRST)

Thermal cracking is a distress mode of asphalt pavements. Low temperatures or fast
cooling rates create tensile stresses in the restrained surface layer. Thermal cracking occurs
when the tensile stress generated is greater than the tensile strength of the surface mix.
Thermal Stress Restrained Specimen Test (TSRST) was done in this paper to determine the
fracture property of asphalt mixes.
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Figure 7. TSRST Tester

In the test, a prismatic specimen (S0mmX50mmX250mm) is kept in constant length,
while the test temperature is dropping, which causes an induced tensile stress as the specimen
attempts to contract from the decreasing temperature until fracture occurs.

For this study, three specimens per mix were tested using the TSRST. The cooling rates
was 10+1°C/hr. The test result was shown in Table 7.

Table 7. Test Result of TSRST

Index AC-13 SMA-13 AR-AC13S
Fracture temperature, 'C -15.7 -20.3 -26.0
Fracture strength, kPa 184.7 246.4 378.6

Results indicated that AR-AC13S had the best resistance to thermal cracking among three
mixes, if fracture temperature or fracture strength was used as a criterion. SMA-13 was better
than AC-13 mix. It is reasonable, since binder properties and binder content control the low-
temperature cracking resistance of a mix.

5. Moisture Stability
5.1. Residual Stability

Where the mix is susceptible to the influence of water, Marshall residual stability test T
0709 (JTJ052, 2000) should be done, and the residual stability should not be less than 85%
if polymer modified binder used. Residual stability is the ratio of Marshall stability after 48
hours of 60°C water immersion and standard Marshall stability.
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Marshall residual stability test is a traditional test for moisture sensitive, simple and easy.
But the air void of the test specimen is usually around 4%, less than air void of pavement at
early period, which is around 7%. Practice on projects indicates that this test doesn’t accord
with the actual in place condition and that residual Marshall stability is not reliable (Zhao,
2001).

The test result for 3 mixes was shown in Table 8. All of them preformed well in the test,
since polymer or crumb rubber was used in the binder.

Table 8. Test Result of Residual Stability

. Air void Stability(kN) Residual Stability | Requirement
Mixture Type o o o
(%) None | condition (%) (%)
AR-ACI13S 5.4 8.63 7.97 92.4
SMA-13S 4.1 10.03 9.26 92.3 >85
AC-13C 5.2 13.15 11.82 89.9

5.2. Indirect Tension Test

Indirect tension test with and without freeze-thaw cycle T 0729 (JTJ052, 2000) was used to
evaluate the water susceptibility of asphalt mixes. The tensile strength ratio (TSR) is the ratio
of the indirect tensile strength of a Marshall specimen with and without the freeze-thaw cycle.
Usually a minimum TSR of 70% is recommended for normal binder and 80% for polymer
modified binder.

In the test, the specimen was compacted with 50 blows per side instead of 75 blows per
side. The wet sample was exposed to freeze-thaw cycle. This test was thought to be better to
evaluate the water susceptibility than Marshall residual stability test.

The test result for 3 mixes was shown in Table 9. In indirect tension test, the specimen
fractures under load without constrained force, which is thought to be unreasonable for gap
gradation mix, such as AR-AC13S and SMA-13. AC-13C was dense graded and got highest
indirect tension strength and TSR value. Generally the TSR values of three were on same
level.

Table 9. Indirect Tension Test Result

. Air void Strength(MPa) TSR Requirement
Mixture Type o o °
(%) control condition (%) (%)
AR-AC13S 6.0 1.0027 0.8152 81.3
SMA-13S 53 1.0239 0.8288 80.9 >80
AC-13C 6.3 1.0644 0.9017 84.7
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From the results of residual stability and TSR, it could be concluded that AR-AC13 mix
had the similar water susceptibility as SMA-13 and AC-13.

6. Flexural Beam Fatigue Tests

For fatigue characterization, constant strain tests were conducted at 300pe; at load
frequency of 10 Hz, and at test temperature of 15°C. The tests were performed according to
the AASHTO P8-94 procedures. Initial flexural stiffness was measured at the 50th load cycle.
Fatigue life or failure under control strain was defined as the number of cycles corresponding
to a 50% reduction in the initial stiffness.

Table 10 shows a comparison of 3 mixtures. The relationships are rational in that higher
binder content mixes yielded higher fatigue life. It is noted that the asphalt rubber mixture
would result in higher fatigue life than the conventional mix. The AR-AC13S is approximately
1.2 times longer fatigue life compared to the PG76-22 SMA-13 mixture. The AR-AC13S mix
results in approximately 1.9 times longer fatigue life than conventional AC-13C mix.

Table 10. Fatigue test Result(15°C)

Mixture Type AR-ACI13S SMA-13 AC-13C
Fatigue life, cycles 249,188 213,441 133,259

7. Conclusions

In this paper, new asphalt rubber gap-graded mix, AR-AR13S, was evaluated by series of
tests in laboratory comparing with SMA-13 and AC-13C mixes. Finally, the main conclusions
could be drawn as following:

(1)From the results analyses of dynamic stability, dynamic modulus and E*/sin®, AR-
AC13S had similar resistance to rutting deformation as SMA-13 at high temperature, which
was better than AC-13C. Coarse aggregate skeleton gave strong support to mix under load
and made an important rule on high temperature performance, especially under confinement
condition. In dynamic modulus test, gap gradation mixes were more sensitive to confinement
level than continues gradation mixes, and AR-AC13S was more sensitive than SMA-13.

(2)Both failure strains in beam bending test and fracture temperatures in TRSRT gave
the same conclusion that AR-AC13S had the best performance in thermal cracking among 3
mixes. Its fracture temperature was 5.7°C lower than SMA-13. The higher the binder content,
the better the low temperature performance.

(3)From the results of Marshall residual stability and TSR, AR-AC13 mix had the similar
water susceptibility as SMA-13 and AC-13.

(4)AR-AC13S had the best resistance to fatigue in flexural beam fatigue test, which



108  Asphalt-Rubber 2009

fatigue life was 17%, 87% higher than SMA-13, AC-13C respectively. Its excellent fatigue
performance benefitted from high binder content and property of asphalt rubber.

(5)From above analysis, AR-AR13S has excellent resistance to thermal cracking and
fatigue, while it still keep good performance in resistance to rutting and moisture sensitive.
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Abstract: Recent years, asphalt rubber open-graded friction course ( AR-OGFC ) has
attracted more and more attentions in China. In this paper, based on laboratory analysis
and application experiences, mix design method of AR-OGFC using Marshall Test and mix
gradation was recommended. On this basis, key technologies of AR-OGFC overlay structural
design were studied, such as the treatment of underlying pavement, selection of track coat,
etc. Finally, performances of AR-OGFC overlay of two trial sections were summarized and
analyzed.
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0 Introductions

Recent years, people have paid more attention to AR-OGFC which can lower traffic noise,
and has higher skid resistance and higher crack resistance ability. In China, open-graded mix
has not been widely used, and researches or practices about AR-OGFC are even more seldom.
Gradation and mix design method about AR-OGFC have not been reported in China. In this
paper, mix design method and main points of structure design of AR-OGFC overlay were
studied and performances of its foremost two trail projects in China were introduced.

1 Mix Design Method of AR-OGFC
1.1 Mix Design Method Review
1.1.1 Gradation

According to the review of AR-OGFC gradations of several states in American, the main
deference of AR-OGFC gradations is about the amount of fine aggregate [1] [2] [3]. In Texas,
Florida and Arizona, very little fine aggregate is used in OGFC, the percentage passing limit of
2.36mm is below 10%. However, in California, more fine aggregate is used, the requirement
of percentage passing of 2.36mm is 7% to 18%. 0.075mm is also a key sieve for OGFC13. In
California, Texas and Arizona the percentage passing 0.075mm is permitted close to zero, but
in Florida, require at least 2% of filler material (passing 0.075mm) be used.

1.1.2 Mix Design Criteria

In Arizona, AR-OGFC is designed using a statically compaction apparatus which loads at
a rate of Smm per minute until a load of 1.5kg per square mm is reached. Equetion] is used to
determine the AR-OGFC binder content.

Binder content% = (0.38xW + 8.6) x2.6/C (1)
W %Water Absorption of Aggregate;
C Combined Oven Dry Specific Gravity of Aggregate.

When AR-OGFC is to be used in concrete pavement overlay, binder content should be
increased by 1 percent to achieve better crack resistance performance. In Arizona, asphalt
rubber open graded mix should be tested for draindown in accordance with AASHTO T305 of
ASTM 6390. The draindown should not exceed 0.3%.

In California, asphalt rubber content is designed by air void and draindown, where air void
is required no less than 18%, and draindown is required less 0.3%.

In Texas, Asphalt rubber permeable fiction course (PFC) in Texas is designed using Texas
gyratory compactor with Ndes=50, and design parameters include draindown, laboratory-
mold density, CRM content and Cantabro loss.

In China, OGFC were not used as widely as in American and Japanese, and in these
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applications, OGFC usually used high viscosity asphalt or SBS modified asphalt. OGFC were
designed by Marshall Tests. OGFC by asphalt rubber were seldom used in China, and research
about its mix design method was also scarcely. According to the aforementioned reviews, the
OGFC mix design method in China was deferent from methods of other countries. Then, it is
necessary to study proper mix design method suitable for our country’s AR-OGFC.

1.2 Mix Design Method of Jiangsu
1.2.1 Gradation

It can be concluded from literature review that although gradation requirements have
significant differences, the principles of gradation design are consistent. They get open graded
mixture by reducing the amount of fine aggregate, and then the main difference is the mix of
coarse aggregate. As open graded mixture has big air void, no mater how to mix the coarse
aggregate, it gets good interlock state. Therefore, the grade range of coarse aggregate can be
relaxed appropriately. It was found from engineering applications that drainage performance
of OGFC usually declines due to the decrease of air void. To avoid this situation, it was
considered that we should minimize the amount of fine aggregate. The gradation requirements
of AR-OGFC were recommended in tablel.

Percentage (%) Passing Following Sieves(mm)

16 13.2 9.5 4.75 2.36 0.075
Up Limit 100 100 80 15 10 2
Lower Limit 100 85 45 3 0 0

Tab.1 Mix design grading limits for mineral aggregate of AR-OGFC in Jiangsu province
1.2.2 Specimen Molding Method

Mix specimen molding method is the basis of OGFC mix design. Specimen molding
laboratory should simulate construction and traffic conditions. In Arizona AR-OGFC is
designed using a statically compaction apparatus, however in Jiangsu OGFC was usually
designed by 50 time Marshall blows. To find the AR-OGFC specimen forming method
suitable for Jiangsu Province, deferent methods were compared by laboratory tests. In these
tests, basalt aggregate from Luhe Jiangsu Province was used, and asphalt content is 8.4%, test
results were listed in table2 and table3.

Percentage (%) Passing Following Sieves(mm)
132 95 475 236 118 0.6 0.3  0.15 0.075
Original gradation 96.0 722 16.1 8.0 6.1 3.9 2.5 1.5 0.9
50 beats 96.1 732 165 9.0 6.5 4.2 3.1 2.1 0.9
75 beats 962 789 205 102 73 43 32 2.1 1

Beat Number

Tab.2 Influence of Marshall beat number on mixture gradation



112 Asphalt-Rubber 2009

Static Compaction 50 beats 75 beats
Density Air Void Density Air Void Density Air Void
(g/em’) (%) (g/em?’) (%) (g/em’) (%)

1.907 243 2.049 18.7 2.201 12.3

Tab.3 Density and air voids of specimens by deferent forming methods

It can be seen from table2 that because OGFC has comparatively more coarse aggregate,
it gradation may deviate from original gradation when be beat excessively. Due to gradation
deviation, air void of specimen by 75 beats is only half of specimen by static compaction,
however specimen by 50 beats have similar air void with specimen by static compaction.

In “Technical Specifications for Construction of Highway Asphalt Pavements” (JTG
F40-2004) Promulgated by China’s Ministry of Transportation and Communications, OGFC
was designed by Marshall Test of 50 beats, and same beat number was adopted in several
OGFC trail sections in Jiangsu Province. It was found that Marshall Test of 50 beats is suitable
for the construction and traffic conditions. Therefore, based on the feasibility of specimen
forming, technical characteristics of AR-OGFC and experiences of Jiangsu Province, it was
recommended that AR-OGFC be designed by Marshall Test of 50 beats.

1.2.3 Design of Asphalt Content

As for the design of asphalt content, empirical formula of Arizona shown in formulal
has reference value. At the same time, in OGFC mix design method of deferent countries,
draindown test and stripping test usually are used to determine proper asphalt content. In
Japan, asphalt content range of OGFC is designed by the inflexion points of draindown-
asphalt content curves and stripping-asphalt content curves.

In this paper, asphalt contents designed by laboratory test and formulal were compared.
Table4 lists the estimated asphalt content by formulal, where the AR-OGFC mix adopted
gradation listed in table2.

Combined Water Absorption ~ Combined Specific Gravity =~ Estimated Asphalt Content

of Composite Aggregate of Aggregate by Aggregate
(%) (g/em’) (o)
1.389 2.854 9.2

Tab.4 Estimated asphalt content of AR-OGFC

Draindown test and stripping test results of AR-OGFC are shown in figurel and figure2.
It can be seen from the draindown-asphalt curve that the up limit of asphalt content is 9.4%.
At the same way, the low limit of asphalt content is 8.9% from strip-asphalt content curve.
Therefore, the proper asphalt content should be between 8.9%~9.4%, and the estimated asphalt
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content by formulal approaches its middle value. It can be concluded that the empirical
formula of Arizona has the similar result with that of experimental method. Therefore, the
empirical formula can be used as easy way for asphalt content determination.
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1.3 examples of AR-OGFC mix design

1.3.1 AR-OGFC mix design of NINGGAO expressway

Mix design result of AR-OGFC is listed in tableS and table6. The design air void is 22%,

and optimal asphalt content is 8.9%.
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Percentage (%) Passing Following Sieves(mm)

Project

16 132 95 475 236 118 0.6 03 0.15 0.075
NINGGAO 100 912 525 42 1.5 0.7 0.7 0.7 0.7 0.7
Expressway

Tab.5 Aggregate gradation design result of AR-OGFC13

Asphalt Content Stability Flow Value \'AY VMA VFA
(%) (kN) (0.1mm) (%) (%) (%)
8.9 3.78 36 224 36.2 38.1

Tab.6 Marshall test result of AR-OGFCI13
1.3.2 AR-OGFC Mix Design of NANJING Belt Expressway

AR-OGFC mix design result of Nanjing Belt expressway is listed in table7 and table§. The
design air void is23.9%, and optimal asphalt content is 8.0%.

Percentage (%) Passing Following Sieves(mm)

Project
16 132 95 475 236 118 06 03 0.15 0.075
NAN'&IZ;} Belt 100 923 589 09 04 04 04 04 04 04

Tab.7 Aggregate gradation design result of AR-OGFC13

Asphalt Stability Flow Value \A% VMA VFA
Content(%) (kN) (0.1mm) (%) (%) (%)
8.0 2.77 304 23.9 36.4 34.1

Tab.8 Marshall test result of AR-OGFC13
2 Key Technologies for AR-OGFC Overlay Design

In Jiangsu Province, AR-OGFC is mainly used as overlay on concrete pavement or asphalt
pavement, whose thickness is usually 2.5~3.0cm. Expect for overlay structure and mix design,
the treatments of old pavements and selection of tack coat materials are also key factors
influencing overlay performances.

2.1 Treatment of Original Pavement

As for OGFC overlay, original pavements should be have sufficient carrying capacity,
smoothness and waterproof ability.
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Therefore, treatment of old pavements is very important. OGFC overlay is permeable,
therefore if defects of old pavement were not properly treated, these defects may deteriorate
gradually, followed by overlay failure, figure3.

Fig3. Overlay failure due to improper treatment of old pavement
In following conditions, pavements should be milled and paved before overlaying.

(DPavement has been experienced too much repair. Repairing areas exceed 15% of that of
lane.

@Pavement distress has developed severely, where net-shaped cracks, water damage,
rutting were continuously.

(®Reflective cracking space is below 15 meters, and was accompanied by pumping.

Local distress should be repaired by usual methods. Local distress of lower course should
be repaired similarly after upper course being milled, and the repair area should includes at
least one lane in transverse and exceed 1 meter of the distress area in longitude.

In some projects, accurate milling was adopted to improve the smoothness of surface
course. It was found that this method may disturb the pavement and accelerate the
deterioration of distress, therefore milling method of surface should be avoided at any
possible.

2.2 Design of Tack Coat

Tack coat is very important for OGFC overlay. Asphalt rubber stress absorbing interlayer
(SAMI) and modified emulsified asphalt are usually used as tack coat. In application of
SAMI, the quantity of asphalt rubber is 1.5~2.5 kilogram per square meter. The advantages
of SAMI are its high waterproofing ability and perfect anti-cracking performances. However,
in construction, the asphalt may exceed allowable quantity in overlapping areas which may
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cause bleeding problems, figure4. At the same time, the asphalt in SAMI may uplift then
reduce the air void of OGFC overlay, which may cause the permeability of overlay decline
even lose. According to engineering experiences, tack coat using modified emulsified asphalt
may avoid these disadvantages aforementioned. Therefore, modified emulsified asphalt is
recommended to be used as tack coat of AR-OGFC overlay. At the same time, to ensure
the bonding and waterproofing effect, more emulsified asphalt should be used than usual
pavement tack coat. The quality of emulsified asphalt used for AR-OGFC overlay tack coat is
recommended to be 0.3 ~ 0.5kg/m? appropriately (converted into asphalt deposit).

Figd. Bleeding in overlapping area of SAMI
3 Application effects of AR-OGFC overlay
3.1 Ninggao Expressway AR-OGFC Trail Project

Trail project of AR-OGFC on Ninggao Expressway is 1km long, and opened to traffic in
October of 2006, the pavement structure of which is shown in figures.

2.5cm  AR-OGFCI13
Asphalt Rubber SAMI

Original pavement

FigS. AR-OGFC overlay structure of trail project on Ninggao expressway
3.1.1 Performance on Noise Reduction

One year after opening to traffic, traffic noise of trail section and control section were
tested. Results are listed in table9. Compared to dense grading asphalt mix of original
pavement, AR-OGFC overlay can reduce traffic noise by 4.9Dbs, shows very good noise
elimination performance.

Section Test Results (Db)
Original Pavement (AC16) 78.0
AR-OGFC Overlay 73.1

Tab.9 Noise test results of AR-OGFC overlay trail road and control road
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3.1.2 Permeability Performance

After construction, permeable coefficient of the trail pavement is over 1000ml per minute.
Two years after opening to traffic, trail pavement permeability performance is shown in
figure6. AR-OGFC overlay shows good permeability performance.

Fig6. Pavement permeability performance after raining of Ninggao expressway AR-OGFC
overlay (two years after open to traffic)

3.1.3 Other Performances

There are about 40 reflective cracks with space from 20 to 30 meters on original pavement.
Two years after opening to traffic, there was no crack appeared, even the thickness of overlay
is only 2.5cm. At the same time, other distresses such as net-shaped cracks, bleeding etc were
not found on this trail pavement.

3.2 Nanjing Belt Expressway AR-OGFC Trail Project

The structure of Nanjing Belt Expressway AR-OGFC trail project is shown in figure7.
Deferent from Ninggao Expressway AR-OGFC trail road, modified emulsified asphalt tack
coat was used in this project. The trail road opened to traffic in September of 2008.

2.5cm  AR-OGFCI13
SBS modified emulsified asphalt tack coat

Original pavement

Fig7. AR-OGFC overlay structure of trail project on nanjing belt expressway
3.2.1 Performance on Noise Reduction

Traffic noise of trail section and control section were tested. Results are listed in table10.
Compared to dense grading asphalt mix of original pavement, AR-OGFC overlay can reduce
traffic noise by 3.1Dbs.
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Section Test Results(Db)
Original Pavement (AC13) 85.1
AR-OGFC Overlay 82.0

Tab10. Noise test results of AR-OGFC overlay trail road and control road

3.2.2 Permeability Performance

After construction, permeable coefficient of the trail pavement is over 1000ml per minute.

4 Conclusions

In this paper, mix design method of AR-OGFC were recommended and validated. The
key technologies of AR-OGFC overlay design were studied. Finally, the performances of AR-
OGEFC overlay were observed and summarized.

(1) Gradation scope of AR-OGFC was recommended in this paper. In AR-OGFC mix
design, the proper method of specimen molding is Marshall Compaction tests by 50 beats.

(2) It was found that the empirical formula of Arizona has the similar result with that
of experimental method by drain down test and stripping test. The empirical formula was
recommended as an easy way for asphalt content determination.

(3) Performance observation shows that AR-OGFC overlay has good permeability and
noise reduction capability.
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ABSTRACT. As part of a statewide pavement preservation study during the years of 1999 to
2002 the California Department of Transportation (Caltrans) selected six highway projects
to receive a rubberized asphalt concrete open graded high binder (RAC-O-HB) hot mix as
the surface wearing course. The selected projects covered a wide range of climate from very
hot to very cold and traffic loading from very high to low. The RAC-O-HB mixes were placed
approximately 25 mm in thickness and contained an asphalt-rubber (AR) binder consisting of
several ingredients including approximately 80 percent paving grade asphalt and 20 percent
rubber. The 20 percent rubber includes 75 percent ground waste tire rubber and 25 percent
high natural rubber. To this mixture of asphalt and rubber approximately 2 to 6 percent
extender oil, a compatibilizing agent, is added to complete the formulation. The RAC-O-HB
mixes are different from the routine rubber asphalt concrete open graded mixes (RAC-0). The
RAC-O mixes contain approximately 6.0 to 6.5 percent AR whereas the RAC-O-HB contains
approximately 8.5 to 10 percent AR binder by weight of the dry aggregate. In 2007 each of the
projects was reviewed to observe the performance. The projects were observed in terms of the
degree of cracking, subjective ride quality, permanent deformation (rut depth), and overall
PCI performance. After the review of all the RAC-O-HB projects it was found that they had
a very satisfactory ride, relatively little cracking, very little rut depth and performed very
well, with only minimal distress. Their performance was compared to projects constructed in
Arizona with a similar open graded AR high binder mix and their performance appeared to
be very similar for the age of the material. Construction records were available on only one
of the projects and they indicated that the RAC-O-HB mix was designed for 9.8 percent AR
binder but only placed at 9.1 percent AR binder which may have contributed to some of the
cracking that was observed on this particular project.

KEYWORDS: asphalt-rubber, rubberized asphalt concrete, open graded mix, performance
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1. Introduction

Asphalt rubber is a blend of asphalt cement, reclaimed and ground tire rubber, and
additives such as extender oils. Various types of asphalt rubber mixes including gap graded
and open graded friction courses are used in the state of California. These thinner types of
pavement preservation and rehabilitative mixes are used for noise reduction and improved
resistance to reflective cracking over distressed flexible and rigid pavements (Carlson, 2003;
Caltrans, 2003).

Open graded mixes, unlike the gap graded mixes, are not considered a structural
component of the pavement. Open graded mixes are routinely designed to provide a freely
draining driving surface that rapidly removes water away from the tire-pavement interface.
They are also used to restore or improve surface friction in dry conditions, accentuate
visibility of pavement markings, and minimize reflective cracking from older, distressed
pavement surfaces. Open graded surface courses are placed in thin lifts of 25 to 30 mm (1-
to 1.2 inches); rubberized asphalt binder can be used instead of paving grade asphalt with this
gradation. The rubberized binder further improves the flexibility and durability as a result of
the higher viscosity, hence higher binder contents associated with rubberized binder mixes. In
California, the increase in binder content in the open graded mixes is 20% more than for open
graded mixes constructed with unmodified asphalts (Caltrans, 2003).

Caltrans is currently evaluating potential additional benefits of using a higher binder
content, similar to those used by the Arizona Department of Transportation (ADOT) ,with
RAC-O mixes (Carlson, 2003). The 5 to 7 year performance of Caltrans high binder mixes,
designated RAC-O-HB for rubberized asphalt concrete open graded mixes with a high binder
content, are the focus of the case studies summarized in this paper.

2. Objectives and Scope

The objective of this paper is to summarize individual RAC-O-HB project durability and
noise reduction performance for seven projects on five California roadways as reported by
George Way on behalf of the California Pavement Preservation (CP2) Center to the California
Department of Transportation (Way, 2007). Projects varied by the type of existing surface
which include dense graded hot mix asphalt and Portland cement concrete (HMA and PCC),
traffic level (300,000 to 3,000,000 annual ESALSs), and environmental conditions (desert to
mountainous), Figure 1.

PG 64-16 PG 70-10

Figure 1. Location and general climatic conditions for RAC-O-HB projects
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3. Materials
3.1 Aggregates

Table 1 shows a typical set of aggregate properties for the RAC-O-HB mixes used for in
these case studies. The aggregates are high quality with low LA abrasion values, high specific
gravities (implying low water absorption capacities), and 100% crushed (Caltrans 2003; Way
2006 and 2007). The gradation is predominately 2-sized, with 63% of the 4.75 mm size and
27% of a 2.36 mm size, as illustrated in Figure 2.

The 100% crushed faces requirement for all of the aggregates used in these mixes provides
the high quality, wear resistant, angular shape needed for skid resistance and aggregate interlock
for shear (rutting) resistance. The predominately two-sized gradation allows sufficient void
space between particles for both binder and interconnected air voids. The interconnected
nature of the voids is needed for both rapid drainage of water and noise attenuation (Carter,
2006).

Table 1. Typical aggregate properties (RAC-O-HB) (Way 2007)

Test Coarse Agg. Fine Agg. Combined
Specific Gravity 2.75 2.71
Crushed Particles 100% 100%
LA Abrasion, 100, % 4
LA Abrasion, 500, % 17
Sieve Size, mm Percent Passing, %
19 100
17.5 100
12.5 100
9.5 98
4.75 35
2.38 8
1.18 6
0.6 5
0.3 3
0.15 2
0.075 1
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RAC-O-HB Gragation
9.5 mm Maximum Size Aggregate

100

Cumulative Percent Passing

10 100

Sieve Size, mm

Figure 2. Typical aggregate gradation for RAC-O-HB (after Way 2007)

3.2 Rubberized Asphalt Binder

Rubberized asphalt binder as specified by Caltrans (2003) is comprised of 80%
conventional paving grade AR-4000 and 20% (+/- 2%) of a 25:75 blend of high natural rubber
(isoprene; truck tires) and scrap tire rubber (synthetic rubber; passenger tire rubber). The
truck tire rubber is finely ground to a particle size between 1.18 and 0.30 mm (No. 16 and No.
50). The passenger tire rubber has a slightly coarser gradation which is typically between
2.00 and 0.60 mm (No 10 and No. 30). Extender oils are used as additive to improve the
blending and interactions between the rubber particles and the base asphalt. Table 2 shows the
properties evaluated for rubberized asphalt (Type II) and the specification limits for each.

This modified asphalt produces a binder that retains a high resistance to permanent
deformation (rutting) at warm temperature while the base asphalt properties provide the
ductility needed for resistance to thermal and reflective cracking. This combination of
desirable materials properties is responsible for the improved crack resistant, durable, long
wearing surface course.

Table 2. Asphalt rubber binder requirements Type Il (Caltrans 2003)

Test Specification Limits at 45 minutes
Viscosity, cP Haake at 190C 1,500 to 4,000
Resilience at 5C (% Rebound) 18 minimum
Ring and Ball Softening Point, ‘C 52 to 74 (15 to 165F)
Cone Penetration at 25°C 25 to 70
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3.3 RAC-O-HB Mix Design

The basis for the Caltrans RAC-O-HB mix design is the California Test 368 Standard
Method for Determining Optimum Bitumen Content for Open Graded Asphalt Concrete
(Caltrans 2007-1). This test method compacts in a static manner asphalt-coated aggregate
mix to form a plug of HMA, and then uses a draindown test to select the highest binder
content with a draindown of no more than 4 grams. The approximate binder ratio (ABR) is
used to estimate the binder content used for preparing samples. The ABR is calculated as
the centrifuge kerosene equivalent (Kc) times 1.5 plus 4.0. The Kc value, which was 1.4 for
these projects, is determined according to the California Test 303 Standard test for Centrifuge
Kerosene Equivalent and Approximate Bitumen Ratio (Caltrans 2007-2). Figure 1 shows how
the optimum binder content is determined for open graded mixes using a conventional paving
grade binder. The optimum rubberized binder content for open graded mixes was then defined
as the optimum content times 1.2 (i.e., a 20% increase for rubberized binders, recently in 2009
this was increased to 1.4). Based on other state’s experiences and recommendations from
industry, Caltrans selected the optimum binder for the high binder content RAC-O-HB mixes
as 1.65 times the optimum binder content for open graded mixes using conventional AR4000
paving grade binder. Industry also recommended that this value be set at a minimum of 8.5%.
It is important to note that California describes the optimum binder content as a percent of the
dry weight of aggregate rather than the total weight of mix.

Mix Design Data, AR 4000

¥ = 2205 - 52005
6  =0.9798

Draindown, grams
L

5.3% Opt. AC Content

i S -] T
Asphalt Cortert,

Figure 3. Selecting optimum binder content for open graded mix (Kc is 1.4)
4. Project Performance
4.1 Project Descriptions

The SAC 50/99 project was constructed in 1999 in District 3 from posted miles (PM)
21.6 to 24.6, in Sacramento, California. This project was designed to reconstruct the Route
99 median and add a high occupancy vehicle (HOV) lane in both the north and south bound
directions as well as convert the number 1 lanes in both directions on Route 50 to HOV lanes.
The pre-treatment existing pavement condition was a cracked and seated old PCC pavement.
While some repair work was completed to repair concrete spalling, longitudinal and transverse



124 Asphalt-Rubber 2009

cracking, and slab replacement prior to placing the RAC-O-HB; the high traffic volumes and
need for construction speed limited the actual amount of repairs that could be completed prior
to resurfacing. This resulted in the RAC-O-HB being placed over the old, unrepaired PCC
pavement in some locations.

The FRE I-5 project was constructed in 2000 in District 6 on I-5 PM 0.0 to 38.0, which is
70 miles north of Bakersfield, California. This is a valley farming area 170 m elevation (500
ft) with summer highs around 38°C (100°F"), with winter lows down to 0°C (32°F"), annual
rainfall 145 mm (5.7 inches), two-way annual average daily traffic (AADT) of 33,500 with
8,899 trucks in the mix. This traffic level was used to estimate the annual equivalent 18,000
Ib single axle loads (ESALs) of 2,748,000. The pre-treatment surface was a cracked and
seated PCC pavement.

The MONO 395 project was constructed 2000 in District 9 on Route 395 from PM 76.0 to
84.5 near Bridgeport, California. This is a mountainous area 2100 m elevation (6,250 ft) with
summer highs of 27°C (80°F) and winter lows of around -12°C (10°F") and an annual rainfall
around 228 mm (9 inches). The two-way traffic has an AADT of about 6,400 with a low
number of trucks (1,062) in the mix. The estimated annual ESALSs are 297,000. The 25 mm
(1-in) RAC-O-HB treatment was placed on existing distressed HMA pavement. Predominate
distresses in the existing pavements were thermal cracking with some alligator cracking in the
wheel paths.

The two sections of the SBD 40 project were constructed in District 8 in 2002: 1) 1-40
from PM 3.0 to15.0 near Barstow, California, and 2) 1-40 PM 73.4 to 89 about 80 km (50
miles) east of Ludlow. Both sections can be described by the same environmental and traffic
conditions. The area is considered a desert area at an elevation of 630 m (1,900 ft), with
summer highs well over 38°C (100°F") and winter lows around 0°C (32°F) with an annual
rainfall around 110 mm (4.3 inches). The AADT two-way is 14, 900 with 6,333 trucks, which
results in estimated annual ESALs of 1,892,000. The 25mm (1-in) RAC-O-HB treatment was
placed over old HMA with minor distress levels.

4.2 Surface Condition

Table 3 summarizes the projects evaluated as garnered from construction records;
treatment beginning and ending Post Mile (PM), length in miles (LM), the year of RAC-O-
HB construction (YR BIlt), construction percent binder content (% Bind), and pre-overlay
condition of existing pavement prior to treatment, and surface condition at the time of the
follow up survey (Way 2006 and 2007).

4.3 SAC 50/99

The project work was started on April 1, 1998. The production and the paving of the
RAC-0O-HB mix were completed during a night time paving operation between July 19, 1999
and August 3, 1999. Due to various difficulties, only the southbound lane PCC pavement
was complete; repairs on the northbound lane was less thoroughly repaired. The minimum
air temperature of 18 “C (65°T") was difficult to meet; paving temperatures were closer to
13°C (55°F) during most of the paving. The binder content was also lower than the preferred
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target of 8.5% as shown in Table 3. The construction records indicate intermittent difficulties
with pick-up on the mat by rubber tires and difficulty in hand-working the mix. Construction
records indicate the following observations were made:

» The binder content was consistently too low due to a field engineering change in the
mix design. There was some debate on whether the final mix represented a RAC-O-
HB as a result of the low binder content.

» Longitudinal joints were not aligned with the striping, leaving a construction joint in
a wheel path.

» The contractor was instructed to pave the full width of the lane each night. It was
felt that a better paving job would have been accomplished by paving each lane in its
entity, with one full lane being completed each night.

* Pick-up would have been less of a problem if sanding the new surface had been
required.

The overall performance, even with all of the less-than-optimum paving conditions,
produced a surface treatment that is providing good to fair performance. In areas where the
reflective cracks in the surface mix are starting to ravel, the areas of distresses are limited and
the mix is well bonded with the original PCC surface, as shown in Figure 4.
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Table 3. Project locations, length, year built, pre-RAC-O-HB condition, 5 or more years
performance (after Way 2006 and 2007)

. Pre-Overlay RAC-O-HB
Proj. PM Surface Condition in 2007
3 miles, Built 1999
|- 0 1
I7’((3)CS 2 .f’th(.leg’l Reflective cracking at PCC joints and
- Wit vanable old PCC slab cracks, both with moderate
SAC 21.6-24.6 distresses, raveling along ed, f crack
50/99 | <" | South bound lane PCC CUE 8 OIS SABCS O1 Oragks.
repaired Very limited loss of surface material
North bound lane PCC along cracks. Estimated PCI of 65
partially repaired
38 miles, Built 2000 Estimated PCI 84 North bound and 90
8.5-10.0% Binder, South bound.
FRE HMA over a crack and seat | Limited and narrow reflective cracking
L5 0-38 | PCC with some rutting and | from shattered slabs.
cracking in HMA surface, |Occasional punch out of shattered slab
Plain jointed unreinforced |section with pumping.
PCC No more than 1/8 in ruts.
8.5 miles, Built 2000,
MONO 76.0-84.5 8.7-10.0% Binder, Estimated PCI 74 to 88
395 ’ "~ | HMA with some thermal | Low level thermal cracking
cracking
12 miles, Built 2002
8.5-10.0% Binder, .
SBD 40 3-15 HMA with some minor Estimated PCI 85 to 91
distress
PM 80 to 89: Estimated PCI 83 to 91 with
some raveling and low level transverse
16 miles, Built 2002 z;zz}:ﬁg, limited low level longitudinal
- 0, 1 :
SBD 40 | 73.4-89.5 | 3:3-10.0% Binder, PM 76.5 to 80: Estimated PCI 61 to 73
HMA with some minor .
. with frequent low to moderate transverse
distress . .
cracking, mostly sealed; localized areas
of alligator cracking and rut depths
around % to 1 inch.
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SAC50/99
RAC-O-HB Partially Repaired PCC

Reflective Cracking

Figure 4. Typical condition of SAC 50/99 project afier 7 years
4.4 FRE-5 Project

The condition of this RAC-O-HB was rated as good. The condition survey indicated a
smooth ride (subjective), a low severity of cracks when present, and occasional indications of
distresses in the old PCC. There were very limited problems with the PCC; these distresses
were limited to isolated punch outs accompanied by evidence of pumping of fines, as
illustrated in Figure 5.

In an effort by the reviewers to quantify the performance, the Pavement Condition Index
(PCI) number was estimated using the procedure detailed in the American Society for Testing
and Materials (ASTM) Standard Test Method for Roads and Parking Lots Pavement Condition
Index Surveys, ASTM D6433, (ASTM, 2008). The presence, extent and severity of individual
distresses are used to calculate a statistically determine rating of pavement condition from
100 (Best) to 0 (worst). The PCI was estimated by the reviewers as 84 for the north bound
lanes and 90 for the south bound lanes. Both estimates reflect the good to very good condition
of this project. The differences between the two directions likely reflect differences in the
original condition of the pre-treatment pavement; however this cannot be confirmed at this
time.
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FRE-S
RAC-0-HB Over Crack and Seat PCC
Estimated 2,742,000 Annual ESALs

Figure 5. Typical condition of FRE-S5 after 7 years
4.5 MONO 395 Project

Transverse cracking consistently observed at spacing of between 8 m and 16 m (25 and 50
feet). This type of cracking distress is environmentally related and is due to either long term
thermal cycling or large single drops in temperature. It is likely that the cracking in the RAC-
O-HB is a reflection of cracking patterns in the old HMA surface. Some of the transverse
cracks had been sealed to limit water intrusion into the underlying layers, as illustrated in
Figure 6.

Alligator cracking, a traffic load-related distress, is only seen in limited areas of the project.
These limited areas also exhibited some loss of material (raveling). Rutting, combination of
traffic during periods of warm weather, was usually less than 3 mm (1/8 in); in some cases
rutting was as much as 10 mm (3/8 inch).

The reviewers noted that the ride was good, with some occasional noticeable bumps at the
transverse cracks. The PCI for this project was estimated between 74 and 88. In general, this
RAC-O-HB is in good shape for a 7 year old surface treatment.
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Mono 395 PM 76 — 84.5
RAC-O-HE Over Distressed HMA
Estimated 297,000 Annual ESAL's

Figure 6. Typical condition of Mono 395 after 7 years

4.6 SBD-40 Project PM 3 to 15

129

Only limited pre-treatment information was available for these projects (Table 4). After 5
years of heavy traffic, the RAC-O-HB was in very good condition. There were only a few fine
longitudinal cracks in the wheel paths, limited alligator cracking of a low severity, and little to
no rutting. There was some evidence of pumping of fines in the areas of alligator cracking, as

illustrated in Figure 7.

The PCI estimates of 85 to 91 support the conclusion that these sections are in very good

SBD 40 PM 315
RAC-0-HB Ovwer Distressed HMA
Estimated 1,892,000 Annual ESALs

Good RAC-O-HD
Bencbar Conlent
RAC-C-HB
Darker Color

Oiider HWA on Shoulder
Light, Aged Color

Figure 7. Typical condition of SBD-40 PM 3-15 after 5 years
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4.7 SBD 40 PM 73.4 — 89.5

A bridge reconstruction repair job between PM 78.5 and 80 divide this one project into
two sections, each with different current pavement conditions. From PM 73.4 to about PM
80, the RAC-O-HB is in good condition with only a few longitudinal cracks in the wheel
paths, limited alligator cracking, and some wear and weather related raveling, Figure 8. The
estimated PCI were between 83 and 90.

The section of the project from PM 80 to 89.5 showed sealed transverse cracks from low
to moderate severity for more than half of the section. In one area, there was a limited section
of severe alligator cracking with 12 to 25 mm (% to 1 in) ruts, as illustrated in Figure 8. The
estimated PCI for this side of the bridge were much lower: 61 to 73.

The significant difference between the pavement condition on either side of the bridge
suggests that there may be different geological or original construction differences (e.g.,
cut versus fill). These results highlight the need to assess the load carrying capability and
structural condition of the existing roadway prior to selecting a surface treatment.

SBD I-40 PM 734 to 88.5
RAC-0-HB Over Distressed HMA

Estimated 1,890,000 ESALs
PM 73.4 to 80.0 Bridge Project PM 80.0 Bridge Project to 89.5
Both East and West Bound Both East and West Bound

Low
Longitudinal Cracking
in Wheel Path

= 1.5 inches of Rutting
in Some Area

Figure 8. Typical condition of SBD-40 PM 73.4-89 after 5 years
5. Noise Reduction

A 1999 report by Sacramento County and Bollard & Brennen, Inc. (Bollard, 1999)
documents several California asphalt rubber open graded mix studies between 1991 and 1993.
This research was conducted using the pass-by Federal Highway Administration Highway
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Traffic Noise Prediction Model, which rigorously evaluated noise before (old HMA) and after
resurfacing with new HMA and with an asphalt rubber open grade mix. There was an initial
reduction in noise of 2dB with the new conventional HMA. After 4 years, the HMA surface
had returned to the pre-surfacing dB level, resulting in no net reduction in the noise level.
However, the asphalt rubber open grade surface initially reduced the noise level by 6 dB, and
retained the reduction in noise level at about 5dB 6 years after construction.

The noise testing for the RAC-O-HB projects was conducted with a hand held noise
measurement device from inside of a Lexus, with the windows closed and the air conditioner
on low. This type of testing can be considered a variation of the close proximity (CPX) type
of testing with the acoustical chamber being the interior of the car. This provides a relative
comparison of occupant-perceived sound levels as the car travels over different pavement
surfaces.

The noise levels for the projects are shown in Table 4 and identified by Route number,
direction and Post Mile (PM) location. Nearby pavements with old HMA and Portland cement
concrete surfaces were also tested when possible. The average dB level of the old HMA and
the PCC surfaces tested were similar (71.5 and 70.2 dB, respectively) and 66.9 dB after 5
to 7 years of service for the RAC-O-HB, as illustrated in Figure 9. Because the dB scale is
a logarithmic scale, a 3 dB reduction in the noise level is considered significant. For these
projects, the RAC-O-HB treatment produces pavement surfaces with almost 5 dB reduction in
noise compared to conventional HMA. The level of noise reduction achieved with the RAC-
O-HB mixes is consistent with previously reported values.

Table 4. Estimated noise levels inside car

Route Direction PM Surface Type Average dB
395 North Bd. 76-84.5 HMA (Old) 66.6
I-5 North Bd. 78-80, 85-87 HMA (Old) 74.5, 69.6
I-5 North Bd. 20-22 HMA (Old) 72.7
1-40 West Bd. 19-20 HMA (Old) 72.2
1-40 East Bd. 17-18 HMA (Old) 73.6

Avg. 71.5 Std. Dev 2.9
I-5 North Bd. 69-71 PCC 73.1
1-40 West Bd. 69-73.4 PCC 68.6
1-40 East Bd. 69-73.4 PCC 69.0
Avg. 70.2 Std. Dev 2.0
395 North Bd. RAC-O-HB 69.7
I-5 North Bd. 3-11 RAC-O-HB 69.3
I-5 South Bd. 29-36 RAC-O-HB 67.2
I-5 South Bd. 11.5-16.5 RAC-O-HB 68.0
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Route Direction PM Surface Type Average dB
1-40 West Bd. 3-15 RAC-O-HB 67.9
1-40 West Bd. 78-81, 81-89 RAC-O-HB 67.6, 65.6
1-40 West Bd. 73.4-78 RAC-O-HB 67.4
1-40 East Bd. 3-4,5-10 RAC-O-HB 64.9, 66.1
1-40 East Bd. 10-15 RAC-O-HB 66.9
1-40 East Bd. 73.4-75, 76-79.5 RAC-O-HB 68.2,66.9
1-40 East Bd. 81-82 RAC-O-HB 65.4
1-40 East Bd. 83-86.5 RAC-O-HB 68.7

Avg. 66.9 Std. Dev 1.4
SAC 50/99 No Data Available

Typical Noise Charactenistics

Surface Type

Figure 9. Estimates of noise levels inside car on various surfaces (photo from Way, 2007)

6. Conclusions

These California case studies evaluating RAC-O-HB surface treatments, which is a
rubberized asphalt concrete open graded mix with a high binder content of at least 8.5% (by
dry weight of aggregate), placed in a 1 inch surface course. The following conclusions can be
drawn from these studies:
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* The high binder content and rubberized modification of the binder bonds very well
with a wide range of existing pavement surfaces such as older distressed HMA,
distressed PCC, and PCC that has been cracked and seated.

* The reflective cracking, while expected with such a thin surface treatment, is
typically of a low severity, which is a function of the fine and narrow width of any
visible cracks.

*  RAC-O-HB surfaces, when placed using the minimum recommended binder content,
can be expected to perform well, even at high traffic levels (3 million annual ESALs),
for at least 7 years without needing any other pavement preservation activities.

*  When the rubberized binder content is below the recommended 8.5%, the surface
treatment is less wear- and crack-resistant.

7. Best Practices

The following key points need to be considered for future evaluations and for achieving
maximum service life:

» Preparation of existing PCC pavements such as slab repair or replacement, crack
sealing, and spall repairs will influence the life of the treatment. For example, weak
areas in a crack and seat PCC project can result in punch outs. While the RAC-O-
HB will still be firmly bound to the PCC, the punch out will still have to be repaired.

» Treatment joints need to be aligned with new lane lines to prevent placing joints in
wheel paths. This high wear in a potentially low density or thermally segregated area
can result in accelerated loss of the treatment surface.

* Assurances that the minimum recommended binder content of 8.5% (dry weight of
aggregate) is achievable are needed at the mix design phase. Adjusting the gradation
to provide more room for higher binder content at the design stage is more desirable
than a lowering of the binder content based on visual inspection during construction.
This is especially important if it is a night time job when visual inspections are
difficult. Since night time paving is usually on high traffic volume roadways,
attention to the mix design prior to paving is critical.

*  Mix designs and optimum binder content should be verified using project materials
immediately prior to placement.

* Material properties for all components (e.g., crumb rubber materials, rubberized
asphalt, aggregates) should be submitted to a central data collection point so that
construction material histories can be evaluated during future pavement condition
surveys of experimental materials. Rubber tired vehicles should be limited on still-
warm RAC-O-HB surfaces to avoid pick-up and damage to the new surface.
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» Tight controls are needed on temperatures: air temperature, pavement temperature,
and mix delivery temperature.

* Include the existing pavement (pre-treatment) distress survey information in the
construction records for future comparisons.
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ABSTRACT: The Mechanistic-Empirical Pavement Design Guide (MEPDG) developed
by the National Cooperative Highway Research Program (NCHRP) utilizes material
properties to predict distresses in pavement structures. This new MEPDG is the process
of replacing the traditional pavement design based on the AASHTO 1993 Design Guide.
As it is well known, the Arizona Department of Transportation (ADOT) uses Asphalt-
Rubber (AR) mixes state-wide. The Arizona mixes include both gap and open gradation
designs. However, the national calibration process that was undertaken for the MEPDG
did not include asphalt-rubber mixes. Because of their unique characteristics, this paper
addresses steps and efforts undertaken in a recent study to implement these AR mixes
into the MEPDG. There were several issues and limitations identified pertaining to the
implementation of AR mixes in the MEPDG. Short and long term recommendations were
provided.

KEYWORDS: Mechanistic Empirical Pavement Design Guide, Dynamic (Complex)
Modulus, Asphalt-Rubber, Permanent Deformation, Fatigue.
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1. Introduction

The Mechanistic- Empirical Pavement Design Guide (MEPDG) developed by the National
Cooperative Highway Research Program (NCHRP) utilizes material properties to predict
distresses in pavement structures. The MEPDG is expected to replace the traditional design
of pavements based on the AASHTO 1993 Design Guide that is mostly used by the various
DOT’s in the United State and around the world.

The utilization of asphalt-rubber mixtures has regained popularity in the past few years. Several
states in the U.S. and countries around the world have used, or are in the process of using, asphalt-
rubber mixtures in new pavement designs or in their pavement rehabilitation programs (Mohammad
et al, 2002; Natu and Tayebali, 1999). Several researchers have reported on the unique material
responses of these modified mixtures (Way, 1999; Kaloush et al, 2002).

As it is well known, the Arizona Department of Transportation (ADOT) uses Asphalt-
Rubber mixes on a regular basis, and these mixes have shown good performance in the field.
These mixes included Asphalt-Rubber Asphalt Concrete (ARAC) or GAP graded mixes and
Asphalt-Rubber Friction Courses (ARFC), and Open Graded mixes. However, the national
calibration process that was undertaken for the MEPDG did not include any Asphalt-Rubber
(AR) mixes.

This paper addresses what needs to be done in order to implement AR mixes into the
MEPDG. The focus of this evaluation was on permanent deformation and fatigue cracking. A
database with engineering properties of AR mixtures and binders from ADOT projects were
assembled from laboratory tests conducted at Arizona State University.

2. Objective

The objective of this paper was to identify issues that need to be considered for the
implementation of asphalt-rubber mixtures into the MEPDG. The focus was on their short
term implementation, and to provide recommendations for their full implementation in future
designs.

3. MEPDG Material Input and Implementation for Asphalt-Rubber Mixtures

It would be helpful to provide a brief overview of the required input data for MEPDG
implementation. In the MEPDG, there are basically 3 input steps for the asphalt concrete
layer: mixture, asphalt cement (binder or bitumen), and a general asphalt category. The
information required in each of these fields will vary according to the level of analysis to be
used, as described in the following section.

3.1. Level 1
3.1.1. Mix Information

At Level 1, laboratory test data are required to develop the dynamic modulus master curve
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and shift factors. Dynamic modulus test results (AASHTO TP62-03) at different temperatures
and frequencies must be input, as recommended in the MEPDG manual. If Dynamic Modulus
test results are available, they can be used as direct input for Level 1 analysis.

3.1.2. Asphalt Binder

Binder data at short term aging is required; two alternatives for providing test data are
available: Superpave and conventional binder test data (NCHRP 1-37A, 2004). For the
superpave binder test data, complex modulus and phase angle data are needed over a range of
temperatures for a loading rate of 1.59 Hz (10 rad/sec). For the conventional binder test data,
softening point, penetration, Brookfield Viscosity, absolute viscosity and kinematic viscosity
are needed as input. These test results are used to determine the viscosity-temperature
susceptibility parameters (Ai-VTSi) of the binder (ASTM D2493, 1998).

3.1.3. Asphalt Material Properties

The information required in this section is as-built volumetric properties that include:
effective binder content (%), air voids (%), and total unit weight. Other properties such as
thermal conductivity and heat capacity are also required. The same information is required for
Levels 2 and 3.

3.2. Level 2
3.2.1. Mix Information

For Level 2, the Witczak Dynamic Modulus predictive equation shown below is used.

log E* =3.750063 +0.02932p,,, —0.001767(p,,,)* —0.002841p,

V.
~0.058097V, — 0.802208[‘3-”] + "

Veﬁ, +V
3.871977-0.0021p, +0.003958 p, —0.000017(p38)2 +0.005470p,,

(~0.603313-0.313351 log( /)~0.393532 log())

l+e

where:

E*=Dynamic Modulus, psi

n = Bitumen viscosity, 106 poise

f = Loading frequency, Hz

V,= Air Voids Content, %

V.= Effective bitumen content, % by volume
ps,= Cumulative % retained on the 3/4 in sieve
pss= Cumulative % retained on the 3/8 in sieve
p,= Cumulative % retained on the # 4 sieve
Pa00= %o passing the # 200 sieve
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3.2.2. Binder Information

The same binder test data needed as in the Level 1 analysis.
3.3. Level 3
3.3.1. Mix Information

For Level 3 analysis, Witczak’s Dynamic Modulus predictive equation is also used to
estimate the dynamic modulus. The aggregate gradation is the only mix information required.

3.3.2. Binder Information

The binder information for Level 3 does not require laboratory test data. The binder
viscosity information as a function of time is estimated from typical temperature- viscosity
relationships after the Rolling Thin Film Oven (RTFO) test results are established for different
asphalt grades derived from various grading systems.

4. Asphalt-Rubber Binder Characteristics

Typical asphalt-rubber binder test results obtained at ASU for the Ai-VTSi parameters are
shown in Table 1. The table shows average Ai and VTSi test data for two different binders that
are commonly used in Arizona. This includes PG 58-22 and PG 64-16 with and without crumb
rubber modification. This table also includes test results for the three different aging levels:
original, RTFO and PAV.

It is observed that the crumb rubber modification of the binder increases the performance
grade of the virgin binder especially at the high temperature end. Figurel shows a comparison
of a stiff conventional binder (PG 76-16) versus two binder grades with and without crumb
rubber at RTFO conditions. From this Figure it can be seen that the AR binders have the better
viscosity-temperature susceptibility indicated by higher viscosities at high temperature, and
lower (or unchanged) viscosities at lower temperatures.

Table 1. Typical A; and VTS, Parameters for Binders with and without Asphalt-Rubber, and at
Different Aging Conditions.

Binder Type Aging Ai VTSi
Original 11.164 -3.764

PG58-22 RTFO 11.076 -3.722
PAV 11.3195 -3.795

Original 8.3595 -2.726

PG58-22 AR RTFO 8.0475 -2.598
PAV 7.8955 -2.534
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Binder Type Aging Ai VTSi
Original 11.163 -3.755

PG64-16 RTFO 11.116 -3.728
PAV 11.01 -3.678

PG64-16 AR Original 8.39 -2.738
RTFO 8.543 -2.781

PAV 8.544 -2.775

Logleg Viscosity (cP)
o
=

Virmn PO 76016 -~
0.4 1 — — AR 3822
— = ARPG64-16 ~L
— - PG38-22 ~~
i - PGHGA-16 s
1]

Log Temnperature { Rankine)

295
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Figure 1. Viscosity-Temperature Susceptibility Comparison of Conventional and Crumb

Rubber Modified Binders.

5. Asphalt-Rubber Input — Binder Properties

For the binder input data, since no PG grading for AR mixes is included in the MEPDG,
an alternative would be to find the PG grading that best match the Ai and VTSi values for
asphalt-rubber binders. From Table 2, it can be seen that the PG 64-40 is the PG grading that
best represents the Ai and VTSi values for the PG58-22AR binder; and the PG 70-40 is the
one that best matches the PG 64-16 AR binder. By using this approach, Levels 2 and 3 can be

implemented.

Table 2. Approximate PG Grading for AR Binders.

Binder Type A VTS,
PG 58-22 AR 8.543 -2.781
PG 64-40 8.524 -2.798
PG 64 -16 AR 8.048 -2.598
PG 70-40 8.129 -2.648
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6. Typical Asphalt-Rubber Mixtures Characteristics

Typical ARAC mixes tested at ASU had an asphalt content range between 6.8 and 8.9%,
with air voids between 8 and 11%. For the ARFC mixes, the asphalt content range is between
8.8-9.5%, with an air voids level of about 18%. Table 3 shows typical aggregate gradations for
these mixtures. They correspond to ADOT Standard ARAC 413 Specifications. Note that two
years ago, ADOT has revised the ARAC 413 specification to a new ARAC 415 specification,
which includes a final density requirement.

7. Dynamic Modulus Test Results

The dynamic modulus testing program follows AASHTO TP 62-03; however, at ASU, the
testing program includes unconfined and confined stress state conditions. The confined testing
is necessary because of the gap and open gradations used for the AR mixes. These types of
gradations are very sensitive to the state of stress applied in the laboratory.

A comparison of the average dynamic modulus master curves for ARAC and ARFC
mixes under unconfined and confined conditions (138 kPa) is presented in Figures 2 and
3. From these figures it is observed that at different temperatures and frequencies, the
dynamic modulus values for the AR mixes are always higher for confined conditions. This is
particularly true at high temperatures, were the values can be as much as 2 and 3 times higher,
especially for the ARFC mix, under confined testing conditions. The authors believe that this
is very important to consider when such values are used as input in the MEPDG. Previous
studies have shown that the use of confined dynamic modulus test data gives better predictions
of rutting values in the MEPDG (Rodezno et al, 2005).

Table 3. Typical Aggregate Gradations for Asphalt-Rubber Mixes

Binder gradation ARAC 413 | ARAC 415 | ARFC 414
2 100 100 -
Gradation 112 - - 100
(% passing) 11/4 100 100 -
1 100 100 100
3/4 100 100 100
12 82 81 100
3/8 67 65 100
1/4 49 43 67
No. 4 36 32 36
No. 8 20 17 7
No. 10 18 15 7
No. 16 13 11 5
No. 30 8 7 3
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Binder gradation ARAC 413 | ARAC 415 | ARFC 414
No. 40 6 6 2
No. 50 5 5 2
No. 100 3 3 1
No. 200 1.3 2.8 1.2
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E* (MPa)
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54.4°C
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8 7 6 5 4 3 2 a4 0 1 2 3 4 5 6 71 8
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Figure 2. Dynamic Modulus Master Curves for ARAC Mixtures at Unconfined and Confined

Conditions (138 kPa).
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Figure 3. Dynamic Modulus Master Curves for ARFC Mixtures at Unconfined and Confined
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Conditions (138 kPa).
8. Asphalt-Rubber Input - Mixtures Properties

After reviewing the information that is required as input data for the MEPDG, the
following recommendations are given for the Asphalt-Rubber Mixes:

8.1 Level 1

If confined laboratory test results for the Dynamic Modulus are available, they can be
input directly into the MEPDG. A minimum of 138 kPa confining pressure is desirable; higher
confining levels will have minimal impact on increased moduli values (Kaloush ez a/, 2003).

8.2 Level 2 and Level 3

Currently, the data used in the development of the Witczak Dynamic Modulus predictive
equation is not calibrated for asphalt-rubber mixes. Furthermore, the Witczak Dynamic
Modulus predictive equation has been developed and calibrated only for unconfined tests. The
next section presents an effort that was undertaken to develop a modified version of Witczak’s
E* Dynamic Modulus predictive equation for AR mixes using confined test data.

9. Modified Witczak E* Predictive Equation for Asphalt-Rubber Mixtures

A non linear optimization of the regression parameters was performed to obtain new
coefficients for the current version of the Witczak Dynamic Modulus predictive equation
used in the MEPDG. The focus was on using the confined dynamic modulus test data. The
confinement level used was 138 kPa. Nineteen asphalt-rubber mixtures: 12 ARAC and 7
ARFC mixes were used, for a total of 1260 data points.

Table 4 shows the new regression parameters for the modified predictive equation along
with the statistical goodness of fit (R?). The results of the calibration are shown in Figure 4.
The figure shows the observed versus predicted plot using this equation; the prediction for
confined dynamic modulus shows good measures of model accuracy (R* = 0.90 and S/S,=0.32,
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logarithmic scale). This new equation would be useful in generating input test data in Level 1
analysis, with the understanding that the analysis would be actually at Levels 2 or 3.

Table 4. New coefficients for the Witczak Dynamic Modulus equation based on confined AR
test results.

Coefficient Value
Intercept 1 4.09184
Paoo 0.708378
Paoo’ -0.180243
P4 0.016896
v, -0.028399
VB, -0.588291
Intercept 2 -0.675059
P4 0.031489
Pss 0.049374
P’ -0.001294
P34 0.00547
K, 0.23379
K, -0.602601
B; -0.641944
Log Se/Sy 0.32
R? 0.90
. . Se/Sy 0.40
Arithmetic
R? 0.84
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Figure 4. Dynamic Modulus measured versus predicted (Confined AR mixes)

10. MEPDG Design Analysis and Pavement Response Models
10.1 Permanent Deformation

The constitutive relationship used in the MEPDG to predict rutting for asphalt mixtures
is based on a field calibrated statistical analysis model developed from unconfined laboratory
repeated load permanent deformation tests. The final rutting equation implemented is as
shown in Equation 2:

€
r _ ap, asP,;
=B.aT" N
e Brl 1 (2)

r

where:

g, = Accumulated plastic strain at N repetitions of load

€, = Resilient strain of the asphalt material as a function of mix properties, temperature and
time rate of loading

N = Number of load repetitions

T = Temperature

a; = Non-linear regression coefficients

Br’s= Field Calibration Factors

To compare the how AR mixtures fit into the above relationship, several unconfined
repeated load test results available from the ADOT projects were evaluated. The calibration
factors for the AC rutting prediction model were calculated for both the ARAC and ARFC
mixes. Most of the repeated load tests conducted correspond to a single stress level (103
kPa) and one temperature (~38°C). Because of this, only Pr, and fry; parameters needed to
be estimated. Using these new coefficients, the g,/¢, vs. number of cycles relationship was
evaluated for each mix and compared with the relationship from the same parameters, but
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using the original MEPDG AC Rutting calibration model.

Figure 5 shows that the rate of accumulation of ¢,/¢, for both the ARAC and ARFC mixes
are higher when compared with the one from the MEPDG. This is again attributed to the
lack of confinement that these type of mixes need for proper evaluation. Unfortunately, the
current database contains limited confined repeated load test data that were insufficient to
develop new model coefficients. Efforts are continuing at ASU to build a database for future
development of such relationships. The recommendation by the authors is to tentatively
continue the use of the MEPDG default coefficients for the rutting model.

1000

Rdl
100 o

o /

10 100 1000 10000 100000
Number of Cycles

Figure 5. ¢ /e, Relationship—using ARAC, ARFC and MEPDG Calibration Factors.

10.2 Fatigue Cracking

The fatigue model used in the MEPDG is shown in Equation 3:

ky k
RNERS e
N, = ’“(8—] ) —herter o

t

where:

N¢=number of repetitions to fatigue cracking
€, = tensile strain at the critical location

E = stiffness of the material

k,, k,, ky = laboratory calibration parameters

The asphalt-rubber testing program for fatigue included a full factorial for each mixture.
Control strain tests were used at three temperatures (4.4, 21.1, 37.8 °C) using six or more
levels of strain for each test temperature. The tests were performed according to the AASHTO
TP8, and SHRP M-009 procedures. Table 7 shows the range of regression coefficients k;, k,,
k; that were obtained for the AR mixes compared to those in the MEPDG.

Table 5. Range of the regression coefficients k,, k,, k; -for ARAC and ARFC mixes.

| Regression Coefficients k;, k,, k;
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Min Max

k, 1.2E-08 7.5E-01
ARAC k, 42 8.2

ks 1.3 2.6

k, 3.0E-05 8.0E+03
ARFC k, 3 6.7

ks 1.5 2.7

k, 7.6E-03

MEPDG k, 3.95
ks 1.28

10.3. Evaluation of the MEPDG for Asphalt-Rubber Mixes—Case Study

The Buffalo Range project is one of the oldest that were tested as part of the ADOT-ASU
AR database. The project was constructed in 2001. It consisted of milling off 6.4 cm of the old
cracked pavement and replacing it with 5 cm of the ARAC mix, followed by 1.3 cm of ARFC
mix. The new AC structure was placed on top of a 10 cm conventional layer, an aggregate
base of 20 cm, and 30 cm of additional select base material. The ARFC mix has an asphalt
content of 8.8% with 18% air voids. The ARAC mix had an asphalt content of 6.8% with 11%
air voids. The subgrade modulus was 173 MPa and the average traffic is approximately 15,000
AADTT. The design life period used in the analysis was 10 years.

Since the minimum layer thickness that can be input in the MEPDG is 2.5 c¢m, the structure
in this analysis used a 2.5 cm layer of ARFC mix and 3.75 cm of the ARAC mix. The
MEPDG Level 1 analysis was run with the input data summary shown in Table 6. The rutting
and fatigue cracking distress predictions were evaluated as presented in the next section.

Table 6. AR Binder and Mixtures Properties used in Case Sudy

AR Binder Properties (PG 58-22AR)

Temperature Binder
Test C Property
Softening point (Pa*s) 80 1300
15 11.7
Penetration(mm/10)
25 30.3
121 4430000
Brookfield viscosity (Pa*s) 135 1880000
177 43300
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AR Mixtures Properties (E*)
ARFC Mixture E* (MPa)
Temp%rature Frequencies ( Hz)
25 10 5 1 0.5 0.1
-10 15307 13887 12620 9717 8710 6855
4.4 12540 11133 9738 6618 5646 3826
21.1 9020 8084 6598 3991 3342 2498
37.8 6181 6031 5397 3477 2974 2426
54.4 5916 5474 4238 2839 2446 2024
ARAC Mixture E* (MPa)
Temp%rature Frequencies ( Hz)
25 10 5 1 0.5 0.1
-10 14632 14100 13251 10818 9856 7739
4.4 11096 10331 9197 7062 6210 4634
21.1 7852 6897 6013 4350 3766 2806
37.8 6452 5938 5320 3856 3331 2713
54.4 4364 4058 3557 2837 2605 2374

10.3.1  Results and Analysis

Table 7 shows the rutting prediction for the Buffalo Range pavement structure using the
default MEPDG Rutting Coefficients and the E* confined test results. This table shows the
rutting prediction for each layer as well as the subtotal and total for the pavement structure.
From these results it can be observed that the AC rutting is 7.62 mm with a rutting of
15.75 mm for the total structure after 10 years. These results are high compared to the field
observation, since the rutting recorded for this project after 7 years of service was about 2.5
mm.

Table 7. MEPDG Rutting Prediction-Buffalo Range Project using confined E* values and
modified rutting coefficients.

Buffalo Range Project -Confined E*- Default MEPDG Rutting Coefficients

Rutting (mm)

Subtotal Total

Year ARFC ARAC Conventional | Subtotal Base- Ruttin
(mm) (mm) (mm) AC (mm) | Subgrade | &

(mm) (mm)

1 0 1.02 1.02 2.29 6.10 8.38

2 0 1.52 1.52 3.05 6.60 9.65
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3 0 2.03 2.03 3.81 7.11 10.92
4 0 2.29 2.29 4.57 7.37 11.94
5 0 2.54 2.54 5.33 7.62 12.95
6 0 3.05 3.05 5.84 7.87 13.72
7 0 3.05 3.30 6.35 7.87 14.22
8 0 3.30 3.30 6.86 7.87 14.73
9 0 3.56 3.56 7.11 8.13 15.24
10 0 3.81 3.81 7.62 8.13 15.75

Table 8 shows the fatigue results for two conditions: using the default MEPDG fatigue
coefficients and using the specific ARAC layer coefficients. Based on the field distress survey,
the fatigue observed after 7 years was approximately 7%. The use of the specific ARAC
coefficients assists in achieving a better prediction of actual cracking and more realistic
fatigue cracking percentages.

Table 8. MEPDG total cracking prediction at surface (%) for different case scenarios.

Total Cracking at Surface (%)
. ARA
Year Default Coefficients Coe fﬁcign "

1 0.47 0.44
2 3.31 3.03
3 11.21 9.73
4 17.07 13.14
5 20.71 13.82
6 24.00 13.88
7 27.42 13.95
8 30.83 14.01
9 34.14 14.08

10 37.30 14.14

11. Concluding Remarks

The binder test results showed improved viscosity-temperature susceptibility when
compared to the virgin binder. The crumb rubber modification generally bumps up the
effective Performance Grade for the binder by at least one level, both at the high and low
temperature ranges. For the AR binder MEPDG input data, the recommendation is to find the
PG that best matches the AR Ai and VTSi values.
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The use of confined Dynamic Modulus test results was found to be important in this study;
this is largely due to the gradation of the AR mixes (gap and open), which are sensitive to the
stress state used in the laboratory. These AR mixtures are subjected to confinement in their
in-situ or field state of stress. This is specifically important at higher temperatures (37.8 and
54.4°C), where the rubber mixture moduli values are two or even three times larger when
compared with unconfined modulus values.

A modified Witczak Dynamic Modulus predictive equation was developed in this study
to predict confined moduli values for AR mixes. The predictive equation can be simply used
to generate dynamic modulus input data for Level 1 analysis. Even though one would be
performing a Level 1 analysis, it is understood that the analysis level is actually 2 or 3.

Since the minimum AC layer thickness in the MEPDG is, and most ARFC mixes are,
only 1.3-2.5 cm thick, the recommendation is to either use 2.5 cm thick layer for the ARFC
and subtract the difference from the ARAC layer, or completely ignore the ARFC layer. The
justification would be that this layer is not normally considered a structural layer.

The use of confined moduli helped in reasonable predictions of rutting and fatigue. For
fatigue cracking, the use of the specific ARAC coefficients also helped in predicting fatigue
cracking more accurately. The recommendation is to run the MEPDG with the calibrated
fatigue coefficients that are specific to the AC layer where fatigue cracking will develop.
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ABSTRACT. During the Asphalt Rubber 2006 conference in Palms Springs - California, the
authors reported on the development of predictive equations to evaluate thermal fracture of
Asphalt Rubber mixtures. The paper concluded by recommending a fracture energy modeling
approach to truly capture the thermal cracking performance of asphalt rubber mixtures in
the field. This paper is a follow up effort on the AR2006 study and recommendation. A major
accomplishment of this new study is the development of a new Crack Depth Fracture Model
that is based on utilizing fracture energy.

The paper discusses how the existing Thermal Cracking Model (TCMODEL) TCMODEL,
which is an integral part of the Mechanistic Empirical Pavement Design Guide (MEPDG),
falls short in properly predicting the observed thermal cracking resistance of Asphalt Rubber
mixtures in the field. Necessary revisions and refinements of the existing IDT test protocol
were made, and an IDT test results database was created and used in the development of
a new Crack Depth Fracture Model that was based on utilizing fracture energy. The new
fracture energy model is presented and validated with laboratory test results and field
observations. Recommendations on changes to the existing TCMODEL in the MEPDG are
made.

KEYWORDS: Thermal Cracking, IDT Test, MEPDG, Asphalt Rubber Mixtures, Crack Depth
Fracture Model.




154  Asphalt-Rubber 2009

1. Introduction and Objectives
1.1. Problem Statement

Thermal cracking is a serious type of pavement distress and its prevention is a critical issue
for many transportation agencies in the United States and Canada (Christensen and Bonaquist,
2004).

Thermal cracks allow for the ingress of water, which may result in a depression /
settlement at the crack because of the pumping of support materials. During the winter
months, deicing chemicals can enter the cracks and cause localized thawing of the base and
a further deterioration at the crack. Water entering the crack may also freeze, resulting in the
formation of an ice lens, which can produce upward lifting at the crack edge. All of these
effects result in poor ride quality and reduction in pavement service life (Vinson et al, 1989).

The indirect tensile (IDT) creep and strength tests were developed during the Strategic
Highway Research Program (SHRP) to characterize the resistance of Hot Mix Asphalt
concrete (HMA) to low-temperature cracking (Christensen and Bonaquist, 2004; Vinson et
al, 1989). These methods have been standardized in AASHTO T322, Standard Method of
Test for Determining the Creep Compliance and Strength of Hot-Mix Asphalt (HMA) Using
the Indirect Tensile Test Device. Currently, the IDT creep and strength tests are considered
the most promising for predicting the low-temperature performance of asphalt concrete
mixtures (Christensen and Bonaquist, 2004). The IDT tests were also proposed for use as the
Simple Performance Test (SPT) for low temperature cracking, and are used as the material
characterization tests for thermal fracture in the Mechanistic-Empirical Pavement Design
Guide (MEPDG) developed during the National Cooperative Highway Research Program
(NCHRP) Project 1-37A.

However, thermal fracture characterization studies conducted at Arizona State University
(ASU) and the University of Maryland, as well as, the NCHRP Report 530 (Christensen and
Bonaquist, 2004) concluded that the IDT procedures need certain refinements and revisions.
In addition, the author’s experience from testing several asphalt rubber mixtures have shown
that the existing Thermal Cracking Model (TCMODEL) falls short in properly characterizing
the exceptional thermal cracking resistance of the asphalt rubber mixtures in the field.

1.2. Background on the Superpave Thermal Cracking Model (TCMODEL)

The model proposed by Hiltunen and Roque consisted of three primary components.
First module is a pavement response model to calculate the stress due to cooling. Next,
a mechanics-based model to determine the progression of a vertical crack at one crack
site having average material properties. The final component is a probabilistic model that
determines the global amount of thermal cracking visible on the pavement surface. Figure
1 presents the Superpave TCMODEL process to determine the amount of thermal cracking
(Vinson et al, 1989). The work in this research focused on the Crack Depth Fracture Model.
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Figure 1. SHRP A-005 Thermal Cracking Model (Vinson et al, 1989)
1.3. Crack Depth Fracture Model

The Paris law for crack propagation is used to predict the change in depth of a local crack
subjected to a given cooling cycle (Vinson ef al, 1989):

where:
AC=A(AK)
AC = change in the crack depth due to a cooling cycle

AK = change in the stress intensity factor due to a cooling cycle
A, n = fracture parameters

The change in crack depth (AC) is computed and accumulated on a daily basis to
determine the total crack depth as a function of time. The crack depth is related to the total
amount of cracking by way of a crack depth distribution function. The idea is that material
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variability along the length of the pavement section will result in different crack depths, even
for the same exposure conditions. The crack depth distribution governs how much cracking
is observed in a particular section having a specific crack depth computed on the basis of
average material properties. Schapery’s theory of crack propagation in nonlinear viscoelastic
materials indicated that the fracture parameters A and n are theoretically related to (Vinson et
al, 1989):

* The slope of the linear portion of the log compliance-log time relationship determined
from creep tests;

e The maximum strength or failure limit of the material (determined from the failure
test immediately following the creep test; and

* The fracture energy density of the material determined experimentally by monitoring
the energy release through crack propagation.

Experimental results during SHRP A-005 program indicated that fairly reasonable
estimates of A and n can be obtained from the m-value and the failure limit of the material.
Experiments by Molenaar led to the following relationship (Vinson et al, 1989):

log A =4.389—2.52*log(E*o,_ *n)

where:
E = mixture stiffness, psi
c,, = mixture strength, psi

Experiments conducted by Lytton et al. led to the following relationship:

n=os+{1+1)
m

Both the m-value and tensile strength for use in these relationships are determined from
the laboratory IDT tensile creep and strength test.

The change in stress intensity, AK, involves an additional model. Essentially, the stress
intensity model predicts the stress at the tip of the local crack using the far-field stress
condition as determined by the pavement response model. The finite element program,
CRACKTIP, has been employed by Hiltunen and Roque to model the single vertical crack.
CRACKTIP was developed at the Texas Transportation Institute.

1.4. Problems with the Current Thermal Cracking Model

The existing TCMODEL that is currently an integral part of the MEPDG has generally
proved to adequately predict low temperature cracking of asphalt concrete mixtures utilizing
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conventional binders that have distinct (or extreme) characteristics. However, the results of
some of the ASU asphalt rubber mixtures characterization projects showed that the existing
model does not properly characterize the thermal fracture properties of the modified asphalt
concrete mixtures.

The existing TCMODEL utilizes only two material properties from the indirect tensile
creep and strength tests, namely the slope of the creep compliance (m), and the tensile
strength at -10°C (St). The generally accepted interpretation of the HMA tensile strength
results is that the higher the tensile strength, the higher the thermal fracture resistance of the
material. The problem at hand is that the asphalt rubber mixtures consequently indicate lower
tensile strength when compared to the conventional mixes; yet these same asphalt rubber
mixtures proved to be superior to conventional mixtures in their resistance to thermal cracking
as indicated by their field performance in Arizona. Despite the field-proven higher thermal
fracture resistance of the asphalt rubber gap graded mixture over the conventional mix, the
comparison of the thermal cracking length predicted by the MEPDG program shows higher
thermal cracking of the asphalt rubber mixture (more than twice the crack length after the first
three years compared to the conventional mixture).

Way et al. (Way et al, 2003, 2006) reported the comparison of field performance of
Arizona Conventional Hot Mix Asphalt and Asphalt Rubber Mixtures. Over the last fourteen
years, ADOT paved several projects with three typical asphalt mixtures, namely: a dense
graded conventional mix, a gap graded asphalt rubber mix (ARAC) and open graded asphalt
rubber friction course mix (AR-ACFC). The study included data representing about 500
routinely built projects. The results showed that the conventional dense graded mixes reach
ten percent cracking threshold in about ten years. For the same service time, the asphalt rubber
mixes reached only about five percent level of cracking.

An example of this field performance is represented by the asphalt rubber mixtures used
during the rehabilitation project on Interstate Highway 1-40 (Buffalo Range Project). The
project was located at the elevation of 1,700 m in the dry, freeze zone with the air temperature
range: -29 to 38°C. The average measured traffic was 2.2 million ESAL per year. The project
consisted of milling 2.5 inches of existing highly cracked conventional HMA and overlaying
it with 2 inches of Asphalt Rubber Gap Graded mixture (AR PG58-22) and 0.5 inch of
Asphalt Rubber Open Graded Friction Course (AR PG58-22). After 8 years of service, the
measured rut depth was less than 5mm and the amount of cracking was less than 4% (despite
of the high risk of reflective cracking occurrence). Despite the very good field performance of
these mixtures, the results of the laboratory tests showed that comparable conventional asphalt
concrete mixtures had considerably higher tensile strength. At the same time, the asphalt
rubber mixtures had almost two times higher total fracture energy than the conventional
mixtures. These observations and trends were confirmed by test results from other projects
and indicated that the total fracture energy is potentially a much better indicator of the thermal
fracture resistance than the tensile strength as shown in Figure 2. This parameter, with some
protocol modifications, can be measured during the same IDT tensile strength test.

Another limitation of the existing TCMODEL is the assumption that the pavement
structure has only one AC layer. If the pavement consists of two or more AC layers the user
has to decide which material properties should be input into the model.
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This is a serious problem in case when materials used in a pavement differ significantly.
Several recent rehabilitation projects in Arizona utilized a three-layer overlay system with
the conventional dense graded HMA at the bottom, the gap graded asphalt rubber mixture in
a middle, and the open graded asphalt rubber mix on a top. The material properties of these
three mixtures including thermal fracture parameters are substantially different and assuming
the properties of one material for other two layers can generate a big error in the crack growth
estimation.

o
Total Fracture Energy @ -10°C
Conventional vs Rubber Asphalt Mixture
10,000
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Figure 2. Total Fracture Energy Comparison for a Conventional and Asphalt Rubber Mixture
1.5. Research Objectives

The main objective of this research was to develop a new thermal cracking model for
asphalt concrete mixtures to be used in the next generation of the AASHTO Design Guide.
The new model, which is based on the existing Superpave TCMODEL, utilizes the total
fracture energy and creep compliance “D1” parameter in combination with the tensile strength
maximum limit of the material and the slope of the creep compliance - “m” parameter to
calculate the crack propagation (modified Crack Depth Fracture Model). This new model
allows for proper thermal fracture evaluation of asphalt concrete mixtures, modified binder
mixtures and specifically asphalt rubber mixtures that are gaining popularity in usage
nationwide.

In order to fulfill the above objectives, the scope of work also included necessary revisions
and refinements of the existing IDT test protocol, as well as development of an IDT database
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to be used for the new thermal cracking model. Ultimately, the results of this research serve as
a characterization study of the thermal fracture properties of the asphalt rubber mixtures.

1.6. Scope of Work

The scope of this research study included a comprehensive literature study and analysis on
the thermal cracking behavior of HMA mixes, as well as methodologies, testing, and modeling
techniques used for this type of pavement distress.

The research plan was basically divided into four main tasks:

1) Revision and Modification of the Indirect Tension Test (IDT) Protocol.

2) Development of the Thermal Cracking Characterization Database which will
include:
a) Conventional Asphalt Concrete Mixtures
b) Asphalt Rubber Mixtures

3) Development of a modified Crack Depth Fracture Model for Thermal Cracking
Model.

2. Experimental Plan
2.1. Test Specimen Preparation and Conditioning

All test specimens were prepared according to the Test Protocol UMD 9808, “Method
for Preparation of Triaxial Specimens” (Majidzadeh et al, 1976). The air voids and other
volumetric properties (i.e., asphalt content and gradation) of the test specimens were matched
with the in-place properties measured after placement and compaction of the HMA mixtures
for each individual test section. Only specimens that air voids matched the target air void with
tolerance of + 0.5% were selected for further testing.

The mixing and compaction temperatures were determined using binder consistency test
results and viscosity-temperature relationships for both binders. All mixtures were short-
term oven-aged for 4 hours at 135°C, according to the AASHTO PP2 Test Method, “Standard
Practice for Short and Long Term Aging of Hot Mix Asphalt,” before compaction.

The specimens were compacted with a Servopac gyratory compactor into a 150-mm
diameter gyratory mold to approximately 160-mm in height. The test specimen’s “ideal”
geometry was based on the specimen size and the aggregate effects study that was completed
by the Superpave models team (Abdulshafi and Majidzadeh, 1985). Approximately 5S-mm was
sawed from each end of the compacted specimen, and 3 test specimens approximately 38-mm
thick were cut from each compacted specimen.

2.2. Research Testing Plan

The research testing plan included the complete thermal fracture characterization of the
27 mixtures from 7 different projects. Sixteen of them are conventional mixtures and 11 are
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asphalt rubber mixtures. Assuming that in average 9 specimens from every mixture is needed
to complete the IDT tests the total of 243 specimens were tested in this research study.

The testing program was divided into two phases. Phase I included testing of 11
conventional mixtures designated by Arizona Department of Transportation (ADOT Project
4) and served as an initial ASU thermal fracture characterization database to validate the
rationality of the modifications incorporated into the original IDT protocol. The Phase I
mixtures used five different aggregate sources and gradations, and four different binder types
used throughout Arizona (PG 58-28, PG 64-22, PG 70-10, and PG 76-16). Results from this
part of the program were compared to the data used to calibrate the original TCMODEL (SHRP
A-005 study). Phase II of the program included testing of another 5 conventional and 11
asphalt rubber mixtures from subsequent projects.

3. Modifications to the Original IDT Protocol

In general, the Indirect Tensile Creep and Strength tests were conducted based on the
procedure developed by Roque et al and described in the draft indirect tensile tests protocol
AASHTO TP9-02. A few important changes to the original protocol were implemented at
ASU.

3.1. Gage Length of the LVDTs

The first change consisted of increasing the original LVDT’s gage length of 1.5-in into a
3.0-in center-to-center spacing. This modification was applied based on the recommendations
from the NCHRP Project 1-28A. In general, it was concluded that a recommended gage length
of 3”, mounted on a 6” diameter specimen, regardless of the mix type being evaluated; will
yield total variance values that are as close to the most likely minimum values possible. In
addition, the 3” gage length should have the potential for possessing the minimum amount of
possible problems associated with the on-sample measurement system (Vinson et al, 1989).

3.2. Low Temperature

The second change, being actually a limitation when compared to the original protocol,
consisted of using a low temperature different from the recommended -20 “C. The actual low
temperature used in this study was —15 °C. This change was necessary due to the fact that
the environmental chamber used during the IDT test was unable to reach and maintain at the
stable level temperature of -20 °C. Based on the results from 0, -10, and -15°C temperatures,
creep compliance data were extrapolated to -20 “C.

3.3. The Original and Modified Method of Determining the Tensile Strength of HMA
3.3.1. The Original SHRP A-005 Method

The tensile strength test was conducted and analyzed using two methods. One specimen
per mixture was tested using the original SHRP A-005 procedure. The results of this method
were used in the ASU - SHRP A-005 IDT results comparison, as well as in building the
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MEPDG database of the ASU mixtures thermal fracture properties. The original Roque et
al method involves using both vertical and horizontal LVDTs and requires finishing the
test immediately after reaching the maximum load in order to preserve the vertical LVDTs.
Finishing the test at this point eliminates the possibility of measuring the total fracture energy
that is calculated as an area under the deformation - load curve. The vertical LVDTs are used
solely to identify which face of the specimen failed first during the strength test. Further
analysis of the conducted tests indicated that the difference of the tensile strength between
both faces do not exceed 10%.

3.3.2. Modified IDT Tensile Strength Method

A modified method of measuring the tensile strength that allows also for determining the
energy until failure and total fracture energy was applied using three replicates per mixture.
The vertical LVDTs were eliminated and tensile strength was calculated as an average value
from both specimen faces. The total fracture energy is calculated as the area under the load-
vertical deformation curve and it was previously reported in asphalt rubber characterization
projects conducted at ASU as a promising parameter to characterize the fracture resistance of
the HMA mixtures (Way et al, 2006 and Carpenter, 1983).

4. Development of a Modified Crack Depth Fracture Model for Superpave Thermal
Cracking Model

4.1. Modeling Approach for the Modified Crack Depth Fracture Model

From experimental data, Paris and Erdogan (Zhiming et al/, 2002) found that the crack
growth rate, AC, during the propagation phase could be described by the following equation:

AC=A(AKY
where:
AC = change in the crack depth due to a cooling cycle
AK = change in the stress intensity factor due to a cooling cycle
A,n = fracture parameters

The initial Superpave study on modeling the thermal cracking in hot mix asphalt utilized
the Schapery’s theory of crack propagation in nonlinear viscoelastic materials. Schapery
theoretically justified the use of Paris’s law for the description of the crack growth process
in viscoelastic materials (Zhiming et al, 2002). He presented a relationship between the
crack growth velocities due to mode I loading (opening mode due to normal stresses) and
fundamental properties of the material in which the crack propagate according to:

4=_" [(1—V2)D1}I/M{Tw(z)ndt:|
6621} or °

where:
n = 2[1 4+ (1/m)] for stress-controlled tests, and n = 2/m for strain-controlled tests
o, = the tensile strength of the material, GPa
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I, = value of the integral of the dimensionless stress-strain curve of the material. Its
value range between 1 and 2

v = Poisson’s ratio of the material

D, = the compliance coefficient D1, in the power-law creep compliance

m = slope of the log compliance versus log time graph

I' = fracture energy, defined as work (applied force times resulting displacement) done

on a material to increase the fractured surface with a unit area, MN-m
w(t) = the normalized waveform of the applied load with time. Its values range
between 0 and 1.
At = period of the loading to complete one cycle of loading, sec

In subsequent efforts, SHRP researchers concluded (Vinson et al, 1989) that:
“Determination of the fracture energy density requires additional complex testing, which
could not be incorporated into a mixture specification scenario. However, experimental results
indicate that fairly reasonable estimates of A and n can be obtained from the m-value and the
failure limit of the material.” Since then, the fracture energy parameter has been excluded
from thermal cracking modeling. Efforts and data analysis explored in this study implied the
necessity of re-incorporating the total fracture energy into a thermal cracking model. This
is especially true for modified mixtures, such as asphalt rubber. The new model proposed
in this study is based on the existing Superpave TCMODEL utilizes the fracture energy in
combination with the tensile strength maximum limit of the material, “D1” creep compliance

€9

parameter and the slope of the creep compliance - “m” parameter.
4.2. Mixtures Used in Development of a Modified Crack Depth Fracture Model

Twenty three mixtures including both conventional HMA and Asphalt Rubber mixtures
have been carefully selected from all IDT test data available at ASU. The SHRP A-005 IDT
database, which served for the original calibration of the MEPDG and subsequently for
development of the level 3 predictive equations, could not be used since it did not contain
the “Total Fracture Energy” results. From the thirty mixtures that were tested at ASU seven
mixtures have been excluded because they were either tested using different IDT setup and
test protocol (I-40 Asphalt Rubber Pilot Project, and Alberta I Asphalt Rubber Project), or they
were disqualified due to the test results quality problems (i.e. Salt River %" PG70-10).

The 23 mixtures qualified for further analysis in development of a modified crack depth
fracture model included: 4 open graded asphalt rubber mixtures (AR-ACFC), 6 gap graded
asphalt rubber mixtures (ARAC), and 13 conventional mixtures (HMA). Three ARAC
mixtures from Alberta II project were a result of a mini study for the influence of air voids
variation upon the predicted thermal cracking.

Table 1 presents a summary of mixtures and their volumetric properties. For every type
of material (AR-ACFC, ARAC, HMA) mixtures are grouped in order of increasing relative
stiffness of the mixture, based on their binder grade, binder content, air voids content, VMA,
and VFA. The same order of mixtures has been used in subsequent analysis and plots.

4.3. Significance of the Fracture Energy Parameters

At the early stage of this research work it was observed and concluded that the total
fracture energy is potentially a much better indicator of the thermal fracture resistance of
bituminous mixtures than the tensile strength alone. The total fracture energy can by itself
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be divided into two stages, namely energy until failure (fracture energy measured until the
maximum tensile strength occurred) and post peak energy measured after the tensile strength
was observed. While the energy until failure can be associated with first stage of the cracking
process — initiation, the post peak energy can be utilized to asses the propagation of the
cracking. Consequently, the higher the post peak energy the longer the propagation of the
thermal cracking, which means lower observed cracking.

A very significant difference in post peak energy between asphalt rubber and conventional
mixtures can be observed at low temperature (-15°C). Approximately 10 times higher
values of post peak energy were observed for asphalt rubber mixtures when compared to
the conventional mixtures. Figure 3 presents the comparison of post peak energy measured
at -15°C temperature for asphalt rubber and conventional mixtures. Black and grey bars
represent asphalt rubber and conventional HMA mixtures, respectively.

Table 1. Summary of Volumetric Properties for Mixtures Used in the Development of a
Modified Crack Depth Fracture Model

. . Agg.
Mix . Binder AC | Va
Type Mix Grade 'Sl“ioZ[:3 v | % VMA | VFA

Jackrabbit AR-ACFC PG58-22 AR PGS8-22 | 3/8” | 93 | 19.1 | 34.1 | 44.0

% Two Guns AR-ACFC PG58-22 AR PG58-22 | 3/8” | 9.4 | 17.9 | 33.0 | 45.8

< | Silver Springs AR-ACFC »

% PG58-22 AR PG58-22 | 3/8 9.5 | 19.1 | 32.7 | 415
Badger AR-ACFC PG58-22 AR PG58-22 | 3/8” | 9.0 | 18.4 | 34.0 | 45.9

Alberta I ARAC 200-300 AV11% | AR PG52-28 | 3/4” | 8.6 | 11.0 | 28.2 | 61.0

Alberta I ARAC 200-300 AV8% | AR PG52-28 | 3/4” | 8.6 | 8.0 | 252 | 68.3

Alberta Il ARAC 200-300 AV5% | AR PG52-28 | 3/4” | 8.6 | 5.0 | 22.2 | 77.5

ARAC

Badger Springs ARAC PG58-22 | AR PG58-22 | 3/4” | 7.8 | 9.2 | 22.9 | 59.9

Jackrabbit ARAC PG58-22 ARPGS58-22 | 3/4” | 7.3 | 9.4 | 22.7 | 58.6
Two Guns ARAC PG58-22 AR PG58-22 | 3/4” | 7.0 | 8.1 | 20.6 | 60.7
Alberta II 3/4” 200-300PEN PG52-28 3/8” | 64 | 8.0 | 22.3 | 64.0
Bidahouchi 3/4” PG58-28 PG58-28 3/4” 1 50| 7.6 | 17.6 | 56.5
Bidahouchi Base PG58-28 PG58-28 1.07 | 5.0 | 7.6 | 17.6 | 56.7
Two Guns 3/4” PG64-22 Plant PG64-22 3/4” 1 46 | 7.5 | 17.3 | 56.6
Salt River 3/4” PG64-22 PG64-22 3/4” 1 42| 7.0 | 16.0 | 56.3
< Bidahouchi Base PG64-22 PG64-22 1.07 | 53| 7.8 | 183 | 57.2
= | Bidahouchi 3/4” PG64-22 PG64-23 3/471 49 | 6.6 | 16.5 | 60.0
= Salt River Base PG64-22 PG64-22 1.0” | 46 | 7.5 | 16.1 | 534
Jackrabbit 3/4” PG64-22 PG64-22 3/47 1 48 | 7.8 | 17.8 | 56.5
Salt River Base PG76-16 PG76-15 107 | 42| 7.6 | 164 | 534
Salt River 3/4” PG76-16 PG76-16 3/4” 1 43| 7.1 | 16.2 | 56.1
Salt River Base PG70-10 PG70-10 1.07 | 43| 7.3 | 16.2 | 55.0

Badger 3-4 in PG70-10 PG70-10 3/4” 1 52| 7.6 | 169 | 550
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Comparison of Post-Peak Fracture Energy at -15°C
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Figure 3. Differences in Post-Peak Fracture Energy Results at -15°C for Asphalt Rubber and
Conventional HMA Mixtures (Black=Asphalt Rubber, Grey = Conventional).

4.4. Development of a Modified Schapery’s “A” Parameter

A new equation for calculating the Paris law “A” parameter has been developed based
on Schapery’s general “A” parameter equation for viscoelastic materials. The original model
allows also for analysis of material’s fatigue fracture due to the cyclic loading. In the case of
thermal cracking analysis using IDT methodology, cyclic loading does not occur, and because
of this, the second term of the Schapery’s general equation for viscoelastic materials has been
assumed equal to one. The only modification to the original model was limited to assuming a
constant value of 0.12 (average value for tested mixtures) for Poisson’s ratio.

Both creep compliance parameters, namely slope (m) and intercept (D1) are constants for a
given mixture and do not change with temperature. This is because they have been calculated
as parameters describing the master creep compliance curve, which by itself has been
constructed using creep compliance results for three different temperatures. Tensile Strength
and Total Fracture Energy, used in calculating the “A” parameter, are interpolated from the
three laboratory measured values for temperature at which the maximum stress occurred. Due
to this fact, “A” is no longer a constant material property, but is temperature-dependent and
changes with every new cooling cycle. This new feature of the Crack Depth Fracture model is
considered a big improvement over the old model.

A second order polynomial function is used to interpolate and extrapolate the tensile
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strength and total fracture energy values. The extrapolation outside the range of temperatures
used in laboratory testing is limited to 5°C (410F). The maximum or minimum extrapolated
value respectively is assumed for any temperature outside the +/-5°C range.

The I1 parameter defined as a value of the integral of the dimensionless stress-strain curve
of the material is proportional to the total fracture energy defined as the area under the load
— deformation curve, and is calculated as the ratio of the given total fracture energy to the
maximum value of total fracture energy (assumed to be 1,000 psi) plus 1. The value of I1
parameter is in range between 1 and 2.

Table 2 presents a summary of units and value ranges for variables used in the calculation
of the “A” parameter.

The new “A” parameter is calculated according to the following equation:

P {(1—0.122)1)1}”"’

66 21} 2r
where,
o, = tensile strength at maximum stress temperature, GPa
m = slope of the creep compliance curve
I' = total fracture energy at maximum stress temperature, MN-m
I, = value of the integral of the dimensionless stress-strain curve of the material. Its

value range between 1 and 2

Table 2. Summary of Variables Used in the New “A” Parameter

Variable Units Min Value | Max Value
m - 0.2251 0.6017
D, 1/GPa 1.96E-04 3.83E-02
O GPa 7.24E-04 4.36E-03
r MN * m 9.75E-06 1.10E-04
I, - 1.086 1.977

4.5. Comparison of the Existing “A” and Modified Schapery’s “A” Parameter

It was observed from a comparison of “A” parameters calculated for conventional mixtures
using the old and new “A” model that values of “A” calculated utilizing the old model are
higher (means more cracking) for softer mixtures when compared to the new “A” model. This
observation is generally irrational. Results of “A” parameters calculated using the new model
show expected trend indicating lower “A” value for softer, more crack-resistant mixtures, and
reasonable gradual increase of “A” value with increasing relative stiffness of the mixtures.



166  Asphalt-Rubber 2009

4.6. Validation of a New Crack Depth Fracture Model

Since limited numerical field distress evaluation data for thermal cracking was available
for mixtures used in development of the modified crack depth fracture model, the validation
and preliminary calibration of a new model was conducted based on rationality of predicted
cracking and expected amount of cracking for given climate and given type of mixture.

Twenty three mixtures, both conventional and asphalt rubber were used in combination
with four climatic regions (very cold — Fargo, ND, cold — Grand Canyon, AZ and Flagstaff,
AZ, and hot Scottsdale, AZ) to conduct preliminary calibration and check the rationality
of the new thermal cracking model. The preliminary calibration factor of 4.0E-14 has been
developed and used for the new model validation study. The analysis of conventional HMA
mixtures (Figure 4 and Figure 5) show improved, more rational results of predicted thermal
cracking when new model is used. The predicted cracking gradually increases, as expected,
with increasing relative stiffness of the mixture and increasing severity of the climate. Thermal
cracking results using the old model generally indicated some unjustified cases of over- and/or
under prediction. The results also show lower cracking predictions for asphalt rubber mixtures
with the new model used. In comparison, these mixtures had unreasonable high predicted
cracking for very cold region, and were irrational for the warmer climate when the old model
was utilized.

Comparison of HMA Thermal Cracking Amount for Different Climates
Old "A" Parameter - 7 years
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Figure 4. Predicted Thermal Cracking for Conventional Mixtures Using Old Model
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Comparison of HMA Thermal Cracking Amount for Different Climates
New "A" Parameter - 7 years
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Figure 5. Predicted Thermal Cracking for Conventional Mixtures Using New Model

The only exception from the general trend (using the new model) of improved resistance
to thermal cracking for the asphalt rubber mixtures was observed for the Badger Springs
AR-ACFC project. This mixture showed much higher predicted thermal cracking when the
new model was used. In fact, the Badger Springs project failed after less than one season
due to raveling of the surface layer. This project was located on Interstate highway I-17
approximately 80 miles north of Phoenix. Further analysis and field investigation indicated
material quality issues associated with binder stripping and high content of fines, which would
justify poorer thermal cracking performance of the material. Based on the above results, it was
concluded that the new thermal cracking model is able to better distinguish between good and
bad mixtures when compared to the old model.

At the same time stiffer mixtures (not suitable for cold regions) such as the Salt River 34"
PG76-16 had higher cracking (as expected) predicted using the new model.

5. Conclusions and Recommendations
5.1. Conclusions

A major accomplishment of this research was the development of a new method for
evaluation of the thermal cracking potential in HMA, with focus on mixtures with modified
binders including asphalt rubber mixtures. Necessary revisions and refinements of the existing
IDT test protocol were made, and an IDT test results database was created and used in the
development of a modified Crack Depth Fracture Model. The new model was developed based
on the Schapery’s general “A” equation for viscoelastic materials utilizing the total fracture
energy and intercept of the creep compliance master curve (D1) in addition to tensile strength
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of the material and slope of the creep compliance master curve (m) to calculate the Paris
law “A” parameter. This new model allows for proper thermal fracture evaluation of asphalt
concrete mixtures, modified binder mixtures and specifically asphalt rubber mixtures that are
gaining popularity in usage nationwide.

The validation and preliminary calibration of the new model were conducted based on
rationality of predicted cracking and expected amount of cracking for given climate and given
type of mixture. Twenty three mixtures, both conventional and asphalt rubber were used in
combination with four climatic regions (very cold — Fargo, ND, cold — Grand Canyon, AZ
and Flagstaff, AZ, and hot Scottsdale, AZ) to conduct preliminary calibration and check the
rationality of the new thermal cracking model.

It was concluded that the new Thermal Cracking Model utilizing the modified Crack
Depth Fracture Model generates more rational and reasonable predictions of thermal cracking
for both conventional and asphalt rubber mixtures when compared to the old model. It has
been also concluded that the new TCMODEL that utilizes total fracture energy in addition to
other material properties has higher capabilities to detect poor mixtures than the old Thermal
Cracking model.

5.2. Recommendations

The following were identified as specific issues or areas of possible improvement that are
recommended for further consideration and research:

e The IDT testing temperatures currently fix at -20, -10, and 0°C, should be dependent
on binder PG grade to minimize errors in extrapolating tensile strength and total
fracture energy values beyond the testing temperatures. This would also improve
predictions done based on the creep compliance master curve parameters.

*  One of the limitations in the existing TCMODEL is the assumption that the pavement
structure has only one AC layer. If the pavement consists of two or more AC layers
the user has to decide which material properties should be input into the model. This
is a serious problem in cases when materials used in a pavement differ significantly.
A multilayer system for Thermal Cracking analysis should be developed.

» The existing Thermal Cracking characterization database should be further expanded
and field results of the pavement performance for corresponding mixtures should be
collected to allow for proper calibration of the new Thermal Cracking model.

* The IDT test setup, specifically environmental chamber should be improved allowing
for conducting the IDT testing in broader range of temperatures.
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ABSTRACT. This paper presents the performance of 4 full-scale test section constructed with
the aim of applying asphalt rubber technology in Colombia. This study reports the results of
the performance of a test track constructed with one section using Crumb Rubber Modifier-
CRM. The CRM was incorporated to the asphalt hot mix introducing the CRM as a bitumen
modifier (wet process). Additionally the 4 full-scale test section were constructed with the
same pavement structure; one with conventional asphalt binder Barrancabermeja (Barranca)
80-100(80-100 penetration grade), two sections with modified asphalt binder, Styrene
Butadiene Rubber-SBR, and Styrene Butadiene Styrene-SBS and one with asphalt rubber
binder. The 4 mixtures were designed using a continuous grain size distribution. The track
was submitted to loads produced by public transport vehicles, light and heavy vehicle. The
paper reports the test track performance over 4 years, with measures of; deflections (FWD),
Ground Penetration Radar(GPR) and distress survey. An analytical comparison is presented
considering the structural capacity of each section of the test track, by using backcalculation
analysis.

KEYWORDS: test section, asphalt rubber,wet process, hot mix, polymer modified binder,
fatigue, cracking density, performance.
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1. Introduction

Asphalt rubber appears as a promising technique that improves asphalt mixture
performance. In the Colombian context, this technique has not been used in industrial scale.
This research was carried out by the University of Los Andes and the Instituto de Desarrollo
Urbano de Bogota - IDU., in order to evaluate the performance of asphalt rubber mixtures
using Colombian asphalt binders by means of Wet process and Dry process.

This paper presents the performance of 4 full-scale test section constructed with the aim
of applying asphalt rubber technology in Colombia. This study reports the results of the
performance of a test track constructed with one section using Crumb Rubber Modifier-
CRM. The CRM was incorporated to the asphalt hot mix introducing the CRM as a bitumen
modifier (wet process). Additionally the 4 full-scale test sections were constructed with the
same pavement structure; one with conventional asphalt binder Barrancabermeja (Barranca)
80-100(80-100 penetration grade), two sections with modified asphalt binder, Styrene
Butadiene Rubber-SBR, and Styrene Butadiene Styrene-SBS and one with asphalt rubber
binder. The 4 mixtures were designed using a continuous grain size distribution. The track
was submitted to loads produced by public transport vehicles, light and heavy vehicle. The
paper reports the test track performance over 4 years, with measures of; deflections (FWD),
Ground Penetration Radar (GPR) and distress survey. An analytical comparison is presented
considering the structural capacity of each section of the test track, by using backcalculation
analysis.

2. Materials and Experimenal Methods
2.1. Crumb Rubber- CR

The CR used was obtained by shredding and grinding the tire rubber at ordinary room
temperature. Due to irregular material shapes and sizes of the 2 mm bigger particles, was
decided to choose the sizes below the sieve no. 30(595 um) by using the average value of the
grain size distribution proposed by CALTRANS, 1994. The grain size distribution is shown
on Table 1.

Table 1. Grain size distribution for crumb rubber used

Sieve Size % Passing
595 um No. 30 100
297 um No. 50 7.5
74 pm No. 200 1.5
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2.2. Asphalt Binder

Barrancabermeja 80-100 binder (a 80/100 asphalt binder penetration graded), was modified
with crumb rubber in order to prepare the asphalt rubber binder blend through wet process.
In addition, two commercial polymer modified binders-PMBs; Styrene Butadiene Styrene-
SBS and Styrene Butadiene Rubber-SBR were studied with the purpose of comparing the
performance of each asphalt mixtures.

The selected formulation for B80-100 was 18% (w/w) of crumb rubber content and 82
%(w/w) of base bitumen, modified during 25 minute (reaction time). This formulation was
obtained considering: Brookfield viscosity, reaction time, rheological characterization after the
SuperPave aging methods and physical characterization of the asphalt rubber blend. Physical
characterization tests were carried out for B80-100, PMB SBR, PMB SBS, and the asphalt
rubber (AR) modified from B80-100 —~AR80100.

2.3. Asphalt Mixtures

All the asphalt mixtures were manufactured using aggregates widely used in Bogota D.C.
A CA 0/14 (type wearing course) grain size distribution was selected to manufacture all the
asphalt mixtures. The grain size distribution is shown on Table 2.

Table 2. Grain Size Distribution for mixture type CA 0/14

Grain size 0/14
Mm Passing (%)
14 94 -100
10 72 -84
6,3 50— 66
4 40 — 54
2 28 —40
0,08 7-10

The asphalt hot mixes were denoted as follow:
- Asphalt mixture (AM) with binder B80-100 (AM80100),

- Asphalt rubber mixture, modified (AR) through wet process with B80-100
(ARW80100),

- Polymer modified hot mix SBR (PMSBR),

- Polymer modified hot mix SBS (PMSBS).



174  Asphalt-Rubber 2009

Table 3 presents the asphalt mixture designs for each test section.

Table 3. Asphalt Hot Mixtures Design Results

T
AMS80100 2,13 6,5 6,89
ARWS0100 2,13 6,5 6,78
ARDS0100 2,09 6,0 6,78
PMSBS 2,16 6,4 6,35
PMSBR 2,14 6,5 6,72

3.1. Production of Asphalt Rubber in a Pilot Plant

The asphalt rubber modification procedure in real scale (pilot plant) had three important
conditions to fulfill. The first one was the difficulty to maintain a controlled temperature at
155°C. The second one was the asphalt volume by batch, which was established at 0,21 m®,
and the last one was the velocity and type of agitation to be applied.

According to these requirements a cylindrical mixing container and mixer equipment were
chosen with the following characteristics (Figure 1):

Mixer type turbine that allows and ensures axial flow.
Maximum temperature: 200°C.
5 HP Engine, with 220V coil.
Mixing velocity: 1800 rpm.

Stainless steel AISI 304.

An asphalt mixture with 18% crumb rubber content was chosen according to the mixture
design. The asphalt blend was modified in the Pilot Plant at 163°C, with 25 min mixing time.
Under these conditions, Brookfield viscosity values ranging from 2000 to 2500 cP were
obtained.

The physical properties of the asphalt binder selected are shown on Table 4.
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Figure 1. Mixer and Pilot plant

Table 4. Physical properties of the asphalt rubber selected

AASTHO TP5 — ASTM PS 36

Characteristic Value
Crumb Rubber content (%) 18
Mixing time (min) 25

Brookfield Viscosity (cP) 2000-2500
T failure unmodified on DSR(°C) G*/sin 6 > 1 7476
kPa, AASTHO TP5
T failure RTFO residue on DSR(“C)G*/sin 6 > 65-70
2,2 kPa AASTHO TP5 — ASTM D2872;
T failure PAV on DSR (°C) G* sin § < 5MPa 16-16.5

3. Test Track Characteristics

The roadway for this study is located in Bogota, Colombia (Figure 2). The track was
selected according to the following criteria: same amount of heavy vehicles along the test

track (canalised traffic) and uniform subgrade characteristics.

The selected site was a 270 m. long track, having a flexible pavement in very bad
conditions (Figure 2). Four pits were made in order to study the subgrade and granular
material characteristics. The test track was divided in four sections of 54 m, and 7 m. wide as
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follow:
- Section with asphalt rubber mixture through wet process.
- Section with Polymer modified hot mixture with SBR.

- Section with Polymer modified hot mixture with SBS.

Figure 2. Roadway before (left) and after (right) of the test track construction
3.1. Test Track construction

The rehabilitation solution involved cutting 17 cm of asphaltic layers, reclaiming 10 cm
of RAP (reclaimed asphalt pavement), and then mixing the RAP with another 10 cm of the
existing granular course. After that, the base course obtained was compacted; 7 cm thick
of each asphalt mixture type were placed along the corresponding section (54 m long per
section). During the whole construction process a strict quality control on each compacted
layer was carried out, by means of a nuclear densimeter and a digital thermometer.

A paving machine of 3.5 m wide at 5 km/h, was used for the placement of all the mixtures.
The compaction equipment was comprised by two rollers; one with a steel roller and the other
with wheel rollers. At the end of the three steel roller compaction cycles, the wheel compactor
started to seal the wearing surface (Figure 3). Table 5 provides the compaction temperature
of all the asphalt mixtures placed. The time between production and laying for all the asphalt
mixtures was 1 hour aproximately.

Table 5. Compaction temperature of the asphalt mixtures

Asphalt mix Compaction Temperature ‘C
AMS80100 135
ARWS80100 162
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Figure 3. Placement procedure of asphalt mixes
4. Test track Performance using crumb rubber asphalt and other modifiers.

The performance of the test track was studied on a first stage during one year. Along this
year differents measurements were carried out in order to establish the development and
evolution of the possible distresses in each section. Another of the desired purposes of the
test track construction was to verify the results obtained from extended studies accomplished
in laboratory about rhelogical behavior of the asphalt rubber binders, and the mechanical
performance of asphalt rubber mixtures (IDU , 2002, IDU, 2005).

The following parameters were studied every three months during the first year:
- Traffic measurements, 12 hours per day.

- Measurements of International Roughness Index (IRI).

- Distress Evaluation using World Bank methodology.

- Cores were taken from Asphalt mixtures to make rheological test.

- Measurements of longitudinal profiles and cross sectional profiles

- Static deflection.

Currently, the test track has achieved 4 years on service. The purpose of this paper is to
present the results of the condition assessment of the full scale test section, after 4 years,
thereby the study involved:
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» Surface condition (visual assessment)

» Structural Characterization based on Falling Weight Deflectometer (FWD), and Ground
penetration Radar (GPR).

According to the traffic measurements, the test track had had 4 x 106 ESAL’s (Equivalent
Single-Axle Load) of 80 kN during the analysis period (4 years). As a result of this traffic
conditions, the sections have shown a variety of distress, such as; alligator crackings, block
crackings and potholes. Figure 4, exhibits the evolution of the cracking density on each
section after 4 year of performance. The AM80100 section has showed the bigger cracking
density with respect to the other sections. As can be expected the AM80100 showed the worst
behavior, presenting a high degration rate. ARW80100 and PMSBS presented an excellent
performance showing a cracking density smaller than 10%. In contrast to ARW80100 and
PMSBS, the PMSBR section showed a fair performance exhibiting a cracking density close to
20%.

35% - B Month 3 ©Month 6 mMonth 12 & Month 48

30%

25%

20%

w7 |

10%

Cracking density (%)

5% =

0% -
AM80100 PMSBS ARWS80100 PMSBR

Figure 4. Cracking density in each section, after 4 year

4.1. Superficial Distress Assessment

The distress assessment was carried out according to the U.S Army Corps of Engineers
methodology-Paver 2, which is defined in the Pavement Management Guide of the Instituto
de Desarrollo Urbano de Bogota (IDU, 1999).

The methodology establishes two indexes:
OPI: Overall Pavement Index.
MDR: Modified Distress Rating.
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The OPI index relates the superficial pavement condition with the overall condition
measured in roughness-IRI terms (functional performance).

These indexes are related by means of equation (1) and (2):

0.198-0.26 1xIRI
(5xé' >))
5

*Equation (1) as same as distress graphics have been calibrated for locally conditions.

OPI = MDR x( 012 (1)

MDR =100 —+/ pni* )

Where ”pni”, is the ponderate weight of the distress, considering the distress density and

the severity (High, Medium, Low). Table 6 shows the MDR and OPI limit values according to
the Pavement Management Guide (IDU, 1999).

Table 6. MDR and OPI limit values

o | e | e | cvtinin
0-4 79-100 71-100 Excellent
5-6 59-78 51-70 Well
7-9 40-58 31-50 Fair
>10 0-39 0-30 Failed

As it can be seen from Figure 5, MDR values present a logic performance with respect of
cracking density shown in Figure 4. As noticed, ARW80100 shows a MDR value of 72, value
surpassed only by PMSBS. As it is expected AM80100 (control section) performance was
the worst, presenting a MDR value of 51. Figures 6,7,8 and 9 show a panoramic view of the
general state of the four test section. The paper do not present OPI results.
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Figure 5. Surface condition Index

Analizing the performance of the four test sections, is remarkable the good behavior of
ARWS80100, presenting a performance on the same level of Commercial Polymer Modified
binders, obtaining a well qualification according to Table 6.

Figure 6. Surface condition for AM80100
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Figure 7. Surface condition for PMSBS

Figure 8. Surface condition for ARWS80100
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Figure 9. Surface condition for PMSBR

5. Structural assessment of the test track

A structural assessment was carried out along each test section by using a Falling Weight
Deflectometer (FWD) measuring each 10 m per section, by applying 40 kN load normalized
at 20 ‘C. In addition, a Ground Penetration Radar was used to stablish the real thickness of
the pavement structure. Analizing both FWD and GPR results a backcalculation analisys was
conduct by means of the Rohde’s method (Rohde, 1994).

Figure 10. GPR and FWD used on the survey

The Rohde method uses the Structural Index of the Pavement (SIP), which represents the
amount of deflection that has occurred within the pavement structure:

— 3
SIP=D,- D, 3)

where,

SIP = structural index of pavement.

D, = peak deflection measured under a standard 9,000-Ib FWD load.

Dl,SHp

surface deflection measured at offset of 1.5 times of Hp under a
standard 9,000-1b FWD load.
Hp = total pavement thickness.
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The structural number of the pavement can be calculated with the whole thickness of the
pavement and the SIP value. The function used in the analysis is as follows:

SN =k, xSIP** x H,"” @)
where,
SN = pavement structural number(in).
SIP = structural index of pavement (microns).
H, = total pavement thickness (mm).

k,, k,, k; =regression coefficients (table 7),

Table 7. Coefficients for SN formula

Surface Type k1 k2 K3
Surface Seals 0.1165 -0.3248 0.8241
Asphalt Concrete 0.4728 -0.4810 0.7581

The results of the GPR survey are shown on Figure 11. As was mentioned above (numeral
3.1), each section was comprised of 0.07 m wearing course, a granular base compound of 0.10
m thick of existing granular base and Reclaimed Asphalt Pavement (RAP) and a variable layer
of existing granular material ranging 0.2 and .6 m according to boreholes undertaken before
the construction of the test track.

—5—LAYER 1 (m)
0,90 — - %~ LAYER 2 (m) 1
—o—LAYER 3 (m)
T T

0, 20 40 60 80 100 120 140 {60 180 200 , 220 240  26Q

FAILED SECTION -~
AM8010 NO STUDIED PMSBS ARW8010 PMSBR

Position (m)

Figure 11. Asphalt pavement GPR profile

The peak deflection measured below a FWD loading plate is a combination of the
deflection in the subgrade and the elastic compression of the pavement structure (Zhang,
2003). Figure 12 shows the peak deflection measured underneath a FWD loading plate
normalized at 20 C. The figure exhibits the structural capacity of each section of the test
track. Analizing PMSBR section is observed a big variability (Standard Deviation = 438)
along the stretch with respect of the other sections, undertaking deflection ranging from 700
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(mm/1000) to 1600 (mm/1000), undergoing in general the biggest deflection (mean = 1277).
On the other hand, ARW80100 present on average the second bigger deflection, denoting
uniform values along the stretch (Table 8). Whereas, PMSBS and AM80100 had a similar
performance, with the exception of the last AM80100 measure that was outside of the general
trend.
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40 kN (mm/1000)

Measures (54 m)

—e— AMB0100 SECTION 1 —=— ARD 80100 SECTION 2
PMSBS SECTION 3 ARWB80100 SECTION 4
—%— PMSBR SECTION 5

Figure 12. FWD center of plate deflections for each section

Table 8. Deflection values

Deflection
SECTION Mean * D
(mm/1000)
AMS80100 1031 448
PMSBS 833 153
ARWS0100 1243 30
PMSBR 1277 438

* Deflection undertaken each 10 meters, along section 54 m long
*SD - Standard deviation

The Structural Number was calculated considering FWD and GPR results, by using
equation (3) and (4) (Rohde, 1994). Figure 13 shows the SNs backcalculated for each section.
As can be noticed in the Figure, PMSBS present the higher SN, followed by ARW80100;
the lowest value as should be expected was to AM80100 (control mix). PMSBS, ARW80100
and PMSBR are asphalt hot mix modified, by means of a polymer modification or an
asphalt rubber modification. With a modification process, can be improved the temperature
susceptibility by increasing binder stiffness at high service temperatures and reducing
stiffness at low service temperatures (Airey, 2004). The asphalt hot mixes modified on the
test sections (PMSBS, ARW80100 and PMSBR) are stiffer mixes, because of the asphalt
modified contribution (Martinez et al, 2006) together with the granular skeleton. Therefore,
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is expected that modified sections present the higher SN. Is important to mention, concerning
GPR profiles showed on Figure 11, that AM80100 had the lower existing granular layer, that
is, below the layer comprised by RAP and the existing granular base.

3,5
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Woo
I
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Z 15
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0,5
0,0 -
AM80100 PMSBS ARW 80100 PMSBR

Figure 13. FWD center of plate deflections for each section

At this point, is possible to relate cracking density, FWD and GPR results for
understanding the test sections performance. As was analized on Figure 4, the PMSBS and
ARWS80100 exhibited the lowest cracking percentage. However, ARW80100 deflections were
higher to that of PMSBS or even AM80100. This is an evidence of the superior performance
of asphalt rubber mixes and their resistance to fatigue cracking, confirming that AR can
tolerate significantly higher deflections (Kirk, 2006).

Concerning fatigue cracking, SuperPave specification system requires the fatigue
parameter to reflect energy dissipated per load cycle, which can be calculated as G*sin &
(Anderson and Kennedy, 2003). The parameter indicates a relationship whereby a reduction in
G*sin § at 10 rad/s corresponds to improved fatigue resistance. Since the cracking percentage
is a direct signal of fatigue distress, the SuperPave fatigue parameter of each binder was
related in order to stablish a relationship between the cracking density per section and the
asphalt binder applied. The G*sin o results were obtained from samples aged in laboratory
by using Rolling Thin Film Oven (RTFO) and then aged on Pressure Aging Vessel (PAV).
According to SuperPave protocol this procedure can simulate aging conditions of asphalt
hot mixes on service ranging from 3 to 5 years. Figure 14, compares the SuperPave fatigue
parameter at 28°C of each asphalt binder after RTFO+PAV procedure. ARW80100, exhibit
the best fatigue performance, furthermore a huge reduction (60%) is observed with regard to
control asphalt binder (AM80100), this fact confirms the remarkable improvement obtained
with the asphalt rubber incorporation on unmodified asphalt binder. Results of the rheological
characterization for each asphalt binder can be consulted in Martinez et al, 2006. As can be
observed (Figure 14) SuperPave fatigue parameter has predicted superior fatigue performance
for the ARW80100, fact confirmed with the AR section.
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Figure 14. Surface condition for AM80100 and PMSBS sections

Regarding polymer modified mixes, differences in performance based on binder properties,
and performance based on mixes mechanical properties, may be related to the physico-
chemical interaction between the Polymer modified binders, specifically the polymer phase,
and the mineral aggregates within the different asphalt mixes (Airey, 2003).

6. Conclusions

The results presented in this paper illustrate the excellent performance of the first test
section with real condition (traffic, weather) where Asphalt Rubber is applied in Colombia, by
using the “wet process”, project undertaken in 2004. One of the main objectives when a test
section is projected is observing the evolution of the distress and the several fail mechanism
developed on a test section. In the case of the AR section, since 2005, we are expecting to
observe the distress evolution. However, it did not happen; the cause has been the excellent
performance of this section.

The following conclusions can be drawn from this research project:

1. Based on cracking density and MDR index, PMSBS and ARW80100 sections showed
the best fatigue cracking resistance, while AM80100 (Control mix) exhibited as
expected the worst performance.

2. A structural evaluation was carried out on the test section, by using a FWD and GPR
profiles, The peak deflection measured below the FWD loading plate showed the
ARWS80100 section as one with bigger deflections, nevertheless, cracking density
demonstrated the high cracking resistance of AR layers, confirming that AR can
tolerate significantly higher deflections. Backcalculation analysis was conducted by
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using the Rohde’s method, thereby Structural Number — SN was possible of obtaining.
SN along the whole section exhibited similar values among modified mixes (PMSBS,
PMSBS, ARW80100), meanwhile distress indexes confirms the superior cracking
resistance of AR with regard to PMSBS and PMSBR, in spite of the higher delflection
of AR section.

3. Finally, a comparison between Cracking Density and SuperPave Fatigue parameter
was done, confirming the ability of G* sin & on asphalt rubber of predicting fatigue
performance, quatififying a huge reduction (60%) in this parameter with regard to the
Contraol mix(AM80100)
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ABSTRACT. The paper describes a study of the reflection cracking and rutting performance
of rubber modified asphalt mixes used in overlays for rehabilitating cracked asphalt concrete
pavement in California. Twelve Heavy Vehicle Simulator (HVS) experiments were carried out.
All were simulated using the computer program CalME to enable ‘“virtual” experiments to
be conducted under exactly uniform conditions, and to enable extrapolation to other loading
and climatic conditions. Temperatures, applied loads, resilient and permanent deformations
measured and any surface cracking recorded during the HVS experiments, were imported
into the CalME database. Experiments were simulated, hour by hour, using the incremental-
recursive procedure. Care was taken to ensure that the calculated resilient deflections matched
the measured deflections reasonably well during the full experiment. The results shown in
this paper are single examples of each mix type. However, the incremental-recursive method
used in CalME and associated laboratory testing provide a means for evaluating the full life
of the overlay with respect to reflective cracking, which better captures the crack resistance
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performance of rubber asphalt overlays than does the traditional approach using 50% loss of
stiffness as failure and Miner's Law.

keywords: Heavy Vehicle Simulator, Accelerated pavement testing, Incremental-recursive
analysis, Overlay, Reflection cracking, Rutting

1. Introduction

The main objective of this investigation was to compare the performance of three
maintenance overlays using modified binders (MB, with 15% recycled tire rubber and
modified binders blended at the refinery) mixes against two control maintenance overlay
mixes (Dense Graded Asphalt Concrete, DGAC (sometimes called AR4000) and Rubberized
Asphalt Concrete, Gap graded, RAC-G, 18-22% recycled tire rubber), essentially asking the
question “Will gap-graded modified binder (MB-G) mixes provide performance equal to gap-
graded rubberized asphalt concrete (RAC-G) mixes in half-thickness applications?”” (UCPRC
2003). MB binders are asphalt binders modified with polymers and recycled tire rubber and
blended at the refinery meeting a Caltrans performance related specification.

The project was divided into two phases. In the first phase six test sections were trafficked
with the HVS to induce fatigue cracking on the asphalt concrete layer. The original pavement
consisted of 77 to 88 mm of DGAC on a design thickness of 410 mm of aggregate base (AB)
on a clay subgrade. The AB consisted of 100% recycled building waste material with a high
percentage of crushed concrete. Reactive cement was found in the AB. In the second phase,
selected overlay mixes were placed both on the trafficked and on the untrafficked sections, to
evaluate:

- Reflection cracking (expected failure mode) under HVS trafficking at moderate
temperatures (=15- 20 °C), and

- Rutting performance under HVS loading at high temperature (45-50 °C at 50 mm
depth).

A laboratory study, primarily investigating the shear and fatigue properties of the mixes,
was undertaken in parallel with the HVS study.

Both the reflection cracking experiment and the rutting experiment had one of each of the
following overlays:

- Half-thickness MACI5TR gap-graded overlay with minimum 15 percent recycled tire
rubber.

- Full-thickness MB4 gap-graded

- Half-thickness MB4 gap-graded overlay

- Full-thickness (90 mm) DGAC overlay (split into two subsections in some of the
analysis)

- Half-thickness rubberized asphalt concrete gap-graded (RAC-G) overlay

- Half-thickness (45 mm) MB4 gap-graded overlay with minimum 15 percent recycled
tire rubber (referred to as “MB15” in this paper)
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Figure 1. Test section layout
The test section layouts for phase 1 and 2 are shown in Figure 1 (Jones et al., 2008)

The test sections were instrumented with Multi Depth Deflectometers (MDDs) and
thermocouples. At regular intervals during the HVS tests the resilient deflections were
recorded at several depths using the MDDs and at the pavement surface using a Road Surface
Deflectometer (RSD, similar to a Benkelman beam). The permanent deformations were also
recorded by the MDDs and the pavement profile was measured using a laser profilometer. Any
distress at the surface of the pavement was recorded. During HVS testing the temperature was
controlled using a climate chamber. Falling Weight Deflectometer (FWD) tests were carried
out before and after the HVS tests. Details on the HVS and the instrumentation can be found
in Harvey ef al., 1998 and on the overall study in Jones et al, 2007a.

2. Laboratory tests

A number of laboratory tests were carried out on the materials. For the purpose of this
paper, the most important are the tests to characterize the fatigue and permanent deformation
parameters of the asphalt materials. The stiffness reduction of the asphalt may be described by
a Weibull distribution:

SR =exp(-a. x N") or
In(~In(SR))=n (o )}+ B xIn(N)

Equation 1. Weibull distribution

where:

SR is the stiffness reduction of the asphalt = E/E,

E is the modulus at N load applications,

E, is the initial modulus (first 100 load applications),

N is the number of load applications, and

a and B are functions of resilient strain, modulus and/or temperature.
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With o and B constant the Weibull distribution will plot as a straight line with the axis used
in Figure 2.
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Figure 2. The Magic of Rubber. Typical stiffness reduction curves.

The shapes of the stiffness reduction curves are pronouncedly different. Where the RAC-G
material approaches a straight line, the DGAC (AR4000) shows an accelerating deterioration
once the stiffness is approaching half of the initial value, whereas the three materials with
modified binders and recycled tire rubber shows a decreasing rate of deterioration. The MB
mixes typically supports about one hundred times as many load applications to the same level
of stiffness reduction as the DGAC, for SR less than about 0.5.

Permanent deformation of the asphalt may be caused by post compaction of the material or
by shearing. The post compaction is normally small and is assumed to be proportional to the
reduction in air voids. In CalME it may be imposed during the initial loading phase. The shear
deformation is more important and is determined using a shear-based approach, developed by
Deacon et al. (2002). The phenomenon is roughly illustrated by Figure 3, where the triangular
area slides downwards pushing material outwards and upwards.
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ORI

U 3 .
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,“

Figure 3. [llustration of permanent deformation due to shearing
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The permanent, or inelastic, shear strain, yi, will depend on the shear stress, 1, the elastic
shear strain, ye, and the number of load repetitions, N. The relationship is determined from

Repeated Simple Shear Tests at Constant Height (RSST-CH) in the laboratory. The best fitting
relationship for the materials used was found to be a gamma function:

v = exp(A +o x[l—exp(_m(N%)x(Hh(N%ijexp(B X%efjxye 2]

Equation 2. /nelastic shear strain as a function of shear stress and elastic shear strain

where:
a, B, v, and tref are constants derived from the RSST-CH.

3. Heavy Vehicle Simulator (HVS) tests

Since 1995 the California Department of Transportation (Caltrans) has owned and operated
two HVS equipments in cooperation with the University of California Pavement Research
Center (UCPRC). The HVS may be considered to be a “large scale” laboratory equipment,
capable of applying loads up to 100 kN to full scale pavement structures under controlled
conditions of wheel position, speed, climate, etc.

Figure 4. Heavy Vehicle Simulator (HVS)

The overlay rutting sections were trafficked with the HVS on sections next to the
demarcated fatigue sections on each overlay, and over a part of the underlying pavement
that had not been trafficked during Phase 1. During this period a total of about 80,000 60 kN
channelized, unidirectional load repetitions with a dual tire (720 kPa pressure) were applied
across the sections, equating to approximately 455,000 ESALs. A temperature chamber
was used to maintain the pavement temperature at 50°C+4°C at 50 mm depth. An average
maximum rut of 12.5 mm was set as the failure criterion. Findings and observations based on
the data collected during the Phase 2 HVS rutting study are given by Steven, et al. (2007).

The number of repetitions required to reach the failure criterion of 12.5 mm average
maximum rut depth varied between 726 repetitions for the MAC15-G mix and 8,266
repetitions for the AR4000-D mix (DGAC). Results are shown Figure 5.
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Figure 5. Rutting as a function of number of load applications

Analysis of surface profiles and test pit observations during a forensic investigation (Jones,
et al, 2007b) indicate that most of the permanent deformation occurred in the underlying
DGAC surfacing layer (Figure 6). The deformation along each section was reasonably
uniform, with the exception of the 90-mm MB4-G, where more severe rutting and heaving
occurred at one end of the test section compared to the other. All of the sections showed some
heaving at the sides of the trafficked area, with heights varying between 5 mm and 16 mm.
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Figure 6. Rutting in the underlying DGAC on the 45-mm MB4-G Section

HVS trafficking of the overlay reflective cracking sections applied approximately 12.5
million load repetitions at loads varying between 60 kN and 100 kN (385 ESALSs), depending
on the stage in the test plan, and were applied across the sections. A temperature chamber
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was used to maintain the pavement temperature on each section at 20°C+4°C for the first
one million repetitions, then at 15°C+4°C for the remainder of the test. A dual tire (720 kPa
pressure) in a bidirectional loading pattern with lateral wander was used for all experiments.
A crack density of 2.5 m/m? was set as the failure criteria. FWD measurements were taken
before and after each HVS tests. No fatigue cracking was recorded on the MB4-G, MB15-G
and the MAC15-G sections. A small area of cracking attributed to shear failure of underlying
layers was observed at one end of the 45 mm MB4-G section.

Studies of the asphalt layers, including fractured cores, showed that cracking in the
DGAC and RAC-G overlays had mostly reflected from the underlying DGAC layer (Figure
7). There was no observed cracking on the surface of the MB sections (except as mentioned
above). There was some variation in layer thicknesses over the length of the experiment. DCP
measurements and scanning electron microscope studies indicated that the stiffness of the
recycled aggregate base varied somewhat between sections due to some re-cementation of the
recycled construction waste that occurred after construction. The strongest part of the base
was typically between 100 mm and 250 mm below the asphalt concrete (Jones et al, 2007b).

Figure 7. Fatigue section forensic (cracks are highlighted with marker pen)
4. Simulation of HVS tests using CalME

The HVS tests were simulated using an incremental-recursive program known as CalME
(Ullidtz et al., 2005). Data from each HVS test were imported into a CalME database. The
data comprised information on loads (time of application and load level), temperatures at
different levels, RSD results, MDD resilient and permanent deformations and pavement
profiles.

The backcalculated layer moduli from the last FWD test before commencement of the HV'S
loading were used as the initial layer moduli (for asphalt layers at the reference temperature of
20 C). Layer moduli were backcalculated using CalBack. For asphalt layers the master curve
was obtained from frequency sweep tests on beams in the laboratory, with the exception of the
original DGAC layer where the master curve was based on FWD backcalculated moduli. For
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the subgrade the change in stiffness with changing stiffness of the pavement layers and with
changing load level was obtained from FWD backcalculated values. These parameters were
used with the response model (LEAP, Symplectic Engineering Corporation, 2004) to calculate
stresses, strains and deflections in the pavement structure. The strain in the overlay over an
existing cracked asphalt layer was calculated using the reflection cracking model developed
by Wu (2005).

To predict the pavement performance, in terms of cracking and permanent deformation,
a number of models were used. Parameters for prediction of asphalt fatigue damage were
obtained from controlled strain fatigue tests on beams. Repeated Simple Shear Tests at
Constant Height (RSST-CH) were used to determine the parameters for predicting permanent
deformation in the asphalt layers. A crushing model was developed for the self-cementing base
layer, consisting of recycled building waste material with a high content of crushed concrete.
Cracking at the pavement surface was calculated from the reflection damage to the surface
layer, using a model developed based on previous simulations of HVS tests and the WesTrack
experiment, with coefficients modified based on the results of the present experiment. For the
details of these and other models used in CalME see Ullidtz, et al. 2008a and 2008b.

An incremental-recursive process was used to simulate the performance of the test
sections. The time increment used was one hour. For the first hour of the simulation the
program would read the temperatures from the database and calculate the moduli, for a
constant wheel speed of 9.6 km/h, the approximate speed of the HVS wheel. The number of
loads during the first hour, as well as the load level and the tire pressure, were also read from
the database. The modulus of the subgrade would be adjusted to the stiffness of the pavement
layers and to the load level. If the test had wheel wander, five different positions of the wheel
would be considered. For the first wheel position the stresses and strains at the center line of
the test section were calculated and used to determine the decrease in moduli and the increase
in permanent deformation of each of the pavement layers. The output from these calculations
were used, recursively, as input to the calculation for the next wheel position. Because of
the changes to moduli, response, damage, and permanent deformation the “time hardening”
procedure was used (Deacon et al. 2002).

The first step in the simulation is to make sure that the calculated pavement response is
reasonably close to the actual pavement response during the test. The calculated pavement
response is used to predict the pavement performance (damage and permanent deformation).
Therefore, if the calculated response is not reasonably correct it would be futile to try to
use it for calibration of the performance models. For the HVS tests used for this paper,
response measurements were available in the form of resilient MDD deflections and/or RSD
deflections.

Once the resilient deflections are predicted reasonably well during the simulations, it is
possible to calibrate the performance models so that the permanent deformation of each layer,
the decrease in layer moduli and the observed surface cracking, are reasonably well predicted.

The deflections normally increase considerably during an HVS test, as a result of damage
to the bound layers (asphalt and self-cementing AB in this case). This means that the stresses
and strains in the pavement layers, which are used in calculation of the pavement performance,
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also change during the test. To ensure that the pavement response calculated by CalME was
reasonably correct for the duration of the test, the surface deflections and the deflections at the
depths of the MDD modules were calculated by CalME and compared to the RSD and MDD
measurements.
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Figure 8. Measured (RSD) and calculated (Calc) surface deflection versus load applications

Figure 8 shows a comparison of surface deflection under a 60 kN wheel load, for the
test section with a 45 mm MB15 overlay. Even though the test section is only 6 m long the
measured surface deflections vary considerably over the area of the test section, sometimes by
as much as a factor of 2. The coefficient of variation on the RSD measurements varies from
less than 10% to more than 20%. It may be noticed that the deflection increases by more than
50% within the first one million load applications. The drop in deflection after one million
load applications is due to the temperature being reduced from 20 C to 15 ‘C. The deflections
calculated by CalME are seen to be in reasonably good agreement with the average of the
RSD deflections.

Measured and calculated surface deflections, MB15

+RSD
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Figure 9. Monte Carlo simulation of the MB15 section
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CalME has a facility that includes Monte Carlo simulation. Instead of using the mean
values of layer thickness, modulus etc., values are selected randomly from the distribution of
each of the variable parameters. The output from Monte Carlo simulations is the distribution
of permanent deformation and fatigue damage. This may also be used to determine the
roughness of the pavement, which is a function of the variability in the longitudinal direction.
In Figure 9 this facility was used for the MB 15 section, and shows that the predicted scatter
in surface deflection using the Monte Carlo approach is similar to the scatter of the measured

values.

= Compars respense at 60 kM 5B6RF_Crush_Reflect_uni_2d_d MDD1_1 MDD2_1 MOD3_1 [E)E)E]

AMIZ? T MIR? M1 o+ G132+ GIR?  + G1HD
i 1 000,000 2,000,300 3,000,101
0.0 : ; |
a—
=
2 i1
n
o E
o = ,
[ =
a WY &
T et

= e BT

04

Loads

Pore 2179750 1 04250 Y2 -0.2000 X -02052 Y4 005 Y& -OHI Wi 037

Figure 10. Measured (M, by MDD) and calculated (C) deflections, approximately on top of
base

The three MDDs shown in Figure 10 measured the deflection at (approximately) the top
of the aggregate base. They also indicate a considerable variation within the test section, and
show the same trend as the RSD deflections. The deflections calculated by CalME are seen to
be in good agreement with the measured deflections.

Once the prediction of pavement response is satisfactory, which also implies a satisfactory
prediction of fatigue damage, it is possible to calibrate the permanent deformation models.
The measured and the simulated down rut during the rutting study are shown in Figure 11. For
all of the tests the calculated down rut is 6% lower than the measured values, with an R? of 0.86
and a standard error of estimate of 1.3 mm. For the reflection cracking study (Figure 12) the
calculated down rut is 19% below the measured values, the R? is 0.83 and the standard error
of estimate is 0.9 mm. The same calibration factor was used for all of the tests, even though
the rutting experiment was done using unidirectional loading and the reflection cracking
experiment was with bi-directional loading.
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Figure 11. Measured and calculated down rut during rutting study
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Figure 12. Measured and calculated down rut during reflection cracking study

Based on previous HVS experiments on new pavements and on simulation of the WesTrack
experiment the following equations were found to be capable of estimating the severity, or
density, of surface cracking, in m/m?, reasonably well:

1

B 3]
250 mm

1+

Equation 3. Model for estimating damage at crack initiation
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where ®; is the damage at crack initiation, and
hAC is the combined thickness of the asphalt layers.

10m/m?
CFZT [4]
1+ —
)

o

Equation 4. Model for estimating crack density (severity)

where C, is the crack density (severity in m/m?),
o is the damage to the surface layer, and
®, is a constant.

®, was determined based on the assumption that crack initiation corresponds to a severity
of 0.5 m/m*.

Figure 13 shows the crack severity, in m/m?* of the wheel track, as a function of the fatigue
damage determined from the strain at the bottom of the original asphalt layer. This damage is
used to reduce the average modulus of both the original asphalt layer and of the overlay. In
Figure 13 the original pavement sections, before overlay, are designated by their test numbers.
The overlaid sections are given by the type and thickness of the overlay. The heavy curves
indicated by a thickness value are the crack severities calculated using Equation [3] and
Equation [4]. The approximate thickness of the asphalt layer before overlay was 80 mm, and
the thicknesses of the combined asphalt layers after overlay were either about 125 mm or 170
mm.
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Figure 13. Surface cracking as a function of fatigue damage
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The original sections, before overlay, are seen to crack more rapidly than predicted from
the equations. FWD tests showed that the modulus of the asphalt layer before HVS testing
was considerably below the modulus from frequency sweep tests in the laboratory, whereas
the moduli of the overlays from FWD tests were in good agreement with the frequency sweep
data. It is possible that the low in situ modulus of the original asphalt layer was due to some
initial damage to the material. If that were the case, this initial damage should be added to the
fatigue damage in Figure 13. This would shift the curves to the right.

For the overlay sections the observed cracking does not correspond to the respective
thickness curves. A better fit can be obtained if the reflection damage calculated from the
strain over the existing cracks (Wu, 2005) is used with the following equations:

1
i -1
1+ L .
390 mm

Equation 5. Model for reflection damage at initiation of reflection cracking

2
O - IOm/m_35
o] .
®

o
Equation 6. Model for estimating reflection crack density, as a function of reflection damage

Reflection crack initiation was, again, assumed to correspond to a density of 0.5 m/m?.

Figure 14 compares the observe reflection cracking on the overlay sections to the reflection
damage predicted using Equation [5] and Equation [6], as a function of the reflection damage.

Figure 15 shows the predicted reflection cracking severity as a function of the observed
severity.
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Figure 14. Surface cracking as a function of reflection damage
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Predicted reflection cracking versus observed cracking
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Figure 15. Predicted reflection cracking severity as a function of observed severity

Although the original pavement (phase 1) was built to provide a uniform support for
the rutting and the reflection cracking studies, the FWD tests and the forensic investigation
showed that there were large variations over the length of the pavement section. The
conditions of underlying structure, wheel loads and climate should be identical when ranking
the different overlays. Because it was found that the permanent deformations and reflection
cracking were predicted reasonably well with CalME it was possible to carry out a number of
“virtual” HVS tests with identical conditions.
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Figure 16. Result of rutting simulation with identical underlying structure, loads and
temperatures.

Several of the reflection cracking sections did not get any cracking during the “real”
experiments, even though the traffic loading corresponded to up to about 100 MESAL (million
ESAL) and lasted from 150 to 230 days. The “virtual” experiments were, therefore, done with
about 500 MESAL.
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Reflection cracking study, identical conditions
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Figure 17. Reflection cracking study with identical underlying structure, loads and
temperatures

5. Finite Element Simulation using Non-local Continuum Damage Mechanics (NLCDM)

The FEM simulation procedure used was essentially the same as the one developed by
Wu (2005, et al., 2006). Damage caused by cracking is described as stiffness reduction. The
rate of stiffness reduction (i.e., damage evolution) is controlled by a non-local strain which
is essentially the spatially averaged value of RMS of principal tensile strains. The radius
of spatial averaging is related to the maximum aggregate size. The averaging operation is
performed by concurrently solving a differential equation in addition to equilibrium.

The general methodology and model assumptions are listed below:

- The pavement system is analyzed as a 2D plain strain model with considerations to
account for the 3D nature of HVS wheel load.

- AC overlays are assumed to be linear elastic with loading time and temperature
dependent stiffness and subjected to damage driven by a measure of strain.

- The underlying cracked asphalt layer is assumed to be linear elastic with stiffness
that are functions of loading time and temperature. Cracks are modeled directly with
empty spaces in the underlying asphalt layer. The underlying asphalt layer is not
subjected to damage because of the extensive existing cracks.

- Aggregate base (AB) and subgrade (SG) are assumed to be linear elastic with
stiffness degradation determined by back-calculation from surface deflections
measured during HVS tests using Road Surface Deflectometer (RSD). AB and SG
layers can not sustain tensile strains larger than 0.1 percent, in which case their
stiffness along the tensile direction is reduced to 10 percent of the original value.



204  Asphalt-Rubber 2009

- Subgrade is assumed to be 6000-mm deep and is subdivided into two layers: the top
400-mm and the remaining 5600-mm.

Damage evolution parameters were identified using laboratory bending beam fatigue test
data. Fatigue tests were simulated using FEM to obtain the predicted stiffness degradation
curve corresponding to a given set of damage evolution parameters. The set of parameters that
led to good match between predicted and measured stiffness degradation curves were recorded
and used in later HVS test simulation.

L T el e b i LT e

Figure 18. Close up look of the FEM mesh. The green blocks in the overlay around the tip
of the underlying cracks indicate areas that are not subjected to damage. These blocks are
necessary to force cracks to propagate upwards instead of sideways.

One set of damage evolution parameters were obtained for each temperature under which
fatigue tests were conducted. Damage evolution parameters for temperatures other than 10, 20
and 30 "C were determined using linear interpolation and extrapolation.

A typical set of calculated crack propagation history plots are shown in Figure 19 for HVS
Section with DGAC overlay. Due to the large variability within the test section it was divided
into five subsections. Note that crack height was calculated using the bottom of the overlay as
the reference. As shown in the figure, reflective cracking performance can vary significantly
even for different locations within the same HVS test section. This variation came from the
fact that conditions of the underlying layers (including the old asphalt layer, aggregate base
and subgrade layers) varied significantly among different stations within each test section.
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Figure 19. Evolution of height of crack tip with number of load repetitions for sub-sections of
HVS section DGAC.

The simulations were divided into two stages: (1). Calibrate the simulation procedure
using in-situ conditions of different overlays as model inputs and match model predictions
with observed reflective cracking performance; (2). Predict reflective cracking performance
of different asphalt overlays placed on various given underlying structures. The first stage
simulations serve as validation of the FEM procedure. The results obtained in the second stage
simulations provide objective ranking of different asphalt overlays with respect to reflective
cracking performance without the influence of underlying conditions.

The effects of overlay thickness on reflective cracking life are shown in Figure 20. As
shown in the figure, increasing overlay thickness from 45 mm to 90 mm increases reflective
cracking lives by 30 to 70 percent for all the mixes except AR4000 (DGAC), whose reflective
cracking lives are essentially the same for both overlay thicknesses.
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Figure 20. Effects of AC overlay thickness on reflective cracking life for different AC mixes.
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The effects of aggregate base (AB) stiffness are shown in Figure 21. As shown in the
figure, increasing AB stiffness (from 150 to 300 MPa) increases reflective cracking lives
significantly for all the asphalt mixes. The improvements in reflective cracking lives ranges
from 80 percent for AR4000 mix (DGAC) to 230 percent for MAC15 mix.
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Figure 21. Effects of aggregate base stiffness on reflective cracking life for different AC mixes.

According to the results shown in Figure 20 and Figure 21, increasing asphalt overlay
thickness from 45 to 90 mm is not as effective in improving reflective cracking performance
as increasing AB stiffness from 150 to 300 MPa.

6. Conclusions

The main conclusion from this study is that the mixes with modified binders (binders
including 15% recycled tire rubber and modified binders blended at the refinery) were more
efficient than conventional mixes in preventing cracking from an old asphalt pavement
from reflecting through the overlay. For the test conditions, the mixes with modified binders
could sustain in the order of ten to one hundred more load applications, to the same level of
reflection cracking, than the conventional mix. The MB mixes were also superior to the gap-
graded rubberized asphalt concrete (RAC-G) commonly used in California. For identical
conditions the permanent deformation was found to be a little higher on the sections with a 45
mm thick overlay than on the sections with a 90 mm thick overlay.

Other conclusions were:

- The stiffness reduction of asphalt pavement layers can be predicted quite well from
stiffness reduction parameters determined in the laboratory using bending beam
fatigue tests with controlled strain,

- The permanent deformation of asphalt layers can be predicted quite well from
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resistance to shear deformation determined in the laboratory using the Repeated
Simple Shear Tests at Constant Height,

- Due to the variability within and between test sections, the HVS tests should be
carefully simulated using mechanistic principles, in order to compare different tests
and to extrapolate to conditions different from the test conditions.

Before the models can be applied to the design of rehabilitation overlays, however, a
number of issues need to be addressed such as the influence of aging, seasonal variations,
wheel speeds and rest periods, and variability of loads and climate, but the calibration using
the HVS data reported in this paper is believed to provide a solid foundation for the ongoing
calibration effort.
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ABSTRACT. Semi-flexible pavement(SFP) is a kind of composite pavement that utilizes the
porous pavement structure of the open-graded asphalt pavement which is subsequently grouted
with an appropriate cementitious grouts. The main purpose of this study is to concentrate on
five injection ways of rubber powder which is added to the semi-flexible pavement to enhance
the low-temperature anti-cracking resistance. In this study five kinds of SFP were prepared
which were composed of two kinds of rubber-modified cement mortars and three kinds of open
graded tire rubber-modified asphalt binder pavement. The blending and splitting tests were
carried out to measure the low-temperature cracking resistance of SFP. Results showed that
the low-temperature cracking resistance of SFP could be greatly improved by waste rubber
powder, with the ways of injection differed, the effect varied. KEYWORDS: Semi-flexible
pavement (SFP), Open graded tire rubber-modified asphalt binder pavement (OGTRMABP),
Rubber modified cement groups, Low-temperature anti-cracking resistance
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1. Introduction

By the end of 2008, the expressway of China had exceeded 60,000km in distance. Most
of it was newly constructed with flexible pavement material after the year 2000. However,
due to the increasing of traffic volume and traffic load, rutting occurred in a large amount of
expressways during the first and second summer after the expressways were open to traffic. A
kind of new way was developed to solve rutting problem and increase the loading capacity of
asphalt pavement by using semi-flexible pavement material. Traditionally, road pavements are
generally categorized into two broad classification or type, namely flexible pavement, such as
asphalt pavement and rigid pavement, such as Portland cement concrete pavement.

Semi-flexible pavement is a highly functional composite material, not only does it have
excellent road performance, high temperature stability, water resistance to abrasion, but also has
a strong oil corrosion ability, comfort, coloring and other many advantages [1]. Studies done
by Setyawan [2] and Mayer [3] showed that semi-flexible pavement had high capacity, long
durability, chemical and freeze/throw resistance. In recent years, there has been an increasing
amount of interest in developing in this type of pavement in Europe and USA [4 - 6].

However, whether it is rigid concrete pavement or flexible asphalt pavement, there is
a serious problem- cracking, and this also happens in semi-flexible pavement. The low-
temperature anti-cracking problems of Semi-flexible pavement were not earlier than its anti-
rutting-cracks occur. To solve the problem, a new method that improving the anti-cracking
performance of Semi-flexible pavement by using rubber powder to modify the asphalt
pavement or cement groups is introduced in this paper. Rubber powder has good toughness,
impermeability, anti-fatigue, thermal insulation, sound insulation and other features [7-8 ].
In recent years, rubber powder was used by many researchers all over the world. Not only
could it be used to produce rubber-asphalt and tire rubber-modified asphalt binder pavement
or rubber-asphalt pavement [9], but also can it enhance the seismic and impact resistance
performance of cement concrete cement mortar when added.

In this paper, rubber powder was added into cement mortar to prepare the crumb rubber
modified mortar (CRMM) ,it was also added into the common asphalt or the aggregate to
prepare two kinds of open graded tire rubber-modified asphalt binder pavement(OGTRMABP)
.Pour the OGTRMABP with different kinds of CRMM to prepare 5 kinds of SFP. Then the
effects of rubber powder on the anti-cracking performance of porous asphalt mixture were
evaluated through bending beam test.

2 Experimental and test methods
2.1 Materials

The cement used in the test was OPC 42.5 according with Chinese national standard,
which is from Huaxin Cement Co., Ltd, Hubei, China.

The sand used in the test consisted of clean, sound, durable, particles of processed silica
sand that meet the requirements for wear and soundness specified for coarse aggregate.
The sand should contain no clay, silt, or other objectionable matter. Table 1 represents the
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gradation limitation of the sand used in the test.

Table 1. Sand for cementitious mortar

Sieve size/mm 0.6 0.3 0.15 0.075
Percent passing by eight/% 100 90-100 40-60 10-20

The fly ash used in the test came from Hanchuan Power Plant and the parameters are
shown in table 2.

Table 2. Technical indicators of fly ash

Test Results
Grade 1I
Fineness (45mm square hole sieve) 19
LOI/% 3.59
Si203 /% 49.12
A203 /% 31.47
Fe203 /% 6.94
CaO /% 491
SO3/% 1.10
Water content/% 0.27

Expansion agent was UEA obtained from Wuhan Sanyuan Chemical Co. Ltd. The super-
plasticizer is powder naphthalene type (FDN-9001).

Rubber powder was used in the paper and the Specifications is shown in table 3. The
infrared absorption spectrum of waste rubber powder is shown in Fig 1.

Table 3. Technical indicators of waste rubber powder

Test Results
Fineness /mesh 80
Apparent density /g/m’ 1.12
Water content /% <0.8
Ash content /% <9
Acetone to mention oil complex /% <16
Fiber content /% <0.6
Metal content/% <0.07
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Figure 1. Infrared absorption spectrum of waste rubber powder

The common asphalt binder was used in this research, the performance of asphalt binder is
shown in Table 4.The aggregate is diabase which comes from Hong’an city in Hubei province
of China.

Table 4. Properties of common asphalt binder

Test Results
Penetration ( 25°C. 100g. 5s)/0.1mm 74.3
Softening Point /'C 48.5
Ductility (15°C+ 5cm/min) /cm 127.3
Locomotion viscosity(135°C) /(Pa‘s) 0.60
Elastic recovery ratio/% 58.7

2.2 Methods and procedure
2.2.1 Workability of the mortar

The workability of the mortar was evaluated by both its flow-ability and bleeding rate in
this study. The flow-ability was tested through funnel test. The volume of the funnel used
in the test was 1.725 L. The bleeding rate was performed as the specification of “Masonry
Cement” (GB/T 3183-1997). [10]

2.2.2 Mechanical performance of the mortar

The compressive strength and tensile strength of the mortar were tested after3, 7days and
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28 days of curing according to “Method of testing cements—Determination of the strength”
(GB/T17671-1999). [11] In this article, the concept of brittleness index [12] was index to
evaluate the brittle paste of the mortars, which was defined as (Tensile strength) / (Flexural
strength). The higher the brittleness index is, the greater the brittle paste of the mortar is, the
worse the anti-resistance is. As the experiment is carried out at room temperature, and the
temperature sensitivity of the slurry is worse than that of asphalt, therefore, brittle paste index
can reflect the temperature of the brittle paste and cracking capacity under normal temperature

2.2.3 Bending tests of the semi-flexible material

Three-point bending beam test was taken to evaluate the resistance to low temperature
cracking of the mixtures according to “Bending Test for Asphalt Mixtures” (T0715-2000) [13].

3 Mix design

3.1 Crumb Rubber Modified Mortar Preparation

The non-rubber-modified cement mortar were mixed as follows: Cement: Fly Ash:
Expansive Agent: sand: Water: Super-plasticizer = 1:0.5:0.12:0.49:0.62:0.005,using the weight
rate .In order to modify the mortar, rubber powder was added to the groups to replace the same
ratio of the sand, with the content was 0%, 5%, 10%, 15%, 20%,25%,30% by the volume of
sand. The results of the cement groups were shown in table 5.

Table 5. Test results of rubber- cements mortars

Tensile Flexural . .
Rubber  Fluidity strength(MPa) strength(MPa) Brittleness index
content/% (s)

3d 7d 28d 3d 7d 28d 3d 7d 28d

0 11.47 11.0 309 459 239 475 7.09 459 651 647
12.08 64 259 384 158 221 416 4.05 11.72 9.23

10 12.19 59 189 344 129 1.78 278 4.57 10.62 12.37

15 12.84 53 149 233 124 1.64 272 427 9.09 857

20 13.02 49 147 227 1.13 156 252 434 942 9.01

30 13.16 44 142 224 1.06 142 246 4.15 10.00 9.11

Test results showed that fluidity of slurry have been changed very little, but the
compressive and flexural strength decreased significantly. When the content is more than 15%,
the two strengths decreased marginally. For the brittle index, a 15% discount rubber powder
made the cement mortar have the lowest brittle during the three ages. Therefore, 15% rubber
of modified cement mortar has the best toughness and anti-cracking resistance. In this paper,
two kinds of cement mortars were used to prepare semi-flexible pavement, one is rubber
modified cement mortar with the rubber powder content is 15%, the other one is cement
mortar without any rubber powder.
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3.2 Open graded tire rubber-modified asphalt binder pavement Preparation

In order to prepare open graded tire rubber-modified asphalt binder pavement, the tire
rubber-modified asphalt binder (TRMAB) must be made first. Adding the waste rubber
powder into the common asphalt at 180°C, shearing in high-speed, stiffing to prepare rubber
modified asphalt. Rubber powder content is 18% by weight of the common asphalt. The
performance of tire rubber-modified asphalt binder (TRMAB) is shown in Table 6.

Table 6. Properties of tire rubber-modified asphalt binder(TRMAB)

Test Results
Penetration (25°C+ 100g. 5s)/0.1lmm 35.5
Softening Point /°C 57.0
Ductility (5°C+ Scm/min)/cm 27.5
Locomotion viscosity(135°C) /(Pas) 1.32
Elastic recovery ratio/% 87.6

The open-graded asphalt mixture with void content of 30% and connected void content of
27% was used in the study. It was composed of basalt, limestone filler and tire rubber-modified
asphalt binder or common asphalt. The asphalt content of the mixture was 2.8%.~3.1% .The
mix gradation is shown in table 7.

Table 7. Mix gradation of open-graded (tire rubber-modified asphalt binder)

Sieve size/mm 16 132 95 475 236 1.18 0.6 03 0.15 0.075
Passing /% 100 79.7 157 79 7.5 6.0 52 4.4 3.6 3.0

Three kinds of open-graded asphalt specimens were mixed and compacted to prepare
semi-flexible pavement material. The first one is using prepared tire rubber-modified asphalt
binder (TRMAB) and the content is 3.1%. The second one is using common asphalt with 2%
rubber the weight of aggregate being poured into the hot aggregate. When the rubber powder
was added, the same weight of conventional mineral filler was reduced. In this pavement, the
content of the asphalt is 3.5%. The third one is using common asphalt, not adding any rubber
powder. All of the pavements were cylindrical sample with the dimension of 300mmx300mm
x50mm for the bent test.

3.3. Rubber modified semi-flexible pavement design

All of the asphalt pavement is 300 mm in length, 300 mm in width and 50 mm in thickness
.Pour 2 kinds of mortars to three kinds of asphalt pavement and get 5 kinds of rubber modity
semi-flexible pavement. The five kinds of pavement list as follows: TRMAB + modified
cement groups--15%rubber, TRMAB + cement groups--0%rubber, Common-asphalt+
modified cement groups--15%rubber Common-asphalt+2% rubber as aggregate+ modified
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cement groups--15%rubber, Common-asphalt+2% rubber as aggregate+ cement groups-
-0%rubber.The sixth kind was prepare to be contrasted by others ,which was produce by
common-asphalt + cement groups--0%rubbe.

During the preparation, the bottom and the side were sealed when the mortar was filling to
the specimens. The mortar penetrated and filled the void all by its flow ability. No vibration
should be taken during the whole test. When the filling was finish, the mortar on the surface
of specimens was scraped to make the texture of the open-graded asphalt mixture revealed.
The weight of specimens before test and after hardening of mortar was measured to calculate
volume properties of semi-flexible pavement specimens.

4. Bending beam test and results

Three-point bending beam test was taken to evaluate the resistance to low temperature
cracking of the mixtures. The test was performed using Material Testing System (MTS810) on
the cabinet beam which was 250mm in length, 30mm in width and 35mm in height, at -10°C,
-0°C, 10°C. The specimen for bending beam test was cut from the semi-flexible pavement,
which had been kept in the steam for 28 days. The strain value and bending strength were
measured from the test. The bending strength and bending modulus were calculated to
evaluate the resistance to low temperature cracking of the mixtures. The tests results are
shown in table 8.

Table 8. Results of bent tests of semi-flexible pavement

Mixture Temperature Flex1.1ral F lexqral F lexqral
type /C tensile ter}sﬂe tensile
strength/MPa Stain/pe modulus/MPa

-10 8.36 813 10282.9

A 0 6.59 1143 5765.5
10 4.29 1342 3196.7

-10 8.19 733 11173.3

B 0 6.43 1086 5920.8
10 423 1324 3194.9

-10 8.24 770 10701.3

C 0 6.38 1067 5979.4
10 3.76 1333 2820.7

-10 8.31 737 11275.4

D 0 6.18 1018 6070.7
10 3.47 1259 2756.2

-10 8.45 741 11403.5

E 0 6.54 1044 6264.4
10 4.79 1154 4150.8

-10 8.61 712 12092.7

F 0 6.74 959 7028.2

10 5.05 1021 4946.1
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A is TRMAB + modified cement groups--15%rubber,
B is TRMAB + cement groups--0%rubber ,

C is Common-asphalt+2% rubber as aggregate+ modified cement groups--15%rubber,
D is Common-asphalt+2% rubber as aggregate+ cement groups--0%rubber

E is Common-asphalt+ modified cement groups--15%rubber,
F is Common-asphalt + cement groups--0%rubber
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Figure 2. Temperature influence on the low-temperature anti-cracking resistance of rubber
modified semi-flexible pavement. (a) Flexural tensile strength (b) Flexural tensile stain (c)
Flexural tensile modulus

Compare pavement A and B, pavement C and D, pavement E and F, we can easily find
that the effect of rubber modified cement groups is better than that of non-rubber modified
cement groups, whether they were poured in open graded tire rubber-modified asphalt binder
pavement or open graded common asphalt pavement .The flexural tensile strength of A and
B is nearly the same, but flexural tensile stain of A is larger than B. The similar situation
occurred in pavement C and D, it also happened between pavement E and F.

For pavement B, D and F, we can see, when adding non-doped rubber modified mortar,
the role of ordinary asphalt mixture is worse than that of tire rubber-modified asphalt binder
pavement, between of which, the effect of the rubber modified the asphalt is slightly better
than using rubber to modify the aggregate.

For pavement A, C and E, we can see, when adding rubber modified mortar, the role of
ordinary asphalt mixture is slightly worse than that of tire rubber-modified asphalt binder
pavement (OGTRMABP) ,between of which, the effect of the rubber modified the asphalt is
slightly better than using rubber to modify the aggregate.

For Figure 2, we can get that all the flexural tensile strength and modulus of semi-flexible
pavement decrease when the temperature increases, but the flexural tensile stain increases at
the same time. We also find that the tensile strength of pavement A, B and C have the larger
stain. Pavement D, E and F have the lower strain. Pavement F has the largest modulus but it
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also has the lowest stain. This illustrates that the temperature sensitivity of rubber modified
cement mortar is worse than that of non-modified cement mortar or the tire rubber-modified
asphalt binder, the rubber modified the asphalt is better than rubber modified the aggregate.

From the whole, we can get that when the rubber powder was added, the stain of the
flexible pavement increased and the tensile deceased, whether it was added into the asphalt,
the aggregate or the mortar. With the temperature differed, the influence varied. The rubber
which was added to the asphalt had the best anti-resistance ability, added to the aggregate was
the second and added to the mortar was the last. The reason is that the asphalt is much more
sensitive to the temperature than the cement mortar. In the low temperature anti-resistance of
semi-flexible pavement, the contribution of the asphalt is more than the cement mortar. The
pavement block fractured from the area where the stress was the most vulnerable. The rubber
can modified the asphalt and the cement groups, it made a strong adhesive ability exist among
the asphalt, mortar, aggregate possible.

5. Conclusion

This study investigated the effect of rubber powder with different pouring ways on the
Low-temperature cracking resistance of open graded asphalt pavement asphalt mixture. Based
on several laboratory tests and analysis, main conclusions are summarized as below:

1) The rubber powder can greatly affect the tensile strength and flexural strength of
cement mortar. With the content increased, the strength decreased greatly, which can be
found easily in table 4.

2

~

The rubber powder can improve the anti-cracking performance of cement mortar. The
best rubber content is 15% by the volume of sand, in this percent, the brittleness index
is very low and it has the minimum changes with the age changes.

3) During three kinds of rubber single injection, adding rubber powder to the asphalt has
the best anti-cracking resistance, adding to the aggregate be the second and the cement
groups be the last. The OGTRMABP can make the semi-flexible pavement have better
anti-cracking resistance than that of open-graded common asphalt mixture. Between
the two kinds of OGTRMABP, the effect of rubber modified the asphalt is slightly
better than that of the aggregate.

4) Complex-doped of rubber powder is better than single-doped, and open-graded tire
rubber-modified asphalt binder mixture combined with the rubber modified cement has
the best anti-cracking resistance.
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ABSTRACT. On reference to many lab simulations of reflective cracking, the simulation of
reflective cracking by load was carried out in lab with the Hamburg wheel tracking test which
was more reasonable than other fatigue tests because the load applied was similar to the
actual situation. Four types of stress absorbing interlayer, including SBS modified asphalt
sand interlayer~ asphalt-rubber sand interlayer. fiberglass-polyester paving mat interlayer
and SAMI(Stress absorbing membrane interlayer )were tested. Also tested was the specimen
without any interlays to serve as a control. The paper introduced the material properties and
gradations of five different specimens and the fatigue test employed cyclic round moving load
on different stress absorbing interlayer specimens (including the specimens without interlayer)
to asses their abilities to retard the development of reflective cracking by load. Finally, the
paper built corresponding finite element models to analyze the test results.

KEYWORDS: road engineering. reflective cracking by load. Hamburg wheel tracking
test. stress absorbing interlayer~ finite element model
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1. Background

Semi-rigid base, for its high strength to support the traffic load and sound stability, is
widely adopted in the expressway of China. However, the semi-rigid base material tends
to generate cracking due to the influence of temperature and moisture which will then be
reflected to the surface layer at the effect of temperature change and vehicle load. There
are two types of reflective cracking: reflective cracking by load and reflective cracking by
temperature, both of which are detrimental to the pavement service.

Many researches have been done on the reflective cracking and lots of measures have
been raised to cope with the reflective cracking ranging from material property to pavement
structure which include: (1) improving the performance of surface material, (2) ameliorating
the performance of base material, (3) increasing the thickness of surface layer, (4) adding a
stress absorbing interlayer.

Road researchers have done a lot simulate the reflective cracking in lab. As to the reflective
cracking by load, (Majidzadeh1985) evaluated the ability of the asphalt mixture to retard
reflective cracking and the effects of geotextile and SAMI to retard the development of the
reflective cracking by three point bending test; according to the Paris law, Limoges civil
engineering laboratory(1996) calculated the fatigue life of specimens with notch at the middle
by three point bending test; (Liao et al., 2005) simulated the reflective cracking caused by
bending and shearing with compound beam consisted of concrete lab and asphalt overlay
by the material test system. As to the reflective cracking by temperature, (B.J.Dempsey,
2002) substituted thermal load with tension displacement to simulate the effect of cyclic
temperature change; (Franken, 1992) and (Hass ef al, 1989) used the similar method to
simulate the reflective cracking by temperature. Autun laboratory (Zhou et al, 1997) devised
a tester combining thermal contraction and load bending to simulate the compound reflective
cracking. Although many have been done about the reflective cracking by load, the study
mainly focused on the tension and shearing damage of specimens with the load fixed at
a certain point which was not approximate to the actual condition on the pavement. Thus
Hamburg wheel tracking test was employed to apply cyclic round moving load which was
similar to the practical situation on compound specimens with precutting cracking in the base
to assess the effects of different reflective cracking retard measures.

2. Design of stress absorbing interlayer specimens

Five types of specimens were designed and tested, including specimens without stressing
absorbing interlayer. SBS modified asphalt sand interlayer. asphalt-rubber sand interlayer.
fiberglass-polyester paving mat interlayer. SAMI. The test recorded the fatigue lives of
specimens by which to assess effects of different reflective cracking retard measures. Figurel
illustrates the size of the specimen which included surface layer. stress absorbing interlayer
and base from up to down .
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Figurel. Figuration of specimens

Tablel shows the gradation of the surface layer .The binder is the 70# base asphalt and the
property is listed in table 2. The optimal asphalt aggregate ratio is 5.1%.

Table 1. Gradation of the surface layer

pass rate of the mesh /%
132 95 475 236 1.18 0.6 0.3 0.15 0.075

composite gradation 96.3 80.9 57.9 404 339 23.6 124 82 54

mesh (mm)

Table 2. Properties of asphalts

70# SBS
. test asphalt- .
test item . ase modified
condition rubber
asphalt asphalt
penetration degree/0.lmm 25°C 65.5 58.9 58.5
softening point/ “C TR&B 53.1 62.5 65.7
ductility/cm 15°C 93.5 12.1 100.5
elasticity recovery/% 25°C 8 64 91.3
viscosity/Pa-s 60 C 206.4  2365.7 2017.1
Mass loss/ %% -0.133  0.119 0.055
filmy heating operational test Softening point ~ TR&B 55.8 73.6 65.9
(163°C,5h) ductility/cm 5C 43 2.2 24.1
Y’
viscosity/Pa-s 60 C 262.8 21829 2462.8
dynamic shear G*/sind/KPa 64 C 2.7 14.7 5.3
rheometer G*sind/KPa 28 °C 0.87 0.6 0.53
Stiffness/MPa -12 °C, 119 98.1 75.5

bending beam

rheometer m aged 0.41 0.42 0.41
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Table 3 is the gradation of asphalt sand with a designed void ration of 1.5% and the
optimal asphalt aggregate ration is 8.5% decided by gyratory compaction test of Super pave.

Table 3. Gradation of the asphalt sand

pass rate of the mesh /%

mesh(mm)

95 475 236 118 0.6 0.3 015  0.075
composite yn00 933 742 525 340 213 140 7.8
gradation

The properties of SBS modified asphalt and asphalt-rubber are listed in table 2 and the
asphalt-rubber is home-made by mixing 20 mesh of rubber powder with 70# base asphalt and
the quality ratio of rubber powder and base asphalt is 18:82. Table 4 lists the technical index
of the rubber powder.

Tabled. Mesh and technical requirement of the rubber powder

Mesh(mm) pass rate/% technical requirements
236 100 test item technical
mesh index
of the 1.18 65~100 viscosity (177°C) /Pa's 1.5~4.0
rubber Penetration degree
powder 0.6 20~100 (25C,100g,55)/0. lmm =25
0.3 0~45 Softening point/C >54
0.075 0~5 elastic recovery (25C) /% >60

The property of fiber glass-polyester paving mat is listed in table 5. As to the SAMI, the
gravel content is (16+2) kg/m” and the asphalt-rubber content is 2.0 kg/m? Table 6 is the
gradation of SAMI.

Of all the specimens, the base is just concrete slab and brushed with emulsified asphalt of
0.4~0.5kg/m? before paving the stress absorbing interlayer or asphalt surface.

Table5. Property of the fiberglass-polyester paving mat

Density(g/m?) 134
asphalt absorbing capacity(L/m?) 1.14
melting point/'C >230
longitudinal tensile strength(N/cm) 59
longitudinal tensile elongation/% 1.61
transverse tensile strength(N/cm) 51

transverse tensile elongation /% 1.51
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Table 6. Gradation of SAMI

pass rate of the mesh /%
9.5 6.3 2.36 0.075
composite gradation 100.0 12.7 3.8 0.2

mesh(mm)

3. Design of simulation test

The paper took advantage of Hamburg wheel tracking test (52 cycles/min, picture 2) to
simulate the development of reflective cracking under round moving load with the magnitude
of 0.7MPa. The load cycle numbers of different specimens when damaged were compared so
as to evaluate the effects of different reflective cracking retard measures at the elimination of
the influence of the temperature as much as possible.

As the environment temperature was high and the tester itself couldn’t descend the
temperature automatically. Thus the test condition was exaggerated and the test period was
accelerated. Details were introduced as the following:

1. putting specimens into the environment chamber of -20°C for 5 hours

2. taking out specimens and putting them inside the Hamburg wheel tracking test
where they were simply-supported. 8000 load cycles made a phase in order control
the deflection of specimens. After a phase, specimens were putted back into the
environment chamber for another 3 hours.

3. taking out specimens again to carry on the test and repeating the procedure until
damage. The criterion of the damage was the occurrence of cracking on the bottom of
the surface layer. The accumulative load cycle numbers serve as the judge of effects of
different reflective cracking retard measures.

Figure2. Picture of the Hamburg wheel tracking test
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4. Analysis of test results

During the test, the damage of some specimens started with the debond between the base
and the stress absorbing interlayer which also occurred in pavement. It’s necessary to pay
attention to the bonding condition between layers. Table 7 lists test results:

Table 7. Results of the test

plans valid results (cycle) average (cycle)

i i i 12600

without reflective cracking retard 13440
measures 14280
. 19360

SBS modified asphalt sand 19360
21566
22822

asphalt-rubber sand 21993
21164
19932

fiberglass-polyester paving mat 25960 23189
23676
23348

SAMI 26068
28788

The results show that SAMI retards the reflective cracking most effectively and fiberglass-
polyester paving mat is next. SBS asphalt sand and asphalt-rubber sand demonstrate the
approximate ability to retard the reflective cracking while the specimens without any reflective
cracking retard measures prove to be poor. The results also suggest that suitable reflective
cracking retard measures can prolong the fatigue life of the specimen greatly.

SAMI behaves best not only for its ability to mitigate the stress around the crack tip but
also to change the path of the crack development. Fiberglass-polyester paving mat assumes
the capacity of high tension and low elongation while the finite element calculation reveals
that the tension stress and strain of Hamburg wheel tracking test was predominate so it was
not strange for the sound performance of the fiberglass-polyester paving mat. Asphalt sand
layer is of fine gradation and low stiffness which can alleviate the stress concentration around
the crack tip and cause the redistribution of the stress which should behaves good. However,
they are not as prominent as the other 2 measures under the test condition of the paper due to
the decreased ability of bearing tension stress and strain at low temperature. Picture 3 is the
damage complexion of different measures.



Mix Properties 229

asphalt-rubber sand

Fiberglass-polyester paving mat

Picture3. Damage complexion of different specimens

5. Finite element simulation of the test and comparison of the load conditions between
Hamburg wheel tracking test and the real pavement

Finite element models of specimens with and without the stress absorbing interlayer were
constructed in accordance with the Hamburg wheel tracking test, the size of which were
identical to figure 1 .Boundary conditions of the models were simplified to be continuous
between two layers and fixed at two ends as the modulus of the stress absorbing interlayer
set to be 600MPa (Dai, 2007). The load was moving from one end to the other with the
magnitude of 0.7MPa. Models with the stress absorbing interlayer were differentiated into two
types. One was the asphalt sand model employing solid element for the interlayer was of 2cm
thickness. The other was the model for SAMI and the fiberglass-polyester paving mat .Since
the interlayer was thin and carried little resistance to bending, membrane element was invited
to simulate the interlayer. Details of the above mentioned models please referred to table 8.
The model of real pavement was also constructed to compare with models of test specimens
to find the difference. Parameters of the model of real pavement were listed in table 9 and the
size of the real pavement model is of 6m>4m with the boundary condition to be continuous
between layers and fixed at the bottom and no displacement in the horizontal direction. All
the above mentioned models were set with a cut through crack inside the base with singularity
elements around the crack tip. Calculation results are listed in table 10 and some conclusions
are achieved:
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1. the force conditions of specimens consisted of relatively bigger tension stress and strain
and smaller shearing stress and strain whether there was stress absorbing interlayer or
not.

. the force conditions of specimens with the stress absorbing interlayer were ameliorated
phenomenally compared with those without the stress absorbing interlayer. Tension
stress decreased from 0.28MPA to 0.09MPA. 0.075MPa and tension strain decreased
from 169 x10° to 116x10°, 75x10°.

. tension stress and strain occupied a major part and shearing stress and strain shared a
minor part in the force condition of the real pavement model while the force condition
of Hamburg wheel tracking test followed the same rule, just with the tension stress and
strain to be more predominant.

. the Hamburg wheel tracking test exaggerated the force condition in comparison
with the real pavement: the maximum tension strain was 169x10° in the model
without interlayer and 116x10° and 75x10°in the model with the interlayer while the
maximum tension strain was 44x10 in the real pavement structure.

Table 8. Parameters of the models of the specimens

layer modulus (MPa) poisson ratio
surface 1500 0.25
stress absorbing interlayer 600 0.25
base 30000 0.18

Table 9. Parameters of the model of real pavement

layer modulus (MPa) poisson ratio Height(m)
surface 1500 0.25 0.18
base 4000 0.25 0.4
sub base 2000 0.25 0.2
sub grade 80 0.35 3.5

Table 10. Results of finite element simulations

maximum maximum maximum maximum
models tensile tensile strain shear shear strain
stress(MPa) (x10°%) stress(MPa) (x10°%)
with interlayer 0.075 116 minimal minimal
without interlayer 0.28 169 0.011 12

real pavement 0.075 44 0.0094 16
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6. Conclusions and recommendations

The paper carried out simulation test of reflective cracking with Hamburg wheel tracking
test and designed four stress absorbing interlayer specimens including SBS modified asphalt
sand. asphalt-rubber sand. fiberglass-polyester paving mat. SAMI. The specimen without
reflective cracking retard measures was also designed to serve as the control. The conclusions
and recommendations are as the following:

1. utility of Hamburg wheel tracking test to simulate the reflective cracking by load was
reasonable at the aspect of the load bearing compared with other fatigue tests and the
results turned out to be sound.

2. as to the effects of reflective cracking retard measures, SAMI was the best as fiberglass-
polyester paving mat ranked next; SBS modified asphalt sand and asphalt-rubber sand
were at the same level and are relatively poor.

3. suitable reflective cracking retard measures could prolong the fatigue life of specimens
greatly compared with those without any measures.

4. debond between base and stress absorbing interlayer occurred during the test which
was also existed in pavement, so bonding conditions should be strengthened during the
pavement construction.

5. tension stress and strain occupied a major part and shearing stress and strain shared
a minor part in the fatigue test which was approximate to the load conditions of the
real pavement. So the test results were reliable but the test could be improved on
temperature control.
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ABSTRACT: This paper presents the findings of laboratory characterization of HMA mixtures
containing high reclaimed asphalt pavement (RAP) content with crumb rubber (CR) additives.
Six mixtures were examined in this study. Three were conventional mixtures containing an
unmodified asphalt cement binder and styrene-butadiene-styrene polymer modified asphalt
cement, Performance Grade (PG) 64-22, PG 70-22, and PG 76-22 respectively. The fourth
mixture contains no RAP, 30 mesh CR additives blended (wet process) with a PG 64-22
binder. The fifth mixture contains 15 percent RAP and PG 76-22 asphalt cement binder. The
final mixture contains 40 percent RAP, 30 mesh CR additives blended (dry process) with a
PG 64-22 asphalt cement binder. Laboratory mixture characterization includes the asphalt
mixture performance tests (dynamic modulus, E*, and flow number, FN), semi-circular bend
test, dissipated creep strain energy test, and the modified Lottman test. Mixtures containing
high RAP content and CR additives exhibited similar performance as conventional mixture
with PG 76-22 binder.

Key Words: Crumb Rubber, HMA, Asphalt Mixture Performance Tests, Materials
Characterization

RESUME:

MOTS-CLES: un maximum de six mots significatifs, en francais et en anglais, doivent étre
isolés sous forme de mots-clés
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1. Introduction

As the price of petroleum and material costs escalate transportation agencies must
continually seed methods to decrease material costs and maximize benefits while providing
for the sustainability of our environment. One of the issues concerning environmental
sustainability is determining how to make production, distribution, and consumption of
goods and services last longer and have less impact on our ecological systems consisting of
all plants, animals and micro-organisms in an area functioning together with all of the non-
living physical factors of the environment. One such method of sustainability in the hot mix
asphalt (HMA) industry is using recycled materials such as reclaimed asphalt pavement (RAP)
and Crumb Rubber (CR) from waste tires to replace a percentage of virgin materials used in
the manufacturing process such as aggregates and asphalt cement binder which has a direct
impact on cost and the environment.

Asphalt pavements are the most recycled product in the United States of America. The
Federal Highway Administration (FHWA) and the United States Environmental Protection
Agency (U.S. EPA) reported that approximately 80 percent of removed asphalt pavements are
reused as part of new roads, roadbeds, shoulders, and embankments (NAPA, 2008). In the
1970s, States and paving contractors began making extensive use of RAP in HMA pavements.
The use of RAP resulted in cost savings and an environmentally positive method of recycling.

One of the distinct shortcomings is the lack of provisions for the use of RAP in the mix
design process i.e. Superpave. Studies have shown that the effect of aged binder from RAP
on the performance properties of the virgin binder depends upon the level of RAP used in the
HMA mixture. As RAP percentage is increased (greater than 20 percent) in the HMA the aged
binder from RAP blends with the virgin asphalt binder in sufficient quantity to significantly
affect the asphalt binder performance. The blending of old, hardened asphalt binders from
RAP with a virgin asphalt binder will typically result in an asphalt binder that is harder than
the virgin asphalt binder properties used. To counteract asphalt binder hardening, a softer
virgin asphalt, recycling agents or rejuvenators are also used to soften the hardened RAP
asphalt binders (McDaniel et al., 2001).

The use of crumb-rubber modifier (CRM) in hot-mix asphalt mixtures can be traced back
to the 1840s when natural rubber was introduced into bitumen to enhance its engineering
performance. Since the 1960s, researchers and engineers have used shredded automobile
tires in HMA mixtures. The processes of applying crumb-rubber in asphalt mixtures can be
divided into two broad categories: a dry process and a wet process. In the dry process, crumb
rubber is added to the aggregate before the asphalt binder is charged into the mixture. In the
wet process, asphalt cement is pre-blended with the rubber at high temperature (177 — 210 °C)
and specific blending conditions (Heitzman, 1992).

This study explored the use of the absorption properties of crumb rubber to carry asphalt
cement binder components (light-ends) that are typically lost during oxidation of HMA
pavements as a dry feed component in the making of hot mix asphalt mixtures. Laboratory
and mixture characterization evaluation and analysis were performed to determine the effects
of CR additives and RAP on the HMA mixture’s performance.
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2. Objectives and Scope

The objective of this study was to fundamentally characterize and compare the laboratory
performance of conventional HMA mixtures and mixtures containing high RAP content
and CR additives through their fundamental engineering properties. A high traffic volume
Superpave HMA mixture was designed and examined a total of six mixtures were included in
this study. Three mixtures were classified as conventional ones that containing an unmodified
asphalt cement binder, and styrene-butadiene-styrene polymer modified asphalt cement
meeting PG 64-22, PG 70-22, and PG 76-22 respectively. The fourth mixture contains no
RAP, 30 mesh CR additives blended (wet process) with a PG 64-22 asphalt cement binder
which yields a PG 76-22. The fifth mixture contains 15 percent RAP and PG 76-22 asphalt
cement binder. The final mixture contains 40 percent RAP, 30 mesh CR additives blended (dry
process) with a PG 64-22 asphalt cement binder. The CR additives were introduced to the
mixture at a rate of approximately ten percent by total weight of asphalt cement binder.

3. Materials

Three asphalt binders, PG 64-22, SBS Polymer modified asphalt cements meeting
Louisiana specification for PG 70-22 and PG 76-22 were utilized in this study, as shown in
Table 1. In addition the PG 64-22 base binder was wet blended with 9% CR additives to yield
a PG 76-22 hereafter referred to as PG 76-22 CRM. Also, the same PG 64-22 binder was also
used in the HMA mixture utilizing high RAP content and the CR additives hereafter referred
to as 64RAP40. After blending the PG 64-22 binder, RAP, CR additives, and aggregate
materials the asphalt cement binder was extracted from the 64RAP40 HMA and asphalt
cement binder rheology testing was performed to determine the resulting PG binder grading.
Table 1 presents the properties of the asphalt cement used in this study indicating that the PG
64-22, PG 70-22, PG 76-22, and PG 76-22 CRM passed all specification requirements for
their appropriate grading. It is shown that the final performance graded of the 64RAP40 was
a PG 70-28 asphalt cement binder.

Table 1. Louisiana Asphalt Cement PG Specification Test Results

PG
PG PG PG
Spec 76-22 | 64RAP40
64-22 | 70-22M | 76-22M CRM

Test on Original Binder
Dynamic Shear, 130+
G*/Sin(d), (kPa), @.64°C 1.92 - - - 6.65
AASHTO T315
Dynamic Shear, 1.00+
G*/Sin(d), (kPa), @'700(: 0.88 1.64 - - 3.35
AASHTO T315
Dynamic Shear, 1.00+
G*/Sin(d), (kPa), @.76°C - - 1.82 2.71 1.56
AASHTO T315
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Spec

PG
64-22

PG
70-22M

PG
76-22M

PG
76-22
CRM

64RAP40

Force Ductility Ratio (F2/F1,
4°C, 5 cm/min, F2 @ 30 cm
elongation, AASHTO T300

N/A

N/A

0.49

N/A

N/A

Force Ductility, (4°C, 5 cm/
min, 30 cm elongation, kg),
AASHTO T300

N/A

N/A

N/A

N/A

Rotational Viscosity
@ 135°C (Pass),
AASHTO T316

3.0+

0.5

0.9

1.7

3.1

1.3

Tests on RTFO

Dynamic Shear,
G*/Sin(d), (kPa),
AASHTO T315

220+
@ 64°C

3.25

5.56

Dynamic Shear,
G*/Sin(d), (kPa),
AASHTO T315

2.20+
@70°C

1.61

3.14

4.72

3.07

Dynamic Shear,
G*/Sin(9), (kPa),
AASHTO T315

220+
@76°C

1.65

248

5.97

1.68

Elastic Recovery, 25°C,
10 cm elongation, %
AASHTO T301

N/A

65

70

75

N/A

Tests on

(RTFO+ PAV)

Dynamic Shear, @ 25°C,
G*Sin(3), (kPa),
AASHTO T315

5000-

2774

4615

2297

2166

1463

BB Creep Stiffness
@ -12°C, (MPa),
AASHTO T313

300-

234

196

152

104

53

Bending Beam
m-value@ -12°C,
AASHTO T313

0.300+

0312

0.317

0.327

0.320

0.421

BB Creep Stiffness
@ -18°C, (MPa),
AASHTO T313

300-

151

Bending Beam
m-value@ -18°C,

AASHTO T313

0.300+

0.342

Actual PG Grading

PG
64-22

PG
70-22M

PG
76-22M

PG
76-22

PG
70-28
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For the mixtures considered in this study, reclaimed asphalt pavement (RAP), siliceous
limestone aggregates (#67 Limestone, #78 Limestone, and #11 Limestone), and coarse sand
typically used in Louisiana were included in this study. In addition, limestone aggregates
were tested to determine their aggregate consensus properties. The consensus properties test
items included coarse aggregate angularity (CAA), fine aggregate angularity (FAA), flat and
elongated particles (F&E), and sand equivalency (SE).

There were two distinct CR additive components incorporated into the HMA mixtures as
a dry feed. The first CR component was comprised of 70 percent 30 mesh CR that had been
pre-swelled, 10 percent long-chain wax, and 20 percent asphaltenes. The second component
contained 70 percent 30 mesh pre-swelled CR, 10 percent long-chain wax, and 20 percent de-
metalized oil. The two components were blended at a 50/50 ratio before being introduced into
the HMA mixture at a rate of 10 percent by total weight of binder. Table 2 shows the sieve
analysis and chemical composition of the 30 mesh crumb rubber utilized in this study.

Table 2. Tire Crumb Rubber Certificate of Analysis

Sieve Size Si;fp??;gg)is Chemical Analysis, %

30 mesh* 100.0 Acetone Extract 12.09
40 mesh 87.0 RHC 49.03
50 mesh 45.7 Carbon Black 31.85
60 mesh 31.5 Ash 7.021
80 mesh 16.2 Moisture Content 0.65

Pan 0.0

Reference: PolyVule, Lot 236-A, 6-06-08
*Trace retained on 30 Mesh

4. Hot Mix Asphalt Mixture Design

A Superpave 19-mm nominal maximum aggregate size (NMAS) Level 2 HMA mixture
meeting Lousiana Department of Transportationa and Development specification (Ninitial
= 8-, Ndesign = 100-, Nfinal = 160-gyrations), was designed according to AASHTO TP28,
“Standard Practice for Designing Superpave HMA”. Specifically, the optimum asphalt
cement content was determined based on volumetric (VIM = 2.5 - 4.5 percent, VMA >
12%, VFA = 68% -78%) and densification (%Gmm at Ninitial < 89, %Gmm at Nfinal < 98)
requirements. Siliceous limestone aggregates and coarse natural sand that are commonly used
in Louisiana were included in this study. Three HMA mixtures were classified as conventional
containing an unmodified asphalt cement binder (64CO) and two mixtures containing styrene-
butadiene-styrene polymer 70CO and 76CO respectively. The fourth mixture contained no
RAP, 30 mesh CR additives blended (wet process) with a PG 64-22 asphalt cement binder,
76CRM. The fifth mixture contains 15 percent RAP and PG 76-22 asphalt cement binder,
76RAP15. The final mixture contains 40 percent RAP, 30 mesh CR additives blended



238  Asphalt-Rubber 2009

(dry process) with a PG 64-22 asphalt cement binder, 64RAP40. For this study, mixture
designations and their descriptions are as follows:

*  64CO: HMA Mixture/PG 64-22, Conventional

e 70CO: HMA Mixture/PG 70-22M, Conventional

e 76CO: HMA Mixture/PG 76-22M, Conventional

* 76CRM: HMA Mixture/PG 76-22, Crumb Rubber Modified (Wet Blend) PG 64-22
* 76RAP15: HMA Mixture/PG 76-22M + 15% RAP (No CR Additive)

*  64RAP40: HMA Mixture/PG 64-22 +40% RAP + CR Additives

The job mix formula for all mixtures considered in this study is summarized in Table
3. The design optimum asphalt cement binder content for the mixtures indicated is similar.
It is noted that the aggregate structure for all the mixtures considered are similar (i.e., the
aggregate proportions for the blend selected were adjusted to allow for the addition of RAP).

5. Mixture Characterization Tests

Laboratory mixture characterization through fundamental material property tests included
the asphalt mixture performance tests (dynamic modulus, E*, and flow number, FN), semi-
circular bend (SCB) test, dissipated creep strain energy (DCSE) test, and the modified
Lottman test.

Asphalt mixture specimens were prepared using the Superpave gyratory compactor (SGC)
from laboratory produced materials according to the specific requirements of each individual
test as shown in Table 4. Specimens fabricated through various methods at the target air voids
(7 £.5%) were used to conduct laboratory mixture performance tests as outlined in Table 4.

Table 5 presents the test factorial performed for each mixture evaluated and the number of
specimens tested. A brief description of each test is provided.

Table 3. Job Mix Formula

Mixture Designation | 64CO | 70CO | 76CO | 76CRM | 76RAP15 | 64RAP40
Mix Type 19.0 mm (3/4 in.) Superpave
#6TLS | 37% 37% 37% 37% 38.5% 34%
#I8LS | 25% 25% 25% 25% 24.5% 19.6%
Aggregate | #11LS | 29% 29% 29% 29% 14%
Blend CS 9% 9% 9% 9% 8% 6%
RAP N/A N/A N/A N/A 15% 40%
CR N/A N/A N/A N/A N/A 0.4%
Binder type PG PG PG 7E-CZI2 PG PG
6422 | 7022M | 76-22M | oy | 76-22M 64-22
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Mixture Designation | 64CO | 70CO | 76CO |76CRM | 76RAP15 | 64RAP40
% Gmm at NIni 87.0 87.0 87.0 86.9 87.7 87.6
% Gmm at NMax 97.6 97.6 97.6 97.5 97.3 98.0
Binder content, % 4.0 4.0 4.0 4.0 4.1 4.0
Design air void, % 3.7 3.7 3.7 4.2 3.9 34
VMA, % 13 13 13 12 13 12
VFA, % 68 68 68 66 71 72
Metric (U. S.) Sieve Composite Gradation Blend
37.5 mm (1'% in.) 100 100 100 100 100 100
25.0 mm (1 in.) 100 100 100 100 100 100
19.0 mm (3/4 in.) 98 98 98 98 95 95
12. 5 mm (1/2 in.) 77 77 77 77 77 79
9.5 mm (3/8 in.) 61 61 61 61 60 61
4.75 mm (No. 4) 41 41 41 41 37 37
2.36 mm (No. 8) 29 29 29 29 28 27
1. 18 mm (No. 16) 21 21 21 21 21 19
0. 600 mm (No. 30) 15 15 15 15 16 15
0. 300 mm (No. 50) 8 8 8
0.150 mm (No. 100) 6 6 6 6 6
0. 075 mm (No. 200) 4.6 4.6 4.6 4.6 4.6 4.5

Note: N/A: Not Applicable, LS: Limestone, CR: Crumb Rubber, CS: Coarse Sand,
Reclaimed Asphalt Pavement: RAP

Table 4. Mixture Performance Tests

Performance ) ) Test
Characteristics Test Specimen Details Temp Test Protocol
Durability | Modified Lottman* | N150x95-mm A?szlgo
Complex Modulus N150x100-mm 54 °C AASHTO
Permanent TP7
Deformation
Flow Number N150x100-mm 54 °C AAE;TO
. (Roque
Fatigue DCSE N150x50-mm 10°C et al.2002)
Crackin
£ Semi Circular Bend | N150x57-mm 25 C (Mohammad
et al., 2005)

*One freeze/thaw cycle only.
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Table 5. Test Factorial

1{\41(1;; Mixture Variables I\Iil(?t(‘:rir?;(li DCSE | E* | Fn | Jc
% RAP | CR Additives | Uncond. | Cond. | Aged Aged

64CO 0 - 3 3 3 313 9

19mm | 70CO 0 - 3 3 3 313 9

N]\S/[}? S 76CO 0 - 3 3 3 313 9

Level 2| 76CRM 0 9% 3 3 3 313 9

76RAP15 15 - 3 3 3 313 9

64RAP40 40 10% 3 3 3 313 9

TOTAL 18 18 18 18| 18 | 54

Note: SP = Superpave, DCSE= dissipated creep strain energy, E*= dynamic modulus,
Fn= flow number, Jc= critical strain energy release rate

5.1. Modified Lottman Test

The Modified Lottman test evaluates the effect of saturation and accelerated water
conditioning on compacted HMA samples utilizing freeze-thaw cycles. This method quantifies
HMA mixtures sensitivity to moisture damage which is necessary to assure durability and
long lasting hot mix asphalt. Numerical values of retained indirect-tensile properties are
obtained by comparing conditioned samples, samples subjected to vacuum saturation and
freeze-thaw cycles, to unconditioned samples. “Unconditioned” samples are samples that are
not saturated nor subjected to freeze-thaw cycles. For each mix used in the study, six — 150
x 95-mm diameter samples were compacted with a Superpave gyratory compactor (SGC) to
an air void content of 7 + 0.5 percent. After compaction and air void determination, the six
SGC samples were subdivided into two groups of three samples so that the average air void
contents of the two subsets are approximately equivalent. The “unconditioned” sample subset
was stored at room temperature for 24 + 3 hours. Afterwards the “unconditioned” specimens
were wrapped or placed in a heavy duty, leak proof plastic bag and then placed in a 25 £ 0.5
‘C (77 + 1°F) water bath for 2 hours + 10 minutes. The “unconditioned” specimens were then
tested to determine the indirect tensile strength for each sample. The “conditioned” samples
were placed in a freezer at 0 °F for 16 to 18 hours. After the freezing cycle, the conditioned
samples were placed in a 140 °F water bath for 24 hours. Upon completion of the freeze/thaw
cycle the indirect tensile strength for the conditioned samples was determined. The average
indirect tensile strength was determined for both conditioned and unconditioned samples by
summing the test values and then determining the average value. The tensile strength ratio
(TSR) is defined as the ratio of the conditioned to the unconditioned indirect tensile strength
(AASHTO T-283, 2003).

5.2. Dissipated Creep Strain Energy Test

The DCSE threshold represents the energy that the mixture can tolerate before it fractures.
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The evaluation of DCSE of a HMA mixture involves two individual laboratory tests to be
performed on the same specimen. Two laboratory tests, the indirect resilient modulus (MR)
test (Witczak, 2004) and the indirect tensile strength (ITS) test (AASHTO TP 322-03, 2006)
were conducted at 10°C on the same specimen to calculate the dissipated strain energy.
Triplicate specimens of 150 mm in diameter and 50 mm in thickness were used. The test
specimens were conditioned at 10°C for four hours before a 200-cycle haversine load with 0.1
second loading period and 0.4 second rest period in each loading cycle was applied along the
diametrical plane on the specimen. A conditioning loading sequence was applied before the
starting of the actual test in order to obtain uniform measurements in load and deformation.
Then, a four-cycle haversine compressive load was applied and load and deformation data
recorded continuously. The magnitude of the applied load should be such that it results
in a deformation as close as possible to 100 microstrains. After one test is completed, the
specimen was rotated 90 degrees and tested again. The resilient modulus was calculated from
the average value of the two test results. Once the MR test finished, the ITS test was then
performed on the same specimen.

The DCSE calculation use in this study was introduced by Roque ez al. (2002 & 2004)
and later used by Alshamsi (2006). As indicated in Figure 1, DCSE is defined as the fracture
energy (FE) minus the elastic energy (EE). The fracture energy is defined as the area under
the stress-strain curve up to the point where the specimen begins to fracture. As shown in
Figure 1 the area within the curve OA and X-axis (i.e. Area OAB) is the fracture energy.
The elastic energy is the energy resulting in elastic deformation. Therefore, MR, calculated
from the resilient modulus test, is selected as the slope of the line AC and the area of triangle
ABC is taken as the elastic energy (EE). The failure strain (gf), Peak tensile strength (St) and
fracture energy are determined from the ITS test. A rather clear picture of DCSE calculation is
described below:

S
M, = L PP 1]
£, ¢
M -
80_( B ) e 2]
MR
1
EE = EXStX(Sf_SO) ...................................................................... 3]

DCSE = FE — EE «evn ettt et 4]
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Figure 1. Dissipated Creep Strain Energy Determination

5.3. Semi-Circular Bend (SCB) Test

This test characterizes the fracture resistance of asphalt mixtures (Mohammad et al., 1992
& 2004; Mull et al., 2002) based on a fracture mechanics concept, the critical strain energy
release rate, also called the critical value of J-integral, or Jc. To determine the critical value of
J-integral, semi-circular specimens with three notch depths (25.4-, 31.8- and 38.0 mm) were
tested. The test was conducted at 25 ‘C. A semi-circular specimen was loaded monotonically
till fracture under a constant cross-head deformation rate of 0.5 mm/min in a three-point bend

load configuration, as shown in Figure 2.

The load and deformation are continuously recorded and the critical value of J-integral is
determined based on the following equation:

where:

b = sample thickness

a = the notch depth

U = the strain energy to failure.

Samples were prepared and tested after long term aging. A tripplicate samples were tested
for each notch depth at air void content of 7 + 0.5 percent. Mixture aging was performed
according to AASHTO PP2 (1994) by placing compacted specimen in forced draft oven for

five days at 85°C.
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Figure 2. Set-up of Semi-Circular Bending Test
5.4. Asphalt Mixture Performance Tests (SPTs): Dynamic Modulus |E* |

The dynamic modulus test is a triaxial compression test, which was standardized in
1979 as ASTM D3497, “Standard Test Method for Dynamic Modulus of Asphalt Concrete
Mixtures.” This test consists of applying a uniaxial sinusoidal (i.e., haversine) compressive
stress to an unconfined or confined HMA cylindrical test specimen as shown in Figure 5.
The stress to strain relationship under a continuous sinusoidal loading for linear viscoelastic
materials is defined by a complex number called the “complex modulus” (E*). The absolute
value of the complex modulus [E* |, is defined as the dynamic modulus. The dynamic modulus
is mathematically defined as the maximum (i.e., peak) dynamic stress (O ,) divided by the
peak recoverable strain (€0).

|E*|:2 .................................................................................... [6]
Eo

This test is conducted at, 4, 20, 38.8 and 54.4 °C at loading frequencies of 0.1, 0.5, 1.0, 5,
10, 25 Hz at each temperature (Witczak et al., 2002).

5.5. Asphalt Mixture Performance Tests (SPTs): Flow Number Test

The flow number test is used to determine the permanent deformation characteristic of
hot mix asphalt mixtures by applying a repeated haversine load for several thousand cycles
on a cylindrical asphalt sample. The load was applied for 0.1 second with a rest period of 0.9
second in one cycle. The flow number is the starting point, or cycle number, at which tertiary
flow occurs on a cumulative permanent strain curve obtained during the test.

In this study, the test was conducted for 10,000 cycles at 54°C, and a stress level of 30
psi used. Permanent axial strains were recorded throughout the test. This test was conducted
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on specimens 100mm in diameter and 150mm tall for mixtures with nominal maximum
size aggregates less than or equal to 37.5mm (1.5 in). The flow number was defined as the
number of repetitions corresponding to the minimum rate of change in permanent strain under
repeated loading conditions. It is determined by differentiation of the permanent strain versus
the number of load cycles curve.

5.6. Load Wheel Tracking (LWT) Test

One of the major distresses in asphalt pavements is its inability to resist permanent
deformation due to traffic loading. To determine the rutting characteristics of the HMA
mixtures considered in this study a loaded wheel tracking test was conducted in accordance
with AASHTO T 324-04 “Standard Method of Test for Hamburg Wheel-Track Testing of
Compacted Hot-Mix Asphalt (HMA)”. In this test specimens are subjected to a steel wheel
weighing 703 N (158 pounds) which is repeatedly rolling across its surface at 56 passes per
minute while being submerged in 50 ‘C hot water. The test completion time is predicated
upon test specimens being subjected to a maximum of 20,000 cycles or attainment of 20 mm
deformation, whichever is reached first. Upon completion of the test the average rut depth for
the samples tested were recorded.

6. Discussion of Results

Several laboratory tests were conducted and evaluated to measure the performance
characteristics of the HMA mixtures considered in this study. The pavement performance
characteristics were analyzed for the HMA mixtures durability as measured by the modified
Lottman test. The HMA mixtures performance in terms of resistance to fatigue cracking was
evaluated from results obtained from the semi-circular bend (SCB), dissipated creep strain
energy (DCSE) and dynamic modulus (i.e. fatigue factor, E*(Sind)) tests. Furthermore,
dynamic modulus (i.e. rutting factor, E*/Sind) and flow number was used to determine the
mixtures resistance to permanent deformation.

6.1. Modified Lottman Test Results

Figure 3 presents the Modified Lottman test results for the six mixtures evaluated in
this study. It is noted that no liquid anti-strip or hydrated lime, which facilitates adhesion
of the asphalt cement binder to the aggregates, were used in this study. Based on previous
experience with these mixes, the 64CO HMA mixture utilizing an unmodified asphalt cement
binder (PG 64-22) failed the Modified Lottman test. As indicated, four of the six HMA
mixtures (70CO, 76CO, 76RAP15, and 64RAP40) evaluated met Louisiana’s specified
minimum required tensile strength ratio of 80 percent. It is also shown in Figure 3 that the
76CRM mixture failed the minimum required tensile strength ratio. The binder used in the
76CRM HMA mixture is unmodified asphalt cement (PG 64-22) that has been wet blended
with CR additives to yield PG 76-22 asphalt cement. The CR modified asphalt had a total of
9 percent crumb rubber additive, 8 percent 30 mesh crumb rubber and 1 percent Gilsonite.
It is suspected that the percentage of Gilsonite, which is used to increase resistance to water
susceptibility (stripping), was insufficient to increase the retained tensile strength to an
acceptable level.
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6.2. Dissipated Creep Strain Energy (DCSE) Test Results

Mull et al. (2002) has indicated dissipated creep strain energy (DCSE) is a good indicator
of the cracking mechanism of asphalt pavements. The calculated DCSE threshold values
represent the energy that the mixture can tolerate before it fractures. Roque et al. (2004)
reported a DCSE value of 0.75 KJ/m® as the limiting criterion for acceptable fracture
resistance. HMA mixtures having DCSE value greater than 0.75 KJ/m® are not as susceptible
to cracking. Mixtures that exhibit lower DCSE values are more susceptible to cracking than
HMA mixtures having higher values when mixtures are exposed to similar environmental
and loading conditions. Figure 4 represents the calculated DCSE mean values for the HMA
mixtures analyzed in this study. The coefficient of variation (CV) of the samples tested ranged
from 6 to 18 percent. It is shown that the 76CO mixture has the highest DCSE values of all
mixtures tested and is therefore less prone to crack. In addition, five out of the six mixtures
meet the 0.75 KJ/m® criterion for resistance to cracking. The 64RAP40 had less than the
limiting criterion necessary for fracture resistance.
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Figure 3. Modified Lottman Retained Tensile Strength
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Figure 4. Dissipated Creep Strain Energy Test Results
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6.3. Semi-Circular Bend (SCB) Test Results

Figure 5 presents the calculated critical fracture resistance (Jc) values for the six HMA
mixture types evaluated. In terms of fracture resistance, the higher the Jc value the greater the
fracture resistance the HMA mixtures possess. In a previous study, Mohammad ez al. (2004)
indicates that any mixture achieving a Jc value greater than 0.65 KJ/m? is expected to exhibit
good fracture resistance. It is shown that the 76RAP15 HMA mixture had the highest Jc value
and therefore has the greatest fracture resistance of all mixtures evaluated in this study. Figure
5 indicates that with the exception of the 64CO HMA mixture all other mixtures passed this
criterion. The coefficient of variation (CV) of the samples tested ranged from 10 to 25 percent.
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Figure 5. Semi-Circular Bend Test Results
6.4. Dynamic Modulus (E*) Test Results

The purpose of the dynamic modulus test is to evaluate the visco-elastic response
characteristics of HMA mixtures over a given range of temperatures and frequencies. Figure
6 present the dynamic modulus isotherms at the various temperatures and frequencies for all
mixtures considered in this study. The values indicated are the average E* results for three
laboratory specimens evaluated per HMA mixture type. The CV of the samples tested ranged
from 1 to 18 percent. As shown in Figure 6, the E* values increase as the frequency increases.
Furthermore the E* values decrease with increased temperatures. Figure 6 indicates that
at low temperatures (4.4 ‘C) the isotherms are in an inclined straight line direction. This
indicates that the HMA mixture behavior is in the visco-elastic region and is predominately
affected by the asphalt cement binders. The E* isotherms became concave at the intermediate
and high temperature levels, 25 ‘C, 37.8 ‘C, and 54 ‘C respectively. This change in the
isotherm shape represents the non-linear behavior in HMA mixtures during compression.
This non-linear behavior reveals the mechanical response which is caused by the aggregate
skeleton of the HMA mixture overwhelming the viscous influence of the asphalt cement
binder materials within the HMA materials at these high temperatures. In addition Figure 6
shows that at any given temperature for any given HMA mixture that the E* values decrease
with decreased frequency.
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Figure 6. Dynamic Modulus Isotherms

6.5. Flow Number Test (Repeated Load

Permanent Deformation Test) Results

247

Figure 7 presents the flow number test results for the six HMA mixtures considered in this
study. In this test the higher the flow number value, the better the mixture resists permanent
deformation. It is shown that the HMA mixtures,76CO and 76RAP 15, which contain a SBS
modified asphalt cement binder had the highest Flow Number values and are therefore the

most rut resistant of the mix types evaluated using this test.

The 64RAP40 and 76CRM

HMA mixtures were in the second grouping and the 64CO mixture containing an unmodified
PG64-22 asphalt cement binder was the least resistant to permanent deformation. It is noted
that the 76CRM mix type tested in this study had low flow numbers. It is suspected that the
original base asphalt binder (PG64-22) utilized in the wet blending process influenced this test
property for the mixture tested in this study.
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Figure 7. Flow Number vs. Mix Type
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6.6 Evaluation of Rutting and Fatigue Factors from E* Tests

A HMA mixture’s propensity to resist permanent deformation (rutting) and fatigue cracking
can be characterized by using the dynamic modulus test results from various temperatures
and frequencies. The rutting factor is defined as E*/Sind, where § is the phase angle, at a
particular temperature and frequency. A loading frequency of SHz and test temperature of
54.4 °C was used for computation of the rutting factor, E*/Sind in this study (Witczak et al.,
2002). For mixtures to be rut resistant and exhibit higher stiffness necessitates a higher E*
value and a lower phase angle. The higher the rutting factor value the greater resistance to
permanent deformation.

Figure 8 shows the rutting factor values for all mix types evaluated in this study. It
clearly indicates that the 64RAP40 mixture has the greatest resistance to rutting. This can be
attributed to the high RAP content (40%) used in this mixture type. It is noted that there is
a grouping of similar results for the 76CO, 76CRM, and 76RAP15 HMA mixture types. As
indicated in Figure 8 the 64CO mixture has the least resistance to rutting as would be expected
because of the less stiff asphalt cement binder utilized in this HMA mixture.
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Figure 8. Rutting factor, E*/Sind @ 5Hz, 54.4 C

To determine a mixtures resistance to fatigue cracking, a parameter termed fatigue factor is
calculated from dynamic modulus test results at a given frequency and test temperature. The
test temperature of 25 C and a loading frequency of 5 Hz were selected for this study (Witczak
et al., 2002). By definition the fatigue factor is calculated as E*(Sind), where § is the phase
angle, at the selected temperature and frequency. For a mixture to resist fatigue cracking
its corresponding E* value should be lower a