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Introduction 
 

Most of us have heard the phrase “Where the rubber meets the road.” In recent years, 
increasing amounts of crumb rubber from recycled tires have been added into the road in 
the form of thin rubber modified hot mix asphalt (HMA) surface courses or rubber modified 
spray applications used as pavement interlayers or surface treatments. Several states and 
local agencies are now using rubber modified pavement systems as a significant part of 
their pavement preservation strategy. California actually has a legislated mandate calling   
for the use of increasing amounts of reclaimed rubber in pavements over future years. This 
trend has resulted in rubber modified products that have performed well in reducing crack 
reflection, improving wet weather safety, and reducing pavement noise. It has also helped 
solve the very serious problem of waste tire disposal. 

 
 
 
 
 
 
 
 
 

Waste tires are commonly used in rubber modified roads. 
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Historic Review 

 
Rubber modification of asphalt has a long 
history. Natural rubber was used in bitumen 
(asphalt) as early as the 1840s [1]. In the 
1950s, tire manufacturers and polymer 
suppliers such as Goodyear, Firestone, U.S. 
Rubber, and DuPont promoted the use of 
various rubber modifiers, or elastomers, as a 
way to improve the performance of asphalt 
pavements. Proprietary products such as 
Rubarite, Pliopave, Rub-R-Road, and certain 
neoprenes appeared on the market. They 
generally came in dry powder or latex form. 
The rubber additives were normally added 
to the asphalt binder in concentrations 
ranging from 2 to 7 percent. Lewis and 
Welborn reported the results of a labora- 
tory study to evaluate binders made with 14 
types of rubber powders and 3 asphalts in a 
1954 issue of Public Roads [2]. A companion 
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mixture study examined a wide range of 
rubber materials including tread from scrap 
tires, styrene-butadiene rubber (SBR), 
natural rubber, polybutadiene, and 
reclaimed rubber using both wet and dry 
methods of adding them to HMA [3]. 
Although these rubber modifiers showed 
promise in reducing the temperature 
susceptibility of the asphalt binder and 
conceivably improving the high tempera- 
ture and low temperature performance of 
the mix, they never received widespread 
acceptance. This was likely due to the eco- 
nomics of the time, when asphalt was very 
low cost relative to the rubber modifiers. 
Many agencies found it difficult to justify 
the increased cost in light of marginal 
improvement in pavement performance. 
Some agencies also concluded that the 
rubber modified mix was more difficult to 
apply and had an objectionable odor [4]. 

 
Interest in rubber modified asphalt systems 
did not surface again until the mid 1960s, 
when Charlie McDonald, an engineer for 
the City of Phoenix, Arizona, developed a 
process for blending rubber from waste 
tires with hot asphalt [5]. His formula pro- 
duced a binder that used about 20 percent 
tire rubber. Based on positive performance 
experiences over ensuing years, the Arizona 
Department of Transportation (ADOT) 

adopted the use of this material in 
pavement interlayers, seal coats, and later 
as a binder in open and gap graded HMA. 
Subsequently these products have been 
evaluated in roughly 40 states in the United 
States and over 25 countries worldwide. 

 
 

Methods of Rubber 
Modification 

As concerns over the environmental prob- 
lem of waste tire disposal escalated, various 
techniques for incorporating rubber into 
asphalt pavements emerged. The three 
basic methods for modifying asphalt with 
reclaimed tire rubber are referred to as the 
wet process, the dry process, and the 
terminal blend process [6]. 

 
Wet Process 

The binder produced from the McDonald 
process, or wet process, is called Asphalt 
Rubber. It has been defined by ASTM as: 

 
“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.”[7] 

In the wet process, asphalt is blended with 
a crumb rubber modifier in a specialized 
blending unit at elevated temperatures 
(190-225°C) for a minimum of 45 minutes to 
promote the chemical and physical bonding 
of the components. During the blending 
process, the crumb rubber swells and soft- 
ens as it reacts with the asphalt. This 
reaction is influenced by the blending 
temperature, the time the temperature 
remains elevated, the type and amount of 
mechanical mixing, the size and texture of 
the crumb rubber, and the aromatic compo- 
nent of the asphalt. The rubber modifier 
typically ranges from 18 to 22 percent by 
weight of the asphalt. Extender oils are 
sometimes used to reduce viscosity and 
promote workability of the Asphalt Rubber 
as well as to increase the compatibility 
between the asphalt and crumb rubber. The 
diagram in Figure 1 shows how Asphalt 
Rubber mixes are produced using the wet 
process [8]. Asphalt Rubber is used primarily 
in open graded and gap graded HMA. It is 
also used in spray applications for seal coats 
and pavement interlayers and as a crack 
sealant. Where Asphalt Rubber is used as a 
seal coat, it is commonly referred to as a 
Stress Absorbing Membrane (SAM). When it 
is used as an interlayer under HMA 
surfacing, it is called a Stress Absorbing 
Membrane Interlayer (SAMI). The overall 

FIGURE 1 Production of Asphalt Rubber and Asphalt Rubber mix 
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performance of Asphalt Rubber systems has 
been good. Benefits include thinner over- 
lays, reductions in reflective cracking, 
improved wet weather safety, and reduced 
traffic noise. 

 

Dry Process 

In the dry process, crumb rubber is added to 
the aggregate in a hot mix plant operation 
prior to adding the asphalt. There is rela- 
tively little reaction between the  asphalt 
and crumb rubber in the dry process. In 
essence, the crumb rubber replaces a por- 
tion of the aggregate. The dry process can 
be used in dense graded, open graded, or 
gap graded HMA. The most commonly used 
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dry process was developed and patented in 
the late 1960s in Sweden under the trade 
name “Rubite.” This technology was later 
patented for use in the United States in 
1978 under the trade name “PlusRide.” The 
performance of pavements using this 
process has met with mixed reviews and, as 
a result, the dry process is not widely used 
for modifying asphalt pavements. However, 
dry crumb rubber or rubber chips from 
recycled tires are being used in other 
applications, such as landscaping and light- 
weight backfill for retaining walls. 

 
Terminal Blend 

The terminal blend is a wet process in which 
a fine mesh crumb rubber is blended with 
asphalt at a refinery or terminal. Terminal 
blends use anywhere from 5 to 18 percent 
crumb rubber depending on their final 

application. Terminal blends can be held in 
storage tanks for extended periods of time 
with proper agitation. The binder produced 
from terminal blends can be used in dense 
graded, open graded, or gap graded HMA. 
The manufacturing process for terminal 
blends is similar to that used for polymer 
modified asphalts. Terminal blends were 
initially introduced in the mid 1980s and, 
hence, they have less performance history 
than Asphalt Rubber. However, they are 
being successfully used by several states 
and are being evaluated in trial field appli- 
cations by other states [9,10]. Terminal 
blends and Asphalt Rubber are completely 
different products as illustrated by the pho- 
tographs in Figure 2 [11]. Terminal blends 
often use less rubber than Asphalt Rubber 
but they can be produced as a finished 
product at a refinery or terminal rather 

than in a specialized blending unit at the 
hot mix plant. Unlike Asphalt Rubber, termi- 
nal blends can be used in dense graded 
mixes, which may open up a new opportu- 
nity for the disposal of additional waste tire 
rubber. In this regard, terminal blends are 
more likely to compete with polymer 
modified asphalts than Asphalt Rubber. 

 
 

Accelerated Pavement 
Testing 

The University of California, through its 
Partnered Pavement Research Center pro- 
gram with the California Department of 
Transportation (Caltrans) and industry, con- 
ducted accelerated pavement testing using a 
Heavy Vehicle Simulator (HVS) and labora- 
tory testing to evaluate the performance of 
several rubberized asphalt mix overlays [12]. 
The HVS, shown in Figure 3, was used to 
apply very high traffic loads on 6 parallel 
test sections monitored for rutting and 
reflective cracking. A total of more than 
15 million load applications,  or  about 
400 million equivalent single axle loads 
(ESALs), were applied to the test sections. 
A description of the binders used in the 
study is given in Table 1 and a layout of the 
test sections is shown in Figure 4. 
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The test road for this study was constructed 
in 2001 at the University of California, 
Berkeley’s Richmond Field Station using a 
commercial contractor. It was designed using 

FIGURE 3 Heavy Vehicle Simulator (HVS) 

Terminal Blend Continuous Blend 

FIGURE 2 Asphalt Rubber versus terminal blends 
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• 45 mm thick MAC-15TR gap graded 

overlay 
• 45 mm Asphalt Rubber gap graded 

overlay (RAC-G)1 

• 90 mm thick AR 4000 dense graded HMA 
overlay included as a control 
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HVS testing of the overlay sections to deter- 
mine the susceptibility of the mixes to early 
rutting at high pavement temperatures was 
carried out over a 4-month period (Septem- 
ber 2003 through December 2003). A total 
of 80,000 channeled, unidirectional 60 kN 
wheel loadings (455,000 ESALs) were 
applied using dual truck tires at 720 kPa  
tire pressure. Pavement temperature was 
maintained at 50°C + 4°C at a 50 mm depth 
below the surface using a temperature 
control chamber. 

 
The next series of HVS tests was conducted 
over a 3½ year period (January 2004 
through June 2007) on overlay sections 

standard Caltrans procedures and consists 
of a 410 mm Class 2 aggregate base on a 
clay subgrade with a 90 mm dense graded 
HMA surface. Design thickness was based 
on a subgrade R-value of 5 and a Traffic 
Index of 7 (~131,000 ESALs). 

 
The completed pavement structure was 
then trafficked with the HVS between Feb- 
ruary 2002 and April 2003 to induce fatigue 
cracking on each of the 6 test sections. A 
total of about 3.3 million load repetitions 
(roughly 17.7 million ESALs) were applied. 

Upon completion of the HVS loadings, the 
road was overlaid with six different mixes. 
The thickness for the control HMA overlay 
was determined according to Caltrans  
Test Method 356 [13]. The other overlay 
thicknesses were either the same or half 
that of the HMA overlay. The overlay mixes 
tested were: 

 
• 45 mm thick MB4 gap graded overlay 
• 90 mm thick MB4 gap graded overlay 
• 45 mm thick MB4 gap graded overlay with 

minimum 15 percent recycled tire rubber 

positioned precisely above the cracked 
sections on the original pavement and adja- 
cent to the sections tested for rutting. This 
testing assessed the effectiveness of the 
overlays in limiting reflective cracking from 
the underlying pavement. A total of 
12.5 million repetitions, varying  between 
60 kN and 100 kN wheel loads, were ap- 
plied to the test sections. This equates to 
approximately 385 million ESALs. Pavement 
temperature was maintained at 20°C + 4°C 
for the first 1 million load applications on 
each section, then at 15°C + 4°C for the 
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1 Now called RHMA-G. Refer to Table 7. 

FIGURE 4 Layout of test sections for HVS testing 
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TABLE 1 Overlay mixes used in HVS accelerated pavement testing 

 
Mix Identification 

 
General Description 

 
Supplier 

 
Actual Binder 
Content*, % 

MB4-G Terminal Blend Gap Graded Mix 
with 5% Ground Tire Rubber 

 

Valero 

 

7.77 

 
MB4-15-G 

 
Terminal Blend Gap Graded Mix 
with 15% min. Ground Tire Rubber 

 
 

Valero 

 
 

7.52 

 
MAC-15TR-G 

 
Terminal Blend Gap Graded Mix 
with 15% min. Ground Tire Rubber 

 
 

Paramount 

 
 

7.55 

 
RAC-G 

 
Asphalt Rubber Gap Graded Mix 

 
FNF/Valero 

 
8.49 

 
AR 4000-D 

 
Dense Graded HMA Control 

 
Valero 

 
6.13 

* by mass of dry aggregate. 
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remainder of the test. Dual truck tires 
(720 kPa pressure) in a bidirectional loading 
pattern with lateral wander were used. 

 

Reflective cracking performance for each of 
the overlays in the HVS study is reported in 
Table 2. The terminal blend mixes (MB4, 
MB4-15, and MAC-15TR) had similar results 
and performed the best, followed by the 
Asphalt Rubber section (RAC-G). The dense 
graded HMA control showed the poorest 
performance. Laboratory beam fatigue tests 
on the overlay materials and a simulation 
study of reflection crack initiation and prop- 
agation verified the ranking order of the 
overlays from the HVS tests. The simulation 
studied crack initiation and propagation for  
a pavement structure with identical cracking 
pattern and density, climate, and traffic. 

 
Rutting performance for each of the mixes 
under HVS testing is presented in Table 3. 
In this case, the dense graded HMA control 
showed superior rutting resistance followed 
by the 45 mm MB4 terminal blend mix and 
the Asphalt Rubber section (RAC-G). The 
remaining terminal blend sections (90 mm 
MB4, 45 mm MB4-15, and 45 mm MAC-15TR) 
showed poor rutting resistance. Trenches 
were cut transversely through the pavement 
sections to conduct a forensic investigation 
into the cause of the rutting distress (Figure 
5). As shown in Figure 6, most of the rutting 
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occurred in the underlying HMA layer and 
not in the overlays. It should be noted that 
the original pavement underlying the rut- 
ting sections received no traffic and was 
relatively “new” when the overlays were 
constructed. Laboratory shear testing and 
simulation studies across various California 
climate regions and traffic levels generally 
supported the ranking order of the HVS 
tests. Namely, the dense graded HMA was 
predicted to perform the best while the 
terminal blend sections were expected to 
perform poorly in rutting behavior. 

 
The results from the HVS testing program 
are encouraging for terminal blend mixes 
and Asphalt Rubber mixes, both of which 
performed much better than the dense 
graded HMA overlay in resisting reflective 
cracking from the underlying distressed 

pavement. It appears that the terminal 
blend mixes can be used in appropriately 
designed half-thickness overlays for reflec- 
tion cracking applications where Asphalt 
Rubber mixes are normally applied. 
However, there is some potential for rutting 
with these mixes when used under slow 
moving, heavy truck traffic in hot climates. 
Therefore, field projects exposed to these 
conditions should be evaluated prior to 
widespread use of terminal blend mixes. Mix 
design issues associated with dense graded 
terminal blend mixes should also be 
addressed in light of the low stiffness and 
shear resistance found in laboratory tests on 
these mixes [14] when compared to dense 
graded HMA. 

 
The Federal Highway Administration (FHWA) 
has also conducted pavement testing using 

an Accelerated Loading Facility (ALF) at its 
Turner Fairbanks Highway Research Center, 
near Washington, D.C. The loading is done 
by repeated passes of a truck tire attached 
to a beam with an automated rolling 
mechanism as shown in Figure 7. Several test 
sections were constructed in 2002 at the 
Turner Fairbanks site to compare the per- 
formance of modified asphalt pavements to 
a PG 70-22 HMA control section [15]. 
Included in the study was an Asphalt Rubber 
section built according to Arizona Depart- 
ment of Transportation (ADOT) specifications 
identified as CR-AZ, and a terminal blend 
section identified as CR-TB. The 50 mm thick 
Asphalt Rubber section was placed over a 
50 mm HMA section. The terminal blend and 
HMA control sections were 100 mm thick. 
There were also some 150 mm thick sections 
included in the study. All sections were 

TABLE 2 Reflective cracking performance from HVS accelerated pavement testing 

Rank Section Parameter Finding 

1 45 mm MAC-15TR-G  
 

Number of ESALs 
to 2.5 m/m2 
reflective cracking 

None after 91 million 

1 45 mm MB4-15-G None after 88 million 

1 45 mm MB4-G None after 66 million 

1 90 mm MB4-G None after 37 million 

5 45 mm RAC-G 60 million 

6 90 mm AR 4000-D 18 million 

 

TABLE 3 Rutting performance from HVS accelerated pavement testing 

Rank Section Parameter Finding 

1 90 mm AR 4000-D  
 

Number of HVS 
repetitions to 
12.5 mm average 
maximum rut 

8,266 

2 45 mm MB4-G 3,043 

3 45 mm RAC-G 2,354 

4 90 mm MB4-G 1,522 

5 45 mm MB4-15-G 914 

6 45 mm MAC-15TR-G 726 

 



6 PAVEMENT TECHNOLOGY UPDATE 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SOURCE: UNIVERSITY OF CALIFORNIA 
PAVEMENT RESEARCH CENTER  

 

placed on a dense graded, crushed aggre- 
gate base (CAB) course over a uniformly 
prepared AASHTO A-4 subgrade. The total 
thickness of the test sections and CAB layer 
was 660 mm. 

 
The Asphalt Rubber section showed no 
cracking after 300,000 passes of the ALF 
loading wheel while the 100 mm HMA con- 
trol section experienced 90 meters of cumu- 
lative cracking after 100,000 passes. The 
100 mm terminal blend section had about 
20 meters of cumulative cracking after 
100,000 passes. A pictorial comparison of 
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the sections after fatigue testing is shown 
in Figure 8. It is interesting to note from 
this study that the 100 mm terminal blend 
section exhibited the highest rutting resist- 
ance (8.4 mm) while the Asphalt Rubber 
section (11.6 mm) and the HMA control 
section (12.2 mm) showed similar but less 
rutting resistance. These results are con- 
trary to what was found in the HVS study. 
The discrepancy may be due to the higher 
binder content of the terminal blends used 
in the HVS study (see Table 1) of roughly 
7.6 percent by mass of aggregate compared 
to a terminal blend binder content of 
5.6 percent by mass of aggregate in the 
ALF study. 

 
 

Terminology and 
Specifications 

The term “rubberized asphalt” is often 
used to describe the binder produced by 
blending crumb rubber, or more specifically, 
ground tire rubber with hot asphalt. Both 
Asphalt Rubber and terminal blends fall 
under this general description. Ground tire 
rubber is produced from ambient and/or 
cryogenic grinding of waste tires. Ambient 
grinding at or above room temperature is a 
process that generates irregularly shaped, 
torn rubber particles with a relatively large 
surface area that helps promote interaction 
with the asphalt. Cryogenic grinding is a 
process that uses liquid nitrogen to freeze 
the tire rubber until it becomes brittle and 
then uses a hammer mill to shatter the 
rubber into smaller particles. If used, 
cryogenic grinding is usually followed by 
ambient grinding. 

 
Specifications for rubberized asphalt 
binders have evolved over the years. The 
MB4 binders used in the HVS accelerated 
pavement testing study were designed to 
satisfy the specifications shown in Table 4 
[16]. The MAC-15TR binder is similar to the 
MAC-10TR binder specified in the Green- 
book section 600-5.2.1 [17], except that it 
uses 15 percent tire rubber rather than 
10 percent tire rubber. Caltrans is currently 
considering performance graded (PG) 

specifications for terminal blends similar to 
those adopted for optional use by the 
Pacific Coast Conference on Asphalt 
Specifications (PCCAS) in 2008 [18] and 
shown in Table 5. These specifications are 
very similar to those adopted by Caltrans 
for PG polymer modified asphalts in 2007 
[19]. The Asphalt Rubber binder used in the 
RAC-G section satisfied the design profile 
shown in Table 6 and included in the 
Caltrans Asphalt Rubber User Guide [20]. 
The AR 4000 asphalt used in the HMA 
control satisfied the Caltrans AR specifica- 
tions in place in 2001. 

 
Terminology used to describe mixes made 
with rubberized asphalt has also changed 
over the years. Caltrans, for example, for- 
merly referred to Asphalt Rubber mixes as 
rubberized asphalt concrete (RAC). In an 
effort to be more consistent with terminol- 
ogy used nationally, Caltrans now refers to 
these mixes as rubberized HMA (RHMA). 
The mix type is further designated as gap 
graded (G) or open graded (O). The former 
and current designations for these Asphalt 
Rubber mixes are shown in Table 7. 

 
 

Field Performance 
 

Several states and other countries have 
tested and evaluated the performance of 
rubberized asphalt mixes as well as SAMs 
and SAMIs. As with any evolving technol- 
ogy, not all jobs went smoothly. Some 
agencies that experienced major failures 
requiring the removal of material were hes- 
itant to pursue the further development of 
rubberized asphalt systems. Most of these 
failures were the result of using a rubber- 
ized asphalt product for the wrong applica- 
tion, inadequate  material  quality  control, 
or poor construction practices. Some states 
lost interest in pursuing rubberized asphalt 
technology once an unfunded federal 
mandate on the use of waste tire rubber in 
pavements expired. Those agencies who 
persisted in the development and refine- 
ment of application procedures found 
increasing performance successes with 
rubberized asphalt systems. Thinner 

FIGURE 5 
Forensic investigation of rutting in 

HVS test sections 

FIGURE 6 
Rutting in underlying HMA on the 

45 mm MB4-G section 

Underlying HMA 

Overlay 
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overlays, reductions in reflective cracking, 
improvements in wet weather driving 
safety, and traffic noise reduction were 
among the benefits realized from rubber- 
ized asphalt mix and membrane systems. 
The following represents a sampling of the 
experiences of state agencies that have a 
long history with and extensive use of 
rubberized asphalt systems. 

 
Arizona. ADOT has over 35 years of expe- 
rience with rubberized asphalt, specifically 
Asphalt Rubber [21]. In the early 1970s, 
ADOT conducted several SAM and SAMI 
field experiments. From 1974 until 1989, 
approximately 1100 km (660 miles) of state 
highways were built using SAM and SAMI 
technology. In 1989, ADOT documented in a 
research report [22] on the history, develop- 
ment, and performance of Asphalt Rubber 
that it “has successfully been used as an 
encapsulating membrane to control distor- 
tion due to expansive soils and to reduce 
reflective cracking in overlays on both rigid 
and flexible pavements.” In 1985, ADOT 
began experiments with open graded and 
gap graded Asphalt Rubber mixes. The open 
graded Asphalt Rubber mix, typically 
12.5 mm to 25 mm thick, is generally used as 
the final wearing surface over both concrete 
and HMA pavements. On badly cracked 
pavements, a gap graded Asphalt Rubber 
mix, generally 37.5 mm to 50 mm thick, is 
often used. This may be followed by an 
open graded Asphalt Rubber application 
depending on traffic and type of highway. 

ADOT has monitored pavement perform- 
ance since 1972. Figure 9 shows a 
comparison of average percent cracking for 
conventional HMA overlays and projects 
built with Asphalt Rubber.  More than 
28,000 lane-km (16,800 lane miles) of very 
good performing Asphalt Rubber pavements 
have been built in Arizona since 1988. 

 
California. Caltrans began using Asphalt 
Rubber in chip seals in the 1970s and in hot 
mixes in the 1980s [23]. The first major 

Asphalt Rubber field experiment was in 
Ravendale, California in 1982 [24]. Several 
field projects, laboratory studies, and 
accelerated pavement testing programs 
followed that led to the development of 
design guidelines and specifications for the 
use of Asphalt Rubber mixes, chip seals, and 
interlayers (see reference 20). By mid-2001, 
Caltrans had constructed more than 210 
Asphalt Rubber mix  projects  throughout 
the state. Several municipalities and coun- 
ties also use Asphalt Rubber for hot mixes 

SOURCE: RUBBER PAVEMENTS ASSOCIATION  

FIGURE 7 ALF testing device and close-up of loading wheel 

FIGURE 8 Condition of ALF lanes after completion of loading 
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and surface treatments. Caltrans requires 
25 percent natural rubber in its crumb 
rubber modifier and extender oil in the 
Asphalt Rubber. In October, 2005, California 
Assembly Bill 338 was signed into law. This 
bill originally called for the use of increas- 
ing amounts of Asphalt Rubber in HMA— 
20 percent of total HMA tonnage in 2007, 
25 percent in 2010, and 35 percent in 2013. 
The language of the bill has recently been 
broadened to allow the use of other types 
of rubberized asphalt including terminal 
blends. 

 
The performance of Asphalt Rubber chip 
seals has generally been good. However, 
some flushing and bleeding failures have 
occurred in high temperature locations 
subjected to heavy, slow moving traffic. The 
use of extender oil in Asphalt Rubber may 
have contributed to the distress. Several 
laboratory and field studies have shown 
that Asphalt Rubber mixes, primarily gap 
and open graded mixes, perform better 
than conventional dense graded HMA 

with respect to resisting fatigue cracking, 
reflective cracking, and thermal cracking. 
Caltrans no longer uses Asphalt Rubber in 
dense graded mixes due to the limited 
space available in a dense gradation to 
accommodate the Asphalt Rubber. 

 
More recently, Caltrans has been evaluating 
and field testing terminal blends including 
MB binders [25]. Several field projects in 
northern and southern California have been 
constructed and inspected on a regular 
basis. According to follow-up surveys, these 
test projects are performing well. Some 
counties and cities in California have also 
used terminal blends in chip seal construc- 
tion. Caltrans is considering the adoption of 
specifications for two PG terminal blend 
grades, PG 64-28TR and PG 76-22TR, for use 
in California (see Table 5). Based on success- 
ful field projects and the promising results 
from the HVS accelerated pavement testing 
study reported here, the use of terminal 
blends is likely to increase in California in 
the future. 

Florida. The Florida Department of Trans- 
portation (FDOT) began its investigation 
into the use of Asphalt Rubber as a stress 
absorbing membrane interlayer and mois- 
ture barrier in the late 1970s. In 1988, the 
Florida legislature passed a bill (Senate Bill 
1192) directing the FDOT to determine the 
feasibility of using ground tire rubber in 
HMA. FDOT concentrated its efforts on the 
use of ground tire rubber in open graded 
friction course mixes. Three major projects 
were constructed in the period 1989-1990. 
FDOT took a slightly different approach 
than other states by including several test 
sections that used the Rouse continuous 
wet process [26] for blending fine mesh 
(80 mesh) ground tire rubber with the 
asphalt. This, in essence, is a hybrid manu- 
facturing approach between that used to 
produce Asphalt Rubber and terminal 
blends. Ground tire rubber concentrations 
of 5-15 percent by total weight of binder 
were used. In most cases, extender oil was 
not added. Based on observations from 
these test projects, FDOT concluded that 
the use of rubber significantly improved 
the cracking resistance of the open graded 
friction course and that the optimum 
amount of rubber to add was between 
10 and 15 percent. 

 
Texas. The first reported use of Asphalt 
Rubber in Texas was in 1976 in the 
Bryan and El Paso Districts of the Texas 
Department of Transportation (TxDOT) [27]. 
In Texas, Asphalt Rubber has been used in 
four applications: chip seal coat or SAM, 
undercoat or SAMI, hot mix, and open 
graded porous friction course. Asphalt 
Rubber chip seal is considered to be a 
routine rehabilitation strategy in several 
districts of TxDOT. TxDOT made significant 
changes in mix design procedure and 
specifications for crumb rubber modified 
hot mix in 1992, basically replacing dense 
graded mixes with gap graded mixes. 
District personnel of TxDOT reported that 
Asphalt Rubber HMA projects had signifi- 
cantly better resistance to cracking than 
conventional HMA [28]. Porous friction 
courses modified with Asphalt Rubber were 
also reported to have better performance 

 

SOURCE: CALIFORNIA DEPARTMENT OF TRANSPORTATION  

TABLE 4 MB specifications for terminal blend asphalt 

Specification Test Method MB-4 MB-5 MB-6 MB-7 

On Original Binder: 
SSD ε30(0.6 + SSV)3 @ °C 

 
CT 381 

 
25°C 

 
25°C 

 
25°C 

 
25°C 

On Residue from RTFO: 
 

Delta δ97 – 6(log G*) 
and G*–: sin(delta) ε4.0 kPa 
Both at 10 rad/sec @ °C 

On Residue from either: 
Pressure Aging Vessel1 @ °C 
Or 
Tilt-Oven @ 113°C for hrs shown 

Stiffness: 
300 MPa (max.) at 60 sec1 
@°C, with M-value = 0.30 min 
Or 
100 MPa (max.) at 10 rad/sec 
@°C, with M-value = 0.30 min 

SSD ε-115 SSV - 50.6 @°C 

AASHTO     

T240     

CT 381     

 64°C 64°C 64°C 70°C 

AASHTO PP1 100°C 100°C 100°C 110°C 

CT 374B 36 hrs 36 hrs 36 hrs 72 hrs 

AASHTO TP1     

 - 8°C - 19°C - 30°C - 8°C 

CT 381     

 9°C - 2°C - 13°C 9°C 
CT 381 25°C 25°C 25°C 25°C 

 
NOTES: 1Referee method 

California Test (CT) 
Shear Susceptibility of Delta (SSD) 
Shear Susceptibility of Viscosity (SSV) 
Rolling Thin Film Oven (RTFO) 
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TABLE 5 PCCAS PG-TR specifications for terminal blend asphalt a 

 
 
 

Property 

 
 
 

AASHTO Test Method 

Specification 
Grade 

 
PG 

64-28 TR 

 
PG 

76-22 TR 
Original Binder 

Flash Point, Minimum °C T 48 230 230 

Solubility, % minimum T 44b 97.5 97.5 

Viscosity at 135°C, c 
Maximum, Pa-s 

T 316  
3.0 

 
3.0 

Dynamic Shear, 
Test Temp. at 10 rad/s, °C 
Minimum G*/sin(delta), kPa 

T 315  
64 

1.00 

 
76 

1.00 

RTFO Test, 
Mass Loss, Maximum, % 

T 240  
1.00 

 
1.00 

RTFO Test Aged Binder 

Dynamic Shear, 
Test Temp. at 10 rad/s, °C 
Minimum G*/sin(delta), kPa 

T 315  
64 

2.20 

 
76 

2.20 

Elastic Recoverye, 
Test Temp., °C 
Minimum recovery, % 

T 301  
25 
75 

 
25 
65 

Multiple Stress Creep Recov. 
Average % Recov. @100 Pa 

TP 70 Report Report 

Multiple Stress Creep Recov. 
Average % Recov. @3200 Pa 

TP 70 Report Report 

Multiple Stress Creep Recov. 
Non-Recov. Compliance, Jnr 

TP 70 Report Report 

PAVf Aging, 
Temperature, °C 

R 28  
100 

 
100 (110)d 

RTFO Test and PAV Aged Binder 

Dynamic Shear, 
Test Temp. at 10 rad/s, °C 
Maximum G*sin(delta), kPa 

T 315  
22 

5000 

 
31 

5000 

Creep Stiffness, 
Test Temperature, °C 
Maximum S-value, MPa 
Minimum M-value 

T 313  
-18 
300 

0.300 

 
-12 
300 

0.300 

Notes: a. PG-TR grades require a minimum of 10 percent by weight ground tire rubber content. 
b. ASTM D 5546 is allowed as an alternative test to AASHTO T 44. 
c. This specification may be waived if the supplier certifies the asphalt binder can be adequately pumped and mixed at 

temperatures meeting applicable safety standards. 
d. In desert climates, the PAV aging temperature may be specified as 110 oC. 
e. Tests without a force ductility clamp may be performed. 
f. “PAV” means Pressurized Aging Vessel. 

 
SOURCE: PACIFIC COAST CONFERENCE ON ASPHALT SPECIFICATIONS  
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TABLE 6 Typical Asphalt Rubber binder design profile 

Test Performed Minutes of Reaction 45 minutes 
Specification Limits***  45 90 240 360 1,440 

Viscosity, Haake at 190°C, Pa-s, 
(10-3), or cP (*See Note) 2400 2800 2800 2800 2100 1500 - 4000 

Resilience at 25°C, % Rebound 
(ASTM D5329)** 27 — 33 — 23 18 Minimum 

Ring & Ball Softening Point, °C 
(ASTM D36) 59.0 59.5 59.5 60.0 58.5 52 - 74 

Cone Pen. at 25°C, 150g, 5 sec., 
1/10 mm (ASTM D217) 39 — 46 — 50 25 -70 

Notes regarding specified test procedures for Asphalt Rubber Binder: 
* The viscosity test shall be conducted using a hand-held Haake viscometer . . . or equivalent. 
** ASTM D 5329 has replaced ASTM D3407. 
*** Per Caltrans specifications as of September 2006 

 
SOURCE: CALIFORNIA DEPARTMENT OF TRANSPORTATION RUBBER USAGE GUIDE, SEPTEMBER 2006  

 
with respect to cracking and raveling than 
conventional or polymer modified mixes. 
The improvement in resistance was consid- 
ered to be due to the high amount of 
binder in the rubber modified friction 
courses. Asphalt Rubber seal coats showed 
excellent resistance to reflective cracking 
but varied in the degree of bleeding/ 
flushing depending on the size of aggre- 
gate chip used. 

 
Terminal blends were first used in Texas in 
the mid-1980s. In a comprehensive study 
by Texas A&M University in 2000 [29], 
supported by TxDOT, terminal blends, 
referred to as “high-cure crumb rubber 
modified asphalt,” were shown to perform 
well in laboratory tests and field evalua- 
tions. Among other things, the researchers 
concluded that terminal blends are suitable 
for dense graded mixes and can be 

produced through a combination of high 
temperature and high shear. Production in 
the presence of oxygen can enhance the 
breakdown of the rubber and the curing 
process. They also reported that PG test 
equipment, such as the dynamic shear 
rheometer and bending beam rheometer 
can be used to test and monitor the proper- 
ties of the terminal blend. Field studies 
were conducted at two Texas locations 
in 1998 and 2000 that showed terminal 
blends could be used successfully in dense 
graded mixes with up to 17.6 percent 
rubber added. 

 
Nevada. The Nevada Department of Trans- 
portation (NDOT) has used polymer modi- 
fied asphalt in its mixes successfully since 
1990. NDOT now specifies two PG polymer 
modified asphalt grades: PG 64-28NV for 
northern Nevada and PG 76-22NV for 

southern Nevada. In recent years, NDOT has 
been evaluating terminal blend binders as 
an alternative to polymer modified asphalt. 
Specification requirements for the terminal 
blends are very similar to those used for the 
polymer modified asphalt grades and have 
been designated as PG 64-28TR and 
PG 76-22TR [30]. NDOT has also reported on 
the use of Asphalt Rubber in a major open 
graded mix project on the I-515 freeway in 
Henderson, Nevada (near Las Vegas) where 
the primary objective was to reduce 
pavement noise [31]. The tire noise of the 
original concrete pavement was 108.1 deci- 
bels. After the Asphalt Rubber overlay was 
placed, the tire noise level dropped to 
97.4 decibels, a 10.7 decibel reduction [32]. 

 
There have been two notable research 
projects conducted at the University of 
Nevada, Reno (UNR) involving Asphalt Rub- 
ber, terminal blends, and polymer modified 
asphalt mixes. In 1998, UNR evaluated the 
performance of terminal blend mixes with 
the performance of Asphalt Rubber mixes 
[33]. This UNR study compared the perform- 
ance of laboratory prepared gap graded 
terminal blend mixes to gap  graded 
Asphalt Rubber mixes. The study also 
compared the performance of dense graded 
terminal blend mixes to gap  graded 
terminal blend mixes. In addition, the 
performance of field produced gap graded 

SOURCE: CALIFORNIA DEPARTMENT OF TRANSPORTATION  terminal blend mixes was compared to the 

TABLE 7 Caltrans designation for Asphalt Rubber mixes 

Former Designation Current Designation General Description 

RAC RHMA Rubberized HMA 

RAC-G RHMA-G Gap Graded RHMA 

RAC-O RHMA-O Open Graded RHMA 

RAC-O-HB RHMA-O-HB High Binder Content RHMA-O 
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performance of the laboratory mixes. The 
researchers concluded that there was no 
statistical difference in rutting or fatigue 
resistance between the gap graded terminal 
blend and Asphalt Rubber mixes and that 
the dense graded terminal blend mixes  
were more resistant to rutting but less 
resistant to fatigue cracking than the gap 
graded terminal blend mixes. The field pre- 
pared gap graded terminal blend mixes 
were found to be resistant to moisture 
damage, thermal cracking, and rutting. The 
rutting resistance of the field prepared gap 
graded terminal blend mix was similar to 
that of the laboratory prepared gap graded 
terminal blend and Asphalt Rubber mixes. 

 

In 2006, UNR conducted a research project 
to evaluate the laboratory performance of 
HMA mixes made with terminal blend 
binders and polymer modified binders [34]. 
Phase two of the study involved mechanis- 
tic-empirical analyses of a pavement struc- 

 
 
 
 
 
 
 
 

SOURCE: RUBBER PAVEMENTS ASSOCIATION  

ture to access the fatigue resistance of the 
various mixes under traffic loads. It was con- 
cluded from the combined findings of the 
laboratory evaluations and the mechanistic- 
empirical analyses that terminal blend mixes 
can perform well regardless  of  whether 
they are used in dense or gap graded mixes. 

 
 

Summary 
 

Although many techniques have been used 
to combine rubber and asphalt over the 
years, two major technologies have 
emerged for blending ground tire rubber  
into hot asphalt: the Asphalt Rubber process 
and the terminal blend process. Both tech- 
nologies are described as wet processes. The 
Asphalt Rubber process involves blending 
ground tire rubber and asphalt in a special- 
ized blending unit on site at the hot mix 
plant, and then adding the binder to the 
selected aggregate gradation to produce  
the final mix. In the terminal blend process, 
a finer mesh ground tire rubber is blended 
with the asphalt at a refinery or terminal   
into a homogeneous binder that is deliv- 
ered to the hot mix plant for production of 
the final mix. 

By their very nature, Asphalt Rubber and 
terminal blend binders are different prod- 
ucts with a different appearance and differ- 
ent properties. Both Asphalt Rubber and 
terminal blends can be used in chip seal 
applications and interlayers. Both binders 
can be used to produce gap graded and 
open graded mixes. Terminal blend binders 
are also suitable for dense graded mixes. 
Asphalt Rubber technology has a longer 
proven performance history and uses a 
higher percentage of rubber than terminal 
blend technology while terminal blend 
technology may have manufacturing 
benefits over Asphalt Rubber technology. 
Yet, both technologies serve a valuable role 
in providing highway agencies with useful 
pavement preservation strategies and, at 
the same time, addressing the environmen- 
tal problem of waste tire disposal. 

 
Based on numerous laboratory studies, field 
installations, and accelerated pavement 
testing programs, it has been shown that 
both Asphalt Rubber and terminal blend 
systems, properly designed and con- 
structed, can perform well in resisting crack 
reflection, improving driving safety, and 
reducing pavement noise. Despite the many 
advantages of these systems, there are situ- 
ations where these technologies may not 

be the best choice. For example, Asphalt 
Rubber and terminal blend mixes should not 
be used: 

 
• during cold or rainy weather with ambient 

temperatures below 13°C. 
• over pavements with severe cracks. 
• where considerable handwork is required. 
• where traffic and deflection data are 

unknown. 
• where haul distances are too long to main- 

tain sufficient mix temperature for place- 
ment and compaction. (Warm Mix 
technologies may eventually alleviate this 
problem.) 

 
Performance history is important in the use 
of Asphalt Rubber and terminal blend mixes. 
Terminal blend systems appear to be a likely 
alternative to polymer modified asphalt 
applications. Based on the HVS accelerated 
pavement testing study and laboratory 
studies at UNR, terminal blend performance 
may also compare favorably with that of 
Asphalt Rubber for gap graded mixes. How- 
ever, mix design and thickness design issues 
need to be considered with dense graded 
terminal blend mixes in light of the lower 
stiffness and shear resistance of these mixes 
compared to dense graded HMA. 

Years 

FIGURE 9 Percent cracking versus years of service for HMA and 
Asphalt Rubber pavements in Arizona 

HMA Dense Graded Mixes 
 

AR Mixes 

Arizona DOT % Cracking vs. Years of Age 

%
 C

ra
ck

in
g 



12 PAVEMENT TECHNOLOGY UPDATE 

 

 
References 

 
1. Rubber World, Those Amazing Rubber Roads, 

March-April, 1967. 
2. Lewis, R.H. and Welborn, J.Y., “The Effect of 

Various Rubbers on the Properties of Petroleum 
Asphalts,” Public Roads, Vol. 28, No. 4, October, 
1954, p. 64. 

3. Rex, H.M. and Peck, R.A., “A Laboratory Study of 
Rubber-Asphalt Paving Mixtures,” Public Roads, 
Vol. 28, No. 4, October, 1954, p. 91. 

4. Price, Mark L., “That Stretch of Road,” Akron 
Beacon Journal, September 13, 2004. 

5. McDonald, C.H., “Recollections of Early Asphalt- 
Rubber History,” National Seminar on 
Asphalt-Rubber, October 1981. 

6. Epps, J.A., “Uses of Recycled Rubber Tires in 
Highways,” NCHRP Synthesis 198, Transportation 
Research Board, National Research Council, 
Washington, D.C., 1994 

7. ASTM International Annual Book of Standards, 
D 8 Definitions, 2005. 

8. “How RAC is Made,” Rubberized Asphalt Concrete 
Technology Center, www.rubberizedasphalt.org. 

9. Boone, Tammy, “Paramount Petroleum Corpora- 
tion Provides Terminal Blend Asphalt Rubber Chip 
Seal for Test Sections in Imperial County,” 
California Asphalt Magazine, Construction Issue, 
2008. 

10. “Terminal Blended Rubberized Asphalt Goes 
Mainstream-Now PG Graded,” Asphalt Magazine, 
Asphalt Institute, November 2008. 

11. Fontes, Liseane P.T.L., Pereira, Paulo A.A., Pais, 
Jorge C., and Triches, Glicerio, “Performance of 
Wet Process Method Alternatives: Terminal or 
Continuous Blend,” Proceedings, Asphalt Rubber 
2006 Conference, Palm Springs, California, October 
2006. 

12. Jones, D., Harvey, J., and Monismith, C., “Reflective 
Cracking Study: Summary Report,” University of 
California Pavement Research Center, Report 
UCPRC-SR-2007-01, December 2007. 

13. Caltrans, “Methods of Test to Obtain Flexible 
Pavement Deflection Measurements for Determin- 
ing Pavement Rehabilitation Requirements,” 
California Test 356, June 2004. 

14. Guada, I, Signore, J., Tsai, B., Jones, D., Harvey, J., 
and Monismith, C., “Reflective Cracking Study: First-
Level Report on Laboratory Shear Testing,” University 
of California Pavement Research Center, Report 
UCPRC-RR-206-11, September 2007. 

15. Qi, Xicheng, Shenoy, Aroon, Al-Khateeb, Ghazi, 
Arnold, Terry, Gibson, Nelson, Youtcheff, Jack, and 
Harman, Tom, “Laboratory Characterization and 
Full-Scale Accelerated Performance Testing of 
Crumb Rubber Asphalts and Other Modified 
Asphalt Systems,” Proceedings, Asphalt Rubber 
2006 Conference, Palm Springs, California, 
October 2006. 

16. Reese, Ronald E., “Development of a Physical 
Property Specification for Asphalt-Rubber Binder”, 
Journal of the Association of Asphalt Paving 
Technologists, Volume 63, 1994. 

17. “Greenbook,” Standard Specifications for Public 
Works Construction, 2000 Edition, p. 457. 

18. 36th Pacific Coast Conference on Asphalt 
Specifications, Portland, Oregon, May 20-21, 2008. 

19. Santucci, L. “Performance Graded (PG) Polymer 
Modified Asphalts in California,” Technical Topic 
No.7, Technology Transfer Program, Institute of 
Transportation Studies, University of California, 
Berkeley. 

20. Caltrans, “Asphalt Rubber Usage Guide,” 
Sacramento, California, September 2006. 

21. Zareh, Ali and Way, G.B., “35 Years of Asphalt- 
Rubber in Arizona,” Proceedings, Asphalt Rubber 
2006 Conference, Palm Springs, California, 
October 2006. 

22. Scofield, L.A., “The History, Development, and 
Performance of Asphalt Rubber at ADOT,” Report 
Number AZ-SP-8902, Arizona Department of 
Transportation, December 1989. 

23. Shatnawi, S., Stonex, A., and Hicks, R.G., “An 
Update on the Asphalt Rubber Pavement Preserva- 
tion Strategies Used in California,” Proceedings, 

 
Asphalt Rubber 2006 Conference, Palm Springs, 
California, October 2006. 

24. Shatnawi, S. and Long, B., “Performance of 
Asphalt Rubber vs. Thin Overlays,” Proceedings, 
Asphalt Rubber 2000 Conference, Vilamoura, 
Portugal, November 2000. 

25. Caltrans, “Rubberized Asphalt Concrete Firebaugh 
Project,” Volume 1-Construction, Office of Flexible 
Pavement Materials, Sacramento, California, 
March 2005. 

26. Choubane, B., Sholar, G.A., Musselman, J.A., and 
Page, G.C., “Long Term Performance Evaluation of 
Asphalt-Rubber Surface Mixes,” State of Florida 
Research Report FL/DOT/SMO/98-431, November 
1998. 

27. Texas Asphalt Rubber Survey, Rubber Pavements 
Association. 

28. Tahmoressi, Maghsoud, “Evaluation of Asphalt 
Rubber Pavements in Texas,” PaveTex Engineering 
and Testing, Inc. Report prepared for Rubber 
Pavements Association, January 2001. 

29. Glover, Charles J. et al, “A Comprehensive Labora- 
tory and Field Study of High-Cure Crumb Rubber 
Modified Asphalt Materials,” Texas Transportation 
Institute, Texas A&M University, Report 1460-1, 
January 2000. 

30. “Terminal Blend Rubberized Asphalt Binders,” 
Pavement Preservation Journal, Winter 2008. 

31. PCCAS Asphalt Paving Committee Minutes, 
September 25, 2007. 

32. “Nevada-Grinding or Green Paving to Restore the 
Ride of Old Concrete Freeways,” Rubber Pavement 
News, Volume 12, No. 1, Spring 2009. 

33. Gopal,V., Sebaaly, P.E., and Troy, K., “Characteriza- 
tion of CRM Binders and Mixtures Used in 
Nevada,” Final report No. 1197-2, Nevada 
Department of Transportation, Carson City, NV, 
September 9, 1997. 

34. Sebaaly, P.E., Sebaaly, H., and Hajj, E., “Evaluation 
of Nevada’s HMA Mixtures Manufactured with 
Terminal Blend Rubber Modified Binders,” 
Western Regional Superpave Center, University of 
Nevada, Reno, May 2007. 

 
 

 
PAVEMENT TECHNOLOGY UPDATE  
SEPTEMBER 2009, VOL. 1, NO. 2 

 
This publication was produced by the 
Technology Transfer Program at the 
UC Berkeley Institute of Transportation 
Studies, with funding from the Caltrans 
Division of Research and Innovation. 

 
Tech Transfer’s mission is to bridge 
research and transportation practice by 
facilitating and supporting the planning, 
design, construction, operation, and 
maintenance of efficient and effective 
state-of-the-art transportation systems. 

 
For more information go to 
www.techtransfer.berkeley.edu. 

Technology Transfer Program 
 

➔ UC Berkeley 
Institute of Transportation Studies 
1301 South 46th Street 
Building 155 
Richmond,  CA 94804 
Phone: 510-665-3410 
Fax: 510-665-3454 
Email: techtransfer@berkeley.edu 

 
 

The contents of this publication do not reflect the official 
views or policies of the University of California, the State 
of California, or the Federal Highway Administration, and 
do not constitute a standard, specification, or regulation. 

 
Copyright the Regents of the University of California, 
September 2009. All rights reserved. 

The University of California 
Pavement Research Center 

 
➔ UC Berkeley 

Institute of Transportation Studies 
1353 South 46th Street 
Building 452, Room 109 
Richmond,  CA 94804 
Phone: 510-665-3411 
Fax: 510-665-3562 

 
➔ UC Davis 

Department of Civil and 
Environmental Engineering 
One Shields Avenue 
Davis, CA 95616 
Phone: 530-574-2216 
Fax: 530-752-7872 

 
➔ TECH TRANSFER 

http://www.rubberizedasphalt.org/
http://www.techtransfer.berkeley.edu/
mailto:techtransfer@berkeley.edu

	This Technology Transfer Program publication is funded by the
	www.its.berkeley.edu/pavementresearch
	and also conducts research on California highways. Primary funding for the UCPRC is provided by Caltrans. Most of the UCPRC's work  is done through the Partnered Pavement Research Center contract, whose mission is to apply innovative research and soun...
	By Larry Santucci, PE
	Introduction
	Historic Review
	Methods of Rubber Modification
	Wet Process
	Dry Process
	Terminal Blend

	Accelerated Pavement Testing
	Terminology and Specifications
	Field Performance
	Summary
	References
	Technology Transfer Program
	➔ UC Berkeley

	The University of California Pavement Research Center
	➔ UC Berkeley
	➔ UC Davis



