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*is study evaluated the viscoelastic properties of a performance grade (PG) binder blended with different percentages of binders
recovered from reclaimed asphalt pavement (RAP) for conditions (materials, climate, and specifications) prevailing in Oklahoma.
*e viscoelastic properties of the blended binders were then used to estimate dynamic modulus (E∗) values of the new mixes with
RAP by using the Witczak model through time-temperature superposition (TTS) principles. *e recovered binder from RAP was
found to be significantly stiffer than the virgin binder (PG 64-22).*e addition of RAP increased the complex modulus (G∗) of the
base binder, so did the E∗ of the correspondingmix.*e creep stiffness resistance of the asphalt binder at low service temperatures
decreased with the addition of RAP.With up to 10% RAP binder, no notable changes were observed in the viscosity and PG grade
of the virgin binder. With 25% and 40% RAP binder, the PGs of the blended binders were found to be PG 70-16 and PG 76-16,
respectively. It was observed that the E∗ master curves predicted from PGs of the blended binders were in close agreement with
those estimated from the laboratory-measured E∗ data. *e dynamic shear rheometer (DSR) data of rotational thin film oven
(RTFO)-aged blended binders predicted significantly lower E∗ values compared to the measured ones. *e E∗ values predicted
from rotational viscosity (RV) test data were found to be higher than the measured E∗ values. *e findings of this study are
expected to provide transportation professionals with a better understanding of new mixes with high RAPs.

1. Introduction and Background

Asphalt concrete (AC) is the most recycled product in the
US due to its beneficial effects on reducing the consumption
of virgin materials and providing increased environmental
stewardship. Significant efforts have been made by federal
and state agencies as well as various focus groups to promote
the use of high reclaimed asphalt pavement (RAP) content
by working with state Departments of Transportation
(DOTs) on field projects, which demonstrate the perfor-
mance of high RAP mixes [1]. Even though the beneficial
effects are high, several state agencies including the Okla-
homa Department of Transportation (ODOT) do not allow
the use of “high RAP” in mixes for their roadways. *e
current practice of ODOT is to allow a maximum of 25%
RAP in base courses and none in surface courses. *ese

limits are significantly lower than the maximum allowable
limits nationally and are also lower than neighboring states
[2]. *is is partly because of the lack of mechanistic per-
formance data and specifications of RAP [3–5]. For a greater
mechanistic analysis and design of asphalt concrete (AC)
pavements, a majority of state DOTs including ODOT have
implemented or are in the process of implementing the
Mechanistic-Empirical Pavement Design Guide (MEPDG),
which is less empirical than the widely used 1993 American
Association of State Highway and Transportation Officials
(AASHTO) Guide Guides for Pavement Structures [6].

*e MEPDG evaluates pavement performance by using
local material properties as input. In the hierarchical ap-
proach of the MEPDG, laboratory test data of asphalt
binders and asphalt mixes are required to obtain the highest
reliability (Level 1). At this level, dynamic shear modulus
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(G∗) and phase angle (δ) values of the asphalt binder are
combined with the dynamic modulus (E∗) values of the
mixes to estimate E∗ master curves for the design life of the
pavement [17]. At the intermediate level (Level (2)) the
aforementioned asphalt binder’s data is combined with the
volumetric properties of themix to evaluate the performance
of the pavements. At Level 3, the volumetric properties of the
mix along with the performance grade (PG) or viscosity of
the asphalt binder are used as input. *e findings of some of
the relevant studies on the performance of RAP binders and
mixes are summarized below.

Soupharath [7] studied the rutting resistance of asphalt
binder containing RAP for conditions prevailing in Rhode
Island. In this study, a PG 64-22 binder was blended with
different amounts (0 to 100%) of RAP binders. *e dynamic
shear rheometer (DSR) test data was used to evaluate the
blended asphalt binders at high temperatures. It was found
that the addition of a RAP binder generally increased the
resistance to rutting.

Lee et al. [8] investigated the rheological and mechanical
properties of blended asphalt binders (PG 58-28 and PG 64-
22) containing different percentages (0, 10, 20, 30, 40, 50, 75,
and 100% by weight) of RAP binders. DSR tests performed at
various temperatures showed a good linear relationship
between log-log rheological parameters and the amount of
RAP. *e BBR tests performed at low service temperatures
(−6, −12, −18, and −24°C) showed an increase in creep
stiffness and a decrease in the m value for all temperatures as
the amount of RAP content increased, indicating that the
addition of the RAP content reduced the binder’s resistance
to low-temperature cracking.

In a laboratory study, Li et al. [9] investigated the
performance of ten (10) asphalt mixes, including two dif-
ferent RAP sources, at three different RAP contents (0, 20,
and 40%) and two different asphalt binders (PG 58-28 and
PG 58-34). *e G∗ and the stiffness of asphalt mixes were
found to increase with the addition of RAP. It was reported
that the asphalt mixes containing RAP had higher E∗ values
than the virgin mixes. A stiffer binder was found to result in
higher E∗ values for both the control and the RAP-modified
mixes. *e experimental data obtained from this study in-
dicated that using 20% RAP did not significantly affect the
performance of the resulting mixes. Mixes containing 40%
or more RAP had much larger effects on their performance.
It was also observed that the RAP source was not a sig-
nificant factor for the E∗ values at low temperatures, al-
though it significantly affected E∗ values at high
temperatures.

Daniel and Lachance [10] evaluated the effects of RAP on
E∗values of hot mix asphalt (HMA) with an unmodified PG
58–28 binder and two types of RAP, namely, a processed
RAP and an unprocessed RAP. A total of four mixes con-
taining different percentages of RAP (0, 15, 25, and 40%)
were tested at 14°F (−10°C), 32°F (0°C), 50°F (10°C), 68°F
(20°C), and 86°F (30°C) at loading frequencies ranging from
0.1 to 30Hz. *e E∗ values of the processed RAP mixes
increased from the control (0% RAP) to 15% RAP, while the
25% and 40% RAPmixes had E∗ curves similar to that of the
control mix. Further, it was reported that the 25% and 40%

RAP mixes had higher voids in mineral aggregate (VMA)
and voids filled with asphalt (VFA) values than those for the
control and other mixes containing 15% RAP, indicating
that softer mixes resulted in low E∗ values.

Cross and Jakatimath [11] measured the E∗ of 21 HMA
mixes containing 25% RAP throughout Oklahoma. Each
mix was prepared with three different binders, namely, PG
64-22, PG 70-28, and PG 76-28, at the optimum binder
content. *e HMA samples were compacted for a target
air void of 4.5 ± 1%. *e samples were tested for E∗ at 40°F
(4.4°C), 70°F (21.1°C), 100°F (37.8°C), and 130°F (54.4°C) at
loading frequencies of 25 Hz, 10 Hz, 5 Hz, 1 Hz, 0.5 Hz,
and 0.1 Hz at each temperature in accordance with
AASHTO TP 62. *e results showed that at intermediate
test temperatures, 70°F (21.1°C) and 100°F (37.8°C), mixes
containing RAP were not significantly different from the
virgin mixes prepared with a PG 64-22 binder. It was also
found that 25% RAP in a mix had the same effect on the
measured E∗ as virgin mix prepared with one PG grade
higher binder. In another study, McGraw et al. [12] ex-
amined the effect of RAP on E∗ of 17 HMA mixes con-
taining various amounts (0, 10, 15, 25, and 30%) of RAP
using two types of binders (PG 58-28 and PG 51-34). It
was found that the E∗ increased when increasing RAP
content with the differences being more pronounced at
lower frequencies (high temperatures). *e increase in E∗

was noticeably higher in the mix containing 30% RAP
than that of the control mix (0% RAP). Similar obser-
vations were made by Loria et al. [13] in their corre-
sponding study, which evaluated the E∗ of HMA mixes
containing 15% and 50% RAP. Other researchers (e.g.,
[14, 15]) also reported an increased E∗ with an increase in
RAP content in the respective studies.

Islam et al. [16] studied the rutting and low-temperature
properties of RAP mixes with up to 35% RAP. *ese re-
searchers reported that RAP mixes were expected to exhibit
less rut than virgin mixes. On the other hand, RAP mixes
were expected to be more susceptible to low-temperature
cracking.

El-Badawy et al. [17] evaluated 75 different HMA mixes
at different test conditions, which generated 3,720 E∗ values.
*ese E∗ data along with the corresponding mix volumetric
and binder’s rheological data were used to develop neural
network (NN) models to predict E∗ of other mixes. It was
reported that three parameters, namely, G∗, δ, and Brook-
field viscosity, yielded more accurate E∗ values in the NN
predictive models.

A recent study by Elkashef et al. [18] attempted to predict
binder properties from mixture test data. *ese researchers
estimated G∗ values with different percentages of RAP
binder and reported that the predicted values from the
model were found to be consistently higher than the
measured G∗ values of the chemically extracted binders.

1.1. Witczak Model. To estimate the E∗ values of a mix, the
Witczak model [19] adopted in the MEPDG is commonly
used. In this model (1), the asphalt binder viscosity (η) is the
measurement of the RV test of the RTFO-aged binder:
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where E∗ is the dynamic modulus of the mix, 105 psi; η is
the viscosity of binder, 106 Poise; f is the loading frequency,
Hz; Va is the air void content, %; Vbeff is the effective asphalt
content, %; P34 is the cumulative % retained on 3/4 in sieve;
P38 is the cumulative % retained on 3/8 in sieve; P4 is the
cumulative % retained on #4 sieve; and P200 is the% passing
#200 sieve.

*e η value can also be determined by using (2) if the
binder’s G∗ and δ values are known:

η �
G
∗

10
1

sin δ
 

4.8628
. (2)

Once the η value is determined, the ASTM A and VTS
parameters, shown in (3), can be found by a linear regression
analysis after a log-log transformation of the viscosity (in cP)
and log transformation of the temperature (TR, °Rankine)
data:

log log η � A + VTS log TR. (3)

Using time-temperature superposition (TTS) principles,
the E∗ values (in psi) at different temperatures and fre-
quencies are used to develop master curves at a reference
temperature, which is generally 70°F (21.1°C). *e E∗ values
at various temperatures are shifted with respect to time until
the curves merge into a single smooth sigmoidal function, as
given in the following equation [14]:

log E
∗

  � δ +
α

1 + e
β+c log tr( )

, (4)

where tr is the reduced time of loading at the reference
temperature and sec, α, β, c, and δ are the parameters de-
scribing the shape of the sigmoidal function. *e shift factor
a(T) is a function of time of loading at the desired tem-
perature (t) and tr, as shown in

a(T) �
t

tr

. (5)

A second-order polynomial relationship between the
logarithm of the shift factor and the temperature, as shown
in (6), is generally used:

log a Ti(  � aT
2
i + bTi + c, (6)

where a, b, and c are regression coefficients.

1.2. Significance and Objectives. As mentioned earlier, as-
phalt binder’s rheological data are input parameters in the
MEPDG. At Level 3, the E∗ master curve is estimated by
using typical American Society for Testing and Materials
(ASTM) A and Viscosity Temperature Susceptibility (VTS)
parameters based on the asphalt binder’s PG grade. At Level

2, G∗ and δ values of rotational thin film oven (RTFO)-aged
binders, determined by using a DSR as per AASHTO T 315,
are used as input. Furthermore, ODOT is in the process of
implementing the MEPDG, which requires mechanistic data
of HMA mixes with local RAPs and binders. Specifically,
performance data of asphalt binders and HMA mixes with
“high RAP” will have significant importance in formulating
mix design guidelines with increased confidence. As illus-
trated earlier, previous studies (e.g., [9, 10, 20]) reported
changes in PG of asphalt binders and/or E∗ values of mixes
due to the addition of RAP. However, there exists limited
research focusing on asphalt binders and mixes with high
RAP content. In particular, performance data of local asphalt
binders, aggregates, and RAPs currently do not exist.

*e current study is aimed at fulfilling this research need
while generating useful data for a better understanding of
asphalt binders and mixes with high RAP contents. Con-
sequently, the major objectives of this study are as follows:
(a) evaluating the effects of high RAP on rheological and
mechanistic properties of different RAP-blended binders
and mixes and determining their corresponding MEPDG
input parameters for conditions prevailing in Oklahoma; (b)
estimating the E∗ master curves of RAP mixes from vis-
coelastic properties of blended asphalt binders.

2. Materials and Methodology

A virgin binder (PG 64-22) was collected from a refinery
located in Ardmore, Oklahoma.*e extraction and recovery
of asphalt binders from RAP samples were conducted by
following the Abson method (AASHTO T 164 followed by
AASHTO T 170). Different amounts (0, 10, 25, 40, and
100%) of the recovered binder were blended with the virgin
binder. While mixing different amounts of the recovered
binder with the virgin binder, ODOT’s test specifications
(OHD L-36) were followed [21]. *e binder contents of the
fine RAPs used in the mixes were determined by following
AASHTO 308 (Standard Method of Test for Determining
the Asphalt Binder Content of Hot Mix Asphalt (HMA) by
the Ignition Method). In terms of blending scenarios be-
tween the virgin and RAP binders, the following three
general schools of thought exist: no blending (i.e., the RAP
acts like black rocks; no binder from RAP participates in
mixing process), partial blending (a portion of RAP binder
participates in the mixing process), and full blending (100%
of RAP binder participates in the mixing process). Since a
soft virgin binder (PG 64-22) is used in preparing the hot
mixes in the plant at 163°C, a full blending of RAP binder
with the virgin binder is assumed in this study. However, the
exact blending scenario is very complex to understand. With
the application of modern tools and techniques such as
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atomic force microscope, such experimentations can be
done.

To evaluate the rheological properties of binders,
Superpave binder test protocols were followed. Viscosity
testing was conducted using a rotational viscometer in ac-
cordance with the AASHTO T 316 test method. To deter-
mine the PG grade of the base binder with varying amounts
of recovered binders, the AASHTO M 320 test method was
followed. *e short-term aging of the binder was simulated
in accordance with AASHTO T 240. Long-term aging was
simulated using a pressure aging vessel (PAV) in accordance
with AASHTO R 28. High PG and intermediate tempera-
tures of blended binders were evaluated by conducting DSR
(AASHTO T 315) tests of unaged, RTFO-aged, and PAV-
aged binder samples. Low PG temperatures of binder
samples were validated by testing PAV-aged samples in a
bending beam rheometer (BBR) in accordance with
AASHTO T 313. At least three replicate samples were tested
at each testing temperature to ensure repeatability of the test
results.

*e location of the RAP source was I-35 in McClain
County (near Purcell), Oklahoma. *e RAP milling site had
a 1.5 inch (37mm) overlay of HMAType B with a PMAC-1C
binder in 1994. Before 1994, the project had received a 2 inch
(50mm) leveling course of HMA Type C with an AC-3
binder in 1979. In addition to the collection of RAP millings
and the virgin binder, four different types of virgin aggre-
gates, namely, #67 rocks, 5/8 in. chips; screenings; manu-
factured sand; and natural sand were collected for mix
design and laboratory testing.

A total of four Oklahoma Superpave mixes, namely, an
S3 (base) mix containing 25% RAP (S3 + 25% RAP), an S3
mix containing 40% RAP (S3 + 40% RAP), an S4 (surface)
mix containing 0% RAP (S4 + 0% RAP), and an S4 mix
containing 10% RAP (S4 + 10% RAP), were prepared. Here,
the %RAP in a mix denotes the portion of RAP aggregates
used in the total aggregates. For instance, in the S3 + 25%
RAP mix, there were a 25% RAP aggregate and 75% virgin
aggregates. Details of trial mix designs, aggregate consensus
properties, and volumetric requirements are available in a
related study [22]. *e percentage of materials and corre-
sponding gradations and volumetric properties of the final
S3 and S4 mixes are presented in Table 1. *e nominal
maximum size (NMS) values of S3 and S4mixes were 19mm
and 12.5mm, respectively.

*e E∗ test (AASTHO TP 62) specimens were prepared
from cylindrical samples. *e samples were mixed at 325°F
(163°C) and compacted at 300°F (149°C). *e E∗ testing was
conducted at five different temperatures (14°F (−10.0°C),
40°F (4.4°C), 70°F (21.1°C), 100°F (37.8°C), and 130°F
(54.4°C)) starting at the lowest temperature and proceeding
to the highest. For each temperature level, the test was
conducted at six different frequencies (25, 10, 5, 0.5, and
0.1Hz). Aggregates used in the mix design were predomi-
nately limestone.

*e ASTM A and VTS parameters were estimated based
on the PG grades, viscosity, and DSR test data for blended
binders with different percentages of RAP binders. *e
ASTM A and VTS parameters and volumetric properties of

corresponding mixes were then used to estimate E∗ values of
S4 and S3 mixes. Master curves of E∗ obtained from the
measured and predicted E∗ values at different temperatures
were then compared.

3. Test Results and Discussion

3.1. Viscosity. As expected, the viscosity of the RAP binder
was found to be significantly higher than the virgin binder
(Table 2). Such differences decrease with a reduction of
testing temperatures. For example, at 135°C and 165°C, the
viscosity value of the RAP binder was about 7 and 3 times,
respectively, higher than that of the virgin binder. However,
all blended binders met the Superpave viscosity criterion
(should be less than 3 Pa·s) for pumping and handling at
135°C. It should be noted that the Superpave® mixture
design requires that gyratory specimens be mixed and
compacted at equiviscous binder temperatures corre-
sponding to viscosities of 0.170± 0.02 and 0.280 + 0.03 Pa·s,
as recommended by ASTM D 4293 [23]. Using these vis-
cosity values as baselines, the mixing and compaction
temperatures of the base binder were found to be 156°C and
145°C, respectively. *e equiviscous mixing temperatures
for S4 + 10% RAP, S3 + 25% RAP, and S3 + 40% RAP binders
were found to be 157°C, 162°C, and 178°C, respectively. On
the other hand, the equiviscous compaction temperatures
for S4 + 10% RAP, S3 + 25% RAP, and S3 + 40% RAP binders
were found to be 146°C, 151°C, and 166°C, respectively.*us,
the mixing temperatures of the blended binders with 10%,
25%, and 40% of RAP were found to be 1°C, 6°C, and 22°C,
respectively, higher than those of the base binder. Similarly,
the compaction temperatures of the blended binders with
10%, 25%, and 40%RAPwere found to be 1°C, 6°C, and 21°C,
respectively, higher than those of the base binder.

3.2. Performance Grade. *e high and low critical tempera-
tures for the base binder were found to be 64.8°C and −24.1°C,
respectively. As shown in Table 2, the corresponding high
temperatures for PG 64–22+10% RAP, PG 64-22+25% RAP,
and PG 64-22+40% RAP binders were found to be 69.5°C,
72.5°C, and 77.8°C, respectively. Low critical temperatures for
PG 64-22+10% RAP, PG 64-22+25% RAP, and PG 64-
22+40% RAP binders were found to be −23.1°C, −19.8°C, and
−16.8°C, respectively. *e standard (6°C interval) Superpave
PG grades of the PG 64-22+10% RAP, PG 64-22+25% RAP,
and PG 64-22+40% RAP binders were PG 64-22, PG 70-16,
and PG76-16, respectively. Li et al. [9] reported similar findings
in their study, which evaluated the high PG temperatures of the
extracted binders from ten RAP mixes. In all mixes, the high
PG temperature was found to increase by one or two grades
with the addition of RAP or millings; each of the binders
increased from a PG 58-XX to either a PG 64-XX or a PG 70-
XX. A study [9], however, reported that the recovered binders
from the RAP mixes (up to 40% RAP) were stiffer than the
recovered binders from the 100% RAP. McGraw et al. [12] also
reported increased high- and low-temperature PG grades with
an increase in the RAP content in newmixes.*e PG grades of
recovered binders from mixes (virgin binder PG 58-28) with
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15%, 25%, and 30%RAPwere found to be PG 70-16, PG 76-16,
and PG 70-22, respectively. Regarding the inconsistencies in
the PG grade of the 30% RAP mix, subsequent inspections by
the researchers [12] revealed that the RAPused in the designs of
15% and 25% RAPmixes was contaminated by the presence of
crack filler material, which was removed during the design of
the 30% RAP mix.

Based on the limiting Superpave rutting factors
(≥1.0 kPa under unaged and ≥2.2 kPa under RTFO-aged
samples) and fatigue factor (≤5000 kPa under PAV-aged
samples) obtained from DSR tests, and stiffness
(≤300MPa) and m value (≥0.300) obtained from BBR
tests, blending charts for high, intermediate, and low
critical temperatures were established (Figure 1). *ese
blending charts can be used to determine the appropriate
amount of RAP to be used when the properties of virgin
and recovered binders are known [24]. Also, for a given

RAP content and recovered binder’s critical temperatures,
the PG grade of the virgin binder can be obtained. It is also
evident from Figure 1 that the fatigue critical temperature
decreases with the increase of the RAP content, which is
expected as the RAP binder is significantly stiffer than the
virgin binder.

3.3.MEPDGLevel 1 and 2 Inputs. *e variations of MEPDG
Level 1 or Level 2 inputs with different RAP contents are
shown in Figure 2. A general trend is that the G∗ value
decreased and the δ value increased with an increase of
testing temperature irrespective of the RAP binder content
with an exception of 10% RAP at lower testing temperatures
(21.1°C and 29.4°C). With similar exceptions, another trend
is that the G∗ value increased and the δ value decreased with
an increase of the RAP binder, indicating an increase in
stiffness of the blended binder compared to the virgin

Table 1: Gradation and volumetric properties of S3 and S4 mixes.

Blended material S3 + 25% RAP S3 + 40% RAP Gradation (mm) % passing
S3 + 25% RAP S3 + 40% RAP Req.a

#67 rock 15% 12% 25 100 100 100
5/8” chips 22% 25% 19 99 97 90–100
Screenings 17% 8% 12.5 89 90 ≤90
Manufactured sand 10% 15% 9.5 78 70 —
Natural sand 11% 0% 4.75 56 43 —
Fine RAP 25% 40% 2.36 39 24 23–49
Gmm 2.533 2.475 1.18 31 16 —
Gse 2.722 2.665 0.6 25 11 —
Gsb 2.671 2.628 0.3 18 7 —
Gb 1.01 1.01 0.15 9.0 5 —
Virgin PG binder 64–22 64–22 0.075 5.2 2.7 2–8
Total Pb (%) 4.4 4.7 LA abrasion (%) 21 22 ≤40
Virgin Pb (%) 2.9 2.9 Micro-Deval (%) 11.8 12.5 ≤25
VMA (%) (req.: ≥13.0) 14.5 15.2 Sand equiv. (%) 78 82 ≥40
VFA (%) (req.: 65–78) 67.2 73.6 FAA (%) 43.5 42 ≥40
DP (req.: 0.6–1.2) 1.4 0.8 TSR 0.87 0.82 ≥80
— — APA rut (mm) 1.1 3.6 ≤6mm
— — Permeability (10−5 cm/s) 6.4 6.5 ≤12.5

Blended material S4 + 0% RAP S4 + 10% RAP Gradation (mm) % passing
S4 + 0% RAP S4 + 10% RAP Req.a

5/8” chips 25% 30% 19 100 100 90–100
1/2” chips 18% 0% 12.5 96 98 ≤90
Screenings 42% 22% 9.5 88 90 —
Manufactured sand 0% 33% 4.75 57 68 —
Natural sand 15% 5% 2.36 35 39 23–49
Fine RAP 0% 10% 1.18 28 25 —
Gmm 2.488 2.470 0.6 23 17 —
Gse 2.699 2.687 0.3 15 10 —
Gsb 2.670 2.605 0.15 7 6 —
Gb 1.01 1.01 LA abrasion (%) 18 21 ≤40
Virgin PG binder 64–22 64–22 FAA (%) 42.7 41.6 ≥40
Total Pb (%) 5.1 5.3 Micro-Deval (%) 7.7 11.8 ≤25
Virgin Pb (%) 5.1 4.8 Sand equiv. (%) 67 75 ≥40
VMA (req.: ≥14.0) 15.8 15.9 TSR 0.85 0.82 ≥80
VFA (req.:65–78) 69.6 73.3 APA rut (mm) 1.39 4.2 ≤6mm
DP (req.: 0.6–1.2) 0.97 0.6 Permeability (10−5 cm/s) 3 10.4 ≤12.5
aRequired for 0.3–3M of design ESAL; RAP: recycled asphalt pavement; req.: required; equiv.: equivalent; Gmm: maximum theoretical specific gravity; Gse:
effective specific gravity of aggregates; Gsb: bulk specific gravity of aggregates; TSR: tensile strength ratio; VMA: voids in mineral aggregates (%); VFA: voids
filled with asphalt (%); DP: dust proportion; FAA� fine aggregates angularity; APA: asphalt pavement analyzer; Pb: binder content.
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binder. Such an increase in stiffness had been reflected in the
PG grade of the blended binders, as illustrated earlier. One
possible reason for such discrepancies (higher G∗ and lower

δ values) for 10% RAP-modified binders at lower testing
temperatures (21.1°C and 29.4°C) could be associated with
the operator errors.
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Figure 1: Blending chart for binders with RAP.

Table 2: Performance grade and viscosity of blended binders.

Performance grade

Binder type
High critical

temperature (°C)
Low critical
temperature High and low critical temperature Superpave PG grade

Unaged RTFO-aged m value S value
PG 64-22 64.9 64.8 −24.1 −26.6 64.8, −24.1 PG 64-22
RAP∗ 98.1 99.2 −14.6 −20.2 98.1, −14.6 PG 94-10
PG 64-22 + 10% RAP 69.6 69.5 −23.1 −25.9 69.5, −23.1 PG 64-22
PG 64-22 + 25% RAP 73.1 72.8 −19.8 −22.3 72.5, −19.8 PG 70-16
PG 64-22 + 40% RAP 77.8 78.2 −16.8 −18.5 77.8, −16.8 PG 76-16
Viscosity data (MPa·s) at different temperatures
Binder type Aging condition 135°C 150°C 165°C 180°C

PG 64-22 Unaged 424 219 125 79
RTFO-aged 595 260 156 88

RAP∗∗ Unaged 3838 1438 613 300
RTFO-aged N/A N/A N/A N/A

PG 64-22 + 10% RAP Unaged 450 225 125 75
RTFO-aged 610 265 159 90

PG 64-22 + 25% RAP Unaged 588 292 152 100
RTFO-aged 1124 445 333 135

PG 64-22 + 40% RAP Unaged 1023 594 290 160
RTFO-aged 2412 1071 554 276

∗BBR tests on the RAP binder were conducted under “As-Is” condition as it already went through oxidative hardening in its service life. ∗∗Rotational viscosity
test was not conducted on the RAP binder under the RTFO-aged condition.
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3.4. Prediction of E∗ Values. *e E∗ values of the S4 and S3
mixes were predicted by using (1). *e E∗ master curves for
these mixes were then constructed using the TTS principle at
a reference temperature of 21.1°C (70°F), as recommended by
the MEPDG. As shown in Figure 3(a), the E∗ data at all
temperatures, other than the reference temperature, were
shifted with respect to time until the E∗ curves merged into a
single smooth sigmoidal function. *e master curve was
constructed by using a second-order polynomial

relationship (6) between the logarithm of the shift factors
(log a (Ti)) and the temperature. An example of a shift factor
versus the reduced log time is shown in Figure 3(b). It is
evident from Figure 3(a) that the E∗ value increases as the
loading time decreases (frequency increases), while it de-
creases as the testing temperature increases. For example, at
40°F, the E∗ values of the S3 + 40% RAP increase from
1513 ksi (at 10 sec or 0.1Hz.) to 2870 ksi (at 0.04 sec or
25Hz.). On the other hand, at a constant loading time of 1
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Figure 2: MEPDG input parameters based on DSR tests: (a) G∗ and (b) phase angle.
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sec (one Hz), the E∗ value decreases from 2069 (at 40°F) to
85 ksi (at 130°F). *is behavior is consistent with the ob-
servations made by Flintsch et al. [25]. *is study reported
that, at 70°F (21.1°C) and a loading frequency of 25Hz, the
measured E∗ values for mixes with 12%, 15%, and 20% RAP
were found to be 787 ksi, 1,197 ksi, and 1,362 ksi,
respectively.

3.5. Effect of RAP Content. *e E∗ master curves for the
mixes with different percentages of RAP of the current
study are shown in Figure 4. In general, the E∗ values
increase with an increase in the RAP content in both S4
and S3 mixes. It is seen from Figure 4(a) that the E∗ values

of S4 + 10% RAP are significantly higher than that of the
mix containing no RAP (S4 + 0% RAP). For example, the
S4 + 10% RAP mix yielded E∗ values approximately 34%,
44%, 54%, and 64% higher at a reduced frequency of −3,
−1, 1, and 3 sec, respectively, as compared to the S4 + 0%
RAP mix. *e E∗ values of S3 mixes showed a similar
trend (Figure 4(b)). For example, the S3 + 40% RAP mix
exhibited E∗ values that are approximately 37%, 32%,
44%, and 50% higher at a log reduced time of −3, −1, 1, and
3 sec, respectively, as compared to the corresponding
S3 + 25% RAP mix. *us, the asphalt binder PG grade has
a significant effect on the E∗ value for the entire tem-
perature and frequency range. As explained earlier, the PG
grades of the base binder with 25% and 40% RAP yielded a
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Figure 3: Examples of (a) predicted E∗ master curve for S3 + 40% RAP and (b) shift factor.
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PG 70-16 and a PG 76-16 binder, respectively. Similar
observations were made by other researchers in their
corresponding studies (e.g., [26–28]); the E∗ value in-
creased as the RAP content increased. McGraw et al. [12]
reported significantly higher E∗ values for 30% RAP mix
when compared to the control mix (no RAP); these dif-
ferences are reported to be more pronounced at the lower
frequencies (higher temperatures) than the higher fre-
quencies (lower test temperatures). Kim et al. [29] also
reported that the higher percentage of RAP mix had better
rut-resistance due to an increase in the stiffness of the
binder.

3.6. Master Curve Prediction from Binder Test Data. *e E∗

master curves of the tested S4 and S3 mixes having different
percentages of RAP were predicted using viscoelastic data of
the blended binders and volumetric properties of the cor-
responding mixes. *e following three types of viscoelastic
data, applicable for Superpave mixes in the Witczak model,
were considered: typical ASTM A (intercept) and VTS
(slope) parameters, RV test data of RTFO-aged binder, and
DSR test data of RTFO-aged binder. *e measured and
predicted E∗ master curves for S4 and S3 mixes are shown in
Figures 4 and 5, respectively. As seen from Figures 4 and 5
the predicted E∗ values from the typical ASTM A and VTS
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Figure 4: Comparison of E∗ master curves: (a) S4 mixes and (b) S3 mixes.
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parameters are closely in agreement with the measured E∗

values with loading time (log reduced) ranging from −5 to
5 sec irrespective of mix type and amount of RAP. *us, the
default dynamic modulus prediction equation, based on PG
grades of the blended binders and volumetric data of RAP
mixes, could be used for the design of low and medium
traffic volume pavements.

As shown in Figure 5, the ratios of the predicted
(through the Superpave PG grade) and measured E∗ values
for S4 + 0% RAP and S4 + 10% RAP vary in the ranges from
0.72 to 1.27 and from 0.42 to 0.85, respectively. *e S3 mixes
exhibited similar trends (Figure 6). It is also seen from these

figures that the E∗ values predicted from DSR test data are
significantly lower than the measured E∗ values, while the
RV test data predicted slightly higher E∗ values compared to
the measured ones.*e significant variations between the E∗

values estimated fromDSR or RV test data and the measured
E∗ values could be related to a lack of consideration of low
service temperature performance of the binders. Similar
observations were made by Birgisson et al. [30] for HMA
mixes in Florida. *at study reported that the predicted E∗

values from DSR data were significantly lower than the
measured E∗ values, but the predicted E∗ values from RV
test data were significantly higher than the measured E∗
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Figure 5: E∗ master curves for S4 mixes: (a) S4 + 0% RAP and (b) S4 + 10% RAP.
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values. Tran and Hall [31] reported no significant difference
between the measured and predicted E∗ values for Arkansas
HMA mixes.

3.7. Goodness-of-Fit of Master Curves. *e goodness-of-fit
statistics of the master curves were assessed by calculating
their R2 (correlation determination) and Se/Sy (standard

error of estimate divided by standard deviation) values, with
the R2 value being a measure of model accuracy. *e closer
the R2 value to 1.00, the better the prediction.*e Se/Sy value
being a measure of the accuracy of the prediction indicates
how well the variations of the predicted E∗ values are ex-
plainable by the predictive equations. *e lower the Se/Sy
value, the better the accuracy of the prediction. *e mini-
mum and maximum values of R2 and Se/Sy of the fitted
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Figure 6: E∗ master curves for S3 mixes: (a) S3 + 25% RAP and (b) S3 + 40% RAP.
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sigmoidal regressions were found to be 0.07 and 0.99, re-
spectively, indicating that E∗ master curves for all mixes had
“excellent” (R2> 0.9 and Se/Sy< 0.35) correlations, based on
the criteria given in NCHRP Report 465 [32].

4. Conclusions

Based on the results presented in the preceding section, the
following conclusions can be drawn [33]:

(i) *e recovered binder from RAP was found to
significantly more viscous than the base binder. *e
mixing and compaction temperatures of the
blended binders with 10%, 25%, and 40% RAP were
found to be 1oC, 6oC, 22oC and 1oC, 6oC, 21oC,
respectively, higher than those of the base binder.

(ii) *e complex modulus of the blended binders and
dynamic modulus of mixes with RAP were found to
increase with an increase in RAP content, indicating
an increase in rutting resistance for mixes with RAP.
However, the low-temperature resistance of the base
binder was expected to decrease with an increase in
the RAP binder.

(iii) Performance grades of the selected base binder (PG
64-22) with 10%, 25%, and 40% RAP binder were
found to be PG 64-22, PG 70-16, and PG 76–16,
respectively.

(iv) *e dynamic modulus of the asphalt mix increases
with an increase of the stiffness of the asphalt
binder.

(v) *eWitczak model can be used to predict E∗master
curves for mixes with RAP.

(vi) *e E∗ master curves estimated from typical ASTM
A and VTS parameters of the blended binders were
found to be in a close agreement with those esti-
mated from laboratory-measured E∗ values of
mixes with up to 40% RAP. *e DSR test data
provided significantly lower E∗ values compared to
the measured ones, while the rotational viscosity
predicted higher E∗ values than the laboratory-
measured E∗ values.
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