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Abstract

The use of conventional reclaimed asphalt pavement (RAP) has become routine in a number of states throughout the United
States, and the satisfactory mix design procedures have been developed. The recycling of crumb rubber-modified materials has been
an area of interest since crumb rubber modifier (CRM) was first used in asphalt paving materials over 40 years ago. Some state depart-
ments of transportation (DOTs) have used rubberized asphalt concrete (RAC) materials in limited recycling experiments or demonstra-
tion projects. The respective studies include different types of wet process binders and/or various gradations of CRM as an aggregate
substitute (dry process). The results show that a wide range of CRM-modified paving materials can be successfully reclaimed and
recycled.

Previous research on the recycling of RAC focused only on the mixture properties at the location of in-field paving. In the long-term
performance characterizations, it is important to identify the aging properties of rubberized binders and the subsequent recycling prop-
erties of these aged rubberized binders. Without understanding these binder properties, it is difficult to predict the mixture performance
and suggest guidelines for the recycling of RAC. To address this issue, this research was conducted to identify the performance properties
of recycled aged CRM binders. Evaluation of the recycled aged CRM binders included the following testing procedures: viscosity at high
temperature, rheological properties at high and intermediate temperatures, and cracking properties at low temperature. The results from
this study indicated that the recycled aged CRM binders can result in satisfactory binder performance which meets current Superpave
binder requirements.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Background

Approximately 600 million scrap tires are generated
each year in the United States and in Europe [1]. The dis-
posal of these scrap tires has been a serious issue due to
many reasons (e.g., lack of landfill space, environmental
issues, etc.). Previous studies have reported that crumb
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rubber modifier (CRM) binders can produce asphalt pave-
ments that exhibit increased pavement life, decreased traffic
noise, reduced maintenance costs and resistance to rutting
and cracking [2-5]. Because of these advantages, there is an
increasing interest in using CRM binders in hot mix
asphalt (HMA) pavements in some states in the Unites
States and other countries [5,6].

Using CRM to modify asphalt binders in pavement
engineering began more than four decades ago in the Uni-
ted States. The recycling for rubberized asphalt pavement
is a very important issue because many of these pavements
were built over 10-20 years ago and some of them may now
be a candidate for recycling. Previous research on the recy-
cling of rubberized asphalt concrete (RAC), which was
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conducted primarily by some state departments of trans-
portation (DOTs) [7-10], focused on investigating the in-
field paving properties regarding the feasibility of recycling
rubber-modified paving materials. The majority of the lim-
ited number of studies on the use of reclaimed rubberized
materials in recycled asphalt paving mixtures indicate that
these reclaimed materials can be successfully incorporated
into other bituminous paving mixes [11]. However, it is
important to be able to identify the aging and recycling
properties of rubberized binders to predict the long-term
performance of these mixtures and to suggest guidelines
for the recycling of RAC.

1.2. Research objectives and scope
The main objective of this research was to investigate

the performance properties of laboratory-prepared recy-
cled aged crumb rubber modifier (CRM) binders

through Superpave binder tests. The CRM binders were
produced in the laboratory incorporating one CRM
source (ambient) and one CRM percentage (10% by
weight of asphalt binder) into three base binders. The
CRM binders were artificially aged using rolling thin
film oven (RTFO) + pressure aging vessel (PAV) aging
procedures, and the aged CRM binders were recycled
using two base binders (performance grade (PG) 64-22
for 0% and 15% long-term aged (LTA) binders, and
PG 58-22 for 25% and 35% LTA binders). The recycled
aged CRM binders were artificially aged using the same
RTFO + PAV methods. The viscosity and rutting prop-
erties for recycled CRM binders in the original state, the
rutting properties after RTFO aging process, and the
cracking properties at intermediate and low temperatures
after RTFO + PAV aging processes were evaluated.
Fig. 1 shows a flow chart of the experimental design
used in this study.
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Fig. 1. Flow chart of experimental design procedures.
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2. Materials and test program
2.1. Materials

2.1.1. Asphalt binders

Three PG 64-22 asphalt binders designated as A, B, and
C from different crude sources were used in this study. Bin-
der A was from a Venezuelan crude source, binder B was
from a Middle Eastern source, and binder C was a mixture
of several sources that could not be identified by the sup-
plier. Each binder was graded in accordance with
AASHTO M320 to verify the performance grade. Table 1
summarizes the properties of the three base binders
included in this study.

2.1.2. Crumb rubber modifier (CRM )

The CRM produced by mechanical shredding at ambi-
ent temperature was obtained from one source: —40 mesh
(—0.425 mm) and used with a gradation as shown in Table
2, which is widely used to produce the CRM mixtures in
South Carolina. To ensure that the consistency of the
CRM was maintained throughout the study, only one
batch of crumb rubber was used in this study.

2.2. CRM binder production and aging
The binder mixing used in this study was the wet

process, in which the CRM is added to the base asphalt
binder before introducing it in the asphalt concrete

Table 1
Properties of three base binders (PG 64-22)

Aging states Test properties Binder sources

A B C

Unaged Rotational viscosity at 0.609 0.470 0.409
binder 135°C (Pas)

G*/sind at 64 °C (kPa) 1.943 1.237 1.194
High failure temperature 69.7 66.9 65.7
(°C)

RTFO aged G*/siné at 64 °C (kPa) 4.402 2.230 2.334

residual High failure temperature 71.7 65.3 65.9
(°C)

RTFO + PAV  G'sind at 25 °C (kPa) 1907.1  2102.6  2335.0
aged Stiffness at —12 °C (MPa) 128 195 187
residual m-Value at —12 °C 0.339 0.318 0.337

Table 2

The gradation of crumb rubber used in this study
Ambient CRM
% Retained

Sieve no. (pum)

% Cumulative retained

30 (600) 0 0
40 (425) 9.0 9.0
50 (300) 31.9 40.9
80 (180) 329 73.8
100 (150) 7.6 81.4
200 (75) 18.6 100.0

matrix [12-14]. The CRM binder was produced in the lab-
oratory at 177 °C for 30 min by an open blade mixer at a
blending speed of 700 rpm [12,15]. The percentage of
crumb rubber added for the CRM binder was 10% by
weight of the base binder. This mixing condition matches
the practices used in South Carolina to produce field mix-
tures [15].

The CRM binders were then artificially aged through a
series of accelerated aging processes (RTFO aging for
85 min at 163 °C and PAV aging for 20 h at 100 °C) [16].
The effectiveness of the accelerated aging processes for
CRM binders used in this study was evaluated in the pre-
vious studies using Superpave binder tests and gel perme-
ation chromatography (GPC) technique [13,15,17]. From
the previous studies, it was observed that CRM binders
showed similar aging level with control binders (PG 64-
22) after the RTFO + PAYV aging.

2.3. Recycling of aged CRM binders

Virgin CRM binders produced using the base binders of
PG 64-22 were used for the recycling of 0% and 15% long-
term aged (LTA) binders. The virgin binder grade was
selected based on the previous research which concluded
that in case of 15% RAP, the PG grade of the asphalt bin-
der added for the recycling can be the same as that used in
0% RAP [17,18]. With respect to 25% and 35% long-term
aged (LTA) binders, the base binders of PG 58-22 were uti-
lized to produce virgin CRM binders for the recycling
(Fig. 1). The recycled aged CRM binders were then artifi-
cially aged through RTFO and PAV processes. In total,
36 CRM binders (3 binder sources * 4 LTA binder percent-
ages * 3 aging levels) were produced and evaluated during
this study.

2.4. Superpave binder tests

The Superpave binder tests are used to quantify the
asphalt’s performance at three stages of its life: in its origi-
nal state, after mixing and construction, and after in-ser-
vice aging [16]. In this study, the properties of these
CRM binders were evaluated using selected Superpave bin-
der test procedures including the viscosity test (AASHTO
T 316), the bending beam rheometer (BBR) test (AASHTO
T 313), and the dynamic shear rheometer (DSR) test
(AASHTO T 315: with the plate gap adjusted to 2 mm).
The plate gap adjustment was used to eliminate the influ-
ence of rubber particle size [19-21]. Three duplicate sam-
ples were tested by the rotational viscometer, the BBR,
and the DSR. The results were reported as the average of
these tests.

2.5. Analysis method

Statistical analysis was performed using the statistical
analysis system (SAS) program to conduct analysis of
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variance (ANOVA) and Fisher’s LSD comparison with an
o = 0.05. The primary variables included the binder sources
(A, B, and C) and the LTA binder percentages (0%, 15%,
25%, and 35%).

3. Results and discussion
3.1. Original state binder (no aging)

3.1.1. Viscosity of recycled aged CRM binders

The viscosity of asphalt binders at high temperature is
an important property since it reflects the binder’s ability
to be pumped through an asphalt plant, thoroughly coat
the aggregate in a hot mix asphalt (HMA) mixture, and
be placed and compacted to form a new pavement surface
[16]. Fig. 2 shows the viscosity at 135 °C for the recycled
aged CRM binders. A general trend was found that the vis-
cosity of the CRM binders with 15% long-term aged (LTA)
binder was the highest and that of the CRM binders with
25% LTA binder was lowest for all binder sources. The dif-

3.0
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Fig. 2. Viscosity of recycled aged CRM binders (no aging) at 135 °C.
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ferent virgin binder grades (PG 64-22 for 15% LTA binder
and PG 58-22 for 25% RAP binder) are thought to be the
main reason for the difference of the viscosities of the bind-
ers. All the recycled aged CRM binders satisfied the maxi-
mum limit for viscosity of asphalt binders at 135 °C set
forth by Superpave (i.c., 3.0 Pa s). In addition, the recycled
CRM binders made with binder source A had higher vis-
cosities than those produced with binder sources B and
C. This is considered to be attributed to the initial higher
viscosity of the base binder A (Table 1).

The statistical significance of the change in the viscosity
as a function of LTA binder percentage and binder source
was examined and the results are shown in Table 3. The
data indicated that the binder source has a significant effect
on the viscosity of the recycled aged CRM binders. When
compared within each binder source, the CRM binders
with 15% and 25% LTA binders were found to have a sig-
nificant difference in the viscosity for all binder sources.

3.1.2. High failure temperature of recycled aged CRM
binders

In general, the higher failure temperature values indicate
that the binders are less susceptible to permanent deforma-
tion at high pavement temperature [16]. The failure temper-
ature of the recycled CRM binders in original state (i.e.
without aging) was measured and the results are shown
in Fig. 3. For all three binder sources, CRM binder with
15% LTA binder resulted in the highest failure tempera-
ture, followed by CRM binder with 35% LTA binder. With
respect to 25% LTA binder, using softer grade of PG 58-22
as a virgin binder, the CRM binder from binder sources A
and B showed the lowest failure temperature within the
same source. Similar to the viscosity results, the recycled
CRM binders made from binder source A showed signifi-
cantly higher failure temperature values than those pro-
duced with binder sources B and C. It should be
mentioned that the base binders had different failure tem-
perature values. The failure temperature of base binder A

Statistical analysis results of the viscosity of recycled aged CRM binders (no aging) as a function of LTA binder percentage and binder source (o = 0.05)

Viscosity (135 °C) Binder source A

Binder source B

Binder source C

Binder source C

1 2 3 4 1 2 3 4 1 2 3 4

Binder source A 1 - S S N S S S S S S S S
2 - S S S S S S S S S S

3 - S S S N S S S S S

4 - S S S S S S S S

Binder source B 1 - N S S N S N S
2 - S S N S S S

3 - S S S S S

4 - N S S S

1 - S N S

2 - S N

3 - S

4 _

LTA binder percentage 1: 0% (control); 2: 15%; 3: 25%; 4: 35%.
N: non-significant, S: significant.
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Fig. 3. High failure temperature of recycled aged CRM binders (no
aging).

was 2.8 °C and 4.0 °C higher than those of base binders B
and C, respectively (Table 1).

The statistical results of the change in the failure temper-
ature are shown in Table 4. It is evident that the differences
between the long-term aged (LTA) binder percentages are
statistically significant in all cases within each binder
source. Also, the binder source is found to have a signifi-
cant effect on the failure temperature of the recycled
CRM binders regardless of the LTA binder percentage.

3.2. Short-term aging (RTFO aging)

After the RTFO aging procedure at 163 °C for 85 min,
the failure temperature of the recycled aged CRM binders
(RTFO residual) was measured and the results are illus-
trated in Fig. 4. The general trend is similar to the findings
for high failure temperature as shown in Fig. 3. Similar to
the original state, the CRM binder with 15% LTA binder
shows the highest failure temperature within each binder
source. The CRM binder with 25% LTA binder and 75%
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Fig. 4. High failure temperature of recycled aged CRM binders (RTFO
residual).

virgin binder of PG 58-22 is found to have the lowest fail-
ure temperature, except for binder source C.

Fig. 5 shows the relationship of failure temperature
between unaged and RTFO-aged binders, including 6 base
binders (3 PG 58-22 binders and 3 PG 64-22 binders) and
12 recycled aged CRM binders (3 binder sources * 4 LTA
binder percentages). It is observed that the failure temper-
atures of unaged and short-term aged binders have a linear
relationship. Relatively, the CRM binders resulted in
somewhat lower R* value (0.8483) than the base binders
(0.9325), and the finding is consistent to the previous stud-
ies. Huang et al. [22] observed that the coarse-ground tire
rubber-modified binders spilled from the bottles during
the RTFOT process. McGennis [23] and Lee et al. [24]
reported that the fine rubber-modified binders exhibited
unusual RTFO aging characteristics during the DSR test-
ing. However, these unusual aging characteristics of
CRM binders are only limited to the short-term aging
(RTFO aging method). After the short-term and long-term
aging processes (RTFO + PAV aging methods), the aging

Table 4

Statistical analysis results of the failure temperature of recycled aged CRM binders (no aging) as a function of LTA binder percentage and binder source

(= 0.05)

Failure temperature (°C) Binder source A Binder source B Binder source C

1 2 3 4 1 2 3 4 1 2 3 4

Binder source A 1 - S S S S S S S S S S S
2 - S S S S S S S S S S
3 - S S S S S S N S S
4 - S S S S S S S S

Binder source B 1 - S S S S S S S
2 - S S S S S S
3 - S S S S S
4 - N S S S

Binder source C 1 - S S S
2 - S S
3 - S
4 _

LTA binder percentage 1: 0% (control); 2: 15%; 3: 25%; 4: 35%.
N: non-significant, S: significant.
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Fig. 5. Relationship of high failure temperature between unaged and
RTFO-aged recycled aged CRM binders.

characteristics of CRM binders are quite similar to those of
control binders without CRM [13,17,25].

3.3. Long-term aging (RTFO + PAV aging)

3.3.1. Properties at intermediate temperature of recycled
aged CRM binders

The product of the complex shear modulus, G*, and the
sine of the phase angel, 9, is used in the Superpave binder
specification to help control the fatigue of asphalt pave-
ments. The low values of G"sind are generally considered
desirable attributes from the standpoint of resistance to
fatigue cracking [16]. After RTFO and PAV procedures,
the G*siné values of the recycled CRM binders (RTFO +
PAV residual) were measured using DSR at 25°C and
the results are shown in Fig. 6. The G"sind values were
found to be 1868, 2057, 654, and 975 kPa for CRM binders
with 0%, 15%, 25%, and 35% long-term aged (LTA) bind-

1911
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1500 |—| R — —
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1000 — —_— —

500 — —

0% 15% 25% 35% 0% 15% 25% 35% 0% 15% 25% 35%
% LTA binder

\ A [ B [ c 1
Binder source

Fig. 6. Gsin¢ of recycled aged CRM binders (RTFO + PAYV residual) at
25°C.

ers (from binder source A), respectively. This trend, the
highest at 15% LTA binder and the lowest at 25% LTA
binder, was consistent to the binders from binder sources
B and C. In terms of the effect of binder source, the recy-
cled CRM binders produced with binder source A were
thought to be the most resistant to fatigue cracking. Again,
this is considered to be attributed to the lower G"sin d value
of the base binder A.

Using one-way analysis of variance, the statistical signif-
icance of the change in the G"sind values was examined
(Table 5). There was no significant difference at the
o =0.05 level between the G*siné values of recycled
CRM binders with 0% and 15% LTA binders within each
binder source. On the other hand, the differences between
the CRM binders with 25% and 35% LTA binders were
statistically significant for all binder sources. There was
no significant difference between the CRM binders pro-
duced with binder sources B and C and made with the same
long-term aged (LTA) binder percentage.

Table 5

Statistical analysis results of the G*sind of recycled aged CRM binders (RTFO + PAYV residual) as a function of LTA binder percentage and binder source

(o= 0.05)

G*sind at 25 °C (kPa) Binder source A Binder source B Binder source C

1 2 3 4 1 2 3 4 1 2 3 4

Binder source A 1 - N S S N S S S S S S N
2 - S S N N S S N S S S
3 - S S S S S S S S S
4 - S S N S S S N S

Binder source B 1 - N S S N S S S
2 - S S N N S S
3 - S S S N S
4 - S S S N

Binder source C 1 - N S S
2 - S S
3 - S
4

LTA binder percentage 1: 0% (control); 2: 15%; 3: 25%; 4: 35%.
N: non-significant, S: significant.
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3.3.2. Properties at low temperature of recycled aged CRM
binders

Superpave binder specification includes a maximum
value of 300 MPa for creep stiffness, and the decrease in
stiffness leads to smaller tensile stresses in the asphalt bin-
der and less chance for low temperature cracking [16].
From the BBR tests at —12 °C, the stiffness and m-value
of the recycled CRM binders (RTFO + PAV residual) were
calculated, and the results are illustrated in Figs. 7 and 8.
The stiffness values for recycled CRM binders with 0%,
15%, 25%, and 35% LTA binders (from binder source A)
were found to be 129, 141, 76, and 84 MPa, respectively.
The stiffness of all recycled CRM binders was much less
than 300 MPa, the maximum value for Superpave binder
(Fig. 7). Similar to the DSR test results at 25 °C, the stiff-
ness values from the BBR tests showed a similar trend
regardless of the binder source. In addition, the recycled
CRM binder produced with binder source A was expected
to have a better resistance on low temperature cracking, as

200,

50— — — — — — = — — — ]
— b I
g 1
2
& 100—] _ _— — —
Q
=
E
7]
50— — — —
0% 15% 25% 35% 0% 15% 25% 35% 0% 15% 25% 35%
% LTA binder
1 A | B { c |

Binder source

Fig. 7. Stiffness of recycled aged CRM binders (RTFO + PAYV residual) at
—12°C.
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Fig. 8. m-Value of recycled aged CRM binders (RTFO + PAV residual)
at —12°C.

3000

2500

y = 18.654x - 553.43

2000 A
R?=0.9283

1500

1000

G* sin§ at 25 °C (RTFO+PAV residual)
(5]
8

50 80 110 140 170
Stiffness at -12 °C (RTFO+PAV residual)

Fig. 9. Correlation of stiffness at low temperature of —12 °C with G*sino
at intermediate temperature of 25 °C.

well as permanent deformation at high temperature. In
terms of the m-value, all recycled CRM binders satisfied
the minimum limit set forth by Superpave (i.e., 0.300),
except for the CRM binder made with binder source C
and 15% LTA binder (Fig. 8).

Correlation of stiffness at low temperature with G"sin ¢
at intermediate temperature was analyzed. Fig. 9 shows
the relationship between stiffness values (from the BBR test
at —12 °C) and G"sin§ values (from the DSR test at 25 °C)
of the recycled CRM binders (RTFO + PAYV residual). It
was found that the properties of CRM binders obtained
from two different test methods have high R* value (i.e.,
0.9283). From the results, it may be possible to assume that
the recycled CRM binders show similar performance at
intermediate and low temperatures for the binders pro-
duced in this research project.

4. Summary and conclusions

To investigate the performance properties of laboratory-
prepared recycled aged CRM binders, CRM binders were
produced in the laboratory using one CRM source (ambi-
ent), one CRM percentage (10% by binder weight), and
three binder sources. The CRM binders were artificially
aged through accelerated aging processes. The aged
CRM binders were recycled at 0%, 15%, 25%, and 35%
long-term aged (LTA) binder percentages by total binder
weight, and then artificially aged using the RTFO and
PAYV processes. A series of Superpave binder tests were car-
ried out using the rotational viscometer, the DSR, and the
BBR to evaluate the properties of the recycled aged CRM
binders. From these test results, the following conclusions
were drawn for the materials used in this study.

(1) CRM binders with 15% and 25% LTA binders
showed the highest and lowest viscosity values,
respectively, and this is considered to be attributed
to different virgin binder grades (PG 64-22 or PG
58-22) used for the recycling.



S.-J. Lee et al. | Construction and Building Materials 22 (2008) 1906—1913 1913

(2) In general, 15% recycling (15% CRM LTA bin-
der + 85% virgin CRM binder) seemed to lead to bet-
ter rutting properties for aged CRM binders.
Relatively, the recycled CRM binders made with
25% LTA binder using a softer virgin binder were
found to have lower stiffness values which relate to
a better resistance on low temperature cracking.

(3) Generally, the binder sources were found to have a
significant effect on the properties of the recycled
aged CRM binders. The binder source A was found
to be more effective on producing the recycled aged
CRM binders that are less susceptible to rutting at
high temperature and cracking at intermediate and
low temperatures. This is thought to be attributed
to the higher G*/sin § (at high temperature) and lower
G"sin (at intermediate temperature) and stiffness (at
low temperature) of the base binder A.

(4) The laboratory-prepared long-term aged (LTA) bind-
ers containing crumb rubber modifier were utilized up
to 35%, and in most cases, the performance proper-
ties (i.e., rutting, fatigue cracking, and low tempera-
ture cracking properties) of recycled aged CRM
binders showed the results meeting current Superpave
binder requirements.

(5) It is recommended to conduct another study to eval-
uate the HMA mixture properties using the same
CRM binders. Also, further study with many other
binder and CRM sources is needed to generalize these
findings.
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