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Executive Summary

In Japan, on average, 47 percent reclaimed asphalt pavement (RAP) is used in asphalt
pavements. In the United States, the average amount of RAP used in asphalt mixtures is
slightly more than 20 percent. The National Asphalt Pavement Association (NAPA) and
Federal Highway Administration (FHWA) promote the increased use of RAP in asphalt
pavements and were interested in learning how Japan has achieved a national average
of 47 percent RAP in asphalt mixtures, the quality achieved, and best practices applied.
An industry scan tour of Japan was planned to learn about Japan’s use of high RAP. The
scan trip also focused on construction operations, practices, and other pavement tech-
nologies used in Japan.

The delegation included 19 representatives from NAPA producer and associate member
companies; the director of the National Center for Asphalt Technology (NCAT); officials from
state departments of transportation in Tennessee, Wisconsin, lllinois, and Louisiana; and
the 2014 chairman of the State Asphalt Pavement Associations (SAPAs). Tour members
met with representatives from more than 15 organizations in Japan, including contractors,
public work officials, suppliers, and industry associations. The delegation toured two asphalt
plants, four construction or completed asphalt pavement sites, a government laboratory
and a contractor laboratory, and participated in three different knowledge exchanges.

There are about 1,150 asphalt plants in Japan, serving more than 90% of the country
and producing about 55 million tons of hot-mix asphalt (HMA) annually. Of those 55 million
tons, about 41.9 million tons (nearly 38 million metric tonnes) contain recycled HMA. The
vast majority of asphalt plants in Japan are batch-type plants that use and produce smaller
quantities of materials and have slower production rates than the drum plants common in
the U.S. Approximately 15% of asphalt mixtures in Japan use polymer-modified asphalt
binder. Because Japan’s highway network is fairly mature and most paving is now for system
maintenance, the majority of asphalt mixture production is for surface courses. Recycling
HMA is considered routine in Japan, and the main focus for innovation centers on porous
asphalt pavements (drainage pavements), water-retaining pavement structures, and heat-
insulating pavements.

The average RAP content in Japan asphalt mixtures increased from 33% on average in
2000 to 47% on average in 2013. About 99% of RAP in Japan, similar to in the U.S., is re-
cycled into new asphalt pavement mixtures, but some RAP is reused as base course. The
average RAP contents are similar in colder northern and warmer southern regions and vary
from 20%-60% on average.

The Japanese attribute their successful use of high levels of RAP in HMA to three key points:

1. Afocus on quality (reducing variability), including processing RAP (i.e., fractionat-
ing) and covering stockpiles.

2. Heating the RAP to drive out moisture and soften the RAP binder.

3. Using a softening agent (and other mixing best practices) to achieve desired mix
characteristics.
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Japanese mix producers take great care in minimizing moisture in the raw materials by
utilizing as little water as possible in crushing operations and keeping the stockpiles and
bins covered. Most Japanese plants use a separate drum for drying and heating RAP, the
so-called parallel heating method. Afterburner technology is used to eliminate hydrocarbon
odor. The hot gasses are ducted to the virgin aggregate dryer to recover some of the heat
energy. The use of rejuvenators (also referred to as softening agents) is common for high
RAP content mixes in Japan. The rejuvenators are used to restore some physical charac-
teristics of the RAP binder. Rejuvenators are mixed directly with the heated RAP in a small
pugmill. The merit of this approach is that it allows the rejuvenator to quickly diffuse into the
softened aged RAP binder.

The quality of Japan’s pavements and roadways is due to an attention to detail and a focus
on quality. Japanese contractors and road owners follow a simple mix design and materials
testing process with a focus on performance. The scan tour readily illustrated the potential for
asphalt mixtures with higher RAP content (>25%) that maintain equivalent or better quality and
performance. Based on the delegation’s observations and experiences while in Japan, there are
no barriers to the potential for asphalt mixtures with higher RAP content (>25%) that maintain
equivalent or better quality and performance in the United States. The consensus among the
delegation is that the use of high RAP in asphalt pavements should continue to be pursued
through a partnership between industry, including asphalt mixture producers, contractors, and
suppliers, and government, including federal, state, and local agencies.

As part of this partnership, the following recommendations should be implemented:

e The high RAP tour delegation should provide knowledge transfer of the information
gained through a report, presentations, and articles.

e Agency specifications should allow the use of RAP in asphalt pavement layers at
the contractor’s discretion and provide simple and clear criteria for ensuring pave-
ment performance, including considering a simple lab mix stiffness test and criteria
for determining mixture suitability. In addition, it is recommended that agencies
explore reducing the number of mix designs as the cost of developing and updat-
ing many (in some cases upwards of 100) job-mix formulas is high.

¢ Best practices should be implemented and used for RAP processing, storage, mix-
ture production, and paving, including minimizing moisture in RAP, fractionation for
high RAP use, and stockpile storage. Probably most beneficial on the material side
for production is keeping the RAP dry (which means a very low moisture content),
reducing the superheating of the virgin aggregate needed for indirect heating of the
RAP and allowing for an increased production rate. The implementation of well-
known best practices in order to increase RAP content is critical.

e The U.S. asphalt pavement industry should consider potential benefits in the U.S.
production process and how continuous plants are designed and manufactured,
which will result in better drying of the aggregate and RAP materials and mix-
ing with the virgin asphalt binder and additives. Production changes may include
longer virgin aggregate and RAP mix times, high shear mixing, and storage time,
which may facilitate the softening and blending of the RAP binder.

e The asphalt industry should also consider rejuvenators, softening binders, or
another agent to facilitate high RAP amounts in asphalt mixtures. Currently (2015),
NCHRP Project 9-58 is exploring the Effects of Recycling Agents on Asphalt Mix-
tures with High RAS and RAP Binder Ratios; however, industry should also play an
active role in determining the optimal use of recycling agents.
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Another area of interest for the U.S. tour group was Japan’s innovations with porous fric-
tion course mixtures. Porous friction courses (PFC), also referred to as “drainage” asphalt
pavements or DAP, are widely used in Japan primarily for the safety benefits of reducing
hydroplaning and splash/spray, as well as reducing roadway noise (Fujita, 2012). Japan
considers PFC to have the same structural value as dense-graded mixtures for thickness
design and the service life of PFC layers is similar to that of dense-graded surface layers.
The Japanese asphalt industry and highway agencies have worked to improve the perfor-
mance of PFCs and address many of the common issues with these layers. Key innovations
for PFCs in Japan are:

1. Thick PFC layers (4-5 cm) to better suppress tire—pavement noise and to improve
drainage. The economic justification of thicker layers is aided by the fact that PFCs
are given the same structural layer coefficient as dense-graded mixes.

2. Use of highly modified asphalt binders (4%-8% SBS polymer) to improve resis-

tance to raveling and eliminate the need for fibers.

Use of edge drains with PFCs placed in curb and gutter sections (i.e., urban areas).

4. Use of spray-pavers to apply a thick asphalt emulsion layer just before the PFC
mix. The residual asphalt from the emulsion creates an impermeable layer at the
bottom of the PFC to protect underlying asphalt layers.

5. Routine cleaning of the PFC with specialized equipment that flushes the PFC voids
to help maintain permeability for a much longer period of time.

©w

Currently, most of Japan’s PFC mixes use all virgin materials. However, some trial projects
have been constructed using 20%-50% RAP in the PFC mixes. Preliminary results indicate
that up to 30% RAP can be satisfactorily used in porous mixes (Kanou et al., 2010).

An aspect of Japan’s asphalt industry that has likely aided rapid implementation of new
technologies is the small number of producers and contractors. These large companies
have not only invested heavily in state-of-the-art plants and equipment, they also have built
and staffed advanced central laboratories to explore innovations and to develop proprietary
products. The technical expertise of these Japanese companies is impressive and the level
of trust between the highway agencies and the contractors appears to be much better
than is generally seen in the United States. Productivity and competition are much less of
an emphasis compared to the U.S. road building industry. Safety, quality, and care for the
environment are hallmarks of Japanese culture and are clearly the top priorities for the road
construction industry.

A large focus of the high RAP Japan tour effort is knowledge and technology transfer. In
addition to this report, NAPA has organized several industry educational sessions, includ-
ing a session at the NAPA 2015 Annual Meeting, a presentation at the NAPA 2015 Asphalt
Sustainability West Conference in partnership with FHWA, and a presentation at the NAPA
2015 Young Leaders Conference. A follow-up educational session was held at NAPA’s 2016
Annual Meeting focusing on plant production practices for using more RAP. Several of the
delegates have also presented at government and industry meetings, including the AASHTO
Standing Committee on Highways and at SAPA meetings in Alabama, Indiana, Kansas,
Kentucky, and Virginia.
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Introduction

On average, 47 percent reclaimed asphalt pave-
ment (RAP) is used in Japan’s asphalt pavements. In
the United States, the average amount of RAP used
in asphalt mixtures is about 20 percent. Since 2007,
the U.S. pavement industry has made a concerted
effort to increase the amount of RAP used in asphalt
pavements due to increased cost of virgin materials
and a desire to emphasize sustainable, environmen-
tally friendly practices. Based on annual industry and
highway agency surveys, there appears to be an
upper limit on the average amount of RAP in asphalt
mixtures of about 20%; however, these same surveys
have identified that the majority of state department
of transportation (DOT) specifications and standards
will allow up to 30% RAP on average (Copeland,
2011; Hansen & Copeland, 2015).

The National Asphalt Pavement Association
(NAPA) and Federal Highway Administration (FHWA)
promote the increased use of RAP in asphalt pave-
ments and were interested in learning how Japan
has achieved a national average of 47 percent
RAP in asphalt mixtures, the quality achieved, and
the best practices applied. Therefore, an industry
scanning tour of Japan was arranged to learn about
Japan’s use of high RAP. The scan trip also focused
on construction operations and practices used in
Japan.

An Overview of Japan
and Its Asphalt Industry

The land area of Japan is 145,932 square miles and
the mainland lies between the 32° and 47° North lines
of latitude. The climate of Japan is predominately
temperate, but varies from north to south with hot
temperatures and winter weather, including snow.
The population of Japan is 128,057,000 persons
and the population of Tokyo metropolitan area is
35,618,000 persons (Statistics Bureau, 2015). In
comparison to the United States, Japan has less
than half the population and less than 4% the land
area of the United States (Pollack, 1997).

More than 80.6 million vehicles travel on Japan’s
roads (AIRIA, 2015), and Japan has approximately

791,189 miles (1,273,295 km) of roads composed
of:
e 656,110 miles (1,055,906 km) of
city, town and village roads,
e 88,501 miles (142,429 km) of
prefectural roads,
e 40,883 miles (65,796 km) of general
national highways and
e 5,695 miles (9,165 km) of national
expressways (MLIT, 2014).

Funding for the road network is primarily through
tolls on the national expressways and through general
fund appropriations. Prior to fiscal year 2009, Japan
used dedicated fuel and vehicle taxes to support road
construction; however, following a review begun in
2005, the government shifted those tax moneys to
the general fund in 2009 (Umeda, 2014).

Contractors (i.e., asphalt mixture producers) in
Japan are privately held. The expressway projects
are joint private and government ventures. Four pri-
vately held companies are the primary contractors in
Japan, owning 60% of the asphalt plants, and about
10 companies in total construct roads.

There are about 1,150 asphalt plants in Japan,
serving more than 90% of the country and produc-
ing about 55 million tons of hot-mix asphalt (HMA)
annually. Of those 55 million tons, about 41.9 mil-
lion tons (nearly 38 million metric tonnes) contain
recycled HMA. In the United States, there are more
than 3,000 plants producing a total of about 350
million tons of asphalt mixture annually (Hansen &
Copeland, 2015). The vast majority of asphalt plants
in Japan are batch-type plants that use and produce
smaller quantities of materials and have slower
production rates than the drum plants common in
the U.S. Approximately 15% of asphalt mixtures in
Japan use polymer-modified asphalt binder. Since
Japan’s highway network is fairly mature and most
paving is now for system maintenance, the majority
of asphalt mixture production is for surface courses.
Recycling HMA is considered routine in Japan, and
the main focus for innovation centers on porous
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asphalt pavements (drainage pavements), water-
retaining pavement structures, and heat-insulating
pavements.

The Japanese contractors place the utmost im-
portance on safety and the country, as a whole, has
a commitment to sustainability and recycling/reuse
is expected by the general population. There are
two national laws that promote recycling of pave-
ments and the use of RAP in new pavements: the
Waste Management and Public Cleansing Law (Law
No. 137 of 1970) and the Act on Promotion of Pro-
curement of Eco-Friendly Goods and Services by the
State and Other Entities (Law No. 100 of 2000) (MOE,
2010). Given the relatively small land area of the
Japanese islands, with limited raw materials and even
less space for waste disposal, conservation of natural
resources and minimizing waste are ingrained in the
culture and society and designated in legislation;
Japanese laws mandate recycling across society,
including construction and demolition (C&D) waste
materials. The Basic Environment Law (Law No. 91 of
1993) includes a number of environmental conserva-

tion measures (lwama, 2014). An early piece of legis-
lation, the Waste Management and Public Cleansing
Act (Law No. 137 of 1970), requires that pavement
waste be tracked using a manifest system from the
point of removal through processing and finally to
the point of recycling. The Act on Promotion and
Procurement of Eco-Friendly Goods and Services
(Law No. 100 of 2000) promotes the use of recycled
materials, and the Law on Recycling Construction-
Related Materials (Law No. 104 of 2000) specifically
covers the handling of C&D waste. Presently, 99%
of all asphalt pavement material removed from use
in Japan is recycled into new pavements, a similar
rate of recycling as in the United States.

The average RAP content in Japan asphalt
mixtures increased from 33% on average in 2000
to 47% on average in 2013. The average RAP
contents are similar in colder northern and warmer
southern regions and vary from 20%-60% on av-
erage (Figure 2-2). Japan has reached its current
high percentage of RAP utilization over several
decades of research and field performance evalu-

Figure 1-1. Delegation members (left to right) Dan Gallagher, Randy West, Vince Hafeli, Nagato Abe
(host), John Bartoszek, Michael Cote, Greg Renegar, Chris Abadie, Aaron Price, Don Chambers, Ron
Sines, Audrey Copeland, Rebecca Burkel, Jay Winford, Kevin Kelly, Paul Degges, Andy Welch, Pete
Capon, Abdul Dahhan, Brian Wood, and Yuki Tsukimoto (host).
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Table 1-1. Tour Itinerary and Sites Visited

Date Sites Visited & Hosts

December 3 Taisei Rot.ec Cp. L_td. asphalt pla_nt; Expressway asphalt pavement

construction site, including mobile asphalt plant
December 4 | Recycling meeting and knowledge-transfer seminar (see agenda in Appendix D)
December 5 | Bus tour of Shin-Tomei Expressway and double-layer porous asphalt sites visits
December 8 | Maeda Road Construction Co. Ltd. asphalt plant; Public Works Research Institute (PWRI)
December 9 Nippo Corp. technical Iabc?ratory; Pavement technology in Japan

knowledge exchange seminar

ations. Through analysis of pavement performance
on hundreds of projects and experimentation in the
lab and field, the country has developed standards
and practices that have proven to provide equal
performance for high RAP content mixes and virgin
mixes.

It should be noted that axle loads on Japan’s
highways are much lower than in the United States.
This likely has a significant effect on strain levels
experienced by Japan’s pavements and therefore
also impacts their performance.

Except for expressways, Japanese maximum legal
truck loads are less than those in the United States.
In the U.S., maximum vehicle loads can vary by state,
but are typically around 80,000 pounds (36.3 metric
tonnes) with a maximum single-axle load of 20,000
pounds (9.1 metric tonnes). In Japan, maximum legal
truck loads vary by type of facility, with general roads
set at 44,000 pounds (20 metric tonnes) and freeways
at 79,366 pounds (36 metric tonnes). The maximum
single-axle load for all facilities is set at about 11,000
pounds (4.99 metric tonnes) (MLIT 2015).

Delegation Members

The delegation included 19 representatives from
NAPA producer and associate member companies;
the director of the National Center for Asphalt Tech-
nology (NCAT); officials from state departments of
transportation in Tennessee, Wisconsin, lllinois,
and Louisiana; and the 2014 chairman of the State
Asphalt Pavement Associations (SAPAs). The full
list of delegates and their affiliations is provided as
Appendix B.

Itinerary and Host Organizations

The scanning tour took place over 10 days in
December 2014. The tour included visits to three
asphalt plants, an expressway construction project,
two porous pavement urban roadways, a technical
tour at the Public Works Research Institute (PWRI)
of the National Institute for Land and Infrastructure
Management (NILIM), the research laboratories of
contractor Nippo Corp., and three different knowl-
edge exchange meetings. Due to the short duration
of the tour, the itinerary focused on sites near Tokyo.
During the trip, tour members met with representa-
tives from more than 15 organizations in Japan, in-
cluding contractors, public work officials, suppliers,
and industry associations. The itinerary is provided
in Table 1-1.

Report Organization and Scope

This report summarizes the scan tour findings
and recommendations for the asphalt industry in the
U.S. Chapter 2 discusses high RAP content asphalt
mixtures, including mix types, materials, mix design,
and production. Chapter 3 discusses construction
and paving practices. Chapter 4 focuses on innova-
tions in porous asphalt mixtures. Finally, Chapter 5
concludes the report with a summary of key innova-
tions for high RAP use and opportunities for the U.S.
asphalt industry.

NATIONAL ASPHALT PAVEMENT ASSOCIATION e IS 139

High RAP Asphalt Pavements: Japan Practice — Lessons Learned 13



High RAP Content
Asphalt Mixtures

Background

The primary objective of the U.S. tour of the as-
phalt industry in Japan was to learn about the use
of high RAP content mixtures. In 2013, Japan used
an average of 47% RAP in its dense-graded asphalt
mixtures. The RAP content varies from region to
region, plant to plant, and mix to mix. The Kanto
region, where the U.S. tour group spent the greatest
amount of time, has the highest average RAP content
in Japan, averaging 51% across the region. Within the
region, Kanagawa Prefecture, along the southwestern
side of Tokyo Bay, averages 73% RAP (Hirama, 2014).

Asphalt recycling in Japan began in the 1970s.
Japan’s Ministry of Construction began investiga-
tions on the performance of recycled mixes in the
early 1980s, and the Japan Road Association issued
the first of its publications covering RAP use, Hand-
book of Recycling Technology of Pavement Waste, in
1984. By 1992, field performance studies confirmed
that the performance of mixes containing RAP was

Figure 2-2.
Regions of Japan
and their average
RAP contents.
(Hirama, 2014)

Hokkaido
36%

Figure 2-1. Production of virgin and recycled asphalt mixes in Japan. (Hirama, 2014)
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equivalent to that of virgin mixes (Monden, 2014). Of
the 213 pavement sites with RAP contents ranging
from 30%-100%, only five sites had cracking ratios
greater than 10%. Those sites were all on very high
traffic roadways. The factors considered to be the
causes of higher cracking ratios led to the establish-
ment of standards for RAP quality and plant opera-
tions. In 1992, the Japan Road Association issued
the Handbook of Plant Recycling of Pavement, the
first technical guide for hot-mix asphalt recycling. The
Handbook of Pavement Recycling followed in 2004
and was revised in 2010. The Japan Asphalt Mixture
Association (JAMA) issued a guidebook on the use
and handling of RAP for asphalt plants in 2013.
Production of mixes containing RAP increased
from approximately 2 million metric tonnes (2.2 mil-
lion tons) in 1984 to approximately 42 million metric
tonnes (46 million tons) in 2000. Overall mix asphalt
mixture production has declined since the early 1990s
due to the economic recession in Japan, but the aver-
age RAP content steadily increased from 32.5% in
2000 to 47% in 2013.
Japan’s asphalt recycling efforts are based on five
motives:
1. Minimizing the amount of asphalt paving
material waste;
2. Saving natural resources (raw materials,
primarily asphalt and aggregate);
3. Conservation of energy (energy to extract,
process, and transport raw materials);

4. Reduction of carbon dioxide by conserving
energy; and
5. Reduction of asphalt paving costs.

Mix Types

In 2013, Japan produced approximately 50 million
metric tonnes (55 million tons) of asphalt mixtures.
Nearly 38 million metric tonnes (41.9 million tons) of
asphalt mix contained RAP. Most of the remainder
was porous friction course mixtures, which are dis-
cussed in greater detail in Chapter 4. Of the 38 million
metric tonnes containing RAP, 76% was for surface
layers (Hirama, 2014).

The most common mix in Japan is a 13 mm
dense-graded surface mix, which is similar to a
Y2-inch nominal maximum aggregate size (NMAS)
mixture in the U.S. Table 2-1 shows a typical grada-
tion for a surface mixture with a plot of the design
gradation, expected plant gradation, and the 13
mm specification range shown on a Superpave
12.5 mm NMAS chart. Note that the plant gradation
curve does not cross the maximum density line.
This results in a mix that is “forgiving” with respect
to segregation, and it helps explain the total lack
of segregation observed on Japan’s roadways. In
Chapter 3, the lack of segregation is discussed
along with how ensuring quality paving began with
the mix design.

Other mix types include 13 mm gap-graded mixes
for surface layers, 20 mm top size mixes used pri-

Table 2-1. Typical Japanese Dense-Graded Surface Mix Gradation

Desian Expected | Specification
Sieve Size g_ Plant Gradation
Gradation .
Gradation Range
19 mm 100 100 100
13.2 mm 99.2 97.5 95-100
4.75 mm 64.4 62.5 55-70
2.36 mm 44 A 42.5 35-50
0.60 mm 26.0 24.0 18-30
0.30 mm 17.7 15.5 10-21
0.15 mm 9.7 11.0 6-16
0.075 mm 55 6.0 4-8
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marily for binder course layers, and the open-graded
(porous mixes) used for improved skid resistance and
tire—pavement noise reduction.

Collection and Processing of RAP

Many Japanese asphalt plants have affiliated RAP
processing facilities on the same site. Waste asphalt
pavement materials are received by the processing
facilities from numerous sources and processed into
usable RAP stockpiles. The majority of waste asphalt
received at facilities observed by the U.S. tour group
was small quantities of pavement chunks and slabs
rather than the millings common in the U.S. Milled
pavement material and rubble from small-scale pave-
ment demolition must be tracked from the project
site through processing and recycling back into new
asphalt pavements.

RAP processing operations were enclosed in
buildings. This minimized fugitive dust and helped
keep the RAP relatively dry. A very light mist was
used over the crushers to minimize dust. However,
moisture contents of the RAP materials were kept
very low compared to U.S. operations. Notes from
the tour group indicated that typical RAP moisture
contents were 1.5%-2% in the stockpile (i.e., before
going through the asphalt plant).

RAP processing operations generally include mul-
tiple stages of crushing and screening. As is typical,
one of the sites visited by the U.S. tour group fraction-
ated the RAP into two sizes: =13 to 5 mm, and -5 mm.
RAP stockpiles were maintained in large, covered
bins at each location visited by the U.S. tour group.

RAP Testing and Specifications

Japan’s standard for RAP permitted as a compo-
nent in new asphalt mixtures is summarized in Table
2-2. RAP must have a minimum asphalt content of
3.8 percent, the asphalt extracted and recovered from
the RAP must have a penetration grade of 20 or more,
and the fine dust content (P,,,) of the processed RAP
(not the RAP aggregate) cannot exceed 5%. Although
the amount of RAP that fails to meet these require-
ments is typically very low, failing material may still
be recycled for other purposes, such as in unbound
base layers.

Figure 2-3. Photos from the Taisei Rotec Tokyo
Aomi Asphalt Mixing Plant and Tokyo Rinkai
Recycling Center. (A) Receiving recyclable
pavement waste; (B) Enclosed recycling facility;
(C) Primary roller crusher; (D) Indoor processing
equipment; (E) Fractionated RAP, -13 to 5 mm on
left, -5 mm on right; (F) Samples of coarse and
fine fractionated RAP.

c)
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Table 2-2.
RAP Quality Specifications (Monden, 2014)
Characteristic Spec. Requirement
Asphalt Content Min. 3.8%

Notes: Solvent (trichloroethylene) extraction
method similar to AASHTO T 164/ASTM D2172

Penetration of
recovered asphalt

Notes: Penetration grading test standard similar
to AASHTO T 49/ASTM D5

Min. 20 pen

Percent Passing the
75 pm sieve (Pyg)

Notes: Conducted on processed RAF,
not RAP aggregate

Max. 5.0%

Recently, an alternative to the minimum penetra-
tion grade of the RAP binder was developed to ad-
dress concerns about an increasing quantity of RAP
binders failing to meet the specification limit due to
the increased use of polymer-modified asphalt, as
well as repeated recycling of pavements. Much of
the asphalt pavement being recycled now in Japan
contains polymer-modified asphalts (Suzuki et al.,
2010). In lieu of the penetration test on recovered RAP
asphalt, specimens of 100% RAP are compacted and
tested using an indirect tensile strength test at 20°C
(Figure 2-4). From this test, an indirect tensile coef-
ficient (referred to as the “IDT modulus” in Japan) is
determined. If the IDT coefficient of the compacted
RAP samples exceeds 1.70 MPa/mm, it may not be
used in new asphalt mixes (Hirato, 2014).
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Figure 2-4. Indirect tensile strength test used for evaluating RAP and mixes containing RAP.
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Virgin aggregates used for asphalt mixtures in Japan include domestically produced sandstone, granite,
and less frequently limestone. Limestone is not used in surface courses due to polishing. Specifications for

crushed stone are shown in Table 2-3 and Table 2-4.

Table 2-3. Japanese Specifications for Crushed Stone Aggregate

Property Surface and Binder Layers Base Course Layers
Bulk Specific Gravity (SSD) >2.45 -
Water Absorption (%) <3.0 —
Abrasion Loss <30 <50

Table 2-4. Japanese Grading Requirements for Crushed Stone Percent Passing (by weight %)

Nominal Percent Passing (by weight %)
Designation Size 106 75 63 375 | 315 | 26.5 19 13.2 | 475 | 2.36
mm mm mm mm mm mm mm mm mm mm mm

S-80 (Grade 1) 80-60 100 |85-100 [ 0-15
S-60 (Grade 2) 60-40 100 | 85-100 0-15
S-40 (Grade 3) 40-30 100 |85-100 [ 0-15
S-30 (Grade 4) 30-20 100 |85-100| — 0-15
S-20 (Grade 5) 20-13 100 |85-100 [ 0-15
S-13 (Grade 6) 13-5 100 |85-100| 0-15
S-5 (Grade 7) 5-2.5 100 |85-100| 0-25 | 0-5
Mix Design Asphalt binders are penetration graded with ad-

Japan uses the Marshall Method of mix design
with 75- and 50-blow compaction efforts — 50 blows
per side are used for pavements with design traffic
volumes less than 1,000 vehicles per day (vpd); 75
blows per side are used for pavements with design
traffic volumes greater than or equal to 1,000 vpd.
Mix design criteria are shown in Table 2-5.

Table 2-5. Marshall Method mix design criteria
(Monden, 2014)

Mix Design Parameter Criteria
Air Voids (%) 3-6
Voids Filled with Asphalt (%) 70-85
Traffic 1000 vpd >7.35
Stability (kN
abilty (kN) - 1 2ffic <1000 vpd > 4.90
Flow (1/100 cm) 20-40

ditional requirements on softening point, ductility,
flash point, mass loss and penetration ratio after the
thin film oven test. The most common grades used
for virgin asphalts are 40/60 and 60/80 pen grades.
Polymer-modified asphalt binders are typically used
in porous friction course mixtures and dense-graded
mixtures used on trunk roads and often on other
heavy traffic roadways. Crude oil imported primarily
from the Middle East is refined in Japan and is the
primary source for asphalt binders.

Blending charts are used to determine the appro-
priate blending ratio of virgin to recycled binders. In
Japan, the blending charts are based on penetration
grade values. These charts follow the same concept as
the PG blending charts and viscosity-based blending
charts used in the United States. Figure 2-5 shows an
example penetration blending chart where the target
penetration is 50 pen, which is obtained through a
60:40 blend of the particular virgin and RAP binders.

NATIONAL ASPHALT PAVEMENT ASSOCIATION e IS 139

High RAP Asphalt Pavements: Japan Practice — Lessons Learned 19



Figure 2-5. Penetration-based blending chart.

Adjustment of the Designed Penetration
Using Virgin Binder
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Alternatively, for RAP containing polymer-modified asphalt, the RAP content can be based on the IDT coef-
ficient, as shown in Figure 2-6. Using this approach, the “general use” target IDT coefficient is 0.75 MPa/mm.

Figure 2-6. Chart for determining RAP content based on IDT coefficient data. (Monden, 2014)

Adjustment to the Designed Indirect Tensile
Coefficient Using Virgin Binder

Designed Indirect
Tensile Coefficient

RAP Content to Meet
Designed Indirect Tensile
Coefficient

RAP Content (%)

Designed Indirect Tensile Coefficient (MPa/mm)
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The IDT coefficient test is conducted on standard Marshall specimens cured for a minimum of 5 hours.

The test is conducted at 20°C using a loading rate of 50 mm/min. The IDT coefficient is calculated as shown
in Figure 2-7.

Figure 2-7. lllustration of IDT coefficient data and calculation. (Monden, 2014)
Indirect Tensile Coefficient

Indirect tensile coefficient (MPa/mm) = %

2XP

Indirect tensile strength = o (MPa) = —S -~

Where:
x = Amount of displacement
P = Maximum load at break
d =Thickness of the specimen
L = Specimen’s diameter

Table 2-6 shows the design ranges for the blended (composite) binder penetration grade and mixture IDT
coefficient for different climates in Japan.

Table 2-6. Design Ranges for Mixes Containing RAP (Monden, 2014)

Area Penetration Grade IDT Coefficient
(1/10 mm) (MPa/mm)
General use 40/60 0.60-0.90
Cold and snowy regions 60/80 0.40-0.60

The use of rejuvenators (also referred to as softening agents) is common for high RAP content mixes in
Japan. The rejuvenators are used to restore some physical characteristics of the RAP binder. Details about the
chemical nature or formulations of the rejuvenators were not shared with the U.S. tour group. It was under-
stood that the rejuvenators are closely held trade secrets specific to each of the major asphalt producers. In
the literature, Kanou et al. (2010) reported on experiments with paraffin-rich rejuvenators (similar to lubricants).
Japan'’s specifications for rejuvenators are shown in Table 2-7 (Monden, 2014). It was reported that the cost
of using rejuvenators was about the same as the cost of using softer grades of asphalt.

Table 2-7. Standard for Rejuvenators (Monden, 2014)

Test Criteria
Kinematic viscosity at 60°C 80-1,000 cSt
Flash point, minimum 250°C
Viscosity ratio after TFOT, maximum 2.0
Mass change after TFOT, maximum 3%
Density at 15°C report
Composition, JPI-5S-70-10 report
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Dosage rates for rejuvenators were typically about 5%-10% by weight of the RAP binder, which will usually
work out to approximately 0.25%-0.30% by weight of the total mix. Figure 2-8 shows an example chart for

selecting the dosage rates for a rejuvenator.

Figure 2-8. Example chart showing selection of the rejuvenator dosage. (Monden, 2014)

Adjustment to the Designed Indirect Tensile
Coefficient Using Virgin Binder

Designed Indirect
Tensile Coefficient

Designed Indirect Tensile Coefficient (MPa/mm)

Amount of Rejuvenator to
Meet Designed Indirect
Tensile Coefficient

Amount of Rejuvenator (% by Weight of RAP Binder)

An example Japanese mix design (annotated in
English) using 60% RAP and a rejuvenator is provided
in Appendix E.

Further research is being conducted in Japan on
using high penetration asphalts (i.e., softer grades)
rather than rejuvenators (Hirato, 2014). A recent labo-
ratory study indicates that repeated recycling using
a paraffin-rich rejuvenator may cause the composite
binder to become stiff and more brittle (Kanou et al.,
2010).

Mix Production

Japan currently has 1,150 asphalt plants. All but
176 plants are capable of producing mixes with RAP.
Of the Japanese plants with recycling capability,
17.7% utilize an indirect heating system, 68.8% use
a parallel heating system, and 15.5% use a drum
mix process. As shown in Figure 2-9, the indirect
heating system is a batch plant operation where
the RAP is heated by contact with superheated
virgin aggregate in the weigh hopper and pugmill.
The parallel heating system is also a batch-type
operation that uses a separate (parallel) RAP dryer

to dry and heat the RAP. An illustration of a parallel
heating system batch plant is shown in Figure 2-10.
The U.S. tour group visited two plants that use the
parallel heating method.

The drum mix process, illustrated in Figure 2-11,
is similar to many U.S. continuous-mix plant op-
erations where the RAP is heated and dried in the
same dryer as the virgin aggregate. Asphalt and
additives are mixed with the hot aggregates and
RAP in a separate continuous mixer to achieve a
well-coated product.

The “parallel” heating method for recycled mix
production is further illustrated in the photographs
in Figures 2-12 and 2-13. This approach to produc-
tion of high RAP content mixes differs from most
U.S. plants in five significant ways. The first major
difference between Japanese and U.S. mix produc-
tion is the stockpile moisture content of the RAP
and virgin aggregates. Japanese mix producers
take great care in minimizing moisture in the raw
materials by utilizing as little water as possible in
crushing operations and keeping the stockpiles
and bins covered.
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Five Major Differences Between U.S. and Japanese Mix Production

1) Stockpile moisture content of the RAP and virgin aggregates is minimized

N

Use of batch plants instead of continuous mix plants

B

)

)

) Use of a separate drum for drying and heating RAP (parallel heating method)

) Use of the afterburner technology to burn off any hydrocarbons in RAP dryer exhaust
)

()]

Rejuvenators mixed directly with heated RAP in a small pugmill

Figure 2-9. “Indirect” heating method for recycled mix production. (Hirama, 2014)

Figure 2-10. “Parallel” heating method for recycled mix production. (Hirama, 2014)
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Figure 2-11. lllustration of drum/continuous process for recycled mix production. (Hirama, 2014)

Figure 2-12. Photos from the Maeda Road Construction Co. Ltd. asphalt plant in Kawasaki, Kanagawa
Prefecture. (A) Aggregate storage bins; (B) Aggregate cold feed binds; (C) RAP cold feed bins for two size
fractions; and (D) Parallel-flow RAP dryer with natural gas burner in foreground.

il Ll
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Figure 2-13. (A) Inside of RAP dryer; (B) Pugmill for mixing hot RAP with rejuvenator; (C) Batch hopper
conveyor to move rejuvenated hot RAP to surge bin; (D) Downward view of a counter-flow aggregate

dryer; (E) Aggregate hot bins above weigh hopper; and (F) Plant view of three RAP surge bins on the
left and four hot-mix silos on the right.

El Ld
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The second significant difference between Japan
and U.S. plant operations is the use of batch plants
instead of continuous mix plants. Over the past 30
years, the majority of asphalt mix production in the
United States has shifted from batch plants to con-
tinuous mix plants due to higher production rates
(tons per hour) and lower operating costs for con-
tinuous mix plants. The dominance of batch plants
in Japan partly explains why there are many more
plants per land area in Japan compared to the U.S.
Also, Japanese plants are designed and operated at
relatively low mix production rates (up to 180 metric
tonnes per hour) whereas U.S. plants are typically
double that range. However, it was interesting to
note that one of the plants visited by the U.S. tour
group operated nearly 24 hours per day, seven days
a week. The facility included a dormitory for the plant
crew and the only time the plant stopped operations
was on Sunday afternoons.

The third significant difference in recycled mix
production is that most Japanese plants use a sepa-
rate drum for drying and heating RAP, the so-called
parallel heating method. The RAP dryer at the Taisei
Rotec Tokyo Aomi asphalt mixing plant in the south-
ern part of Tokyo was a 2.5 m diameter by 10 m long
dryer with a 100 metric tonnes per hour capacity. This
parallel RAP heating approach is also used in Europe
and other parts of Asia. For most batch plants still in
operation in the U.S., the indirect heating method is
more commonly used. However, indirect heating is
generally limited to a maximum RAP content of about
20% due to the “steam explosion” that occurs when
wet RAP is added to the hot aggregate in the weigh
hopper or pugmill. The parallel heating approach
avoids that issue and allows for much higher RAP
contents.

The direct heating of RAP to approximately 165°C
(329°F) in a parallel-flow dryer likely further oxidizes

Figure 2-14. Small piles of dense-graded mixes to demonstrate qualities.
V indicates a virgin mix, R45 a 45% RAP mix, and R60 a 60% RAP mix.
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the RAP binder and creates significant smoking of
the RAP binder. However, the Japanese plants duct
the RAP dryer exhaust through an afterburner (also
referred to as a thermal oxidizer and “deodorizer”)
that raises the gas temperature to above 700°C
(1,292°F) to burn off any hydrocarbons. Afterburner
exhaust is ducted to the virgin aggregate dryer to
recover some of the heat energy. The use of the af-
terburner technology is the fourth major difference
with the U.S. approach to recycled mix production.

The fifth significant difference in recycled mix
production in Japan is the mixing of rejuvenators
directly with the heated RAP in a small pugmill. The
merit of this approach is that it allows the rejuvenator
to quickly diffuse into the softened aged RAP binder.
The hot rejuvenated RAP is then transferred to a surge
bin to give additional conditioning time (2-3 hours). It
was observed that the rejuvenated/conditioned RAP
had the appearance of fresh HMA before mixing with
the virgin aggregate and new asphalt. The finished
mix is very well coated and uniform even before it is
transferred to the silo. Temperature of the final mix
is typically about 160°C (320°F).

Figure 2-14 shows three small piles of mixes from
one plant. In the foreground is a virgin mix (V). The
middle pile (R45) is a mix containing 45% RAP and
the far pile (R60) is a mix with 60% RAP. Visually,
there was no difference in the mixes and they had
the same workability.

The use of warm-mix technologies has not be-

come commonplace in Japan yet. However, many
of the Japanese asphalt industry stakeholders who
met with the U.S. tour group expressed interest in
learning more about WMA technologies and practices
in the U.S. The Maeda Road Construction Co. Ltd.
has used a water-injection foaming technology in at
least one plant and presented a research paper on
this subject (Koshi et al, 2014).

Given the relatively small volume of virgin asphalt
in Japanese high RAP content mixtures, the effec-
tiveness of the common foaming approach was con-
sidered inadequate. Foaming was improved with a
“foaming enhancer” to result smaller bubbles, greater
expansion ratio and longer half-life, which improved
mix workability and compactability. No details were
provided with regard to the nature of the “foaming
enhancer” (Koshi et al., 2014). In the U.S., foaming
technology has been used successfully with high RAP
contents varying from 25% up to 50%.

A very noticeable characteristic of Japanese
asphalt plants and recycling plants was that they
were neat and well organized. The plant yards were
completely paved and swept, truck traffic flows
were organized, labs were clean and orderly, and
plant components were clearly signed for safety and
maintenance requirements. A culture of safety was
also evident with all employees wearing safety vests,
dust masks, hard hats, and other necessary personal
protective equipment at all times around the plants
and paving sites.
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Paving Operations in Japan

The U.S. tour group visited one working paving
site. It was the construction of part of the Satte
section of the Ken-O Expressway/Metropolitan
Inter-City Expressway, the outermost expressway
loop around Tokyo. The Satte section is located
approximately 50 km north of Tokyo. Most of the
Satte section is an elevated viaduct. The asphalt
pavement on the viaduct consisted of a 40 mm thick
layer of a dense-graded Type A leveling course and
a 40 mm surface layer using a “hybrid” mix. The
hybrid mix had a porous upper part and a SMA-like
bottom part. Details of the hybrid mix design were
not provided. The U.S. tour group observed paving
of the dense-graded leveling course. Weather condi-
tions at the site were clear skies with temperatures
near 10°C (50°F) and very little wind. The dense-
graded mix was placed on a thin, hard bituminous
waterproofing membrane that was gritted to provide
traction for the paver. Unique aspects of the paving
operation observed by the U.S. tour group included:

e aslow speed of paving

* no signs of segregation

e vertical longitudinal joint construction

e slow compaction process

A general, notable aspect of the construction
process was the attention to detail, cleanliness, and
quality that resulted from these practices. Each truck
bed was cleaned on site after dumping materials and
caution was taken when working on and around the
newly paved mat.

Slow Paving Speed

The speed of paving was approximately 2-3 m/min
(6.5-10 ft/min) which is much slower than the 30-45
ft/min (9-14 m/min) typically used in the U.S. One
factor that likely contributes to the slower pace is the
use of small haul trucks (Figure 3-1). The capacity of
the Japanese haul trucks is 9 metric tonnes, which is
approximately half the typical capacity in the U.S. The
slow paving speed seemed to follow the Japanese
cultural value of quality over quantity. The paving
machine was a Vogle Super 1803-3i paver with a
tamping-bar screed (Figure 3-2 D).

No Signs of Segregation

The finished mat had no signs of mix segrega-
tion despite the fact that the haul trucks dumped
straight into the paver hopper without the aid of

Figure 3-1. Small haul trucks that carry approximately 9 metric tonnes (9.9 tons).
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Figure 3-2. A) Technician checking mix temperature of every truck load before dumping into the paver;
B) Lumber used along previously placed mat to protect the vertical edge as haul trucks move in and
out of paving lane; C) Mix is transferred from the haul truck directly into the paver hopper; and D) Paver

screed and mat.

<)

any type of remixing equipment. The rear-dump
haul trucks emptied directly into the rear part
of the paver hopper. After each load of mix, the
hopper wings were folded and the paver hopper
was completely emptied to avoid the collection of
cooled polymer-modified mix in the wings. This
differs from what is considered best practice in
the U.S. Fixed screed extensions (approximately

D]

0.85 m) were added to the main screed, but auger
extensions were not added, which would poten-
tially allow mix to segregate as it rolled out to the
screed extension. However, the mat behind the
screed appeared uniform across the entire paved
width. The lack of segregation could be partly at-
tributed to a high asphalt content mixture, which
would tend to increase cohesion within the mix.
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Vertical Longitudinal Joints

One of the most unique aspects of the paving
operation was how the contractor built the longi-
tudinal joints. As can be seen in Figure 3-3, the
longitudinal joints were vertical butt-joints. Edges
of the first lane were essentially “formed” using
wooden boards (similar in size to 2x4 lumber) held
in place below the string-line with heavy weights
(Figure 3-4). This results in a vertical face against
which the second lane is butted against. Prior to
placing the second lane, a light tack coat was

manually applied to the vertical edge of the first
lane. To avoid destruction of the vertical edge by
haul trucks traversing across the lanes, a few lum-
ber forms were moved along ahead of the paver
to protect the joint.

The U.S. tour group only observed this one paving
operation. However, at each of the other places the
group stopped, whether it was a newly paved road
or older road as the group traveled by bus from stop
to stop, there were no signs of segregation and the
longitudinal joints were well made.

Figure 3-3. Left: The vertical longitudinal joint in the dense-graded layer formed using 2x4 lumber along
the outer edge of the lane. Right: The straight joint after paving the adjoining lane.

Figure 3-4. Left: Paving on the Satte viaduct. Wooden forms are set for the unconfined edge. Right: After

paving the wooden forms are still in place.
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Slow Compaction Operation

Compaction of the mat was achieved with three
rollers: a three-wheel breakdown roller, and two
pneumatic-tire rollers (Figure 3-5). The breakdown
roller was a 10 tonne Sakai three-wheel roller (Model
R2), the intermediate roller was a 25 tonne Sakai
pneumatic-tired roller (Model TS650C), and the finish
roller was a 9.5 tonne Sakai vibratory pneumatic-

tired roller (Model GW750). With the slow pace of
the paver, all of the rollers were operated within ap-
proximately 100 m of the paver.

As is common for paving projects in Japan, the
roller patterns were established on the first day of
paving for each mix. Cores were taken from the mat
to verify the desired level of density. Field compaction
was monitored by counting passes for each roller.

Figure 3-5. Left: A three-wheel roller was used for breakdown compaction. A pneumatic-tire roller is seen
in the distance. Right: Pneumatic-tire roller used for intermediate compaction.

Figure 3-6. Compaction of the asphalt mix along the barrier wall with a vibratory plate compactor.
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Porous Mixtures

Figure 4-1. Recently constructed porous friction course in Kyoto

Porous friction courses (PFC), also referred to
as “drainage” asphalt pavements or DAP, are how
widely used in Japan primarily for the improved safety
benefits of reducing hydroplaning and splash/spray,
as well as reducing roadway noise (Fujita, 2012).
Japan has established noise pollution standards at
70 dB during daytime hours and 65 dB at nighttime
(Nielsen et al., 2005). In 2003, the Ministry of Land,
Infrastructure, and Transport reported that noise
pollution from arterial roads had not met the envi-
ronmental standards. The primary source of noise
problems were urban roads with a maximum speed
of 40-60 km/h (25-38 mph).

The use of PFC layers in Japan began in the early
1990s and has increased steadily since. According
to JAMA, approximately 2 million metric tonnes of
PFC are placed each year covering more than 20
million square meters (3,400 lane miles). Currently,

more than 70% of expressways in Japan are surfaced
with a PFC. PFC mixes are not used in colder parts of
Japan that get snow. In those areas, vehicles use tire
chains, which are extremely harsh on PFC surfaces.
SMA mixes are used for the surface layer in those
colder regions to provide high macrotexture for skid
resistance.

Japan considers PFC to have the same structural
value as dense-graded mixtures for thickness de-
sign. The service life of PFC layers is similar to that
of dense-graded surface layers. The PFC layers are
generally constructed 4-5 cm thick. Inthe U.S., PFC
mixes are generally not considered as part of the
structural design. Recent research at the NCAT Test
Track has recommended adopting a conservative
structural layer coefficient of 0.18 for PFC layers,
which is approximately one-third the value for dense-
graded mixtures (West et al., 2012).
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In urban areas with curb and gutters, the surface
of the PFC layers is paved flush with the gutter. As
shown in Figure 4-2, water drains from the PFC into
an edge drain system consisting of a 50 mm thick
layer of 13 mm porous asphalt with a drain tube that
carries the water to drainage inlets along the edge
of the road.

Figure 4-2. Top: lllustration of edge drain below a double-layer PFC;

Bottom: Photo of drainage inlet with edge drain tubes.

Japan’s mix design criteria for PFC mixes are
summarized in Table 4-1. One source also states
that PFC mix designs must pass the Cantabro test
(ASTM D7064M) at 20°C with less than 15% loss
(Kanou et al., 2010). The target binder content for
PFC mixes is set by the asphalt binder drain-off
test (Japan Road Association Drainage Pavement
Specification, BEKEEZERfiTIEEH(R)). Japan’s
specifications for PFC have evolved over time.
Initially, PFCs used modified binders with low to
moderate polymer contents and cellulose fibers, but

those mixes had problems with raveling. Now PFC
binders are highly modified with 4%-8% SBS poly-
mers to enhance durability. The highly modified PFC
binders are referred to as “high-viscosity binders”
in Japan. Criteria for the high-viscosity binders are
summarized in Table 4-2. Fibers are no longer used
in PFC or SMA mixes in Japan. During production,
gradations, binder contents, and mix temperatures
are controlled very closely. Pneumatic/rubber-tire
rollers are not used on PFC mixes to avoid their
sealing affect and a loss of the PFC’s permeability.
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Table 4-1. PFC Mix Design Criteria (Fujita, 2012)

Gradation Percent Passing Marshall Compactive Effort
Sieve Max. Min. Traffic Classification C or Higher 75 blows
19.0 100 - Traffic Classification B or Lighter 50 blows
13.2 100 95 Air Voids 20+1%
4.75 23 45 Marshall Stability Min. 350 kgf
2.36 15 30 Marshall Flow 20-40 (1/100 cm)
0.6 8 20 Permeability 10-2 cm/sec
0.3 4 15 Dynamic Stability (Wheel Tracking at 60°C)
0.15 4 10 Heavy Traffic Min. 1,500 passes/mm
0.075 2 7 Very Heavy Traffic Min. 3,000 passes/mm

Table 4-2. Criteria for PFC binders (Fujita, 2012)

Test Criteria
Penetration (25°C, 100 g, 5 sec.) Min. 40
Ring and Ball Softening Point Min. 80°C
Ductility (15°C) Min. 50 cm
Toughness (25°C) Min. 20 N-m
Tenacity (25°C) Min. 15 N-m
Viscosity (60°C) Min. 20 kPa

Japan has developed several innovations in po-
rous surface layers. One area of research involves
using RAP in PFC mixes. Currently, most of Japan’s
PFC mixes use all virgin materials. However, some
trial projects have been constructed using 20%-50%
RAP in the PFC mixes. Preliminary results indicate
that up to 30% RAP can be satisfactorily used in
porous mixes (Kanou et al., 2010).

Another PFC innovation is the Porous Surface
Mastic Asphalt Course (POSMAC) which was devel-
oped as a countermeasure to stripping of the binder

course below the PFC (Fujita, 2012). POSMAC is
similar to an ultrathin bonded wearing course (i.e.,
NovaChip) except the POSMAC layer is much thicker,
typically 4-5 cm. The POSMAC requires a self-
priming asphalt finisher (i.e., a spray-paver), which
applies an asphalt emulsion and a breaking agent
just ahead of placing the porous mixture. The emul-
sion is applied at a rate of 1.2-1.6 L/m?, which seals
the underlying layer and saturates approximately 5
mm of the bottom of the PFC. Figure 4-3 illustrates
placement of a POSMAC layer.
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Figure 4-3. lllustration of placement of a Porous Surface Mastic Asphalt Course (POSMAC) (Fujita, 2012)

Another pavement innovation used in Japan is the with a special “hot-on-hot” or “twin-layer” paver de-
double-layer porous asphalt, also referred to as “Twin- signed to receive two mixes and simultaneously pave
lay” (Tsukamoto et al., 2003). As shown in Figure 4-4, two layers with separate screeds. This technology is
double-layer porous asphalt is built in a single process believed to have been developed in Germany and has

Figure 4-4. lllustration of a Dual Layer Paving Machine
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been used in several European countries and China. In
some cases, dual-layer pavers are used for simultane-
ously placing two dense-graded layers. A successful
demonstration of double-layer porous asphalt was also
conducted on the NCAT Test Track from 2006 to 2012
(Willis et al., 2009).

The advantages of the double-layer porous sur-
face are excellent noise-reduction and less clogging
(permeability loss) compared to conventional porous
friction course layers. The Japanese double-layer
porous asphalt uses a 5-13 mm NMAS upper layer
and a 13-20 mm NMAS lower layer. The upper layer
is 20-30 mm thick and the lower layer is typically
30-70 mm thick.

Maintenance of Porous
Friction Courses

Nippo Corp. has developed a special vacuum truck
to help recover loss of permeability from normal road
wear. Figure 4-5 shows the PFC cleaning vehicle,
which operates at speeds between 6 and 10 km/h (4
and 6 mph). It is recommended to clean PFCs every
four months to maintain permeability.

Figure 4-5. Specialized vehicle for flushing PFC layers to maintain permeability. (Fujita, 2014)
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Summary of High RAP Use
in Japan and Recommendations

The primary area of interest for the U.S. tour
group was to understand how Japan was able
to accomplish very high percentages of asphalt
recycling. Japan’s average RAP content — ap-
proximately 47% — is more than double the current
average percentage in the United States. The tour
group learned that several factors have enabled
Japanese contractors to achieve such high RAP
contents. Some factors are technical and some are
political or cultural.

Political and cultural factors include a strong
emphasis on the need to preserve raw materials, to
avoid generating waste, and to recycle. Japan has
a number of environmental laws that require the re-
sponsible reuse of waste pavement materials. There-
fore, the primary motivation for recycling appears to
be for conservation and economic reasons. Japanese
contractors are willing to invest heavily in state-of-
the-art RAP processing plants and sophisticated
asphalt mix plants to effectively utilize RAP at high
percentages. However, the Japanese specifications
for mixes containing RAP are not complex. Rather,
their specifications seem designed to encourage the
use of high RAP contents. Japanese contractors and
road owners follow a simple mix design and materials
testing process with a focus on performance.

Key aspects of the Japanese asphalt recycling
specification include:

1. RAP is processed from multiple sources. No
restrictions are made as to the origin of the RAP.
2. RAP quality is judged by three criteria:

a) It must have a minimum asphalt content of
3.8%.

b) The recovered RAP binder must have a
penetration greater than 20 or samples of
the compacted RAP must have an IDT coef-
ficient of less than 1.70 MPa/mm.

c) The processed RAP material may not con-
tain more than 5% P, fines.

3. Fractionation of RAP is a contractor’s choice,
not a requirement. Most contractors choose to
fractionate the RAP.

4. Blending charts are used to determine ratios
of virgin and recycled binders or dosage rates
for recycling agents. Mix designers may use
soft virgin asphalts or recycling agents to meet
a target penetration value for the composite
binder or a desired indirect tensile coefficient
for the mixture.

5. Mix designs use the Marshall Method and cri-
teria with a simple supplemental performance
test, the indirect tensile coefficient which limits
mixes with very high stiffness (and low cracking
resistance).

In several regards, Japanese contractors follow best
practices for RAP management that have been recog-
nized for years in the U.S., but are not necessarily widely
used by many U.S. asphalt mix producers. Following
are some of the standard practices used in Japan:

1. Stockpiles are covered and on a paved surface

2. Moisture and dust contents of the RAP are
minimized during crushing, processing, and
storage

3. RAP binders are recovered and tested to evalu-
ate their stiffness

4. RAP is fractionated and the plants are equipped
with multiple RAP feed bins

Production of high RAP content mixes in Japan
was quite different than in the U.S. Perhaps the most
obvious contrast in mix production between the
United States and Japan is the prevalence of batch
plants in Japan compared to continuous mix plants
in the U.S. However, the most significant paradigm
shifts were the method of heating RAP in a separate
dryer followed by mixing and conditioning the dry and
hot RAP with a rejuvenator for several hours prior to
mixing with hot virgin aggregate and asphalt.

Key aspects of the Japanese method for high RAP
mix production include:

1. Drying and heating of RAP in a separate paral-
lel dryer
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2. Use of thermal oxidizers to handle emissions
from the RAP dryer

3. Mixing a rejuvenator with the hot RAP and giving
the material time to “activate and condition” the
aged RAP binder.

4. Low production rates, typically 100-180 metric
tonnes per hour. The conditioning step noted
above is likely the controlling process.

The tour of asphalt pavement innovations in Ja-
pan was enlightening in many ways. The U.S. tour
group took away an appreciation of the Japanese
attention to quality, simplicity, and trust between
highway agencies and contractors. The quality of
Japan’s pavements and roadways is due to atten-
tion to details and a focus on quality. There were,
however, some aspects of Japanese practices that
are unlikely to take hold in the U.S., such as the
widespread use of batch plants and low produc-
tion rates.

Recommendations

Over the past decade, the U.S. has increased
the amount of RAP used in asphalt pavements from
an average around 10% to an average of almost
20% through dedicated efforts by NAPA, NCAT, and
FHWA's RAP Expert Task Group including best prac-
tices education, technology transfer, and publica-
tions. However, the increased use of RAP seems to
have plateaued around 20% on average even though
the majority of state DOT specifications may allow
up to 30% RAP. The average amount of RAP used
in the U.S. is a balance between urban areas with an
abundance of RAP and rural areas with a shortage
of RAP, which slows the growth of the overall aver-
age RAP use. Successfully continuing to increase
the amount of RAP used in asphalt mixtures while
improving performance can further minimize the
impact of material price variability.

Based on the delegates’ observations and expe-
riences while in Japan, there are no barriers to the
potential for asphalt mixtures with higher RAP content
(>25%) that maintain equivalent or better quality and
performance in the United States. The consensus
among the delegation is that the use of high RAP in
asphalt pavements should continue to be pursued
through a partnership of industry, including asphalt
mixture producers, contractors, and suppliers, and
government, including federal, state, and local agen-
cies, and that the following recommendations be

considered:

e The high RAP tour delegation should provide
knowledge transfer of the information gained
through a report, presentations, and articles.

» NAPA has organized several industry edu-
cational sessions including a session at the
NAPA 2015 Annual Meeting, a presentation
at the NAPA 2015 Sustainability West Confer-
ence in partnership with FHWA, and a pre-
sentation at the NAPA 2015 Young Leaders
Conference. A follow-up educational session
was held at NAPA’'s 2016 Annual Meeting
focusing on plant production practices for us-
ing more RAP. Several of the delegates have
also presented at government and industry
meetings, such as the AASHTO Standing
Committee on Highways, and at SAPA meet-
ings in Indiana, Kansas, Kentucky, Alabama,
and Virginia.

¢ Agency specifications should allow the use of
RAP in asphalt pavement layers at the con-
tractor’s discretion and provide simple and
clear criteria for ensuring pavement perfor-
mance, including considering a simple lab mix
stiffness test and criteria used to determine
mixture suitability. By using a performance-
based test system, contractors have flexibility
to innovate in using RAP and other materials.
In addition, it is recommended that agencies
explore reducing the number of mix designs as
the cost of developing and updating many (in
some cases upwards of 100) job-mix formulas
is high.

» The FHWA Asphalt Mix ETG RAP Task Group
can lead the development of national criteria
for RAP use and specification development
guidance.

e Best practices should be implemented and used
for RAP processing, storage, mixture produc-
tion and paving, including minimizing moisture
in RAP, fractionation for high RAP use, covered
RAP stockpiles and processing, and longer
mixing times during production. Probably most
beneficial on the material side for production is
keeping the RAP dry (very low moisture content),
which reduces the superheating of the virgin ag-
gregate (i.e., cost) necessary for indirect heating
of the RAP and allows for increased production
rates. The implementation of well-known best
practices in order to increase RAP content is
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critical.

The U.S. industry should consider the potential
benefits in the production process and how con-
tinuous plants are designed and manufactured
that will result in better drying of the aggregate
and RAP materials and mixing with the virgin as-
phalt binder and additives. Production changes
may include longer virgin aggregate and RAP
mix times, high shear mixing, and storage time,
which may facilitate the softening and blending

Figure 5-1. Mount Fuji, as seen from the Tomei Expressway

of the RAP binder.

The asphalt industry should also consider reju-
venators, softening binders, or another agent to
facilitate high RAP amounts in asphalt mixtures.
Currently, NCHRP Project 9-58 is exploring the
Effects of Recycling Agents on Asphalt Mixtures
with High RAS and RAP Binder Ratios; however,
industry should also play an active role in de-
termining the optimal use of recycling agents.
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ronmental compliance for the Louisiana Department
of Transportation and Development. He coordinates
the sampling and testing program for LA DOTD,
insuring sufficient laboratory expertise and equip-
ment is available to provide quality testing. He also
reviews specifications and research proposals for all
materials, and he serves on several state and national
committees concerned with asphalt materials and
pavements.

John Bartoszek, P.E.
Vice President

Payne & Dolan Inc.;
Greenville, Wisconsin

John is in charge of the General Contracting and
Engineering Division of Payne & Dolan Inc. He is also
in charge of research and development for Payne &
Dolan with an emphasis on asphalt plant automation
and recycled materials utilization. He serves on vari-
ous boards for the NCHRP and NCAT.
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Rebecca Burkel

Director of the

Bureau of Technical Services
Wisconsin Department

of Transportation;

Madison, Wisconsin

Rebecca is responsible for management and over-
sight of the bureau’s technical services that oversee
real estate, utilities, environmental, access, materials,
pavements, geotechnical, survey, and mapping and
plats functions related to the state’s highway system.

Pete Capon

Corporate Quality Control Director
Rieth-Riley Construction Co. Inc.;
Goshen, Indiana

Pete has more than 25 years’ experience in quality
control/material sciences with Rieth-Riley Construc-
tion Co. Inc., serving in roles ranging from field
technician to corporate quality control director. His
responsibilities at Rieth-Riley include: administration
of the quality control program for the company’s 30+
asphalt/concrete/aggregate plant and construction
operations (FAA, DOT, municipal and commercial
construction), environmental plant permitting/compli-
ance, statistical analysis of materials and construc-
tion process control, and materials and operations
research for Rieth-Riley.

Don Chambers
President

LoJac Enterprises Inc.;
Lebanon, Tennessee

Don is President of LoJac Enterprises Inc., LoJac
Inc., LoJac Safety, and LoJac Materials Inc. He is
also the managing partner in Premier Leasing LLC.
Since its beginning in 1983, LoJac Inc. has provided
high-quality services and materials to the construc-
tion industry across the Southeastern United States.
He serves on the boards of directors of NAPA and
the Tennessee Road Builders Association.

Audrey Copeland, Ph.D., P.E.
Vice President Engineering
Research & Technology
National Asphalt Pavement
Association; Lanham, Maryland

Audrey leads several areas at NAPA, including na-
tional engineering policy; professional development,
which includes education and training; research
and development; and technical support through
the State Asphalt Pavement Associations and the
Asphalt Pavement Alliance. Audrey also serves on
several industry working groups and has worked very
closely with our national partners at FHWA, AASHTO
and GAO on pavement type selection topics, such
as life-cycle cost analysis, alternate bidding, and
technology deployment.

Mike Cote, P.E.

Executive Vice President &
Chief Development Officer
The Lane Construction Corp.;
Cheshire, Connecticut

Mike is Chief Development Officer for Lane and is
responsible for finding and winning new projects. He
is the 2015 Chairman of NAPA.

Abdul Z. Dahhan, P.E.
Bureau Chief of Materials
lllinois Department of
Transportation;
Schaumburg, lllinois

Abdul is currently the Bureau Chief of Materials
for the lllinois Department of Transportation (IDOT)
District One. His duties include materials evaluation,
inspection, testing, and material certification. Abdul
is a member of the IDOT Technical Advisory Group
for Pavement Design, Materials, and Management
as well as of statewide Technical Working Groups
for Aggregate, PCC, and HMA.
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Paul Degges, P.E.

Chief Engineer and

Deputy Commissioner

Tennessee Department of
Transportation; Nashville, Tennessee

As chief engineer of the Tennessee Department of
Transportation (TDOT), Paul oversees the design and
implementation of all of TDOT engineering projects
on Tennessee’s state highway system. In addition, he
manages the activities of nine divisions and all four
regional offices. Paul is serves as Vice Chair of the
AASHTO Standing Committee on Highways, and he
is active in the Standing Committee on Performance
Management, among other committees. He serves
on the Board of the National Center for Pavement
Preservation at Michigan State University.

Dan Gallagher
Vice President and CFO
Gallagher Asphalt Corp.;
Thornton, lllinois

Dan is a third-generation Gallagher
and began his career at Gallagher Asphalt Corp.
as a plant supervisor in 1987; he is currently the
company’s Vice President and CFO. Dan is actively
involved in the industry and serves on the lllinois
Asphalt Pavement Association (IAPA) Board of Di-
rectors and is the Second Vice Chairman (2015) for
the National Asphalt Pavement Association (NAPA).

Vince Hafeli
Vice President of Plants
and Materials
Ajax Paving Industries of
Florida LLC; Nokomis, Florida

Vince is Vice President of Plants and
Materials for Ajax Paving Industries of Florida LLC
where he oversees the operation of seven asphalt
plants, along with all quality control activities at the
company’s production facilities and its roadway
projects.

Kevin Kelly
President and CEO
Walsh & Kelly Inc.;
South Bend, Indiana

Kevin is President and CEO of Walsh & Kelly Inc., a
highway construction company with offices in Griffith,
South Bend, and Goshen, Indiana, and five hot-mix
plants in Indiana. Walsh & Kelly is jointly owned by
and is part of The Heritage Group of companies,
headquartered in Indianapolis, Indiana. He serves
as the First Vice Chairman (2015) of the National
Asphalt Pavement Association and on NAPA's Execu-
tive Committee. He also serves on the Build Indiana
Council, where he is immediate Past Chairman.

Aaron Price

Vice President/General Manager
Cadillac Asphalt LLC (an Oldcastle
and Levy JV); Canton, Michigan

Aaron began working in the asphalt business in 1995
as a laborer while going to school. He is currently
Vice President/General Manager of Cadillac Asphalt,
a joint venture between Oldcastle Materials and Ed-
ward C. Levy Co. operating in southeast Michigan.

Greg Renegar
Vice President of Engineering
Astec Inc.; Chattanooga, Tennessee

Greg joined Astec Inc. in 1985 and he has worked
in the United States, Canada, China, Australia, and
across Europe as a project engineer, field engineer,
and design engineer. With Astec, Greg previously
held positions as Director of Thermal Systems, Chief
Engineer, and in 2013 he was promoted to Vice Presi-
dent of Engineering.
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Ron Sines, P.E.
Vice President, Asphalt Performance
Oldcastle Materials; Leominster,
Massachusetts

Ron has been employed by Oldcastle Materials for
the past 15 years, and is currently the Vice President
for Asphalt Performance, where he is responsible for
asphalt initiatives ongoing across all of Oldcastle
Materials. Oldcastle Materials is a vertically inte-
grated company producing 130 million tons of ag-
gregate and 43 million tons asphalt that is supplied
to its paving and construction operations across the
United States.

Andy Welch

Project Manager
Maxam Equipment Inc.;
Kansas City, Missouri

Andy is Project Manager for Maxam Equipment Inc.,
and he is responsible for all R&D and product devel-
opment at the company. He developed and manages
the AquaBlack WMA product line and also developed
the Maxamizer heat recovery system. Andy man-
ages all international business, as well as the Field
Service and Electrical Engineering Departments of
the company.

Randy West, Ph.D., P.E.
Director

National Center for Asphalt
Technology (NCAT);
Auburn, Alabama

Randy is the Director at the National Center for As-
phalt Technology (NCAT) at Auburn University. NCAT
is a highly respected research center dedicated to
advancing high-quality, cost-effective asphalt pave-
ments. Randy has worked in the asphalt industry for
more than 25 years.

Jay Winford, Ph.D., P.E.
President

Prairie Contractors Inc.;
Opelousas, Louisiana

Jay is president of Prairie Contractors Inc., a hot-mix
asphalt producer and contractor with operations in
southcentral and southwestern Louisiana. Jay has
been associated with engineering research and con-
struction delegations to China, Eastern Europe, the
Soviet Union, and the Middle East. He is very active
with the National Academies of Science.

Brian Wood, P.E.
Executive Director
Plantmix Asphalt Industry of Ken-
tucky (PAIKY); Frankfort, Kentucky

Brian joined PAIKY in 2000 and currently serves as
Executive Director of the association. He is actively
involved in advocating for and educating stakehold-
ers on behalf of the asphalt paving industry. He is
the primary liaison to the Kentucky Transportation
Cabinet on technical issues and is a lobbyist to the
Kentucky General Assembly, promoting increased
and sustainable highway funding.
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Appendix C — Questions and Answers from Tour

Questions and Comments on
Japan RAP Scan Tour from various audiences

Last updated 6/24/15

1. What is the average age of asphalt plants in Japan?
The plants are of various ages. The life expectancy of an asphalt plant is 20-25 years. At that point, the plant is re-
placed because it has reached the end of its useful life or the technology needs to be upgraded to current standards.

2. Is whole pavement taken up for RAP?
Companies will mill and take up the entire roadway, depending on the existing road condition. If milling is an op-
tion, 5-10 cm (2-4 inches) is milled.

3. How much mill and fill does Japan do (on average)?
No data available.

4. What is the Japanese mix design approach? Since a combination of Marshall and performance testing is
used, could it be considered a balanced mix design?
The Japan mix design approach could be considered a balanced approach, but they do not use that term. Japan
uses traditional Marshall Method criteria and supplement it with a simple IDT cracking test and determines a pa-
rameter called the “IDT modulus” (IDT coefficient), which is an indicator of stiffness. A rutting test (dynamic stabil-
ity) is used only for porous friction course (PFC) mixes.

5. How does Japan construct joints?
The approach delegates observed on the Satte viaduct field project, which was being paved with hybrid PFC/SMA
mix using squared joints, is common practice in Japan and is used on all large-volume roads. On smaller, low-traffic
roads, the squared joints are not typically used.

6. What are binder grades? How many binder grades does Japan use?
A source indicated that 40/60 and 60/80 penetration grades were the most used and 60/80 pen binder is the most
common with polymer-modified asphalt used in all high traffic areas and for porous pavements. According to docu-
mentation provided to the delegation, about seven penetration grades in total are used.

7. Where does RAP go that does not meet specifications?
This is said to be very uncommon. They are typically able to make it work by adjusting the rejuvenator. If not, it is
used for base fill.

8. Do they design for volumetrics?
In Japan, they use the Marshall Method like we used in most of the U.S. until the mid-1990s. They look at peak
density, stability air voids, saturation (VFA), and flow.

9. Any information on airport pavements?
Design varies and is currently going through design evaluation based on projects recently completed at Tokyo
International Haneda Airport.

10. What are the typical mix temperatures?
Typical is 150-170°C (302-338°F) for hot mixes and 130-135°C (266-275°F) for the warm mixes now being trialled
in Japan.

11. Provide more details on drying RAP, handling fumes, and deodorizer.
There are many versions used in Japan, but most have a few common themes. The RAP is dried in a parallel flow
drier and heated to around 140-150°C (284-302°F). The heated RAP is mixed with a rejuvenator and either stored
for a period of time for rejuvenator activation or used directly in the mix. The exhaust gases from the RAP heating

48 High RAP Asphalt Pavements: Japan Practice — Lessons Learned NATIONAL ASPHALT PAVEMENT ASSOCIATION e |S 139



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

23.

and drying process are ducted through an oxidizer to burn the hydrocarbons, then the remaining heat (or a portion
of it) is used in the virgin drying process.

Does Japan use asphalt roofing shingles (RAS) in pavement mixes?
No. Some shingle use was tried several years ago, but it didn’t catch on because the chemicals used in the shingle
manufacturing process were considered dangerous.

What is typical air void content?

Typical dense grade mixes have a target of 3%—-4% air voids. According to an example mix design from Maeda
Road Construction Co. Ltd. (Appendix E), the mix design range is 3%—-6% with other criteria also used to select the
optimum asphalt content.

How often is the RAP pile tested?
Once per week after testing shows the RAP stockpile to be consistent.

Is production slowed down so that the rejuvenator has time to work?

No. Some plants are equipped with RAP dwell time storage (300-400 metric tonnes) and some have just small
(40-50 metric tonne) surge-type hoppers for the RAP. The overall mix out of a plant with dwell time storage is con-
sidered a “better mix” than those without.

What motivates contractors to do blending?
Most plants are equipped with systems to do online binder blending. This is to achieve the correct grade for the
final mix, depending on the tested penetration grade of the recycled material being used.

How fast is paving per minute?
Typically 2-3 m/min. The actual paver speed is dependent on the depth of the mat.

Can you provide traffic control details for projects?
It varies greatly based on the traffic level of the roadway being paved. Night paving is becoming more popular in
Japan.

What is the cost per ton of asphalt mixture?
U.S. dollars per ton placed is about $180-$200/tonne. The difference between virgin and RAP mixtures can be as
much as $50 per tonne, depending on the type of AC and the percentage of RAP.

When is polymer-modified AC used and how is it specified?
Typically polymer-modified AC is used on all high volume roadways and on gap-graded mixes.

Are aggregates produced in Japan or imported? What are the most common geologic types
(e.g., granite, limestone, traprock, etc.)?
The typically aggregates are domestic sandstone and granite.

For RAP that fails the quality tests (e.g., pen <20) for use in HMA, is that RAP used in other pavement ap-
plications? What percentage of RAP fails the quality standards?
Very little typically fails. The failed RAP is used for base fill.

What is a typical range of production rates (tons per hour) for plants in Japan?
90 to 160 metric tonnes per hour.

Is performance testing used on asphalt mixtures during production in Japan?
No. There is no performance testing performed on asphalt mixtures during production. Performance testing is only
conducted during mix design.

Answers for questions were provided by Hirochika Moriyasu, PE., Kentaro Koshi, PE., and Dr. Toshifumi Emukai of Maeda
Road Construction Co. Ltd. and Kazuyuki Kubo of the Public Works Research Institute (of Japan).
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Appendix D — Agenda for Seminar on Pavement Technology Exchange

SEMINAR ON PAVEMENT TECHNOLOGY EXCHANGE
BETWEEN U.S.A. AND JAPAN

Date: 4th December 2014 Venue: Main Hall, Seiryo-Kaikan, Tokyo
Chairman: Hidenori Yoshikane (Chairman, JARA Pavement Committee, JARA)

TIME CONTENT
13:20-14:00 Registration
14:00-14:05 Welcome and Opening Remarks
Takeo Miyoshi (Chairman, Japan Road Contractors Association)
14:05-14:30 1st Presentation

Tennessee DOT’s Asset Management Approach
Paul Degges (Chief Engineer & Deputy Commissioner, Tennessee DOT)

14:30-14:55 2nd Presentation
Louisiana DOTD’s Data Collection for Pavement Management
Christopher Abadie (Materials Engineer Administrator, Louisiana DOTD)

14:55-15:20 3rd Presentation
Use of SMA by lllinois DOT in an Urban Environment
Abdul Dahhan (Bureau Chief of Materials, lllinois DOT)

15:20-15:40 Break Time
15:40-16:05 4th Presentation

Road System Investment and Maintenance Financing in Japan

Shigeru Kikukawa (Chairman International Committee, Japan Road Association)
16:05-16:30 5th Presentation

Pavement Management & Technologies in Japan
Masahide Ito (Director for Road Engineering Analysis, MLIT)

16:30-16:55 6th Presentation
Japanese Technology in Japan
Hitoshi Fujita (Japan Road Contractors Association)

16:55-17:00 Closing Speech
Audrey Copeland (Vice President for Engineering, Research, & Technology, NAPA)
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Appendix E — Mix Design

An example of a 60% RAP Mix Design from Maeda Road Construction Co. Ltd., annotated in English.

NATIONAL ASPHALT PAVEMENT ASSOCIATION e IS 139 High RAP Asphalt Pavements: Japan Practice — Lessons Learned 51



52 High RAP Asphalt Pavements: Japan Practice — Lessons Learned NATIONAL ASPHALT PAVEMENT ASSOCIATION e |S 139



NATIONAL ASPHALT PAVEMENT ASSOCIATION e IS 139 High RAP Asphalt Pavements: Japan Practice — Lessons Learned 53



54 High RAP Asphalt Pavements: Japan Practice — Lessons Learned NATIONAL ASPHALT PAVEMENT ASSOCIATION e |S 139



NATIONAL ASPHALT PAVEMENT ASSOCIATION e IS 139 High RAP Asphalt Pavements: Japan Practice — Lessons Learned 55



56 High RAP Asphalt Pavements: Japan Practice — Lessons Learned NATIONAL ASPHALT PAVEMENT ASSOCIATION e |S 139



NATIONAL ASPHALT PAVEMENT ASSOCIATION e IS 139 High RAP Asphalt Pavements: Japan Practice — Lessons Learned 57



58 High RAP Asphalt Pavements: Japan Practice — Lessons Learned NATIONAL ASPHALT PAVEMENT ASSOCIATION e |S 139



NATIONAL ASPHALT PAVEMENT ASSOCIATION e IS 139 High RAP Asphalt Pavements: Japan Practice — Lessons Learned 59



60 High RAP Asphalt Pavements: Japan Practice — Lessons Learned NATIONAL ASPHALT PAVEMENT ASSOCIATION e |S 139



SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSION TO SI UNITS APPROXIMATE CONVERSION FROM SI UNITS
Symbol When You Know Multiplyby  To Find Symbol Symbol When You Know Multiplyby  To Find Symbol
LENGTH LENGTH
in inches 25.4 millimeters mm mm millimeters 0.039 inches in
ft feet 0.305 meters m m meters 3.28 feet ft
yd yards 0.914 meters m m meters 1.09 yards yd
mi miles 1.61 kilometers km Kkm kilometers 0.621 miles mi
AREA AREA
in? square inches  645.2 square millimeters mm? mm? square millimeters 0.0016 square inches  in?
ft2 square feet 0.093 square meters m? m? square meters 10.764  square feet ft?
yd? squareyards  0.836 square meters m? m? square meters 1.196 square yards yd?
ac acres 0.405 hectares ha ha hectares 2.47 acres ac
mi2 square miles  2.59 square kilometers km? km? square kilometers 0.386 square miles mi?
VOLUME VOLUME
fl oz fluid ounces 645.2 milliliters mL mL milliliters 0.034 fluid ounces fl oz
gal gallons 3.785 liters L L liters 0.264 gallons gal
ft3 cubic feet 0.028 cubic meters m3 m3 cubic meters 35.315 cubic feet fts
yd? cubic yards 0.765 cubic meters m? m’ cubic meters 1.308 cubic yards yd®
NOTE: Volumes greater than 1000 L should be shown in m®
MASS MASS
0z ounces 28.35  grams g g grams 0.035 ounces 0z
Ibs pounds 0.454  kilograms kg kg kilograms 2.205 pounds Ibs
T short tons 0.907  megagrams Mg Mg megagrams 1.102 short tons T
T short tons 0.907 metric tonnes t t metric tonnes 1.102 short tons T
NOTE: A short ton is equal to 2,000 Ibs NOTE: A short ton is equal to 2,000 Ibs
TEMPERATURE (exact) TEMPERATURE (exact)
°F Fahrenheit 2 F;32 Celsius °C °C Celsius (1.8xC)+32  Fahrenheit °F

*Sl is the symbol for the International System of Units

NAPA: THE SOURCE

This publication is one of the many technical, informational, and promotional resources available from
the National Asphalt Pavement Association (NAPA). NAPA also produces training aids, webinars, and
other educational materials. For a full list of NAPA publications, training aids, archived webinars, and
promotional items, visit http://store.AsphaltPavement.org/.
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