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This paper addresses the experience gained in California with asphalt rubber mixes from the
performance of field test sections, accelerated pavement tests and laboratory performance
tests. Field and laboratory studies have evaluated the performance of asphalt rubber mixes in
“terms of fatigue, reflective cracking, permanent deformation and moisture sensitivity. The
findings have shown that asphalt rubber mixes, when properly designed and constructed, can
provide superior performance as compared to conventional dense graded mixes. A proper mix
design would be based on performance testing consisting of repetitive permanent deformation
testing, fatigue testing, thermal cracking testing and moisture sensitivity evaluation. Mecha-
nistic analysis is necessary so that the structural contribution of asphalt rubber mixes can be
quantified. Layer thicknesses will have to be based on fatigue testing accompanied by mecha-

nistic analysis.
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INTRODUCTION

The use of crumb rubber modifier (CRM) in asphalt
paving mixes has increased in recent years. The Cali-
fornia Department of Transportation (Caltrans) has
ranked CRM research at the top of the priority list of
the Caltrans Accelerated Pavement Testing
(CAL/APT) Program’s strategic plan.

Asphalt rubber binders have been successfully used
for joint and crack sealers, in chip seals, in
stress-absorbing membrane interlayers (SAMIs), and
in hot paving mixes. Generally, the field performance
of CRM mixes has been positive but short-comings
due to poor performance have been reported, which
may be attributed in part to poor mix design practices,
lack of performance-based physical property tests and

poor construction practices. In addition, the properties
of CRM mixes have been found to vary with the rub-
ber type and gradation, rubber concentration, asphalt
type and concentration, diluent type and concentra-
tion, diluent cure time and reaction temperature and
time (Epps, 1994). : ‘

CRM is incorporated with asphalt paving mixes by
one of two production processes, the wet and the dry.
In the wet process, the CRM is blended and partially
reacted with the asphalt cement prior to mixing with
the aggregates in a hot-mix plant. Typically, asphalt
cement and the CRM are reacted at high temperatures
and diluents, aromatic oils, and polymers may be
added. An asphalt cement that has been modified with
CRM is called asphalt rubber (AR). Two common

'mixes that use this process are asphalt rubber hot mix
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FIGURE 1 Caltrans typical gap and dense gradations

(gap graded) and asphalt rubber hot-mix (dense
graded), which are referred to as ARHM-GG and
ARHM-DG, respectively. Figure 1 shows typical
dense and gap gradations in California.

In the dry process, the CRM is added to the aggre-
gate in a hot-mix central plant operation before add-
ing the asphalt cement. The final mix in this process is
often referred to as rubber modified asphalt concrete
(RUMAC). The CRM may need a pre-treatment with
a catalyst to achieve the optimum particle swell
(Epps, 1994). In this system, the rubber content
should not exceed 3.0% by total weight of mix for
surface courses (Epps, 1994). Since the CRM, the
asphalt cement, and the aggregate are added at the
same time, it is impossible to determine the modified
binder properties directly.

The wet process has been the most widely used
process in California for which structural and reflec-
tive cracking equivalencies have been developed. The
terms asphalt rubber or rubberized asphalt concrete

are commonly used interchangeably to refer to both
processes of the CRM mix technology.

This paper provides an up-to-date assessment
(1999) of the performance of asphalt rubber mixes for
which some research and experience have been accu-
mulated in California. The assessment is based on
field performance and accelerated pavement testing
as well as laboratory testing consisting of fatigue
cracking, reflective cracking, permanent deformation,
thermal cracking and moisture sensitivity.

ORIGINAL CALTRANS RESEARCH

Caltrans Long-Term Field Test Sections

The Ravendale Project

In the past, Caltrans depended heavily on long-term
field test sections to evaluate and validate design pro-
cedures. In the late seventies and during the early
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eighties, Caltrans started experimenting with the use
of reclaimed tire rubber in asphalt concrete by con-
structing field test sections at various sites across the
State.

A project that was a turning point in the use of
asphalt rubber mixes in California was located near
the town of Ravendale on Route 395 in the northeast-
ern part of the state. The project consisted of several
test sections of various asphalt-rubber and conven-
tional dense graded asphalt concrete (DGAC) thick-
nesses with and without stress absorbing membrane
interlayers (SAMIs) (Doty, 1988). The asphalt rubber
mixes used were ARCO-ARM-R-SHIELD (abbrevi-
ated as ARS) and PlusRide. These test sections were
constructed in 1983. The annual precipitation in that
area is between 200 and 255 mm. The air temperature
exceeds 32 Celsius in the summer and drops below
freezing in the winter.

Test sections were constructed using several reha-
bilitation strategies as shown in Table 1. These strate-
gies consisted of the following types:

¢ ARS sections using a 12.5 mm maximum dense
gradation with and without SAMIs.

¢ PlusRide sections using 19 mm maximum gap
gradation with and without SAMIs.

¢ Conventional DGAC sections with 19 mm maxi-
mum dense gradation.

The ARS wet process, known as the Arizona refin-
ing process, was developed in 1975. With this pro-
cess, the asphalt rubber blend was composed of 18%
rubber, of which 40% was devulcanized and 60% was
ground ambient vulcanized, and 78% AR-4000 grade
asphalt cement with 4.0% Witco extender oil. All of
these percentages were by total weight of binder. The
ARS granular rubber gradation had 98.0% passing the
0.60 mm sieve and 8.0% passing the 0.15 mm sieve
size. Diluents were not added. The asphalt and the
rubber were combined together in a 175 Celsius tank
prior to mixing with the aggregate.

The PlusRide was a dry process in which dry
ground tire rubber was added as part of the aggregate
component. The rubber was not blended with the
asphalt cement. The permeabilties according to Cali-
fornia Test 341 were between 22.3 and 36.3 ml/min

for the ARS, between 6.8 and 11.0 ml/min for the
PlusRide and 177.0 mI/min for the conventional
DGAC.

Test Section Design and Performance

The required conventional DGAC overlay thick-
nesses for the project were determined from
non-destructive pavement deflection testing. These
thicknesses were based on either structural require-
ments or reflective cracking requirements. After
determining the required thickness, the overlays were
placed at various thicknesses. Table I shows each seg-
ment’s, design basis, design strategy, thickness pro-
vided, the ratio of the provided thickness over the
required thickness and the number of ESALs to fail-
ure. The “required thickness” is that needed to pro-
vide a design life of 510,000 ESALS over a 10 year
period. The data was evaluated in terms of deflec-
tions, pre-overlay distress and post-overlay distress.
Caltrans engineers concluded that mixes with asphalt
rubber modifiers could perform equal to conventional
DGAC mixes at reduced thicknesses from that
required for conventional DGAC.

Ravendale Laboratory Performance

In 1995, field cores were obtained from the center of
the lanes that contained the ARS and the DGAC test
segments. The measured air void contents were 6.0%
for the ARS and 11.0% for the DGAC segments. The
cores were then subjected to reflective cracking test-
ing using the newly developed Caltrans reflective
cracking (CRC) device which utilizes both the verti-
cal and the horizontal actuators of the Superpave
shear tester (SST) to simulate load-associated crack
movement; crack opening-closing (Mode I) and verti-
cal shear movement (Mode II). The reflective crack-
ing testing was conducted at 20 Celsius under
controlled-displacement mode of loading. The results
showed that the ARS rubber mixes would perform
better than the DGAC mixes in terms of reflective
cracking resistance (Fig. 2). These results agree with
the field performance data. However, emphasis must
be placed on the effect of in-place density on fatigue
performance, which can be significant.
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TABLE I Ravendale Project test sections results

Seament Design Design strate Thickness Thickness ratio ESALs
8 basis 8 8y provided (provided/required) to failure
1 Structural ARS/SAMI 75 mm 0.45 510,000
2 Structural ARS/SAMI 45 mm 0.30 510,000
3 Reflective ARS 45 mm 0.60 450,000
4 Structural PlusRide 45 mm 0.33 450,000
5 Structural PlusRide/SAMI 45 mm 1.00 510,000
6 Reflective PlusRide/SAMI 75 mm 1.25 510,000
7 Reflective DGAC 45 mm 1.00 150,000
8 Structural DGAC 60 mm 0.40 150,000
9 Structural DGAC 90 mm 0.50 350,000
10 Structural DGAC 150 mm 1.25 510,000
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FIGURE 2 Cycles to failure versus shear displacement (reflective cracking)
Recent Field Reviews of Asphalt Rubber Projects throughout the state of California, the majority of

During 1995, Hildebrand and Van Kirk of Calirans  Which were ARHM-GG and ARHM-DG overlays
conducted field reviews of 88 asphalt rubber projects ~ (Hildebrand and Van Kirk, 1995). The reviews
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revealed that asphalt rubber mixes would give good
performance when properly designed and con-
structed. The poor performance found in some
projects was related to factors such as mix design and
compaction problems,

Hildebrand and Van Kirk compared projects con-
structed using Type I asphalt rubber binder with those
constructed with Type II asphalt rubber binder. (Type
II binder contains a high natural rubber additive and
an extender oil which are not used in Type I binder.)
They found that mixes with Type II binder had per-
formed better in reflective cracking resistance than
those with Type I binder and they believed that the
use of a diluent in Type I and an extender oil in Type
II would improve field performance. They mentioned
that the rate of cracking and raveling was greatly
reduced when compared with conventional DGAC. It
should be mentioned here that a physical property
specification for asphalt rubber binder has been pro-
posed, which is currently under evaluation by Cal-
trans (Reese, 1994).

MIX DESIGN PRACTICES FOR ASPHALT
RUBBER

Traditional Mix Design Practices

The traditional mix design practices for asphalt rub-
ber mixes have been based on variations of the
Hveem and Marshall procedures by using stability
tests and weight-volume parameters. In the wet pro-
cess, the mix design criteria include significant reduc-
tions in Hveem stabilities, Marshall stabilities, and
Marshall flow and increases in “voids in mineral aggre-
gate” (VMA). In the dry process, the Marshall and
Hveem stabilites are reduced, and the mix design prop-
erties are largely dependent on the CRM concentration
and aggregate gradation.

The mixing and the compaction temperatures for
asphalt rubber mixes are higher than those for con-
ventional DGAC. The design air voids and aggregate
gradation depend on the CRM content and the pro-
duction process. It has been found that low asphalt

contents in the wet process would have little or no
effect on the mix design, whereas the CRM content in
the dry process would affect the design air voids and
aggregate gradation (Epps, 1994).

Asphalt rubber binder contents are typically 10 to
20% higher than the asphalt content in conventional
DGAC mixes. As an example, if 20% CRM is used in
the binder, the asphalt rubber binder will be 20%
greater than a conventional binder, i.e., 6% versus 5%
by dry weight of aggregate (Epps, 1994).

Caltrans’ Mix Design Practices

Caltrans’ mix design experience with ARHM-GG and
ARHM-DG has been based, until recently, on a
method that used air voids of 2.0% and 3.0%, respec-
tively, with no stability requirements. The low Hveem
stability values associated with asphalt rubber mixes
led temporarily to the discontinued use of this param-
eter in the design of asphalt rubber mixes (Van Kirk,
1989).

The lack of a performance-based test that can ade-
quately assess the stability of asphalt rubber mixes
has resulted in some rutting failures. These failures
have led Caltrans pavement engineers to include addi-
tional requirements and to modify the criteria to con-
sider variations of traffic and environment. The latest
requirements for ARHM-GG and ARHM-DG include
a Hveem stability of 23 minimum, voids in mineral
aggregate (VMA) of 18% minimum and a design air
void content that varies with traffic and climate as
shown below.

Region
Traffic Index
Mountain Valley Coastal ~ Desert
<6 3.0 3.0 3.0 30
6-10 3.0 4.0 4.0 4.0
>10 4.0 4.0 4.0 5.0

The traffic index is an indicator of the traffic vol-
ume in terms of equivalent 80 kN single axle loads
(ESALs) according to the following formula:

TI = 9.0 x (ESAL/108)0-119
Where T1I is the traffic index.

Equation 1
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The requirements call for the use of 4.0% air voids
when the ambient temperature exceeds 35 Celsius in
mountain regions with a traffic index greater than 6.
In addition, the optimum binder content must fall
between the limits of 7.0 and 9.5% for ARHM-GG
and between the limits of 6.5 and 8.5% for
ARHM-DG based on weight of aggregate. These pre-
scriptive requirements are currently being re-evalu-
ated relative to the inclusion of performance-based
specification requirements.

Performance-Based Mix Design and Specifications

Research using the Strategic Highway Research Pro-
gram (SHRP) tests is being conducted in Caltrans to
develop performance-based tests that can be used to
design a variety of mixes including asphalt rubber.
The proposed specification is based on determining
the optimum binder content using the repetitive sim-
ple shear test at constant height (RSST-CH)
(AASHTO TP7-94), conducting fatigue testing using
either the flexural bending beam test (AASHTO TP8-
94) or the Caltrans direct tension test, and conducting
mechanistic analysis to determine the critical strains
in the pavement and comparing the results to a stan-
dard mix with known fatigue performance. In addi-
tion, the specification requires screening the mix for
moisture sensitivity using AASHTO T 283 and per-
forming thermal cracking testing using the thermal
stress restrained specimen test (TSRST, AASHTO
TP10-93).

CALTRANS’ STRUCTURAL DESIGN
FOR OVERLAYS

Caltrans’ structural design procedure for overlays is
based on non-destructive deflection testing of existing
pavements. The maximum deflection below the load
is used to determine the thickness requirements of an
overlay for a design life of 10 years. This procedure
uses the maximum deflection criteria to obtain the
required thickness according to Caltrans Test 356.
The required overlay thickness is selected to account
for structural or reflective cracking requirements. The

structural requirements are based on deflections that
are higher than certain tolerable criteria. When the
pavement experiences severe cracking but the deflec-
tions are below the tolerable limits, the reflective
cracking requirements prevail. In general, design to
meet reflective cracking requirements is achieved for
by providing an overlay thickness equivalent to 50%
of the thickness of the existing wearing course.

Caltrans’ Structural Design Guidelines
for ARHM-GG

The performance from the Ravendale sections and
from other asphalt rubber sections resulted in the
development of a design guide for flexible pavement
overlay rehabilitation using ARHM-GG (CAL-
TRANS, 1992-3). This guide has recently been used
for overlaying “cracked and seated” Portland cement
concrete (PCC) pavements.. The guide recommends
reducing thicknesses of ARHM-GG overlays by as
much as 50% of the required conventional DGAC
design thicknesses. However, thicknesses of
ARHM-GG overlays may not exceed 60 mm in order
to prevent rutting problems. If a thickness greater than
60 mm was indicated prior use of conventional
DGAC is required so as to keep the ARHM-GG
thickness within the permitted limits. Caltrans has
been using these guidelines since 1992 in all rehabili-
tation projects involving ARHM-GG overlays.

TABLE II California structural equivalencies (mm)

DGAC ARHM-GG" ARHM-GG/SAMI
45 30° -
60 30 -
75 45 30
90 45 30
105 60 45
120 60 45
135 45¢ 60
150 454 60
165 60° 45
180 604 45

a. The maximum allowable non-experimental equivalency for
ARHM-GG is 2:1.

b. The minimum allowable ARHM-GG lift thickness is 30 mm.
c. Place 45 mm of new DGAC first.

d. Place 60 mm of new DGAC first.
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TABLE III California reflective crack retardation equivalencies
(mm)

DGAC ARHM-GG ARHM-GG/SAMI
45 308 -
60 30 -
75 45 _
90 45 -
105° 45° 304

a. The minimum allowable ARHM-GG lift thickness is 30 mm.
b. A DGAC thickness of 105 mm is the maximum thickness rec-
ommended by Caltrans for reflection cracking.

c. Use 45 mm if the crack width is less than 3 mm and 60 mm if
the crack width is equal to or greater than 3 mm.

d. Use if the crack width is equal to or greater than 3 mm. If less
than 3 mm, use another strategy.

The thickness requirements according to the Cal-
trans design procedure are shown in Tables II and 3.
The procedure begins, first by, determining the thick-
ness requirements for a conventional DGAC based on
deflections and structural section stiffening require-
ments. Secondly, the conventional DGAC thickness
required to retard reflection cracking is determined.
Thirdly, Tables II and III are used to determine the
required thicknesses for ARHM-GG. If the ride score
is greater than the allowable minimum and there is no
structural need, then two 30 mm thick lifts of
ARHM-GG are placed or a depth of 30 mm is cold
planed before placing the ARHM-GG as determined
by the procedure.

Basis Behind Caltrans’ Structural Design
Guidelines for ARHM-GG

Caltrans’ structural design guidelines have been based
largely on the results from the Ravendale project.
Some field test sections in California have supported
the conclusions drawn from the Ravendale project but
additional evaluation efforts are necessary. For exam-
ple, a project located on Route 139 containing several
test segments with ARHM-GG and conventional
DGAC exhibited early distress. This project was con-
structed in 1991. On this project, reduced thicknesses
were used on segments containing ARHM-GG and
conventional DGAC mixes along with segments of

conventional DGAC and polymer-modified DGAC at
the normal required thicknesses. The data showed
early fatigue failures in all of the reduced thicknesses
within 5 years after construction. This project is cur-
rently under investigation to determine the causes of
failures. The results from this investigation are likely
to result in a mechanistic design-based approach to
thickness adjustments.

Assumptions Used During the Development
of Caltrans’ Structural Design Guidelines
for ARHM-GG

The following assumptions were made during the
development of the guidelines:

* The most promising form of asphalt rubber is
ARHM-GG.

*  ARHM-GG is recyclable.

* Cracking in the overlays is caused by a combina-
tion of traffic loads and movement of the underly-
ing pavement.

* Even thinner layers (higher equivalencies) of
ARHM-GG may be appropriate but, to limit risk,
higher equivalencies should be considered experi-
mental.

*  ARHM-GG may be little or no better than DGAC
in preventing cold weather induced transverse
cracking.

* The degree of stiffening provided by a specific
thickness of ARHM-GG is less than the amount of
stiffening provided by the same thickness of
DGAC. Thus, after the overlay the ratio of tolera-
ble deflection to the actual deflection for
ARHM-GG may become less favorable when the
ARHM-GG thickness is greater than 60 mm.

* ARHM-GG can withstand considerably higher
deflection than the same thickness of DGAC with-
out cracking.

* The mild climate structural equivalency of a
SAMI is less than or equal to 15mm of
ARHM-GG (i.e. less than or equal to 30 mm of
DGAC; assuming that the SAMI reduces that por-
tion of the total overlay stress caused by reflection
of underlying cracks/joints).
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* The reflection crack retardation equivalency of
ARHM-GG is considerably greater than that of
DGAC.

¢ The reflection crack retardation equivalency of a
SAMI is 30 mm of ARHM-GG which is approxi-
mately 60 mm of DGAC.

* There may be stability problems if ARHM-GG is

- placed thicker than 60 mm, even if multiple lifts
are used.

CALTRANS’ RECENT RESEARCH
ON ASPHALT RUBBER MIXES

Fatigue

CAL/APT Pilot Project in South Africa

To gain additional validation for the reduced thick-
ness design of ARHM-GG, Caltrans undertook a
cooperative effort with the Republic of South Africa
to perform accelerated pavement testing using the
South African Heavy Vehicle Simulator (HVS). This
cooperative effort constituted a pilot research project
in South Africa. As part of the experiment, a 75 mm
thick DGAC overlay section and three ARHM-GG
overlay sections consisting of 50 mm, 38 mm and
25 mm thicknesses were placed on an existing dis-
tressed flexible pavement in South Africa, which has
a climate similar to that found in California. The over-
lays were constructed using materials and mix design
procedures conforming to Caltrans specifications
(Rust et al.,, 1993). This study did not, however,
account for the effects of binder age hardening and its
effect on fatigue life. _

The HVS test results indicated that a reduction of at
least 50% in layer thickness to obtain similar fatigue
performance over flexible pavements can be justified
when conventional DGAC is replaced with
ARHM-GG. These test results served to tentatively
validate Caltrans’ design guide for ARHM-GG over-
lays over flexible pavements. This study recom-
mended checking the subgrade rutting criteria when
reducing the required thickness based on fatigue per-
formance.

CAL/APT HVS Tests at the RiL;hmond Field Station

Additional accelerated testing was conducted in Cali-
fornia. In March 1997, a DGAC overlay and an
ARHM-GG overlay were constructed side-by-side at
the CAL/APT HVS test site at the Richmond Field
Station of the University of California at Berkeley.
The thickness of the DGAC overlay was 72 mm. The
design thickness of the ARHM-GG overlay was half
that of the DGAC overlay, following Caltrans design
guidelines. The constructed thickness of the
ARHM-GG averaged 36 mm. A small section of the
ARHM-GG overlay was constructed to a thickness of
67 mm as well.

Both overlays were constructed over an existing
flexible pavement consisting of approximately
150 mm of DGAC over an aggregate base and sub-
base, and a stiff subgrade. The overlaid area included
four HVS test sections that were trafficked by the
HVS as part of an earlier experiment. The upper lift of
asphalt concrete in those four sections was cracked,
the lower lift was uncracked, and the sections had
some rutting in the mix and the underlying layers
(Harvey et al., 1998).

The constructed binder content of the ARHM-GG
mix was found to be about 1% less than the design
asphalt content of 7.6 to 7.9% by mass of aggregate,
on average. The binder content of the DGAC mix,
and the gradations of both mixes met specifications.
Both mixes were compacted following Caltrans
method specifications. The ARHM-GG mix arrived at
the site cooler than the DGAC mix, and cooled faster
after placement. Despite the same rolling pattern on
both mixes, the average air-void contents were 5.4%
for the 72 DGAC overlay, 8.9% for the 67 mm
ARHM-GG and 14.4% for the 36 mm ARHM-GG
overlay (Harvey et al., (1999).

The HVS trafficking was performed at 20 C using
100 kN loads on a dual-radial wheel at the rated infla-
tion pressure with a one meter wide wander pattern
and bidirectional loading. The overlays were traf-
ficked until substantial cracking was observed on the
surface. The results indicated that the DGAC and the
ARHM-GG at half thickness had similar cracking
performance. Trenching, and comparison of digitized
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crack patterns from the surface of the original asphalt
concrete and the overlays showed that the cracking in
the overlays was reflected through from the underly-
ing asphalt concrete. Better compaction of the
ARHM-GG would be expected to improve its crack-
ing and rutting performance beyond that seen in these
HVS tests.

Flexural Bending Beam Fatigue

Flexural fatigue tests conducted in Alaska have sup-
ported Caltrans’ structural thickness adjustments for
ARHM-GG overlays. Controlled-strain laboratory
flexural beam fatigue tests and multi-layer elastic
analysis were conducted at the University of Alaska
by Raad et al. (1993). Their analysis indicated that a
reduction in the thickness would become more signif-
icant with increasing foundation support (higher base
and subgrade moduli). Raad et al. developed thick-
ness equivalencies between DGAC and ARHM-GG
based on the remaining fatigue life of pavement sec-
tions with similar initial fatigue life. By assuming
base and subgrade moduli of 550 kPa and 140 kPa,
respectively, they demonstrated that DGAC layer
thicknesses of 150 mm and 255 mm would be equiva-
lent to ARHM-GG layer thicknesses of 50 mm and
125 mm, respectively. They rationalized that the
equivalent ARHM-GG would be significantly smaller
in the case of overlays as a result of increased support
of the existing pavement structure. In addition to the
Alaskan study, controlled-strain flexural fatigue tests

were conducted at the University of California for -

Caltrans as part of the CAL/APT South African pilot
project (Harvey and Monismith, 1994). The findings
indicated that ARHM-GG would provide consider-
ably longer fatigue life when compared with the same
thickness of DGAC.

Repetitive Direct Tension Test

Fatigue tests were conducted on beams taken from
two SHRP SPS-5 sections using the Caltrans repeti-
tive direct tension test with a test temperature of 20
Celsius and a frequency of 10Hz under con-
trolled-strain mode of loading. The SPS-5 sections are

located on Interstate 40 near Newberry Springs,
which is in a desert environment with a 7-day maxi-
mum pavement temperature of 60 Celsius 50 mm
below the pavement surface. These sections were
constructed in 1992. One section consisted of a reha-
bilitation strategy composed of an ARHM-GG layer
at a reduced thickness over a new conventional
DGAC layer, and another section consisted of a reha-
bilitation strategy composed of 3 layers of conven-
tional DGAC. Two asphalt sources, Valley and
Coastal, were used on this project. The fatigue results
revealed that the asphalt rubber mix containing the
Valley asphalt source performed better in fatigue than
the conventional mixes containing either Valley or
Coastal binders (Fig. 3) (Shatnawi, 1997). In this fig-
ure, S2L1 stands for an ARHM-GG (top lift), S21.2
stands for DGAC with Valley asphalt (second lift).
These two mixes are from a section designated as
Section 2. S4L.1 and S4L2 are DGAC mixes with
Coastal asphalt placed at the top and second lifts of
Section 4, respectively. S4L.3 is a DGAC with Valley
asphalt placed as the third lift in Section 4. The Valley
asphalt produced DGAC mixes with higher stiffness
values than the Coastal asphalt and it resulted in mixes
having less fatigue resistance than mixes with Coastal
asphalt in the controlled-strain repetitive direct tension
test. Even with these properties, the asphalt rubber mix
containing Valley asphalt outperformed the DGAC
mixes containing both asphalt sources in the fatigue
test. In addition, Fig.3 shows two distinct fatigue
curves for the coastal mixes, possibly indicating the
effect of aging on the top lift as compared to the second
lift. Field reviews after 5 years of traffic showed com-
parable fatigue performance in both the DGAC and the
asphalt rubber sections.

Reflective Cracking

Three laboratory mixes (ARHM-GG, ARHM-DG and
DGAC) with air voids of 7.0 % were subjected to the
reflective cracking test at a temperature of 20 Celsius
to assess their reflective cracking resistance (Fig. 4).
The results showed that in terms of reflective crack-
ing resistance ARHM-GG ranked first, ARHM-DG
ranked second, and DGAC ranked third. The reflec-
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FIGURE 3 SPS-5 repetitive direct tension fatigue results

tive cracking tests simulated crack movement in two
modes (Mode I and Mode II) in PCC pavements.
These results show that asphalt rubber mixes could
provide better reflective cracking resistance than con-
ventional DGAC when used as overlays on top of
PCC pavements. The results from these tests could
possibly be applied to alternative strategies using
ARHM-GG (with and without SAMI) on cracked and
seated PCC pavements. These alternatives would pro-
vide additional resistance to reflective cracking and
would allow placement of thinner layers.

It should be indicated here that field experience
with asphalt rubber overlays over PCC pavements has
been limited. In 1993, Caltrans constructed for the
first time a unique PCC pavement rehabilitation
project where the contractor warranted for 5 years an
overlay consisting of 45 mm ARHM-GG on 45 mm
DGAC leveling course (incorporating a Performance

Based Asphalt (PBA-6) over a cracked and seated
PCC pavement (Harvey et al., 1995). This project is
located north of Redding, California on Interstate 5 in
Shasta County. The asphalt rubber binder consisted of

AR-4000 blended with 17.0% ground tire rubber and

2.0% natural rubber. The project consisted of both
northbound (NB) and southbound (SB) sections
which were constructed by two contractors that used
two different aggregate sources. The binder contents
used were 7.7% and 8.7% for the NB and SB sections,
respectively. Reviews of this project so far have indi-
cated good performance in both directions with some
minor surface abrasion.

Permanent Deformation

Results from Caltrans field sections and laboratory
performance tests have revealed that asphalt rubber
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FIGURE 4 Cycles to failure versus displacement (reflective cracking)

mixes could produce adequate resistance to perma-
nent deformation when properly constructed and
designed. Recent work has supported field observa-
tions regarding the resistance to permanent deforma-
tion. The following are brief descriptions of some of
these studies.

CAL/APT Pilot Project

During the CAL/APT pilot project, the permanent
deformation resistance was assessed by conducting
companion laboratory tests utilizing the repetitive
simple shear test at constant height (RSST-CH) (Har-
vey and Monismith, 1994). These tests were con-
ducted at a temperature of 19 Celsius. This medium
temperature is not typically used to assess rutting
resistance. It was selected, however, to simulate the
temperature of the controlled environment of the
HVS test sections in South Africa. The shear stress
used was 70 kPa with 0.1 seconds loading and 0.6
seconds rest periods. The data were compared at 4.5

percent permanent shear strain which corresponds to
13 mm rut depth according to the following relation-
ship developed as part of the SHRP A-003A project:

Rut Depth (mm) = 279 x 7, Equation 2

where y,, = the permanent shear strain.

The tests indicated that at high air voids (10.0%),
ARHM-GG would have higher permanent shear than
conventional DGAC, and at low air voids (5.0%),
ARHM-GG would have less permanent shear than
DGAC. It is worth emphasizing that permanent defor-
mation testing should be conducted at elevated tem-
peratures where mixes have less resistance to
permanent deformation.

CAL/APT HVS Tests at the Richmond Field Station

Rutting tests using the HVS were conducted at the
Richmond Field Station test sections on both
ARHM-GG and DGAC. The construction of the test
sections and the layer thicknesses were as described
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before in the fatigue portion of this paper. The target
pavement surface temperature for the rutting tests was
a constant 55 C. The rutting testing of the two thick-
nesses of ARHM-GG and DGAC was conducted in
one direction only, using both dual-radial tires and a
wide-base single tire with the rated inflated pressures
at 40 kN loads in a channelized traffic mode.

The results indicated that the DGAC overlay and
both thicknesses of the. ARHM-GG overlay had
nearly identical performance under the dual-radial
wheel. Under the wide-base single wheel, the DGAC
and the thick ARHM-GG overlay had similar perfor-
mance. The thin ARHM-GG overlay had somewhat
better performance than the DGAC, although the test
temperature was 2 to 3 C higher than that of the other
two tests.

Newberry Springs SPS-5 Project
Laboratory tests consisting of RSST-CH and the

LCPC wheel-tracking device were conducted on field
cores from the aforementioned SPS-5 project on

Interstate 40. These tests were conducted at a temper-
ature of 60 Celsius which corresponds to the 7-day
maximum pavement temperature at 50 mm pavement
depth. The shear stress used was 70 kPa with 0.1 sec-
onds loading and 0.6 seconds rest periods. The data
were compared at 4.5 percent permanent shear strain
which corresponds to 13 mm rut depth according to
Equation 2. The results show that the DGAC mix has
more resistance to permanent deformation than the
ARHM-GG mix but this does not mean that the
ARHM-GG is prone to rutting (Figs 5 and 6). Field
reviews of the two test sections showed that both
DGAC and ARHM-GG mixes had comparable per-
formance. The measured rut depth in both sections
was less than 2 mm after 5 years of traffic with
40 percent trucks under high desert temperature.

1-5 Warranty Project

In the aforementioned 1993 warrantied pavement
project, two mixes were designed for the overlay of a
“cracked and seated” PCC pavement, one DGAC
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with PBA-6 binder and the other ARHM-GG (Harvey
et al., 1995). The mix design methods were based on
mix performance using the RSST-CH, traffic,
site-specific temperature, and reliability. The opti-
mum binder contents were found to be 5.2% and
6.5%, for DGAC-PBA6 and ARHM-GG, by dry
weight of aggregate. The optimum binder content
based on the air void method was compared to that
obtained with the performance-based mix design. It
was found that the recommended binder content for
the ARHM-GG using the performance-based method
was much lower than the binder content determined
through the air void method which was 8.5%. On this
project, a compromise between the 8.5% and the
6.5% binder contents was made before construction,
which resulted in using a binder content of 7.5%.
Field reviews of this project to date showed good per-
formance on both sections with only minor raveling.

Thermal Cracking

Recent research conducted by Epps at the University
of California showed that asphalt rubber mixes would
have superior thermal cracking performance as com-
pared with conventional DGAC (Epps, 1997). The
tests conducted included thermal strength using the
thermal stress restrained specimen test (TSRTS) and
thermal fatigue using the flexural fatigue tests at low
frequencies. She concluded that asphalt rubber modi-
fication would improve the resistance to both types of
thermal cracking. In addition to this work, Raad et al.
(1993) conducted a thermal cracking study using the
TSRST and concluded that thermal cracking would
generally be enhanced by using crumb tire modifiers.
They emphasized that the magnitude of improvement
would depend on the rubber modification process. It
should be emphasized that the above conclusions are



14 SHAKIR SHATNAWI

0,81
0,8 -

0,7 4

TSR (%)

0,6 -

0,5 +

04 1

0,3 -
DGAC

ARHM-DG

M Non-Moisture Sensitive Aggregate
O Moisture Sensitive Aggregate

ARHM-GG

Mix Type

FIGURE 7 Tensile strength ratio (TSR) versus mix type (AASHTO T 283)

dependent on the grade of asphalt used in the DGAC
mixes studied.

Moisture Sensitivity

The moisture sensitivity resistance of asphalt rubber
mixes has been documented by several research
efforts. For example, Maupin used the AASHTO T
283 test method to compare asphalt rubber mixes with
conventional DGAC mixes (Maupin, 1992). He
showed that asphalt rubber mixes could be more
resistant to moisture damage than DGAC mixes con-
taining the same aggregate. Epps (1994) indicated
that substantial strength loss was shown to occur after
moisture conditioning in both the wet and dry pro-
cesses Recent studies in California indicated that
there could be moisture sensitivity problems with
asphalt rubber mixes (Shatnawi, 1994). Therefore, it

is essential that moisture sensitivity evaluations of
these mixes be conducted during the mix design pro-
cess. In cases where the potential for moisture sensi-
tivity is detected, a treatment with an anti-stripping
additive or the use of a different mix may be neces-
sary. Below are brief descriptions of two moisture
sensitivity studies in California.

Moisture Sensitivity Evaluation Using AASHTO T 283

Caltrans conducted testing using the AASHTO T 283
test method on asphalt rubber and conventional
DGAC mixes (Shatnawi, 1994). The results showed
that lower tensile strength ratios (TSRs) for asphalt
rubber mixes (ARHM-GG and ARHM-DG) could
occur as compared with conventional DGAC mixes
containing the same aggregate type (Fig. 7). Field
performance indicated that moisture damage occurred
early in the service life of some asphalt rubber pave-
ment projects.
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TABLE IV ECS moisture sensitivity results for the I-5 Warranty Project

Mix Binder Content (%) 0.5% Additivew Moisture Sensitive?

DGAC - PBA6 4.5 No Yes
45 Yes No

5.0 No Borderline
5.0 Yes No
ARHM-GG 7.0 No No
7.0 Yes No
7.0 Yes No
8.0 No No
8.0 Yes No

Environmental Conditioning System
(ECS, AASHTO TP34-93)

On the warrantied pavement, moisture sensitivity test-
ing using the Environmental Conditioning System
(ECS) was conducted on the mixes with binder con-
tents of 4.5% and 5.0% for DGAC-PBAG6 and 7.0%
and 8% for ARHM-GG. These two mixes were tested
at air voids that approximated in-place field air voids
of around 8.0% and 11.0%, respectively. The tests
revealed low resistance to water damage in the
DGAC-PBA6 mix but not in the ARHM-GG mix
(Table IV). An anti-stripping additive was added to
selected mixes to increase the resistance to moisture
damage.

DISCUSSION

Caltrans’ experience with asphalt rubber mixes has
demonstrated that asphalt rubber mixes such as
ARHM-GG can have superior fatigue performance as
compared with DGAC mixes. This experience has
also shown that asphalt rubber mixes, when properly
designed and constructed, can provide adequate resis-
tance to permanent deformation. The lack of a perfor-
mance-based mix design has contributed to premature
rutting failures.

It has been demonstrated that the current mix
design practice, which uses the air void method, could
result in higher binder contents when compared to a
performance-based mix design. In the warrantied

pavement project, which used a performance-based
mix design, the optimum binder content was consid-
erably lower (2%) than the optimum obtained using
the air void method. Consequently, this could influ-
ence field performance. With a reduced binder con-
tent, a reduction in fatigue life is likely but at the same
time the risk of premature rutting failures is mini-
mized. Thus a reduction in binder content may result
in modifications to the reduced thickness guidelines.

Since the development of the structural and reflec-
tive cracking equivalencies was based mainly on the
long-term performance of pavement test sections, an
approach based on engineering properties is under
consideration. A new approach based on repetitive
simple shear testing and fatigue testing accompanied
by mechanistic analysis has been proposed. This
approach may result in modifications to the guide-
lines because mechanistic analysis and fatigue testing
would be used as the basis for any thickness adjust-
ments. .

CONCLUSIONS AND RECOMMENDATIONS

¢ Generally, the fatigue performance of ARHM-GG
has been demonstrated to be superior to conven-
tional DGAC mixes with unmodified binders.

* Asphalt rubber mixes can have adequate perma-
nent deformation resistance if properly designed
and constructed. A proper design must be based
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on laboratory performance tests with limiting cri-
teria validated through field pengormance.

* Thermal cracking properties can improve when
asphalt rubber binder is used. This conclusion is
dependent on the grade of asphalt used in the
DGAC.

* Moisture sensitivity can be a problem for
ARHM-GG mixes and must be evaluated during
the mix design process. Anti-stripping additives
may be necessary to minimize moisture damage.

e Structural and reflective thickness equivalencies
for asphalt rubber mixes must be based on labora-
tory fatigue and reflective cracking tests as well as
mechanistic analysis.
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