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A Laboratory Investigation into the Effect of Long-Term Oven Aging on
RAP Mixes Using Dynamic Modulus Test

Dharamveer Singh'*, Musharraf Zaman?, and Sesh Commuri®

Abstract: Reclaimed Asphalt Pavement (RAP) has been widely used in the construction and rehabilitation of flexible pavements. A
proper understanding of the performance of hot mix asphalt (HMA) prepared with RAP is important to ensure better and longer lasting
pavements. The present study was undertaken to evaluate the effect of long-term oven (LTO) aging of HMA mixes containing RAP using
the dynamic modulus (|E*|) test. Two different HMA mixes, namely Mix-1 and Mix-2, were collected from asphalt plant. Mix-1 contains
performance grade (PG) 64-22 unmodified binder mixed with 25% RAP, while Mix-2 includes PG76-28 styrene-butadiene-styrene
(SBS)-modified binder mixed with 15% RAP. Both mixes have the same aggregate type (primarily limestone), aggregate gradation and
binder content. Specimens were compacted using a Superpave Gyratory Compactor (SGC) at four target air voids of 6%, 8%, 10% and
12% (i.e., percentage compactions of 94% to 88% of the maximum theoretical density). LTO-aging of compacted specimens was done in
accordance with AASHTO R30. |E*| tests were conducted on un-aged and LTO-aged compacted specimens at four different temperatures
of 4°C, 21°C, 40°C and 55°C and at six different loading frequencies of 25 Hz, 10 Hz, 5 Hz, 1 Hz, 0.5 Hz and 0.1 Hz. Mix-1, with a softer
grade binder (i.e., PG64-22) and a higher amount of RAP (25%), had a higher |E*| compared to Mix-2 with a stiffer grade binder (i.e.,
PG76-28) and lesser amount of RAP (15%). Furthermore, statistical analyses using the standard “student t-test” revealed that, irrespective
of binder grade, higher amounts of RAP result in stiffer mixes with higher |[E*|. LTO-aging increased |E*| of the compacted samples by
42% to 60%, depending on the amount of RAP and air void content in the compacted specimen. It is expected that the present study will

be helpful in understanding the behavior of HMA mixes containing RAP.
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Introduction

Reclaimed asphalt pavement (RAP) is a recycled pavement material
containing coated aggregates with asphalt binder [1-3]. According to
the U.S. Environmental Protection Agency and the Federal Highway
Administration, about 90 million tons of asphalt concrete is
reclaimed each year, and over 80 percent (73 million tons) of it is
reused in the production of hot mix asphalt (HMA) [3]. The use of
RAP in a HMA mix has been favored over the use of virgin
materials because it saves cost of raw materials and reduces the
environmental impact of discarded pavement materials [1, 3-5].
Furthermore, the addition of RAP is beneficial in resisting
permanent deformation at higher temperature [6-12]. On the other
hand, excessive RAP content may reduce the resistance to cracking
at low temperatures [13].

Many studies have been done to evaluate the effect of RAP on the
performance of asphalt mix. McDaniel et al. [14] reported that
adding small amounts of RAP does not significantly alter mix
properties. As RAP content increases, some effects on mix
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properties were noted. However, the change was not in proportion to
the amount of added RAP. Similarly, Kandhal et al. [15] found that
up to 15% RAP can be used without changing the PG binder grade.
In general, most studies on laboratory-produced mixes conclude that
the effect of RAP on mixes’ properties is negligible at RAP contents
within 15% to 20% [13-14, 16-17]. A low RAP content does not
significantly affect the stiffness and strength of a mix at low and
high temperatures. However, an increase in RAP content beyond
20% increases the mix’s stiffness and strength, resulting in an
increase in its rutting resistance [2, 7, 13-14, 18].

Limited studies have been conducted thus far to investigate the
effect of long-term oven (LTO)-aging on plant produced HMA
mixes prepared with RAP. Daniel et al. [19] and Francken et al. [20]
studied the effect of aging on HMA mixes. Specimens were
compacted and subjected to three different levels of long-term aging.
It was reported that LTO-aging increases dynamic modulus (|E*|) of
the compacted samples significantly. However, they did not study
the effect of aging on mix containing RAP. Evaluation of the effect
of short-term and long-term aging on the performance of
RAP-containing mixes would be helpful in understanding the
response (stress-strain behavior) of a flexible pavement.

Furthermore, it is known that for a given virgin HMA mix
(without any RAP), a mix with stiffer binder grade (i.e., PG 76-28)
is expected to result in a higher |E*| compared to a mix with a softer
binder grade (i.e., PG 64-22). However, such behavior may not be
reflected in a mix containing RAP, because it changes the
rheological property and grade of the binder (compared to the virgin
mix). Hence, it becomes important to evaluate the performance of
RAP-containing HMA mixes at the design phase of a flexible
pavement.

\ol.5 No.3 May 2012


mailto:dvsinghchauhan@gmail.com
mailto:dvsingh@ou.edu

Table 1. Gradation of Mixes.

Material Mix-1 Mix-2
1" Rock (%) 20 22
Manufactured Sand (%) 44 50
Sand (%) 11 13
RAP (%) 25 15
Sieve Size (mm) Gradation (% Passing)
25 100 100
19 98 98
125 87 87
9.5 80 80
4,75 58 62
2.36 37 40
1.18 25 27
0.6 19 20
0.3 12 12
0.15 4 5
0.075 2.9 2.8

RAP = Reclaimed Asphalt Pavement

Table 2. Volumetric Properties of Mixes.

\olumetric Properties Mix-1 Mix-2
G 2.505 2.523

Cee 2.671 2.677

Cso 2.645 2.657

G 1.01 1.01
Binder Type PG 64-22 PG 76-28
Py (%) 4.1 4.1
Aggregate Type Limestone Limestone
Mix Type Recycled Recycled

Gmm = Maximum Theoretical Specific Gravity Mixture
Gsp = Bulk Specific Gravity of Aggregate

G, = Effective Specific Gravity of Aggregate

Gy, = Specific Gravity of Binder

Py, = Asphalt Content

The present study examines the effect of LTO-aging on two
different HMA mixes containing different PG grade binders and
RAP using the |E*| test. The mechanistic empirical pavement design
guide (MEPDG) recommends |E*| as one of the fundamental
properties of a mix in evaluating the long-term performance of a
flexible pavement [21]. Previous studies show that |E*| has a
significant correlation with major pavement distresses, namely
fatigue, rutting, and low temperature cracking [22-26]. This present
study should be helpful in understanding the behavior of
RAP-containing mixes.

Material

Two different types of plant produced HMA mixes were collected.
The aggregates in Mix-1 have approximately 20% of 1” rock, 44%
manufactured sand, 11% sand, 25% RAP, and 4.1% of unmodified
PG64-22 binder. Similarly, the aggregates in Mix-2 contain
approximately 22% of 1” rock, 50% manufactured sand, 13% sand,
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15% RAP and 4.1% PG76-28 styrene-butadiene-styrene (SBS)
modified binder. Both mixes contain a similar aggregate type
(primarily limestone) and the same nominal maximum aggregate
size (NMAS) of 19 mm. The RAP used for the production of these
two mixes was taken from the same stockpile maintained at the
selected plant site. The asphalt binders used in this study were
obtained from the Valero Refinery in Ardmore, Oklahoma. These
mixes are commonly used in Oklahoma for pavement construction.
The gradations and other volumetric properties of Mix-1 and Mix-2
are given in Table 1 and Table 2, respectively.

Specimen Preparation

Since the loose mixes were collected from the production plant, no
short-term aging was done in the laboratory. Therefore, to prepare
the samples, the loose mixes were directly preheated in an oven at
150°C for a duration of 1 to 2 hours. The compaction temperature of
both the mixes was targeted in the range of 145°C to 150°C.
Specimens were compacted using a Superpave Gyratory Compactor
(SGC). The SGC machine was operated in height mode, which
facilitates the machine to stop automatically when the desired height
of sample is reached.

Initially, specimens of 150 mm in diameter and 167.5 mm in
height with 6%, 8%, 10%, and 12+1% target air voids were
prepared. A trial and error process was used to adjust the weight of
the loose mix to obtain the desired target air voids in a compacted
sample. Specimens compacted at 6% air voids (i.e., 94% of
maximum density) represent a well-compacted pavement
immediately after construction, while 8% to 10% air voids indicate
an intermediate compaction (i.e., 90% to 92% of maximum density).
Similarly, 12% air voids simulates lay-down density (i.e., 88%
density) of a mix in the field. The selection of these four levels of
air voids covers a practical range of compaction density encountered
during the construction of a flexible pavement.

Three replicates of the specimens were compacted at each target
level of air voids. The final test samples, 100 mm in diameter and
150 mm in height, were then cut and cored from the center of the
SGC compacted samples. These specimens have the most consistent
air void distribution in both vertical and radial directions [27].
Moreover, these are the specimen geometries currently
recommended for the simple performance test [26] and used in the
constitutive modeling of asphalt concrete in tension and
compression [28-30]. These samples were used to conduct the
dynamic modulus test. Volumetric analyses were conducted on the
final compacted sample (100 mm in diameter and 150 mm in height)
to obtain the effective binder content (Vpeg), voids in mineral
aggregates (VMA), voids filled with asphalt (VFA), and air voids
(V,) for both mixes. Table 3 summarizes the volumetric properties
of the compacted specimens. Since samples have not undergone any
LTO-aging in this stage, the compacted samples are referred to as
un-aged samples.

Dynamic Modulus (|[E*|) Testing

|[E*| was measured for Mix-1 and Mix-2 for samples compacted at
four different air voids of 6%, 8%, 10%, and 12%. |[E*| tests were
conducted using a material testing service (MTS) servo-hydraulic
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Table3. Volumetric Properties of Compacted Specimens.

Mix-1 Mix-2
Specimen Specimen
Target Air Voids (%) (%) 1 2 3 1 2 3
V. 54 5.6 5.6 6.5 6.4 6.4
6 VMA 141 14.3 14.3 14.9 14.8 14.7
VFA 62.2 61.4 61.5 60.1 60.4 60.8
Vet 8.8 8.8 8.8 8.9 8.9 9.0
Ve 7.3 7.2 7.2 8.3 8.1 7.9
8 VMA 15.8 15.7 15.7 16.5 16.3 16.1
VFA 54.5 54.7 54.9 53.3 53.9 54.6
Vet 8.6 8.6 8.6 8.8 8.8 8.8
V. 9.3 9.6 9.1 9.6 10.2 9.8
10 VMA 17.7 17.9 175 17.7 18.3 17.9
VFA 47.7 46.9 48.3 48.9 47.0 48.3
V bett 8.4 8.4 8.4 8.6 8.6 8.6
Va 11.5 124 124 12.2 11.7 12.0
1 VMA 19.7 204 204 20.0 19.6 19.9
VFA 418 39.9 39.9 41.9 43.2 42.3
Vet 8.2 8.1 8.1 8.4 8.4 8.4
V, = Air Voids VMA =\oids in Mineral Aggregates
VFA = Voids Filled with Asphalt Vet = Effective asphalt content by volume
Table 4. Test Matrix for Dynamic Modulus.
Air Voids Temperature Frequency Mix-1 Mix-2
Test Condition
(%) (°C) (Hz) Un-aged Aged Un-aged Aged

6 v v v v

8 v v v v

10 4,21, 40, 55 25,10,5,1,05,0.1 v v v v

12 v v v v

testing system. Test specimen (100 mm in diameter and 150 mm in
height) was placed in an environmental chamber and allowed to
reach equilibrium (i.e., specified testing temperature of +0.5°C).
Specimen temperature was monitored using a dummy specimen
with a thermocouple mounted at the center. Deformation of a
specimen was measured using two linear variable differential
transducers (LVDTs) mounted on a specimen at 100 mm gauge
length. The accuracy in measuring the dynamic modulus with three
specimens (two LVDTs on each specimen) is expected to range
within £15.0% [31].

Two friction-reducing end treatments, or teflon papers, were
placed between the specimen ends and loading plates. To begin
testing, a minimal contact load was applied to the specimen. A
sinusoidal axial compressive load was applied to the specimen
without impact in a cyclic manner. The test was conducted on each
specimen at four different temperatures of 4°C, 21°C, 40°C, and
55°C, starting from the lowest temperature to the highest. For each
temperature level, the test was conducted at different frequencies
from the highest to the lowest (25 Hz, 10 Hz, 5 Hz, 1 Hz, 0.5 Hz,
and 0.1 Hz).

Prior to testing, every specimen was conditioned by applying 200
cycles of load at a frequency of 25 Hz. The load magnitude was
adjusted based on the material stiffness, air voids, temperature and
frequency to keep the strain response within 50-150 micro-strains.
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The data was recorded for the last 5 cycles of each sequence. |E*|
tests were performed according to AASHTO TP62-03 [31]. |E*|
testing was done on both un-aged and LTO-aged specimens. A total
of 288 |E*| (4 air voids x 4 temperatures x 6 frequencies x 3
specimens) values were measured in the laboratory for un-aged
condition. The un-aged condition refers to the samples that did not
go through the LTO-aging process. The measured |[E*| on un-aged
samples is referred to as un-aged |E*|. Table 4 shows the test matrix
used for conducting |E*| tests in the laboratory.

Long-Term Oven (LTO) Aging of Compacted
Specimens

Since dynamic modulus testing is considered to be a non-destructive
test, the same samples can be used for additional testing. Therefore,
after completing dynamic modulus testing on un-aged samples, the
samples continued on for LTO-aging. The samples compacted at
four different air voids (i.e., 6%, 8%, 10%, and 12%) were
LTO-aged in accordance with the AASHTO R30 method [32],
which recommends aging the compacted specimens in a forced draft
oven for 5 days at 85°C. This standard is expected to simulate the
long-term aging of a mix in the field for over a period of 5 to 7
years, irrespective of environmental conditions and mix properties.
To avoid or minimize the slump during aging, specimens were
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wrapped in a wire mesh. Three steel clamps were used to hold the
mesh in place. This method facilitated the highest amount of air
circulation without allowing for any slump. Specimens were taken
out of the oven after 5 days and allowed to cool at room temperature.
|E*| measured under LTO-aged condition is referred to as aged |[E*|
in this paper.

Construction of Master Curves

|[E*| of an HMA mix can be shifted along the frequency axis to form
single characteristic master curves at a desired reference
temperature or frequency [31]. Master curve is generated at a
reference temperature of 21°C using the procedure outlined in
Bonaquist et al. [33]. An approach developed by Bonaquist et al. [33]
eliminates the lower temperature requirement. Therefore, the time
required in conducting |E*| testing and master curve construction
can be reduced. Egs. (1) and (2) show the sigmoidal function and
the shift factor used for fitting a master curve. The limiting
maximum modulus (i.e., Max modulus) is estimated based on binder
stiffness and mix volumetric data using Eqgs. (3) and (4) [34]. A
nonlinear optimization program, available in Microsoft Excel®, was
used to simultaneously solve these unknown parameters. A total of 8
master curves were generated (4 un-aged and 4 LTO-aged
conditions).
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where Max is the maximum |E*| for a particular mix; f, is the
reduced frequency at reference temperature 21°C; f is the frequency
at a particular temperature; 7=, is the binder viscosity at reference
temperature 21°C; Ty is the temperature in Rankine; A is the
regression intercept of viscosity-temperature curve; VTS is the
regression slope of viscosity-temperature susceptibility; a(T) is the
shift factor as a function of temperature and age; and 4, 8, y, and ¢
are the fitting parameters.

|E*|, is the absolute value (maximum value) of asphalt
mixture dynamic modulus (psi), |G*|, is the absolute value of
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Table 5. Statistical Parameters Measured and the Criteria Used in

the Study [24]
Rating R? Se/Sy
Excellent >0.90 <0.35
Good 0.70-0.89 0.36-0.55
Fair 0.40 - 0.69 0.56-0.75
Poor 0.20-0.39 0.76 - 0.90
Very Poor <0.19 >0.90

asphalt binder complex shear modulus (psi) (i.e., 145,000 psi), VMA
is the voids in mineral aggregates in the compacted mixture (%),
VFA is the voids filled with asphalt binder in the compacted mixture
(%), and Max is the limiting maximum modulus of an asphalt mix.

The intercept (A) and slope (VTS) parameters pertaining to the
temperature-viscosity graph of binder were taken from the MEPDG
[21]. A and VTS were noted as 10.98 and -3.680 for PG64-22
binders and 9.2 and -3.024 for PG76-28 binders. The
goodness-of-fit statistics, S./S, (standard error of estimate and
standard deviation), and correlation coefficient (R?) reported in
Pellinen and Witczak [24] were used to assess the validity of the
correlation between laboratory measured modulus and master curve
fit equation. Table 5 lists the statistical measurements and criteria
used in the present study. The coefficients and fitting statistics of the
master curves and shift factor curves for Mix-1 and Mix-2 are
summarized in Table 6 and Table 7.

Based on these criteria, the developed master curves (for un-aged
and LTO-aged conditions) equations were found to be in excellent
correlation with the laboratory measured data (S,/S, in the range of
0.04 to 0.15; R? approximating 0.99). Shift factors were calculated
for un-aged and LTO-aged conditions at four different temperatures
and four air voids. The developed master curves and shift factors are
useful in the estimation of |E*| at a wide range of temperatures and
frequencies for un-aged and aged conditions of an HMA mix.

Results and Discussion
Effect of Air Voids, Frequency and Temperature on |E*|

To show the effect of air voids on |E*|, one particular frequency (10
Hz) and one temperature (21°C) were selected. For both mixes
(Mix-1 and Mix-2), |E*| decreases with increasing air voids (Fig. 1).
Similarly, Fig. 2 shows the variation of |E*| with test frequency at
6% air voids and 21°C test temperature. It can be seen from Fig. 2
that |[E*| increased with increasing test frequencies.

Variation of |E*| with temperature at 6% air voids and 10 Hz
loading frequency is shown in Fig. 3. Under a constant loading
frequency, |E*| decreases with an increase in test temperature. The
above trends of |E*| with temperature and frequency are consistent
with the results reported by other researchers [35-37]. It is
interesting to note that at all air voids, temperatures and frequencies
Mix-1 (PG64-22 @25% RAP) resulted in higher |E*| compared to
Mix-2 (PG76-28 @15% RAP). Thus, it is expected that the
inclusion of a higher percentage of RAP results in a stiffer structure
compared to a lower percentage of RAP. Similar results were
observed for LTO-aged |E*|.
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Table 6. Master Curves and Shift Factor Parameters for Un-aged Condition.

Mix-1
Air \Voids (%) Max E* (MPa) 3 B y c R? Se/S, Fit
6 23084 1.81 -1.02 -0.43 1.20 0.99 0.07 Excellent
8 22256 1.54 -0.98 -0.39 1.20 0.99 0.05 Excellent
10 21232 1.23 -0.86 -0.37 1.04 0.99 0.06 Excellent
12 19942 1.72 -0.41 -0.40 1.05 0.99 0.08 Excellent
Mix-2
6 22826 2.10 -0.25 -0.45 1.24 0.99 0.04 Excellent
8 22027 1.99 -0.24 -0.42 1.18 0.99 0.05 Excellent
10 21157 1.98 -0.17 -0.42 1.12 0.99 0.04 Excellent
12 20182 171 -0.12 -0.37 1.13 0.99 0.05 Excellent
Shift Factors log(aT)
S Mix-1 Mix-2
Alr Voids (%) 4c 21°C  40°C  55°C  4°C  21°C  40°C 55° C
6 2.66 0.00 -2.23 -3.60 2.24 0.00 -1.96 -3.20
8 2.65 0.00 -2.22 -3.58 2.13 0.00 -1.86 -3.04
10 2.30 0.00 -1.93 -3.11 2.02 0.00 -1.77 -2.89
12 2.32 0.00 -1.95 -3.14 2.04 0.00 -1.78 -2.91
Table 7. Master Curves and Shift Factor Parameters for Aged Condition.
Mix-1
Air Voids (%) Max E* (MPa) 3 B y c R S./S, Fit
6 23084 2.41 -0.86 -0.53 1.05 0.97 0.13 Excellent
8 22256 144 -1.40 -0.33 142 0.98 0.15 Excellent
10 21232 1.70 -0.93 -0.40 1.09 1.00 0.07 Excellent
12 19942 2.21 -0.42 -0.53 1.01 0.99 0.07 Excellent
Mix-2
6 22837 2.33 -0.52 -0.50 1.28 0.99 0.05 Excellent
8 22044 2.09 -0.54 -0.42 1.19 1.00 0.04 Excellent
10 21179 1.65 -0.66 -0.36 1.23 0.99 0.10 Excellent
12 20210 1.99 -0.28 -0.38 1.23 1.00 0.11 Excellent
Shift Factors log(aT)
. . Mix-1 Mix-2
Alr Voids (%) 4c 21°C 40°C 55°C  4°C  21°C  40°C 55° C
6 2.33 0.00 -1.96 -3.15 2.32 0.00 -2.03 -3.31
8 3.15 0.00 -2.65 -4.26 2.16 0.00 -1.88 -3.08
10 241 0.00 -2.03 -3.26 2.22 0.00 -1.94 -3.17
12 2.24 0.00 -1.89 -3.04 2.22 0.00 -1.94 -3.17
10000 - - o
2000 | 21°C @10 Hz N M?x-l Mix1 6% Air Voids @ 21°C
0 Mix-2 Mix-2
8000 -
_ 6000 )F; Z?s; X +9954.8 — o000 - y = 4212.6 x0-1888
< < R?=0.99
%, 4000 o 4000 4
y = -403.05 x + 6971.7 _ 0.2592
2000 | R2=0.08 2000 | é;jgg x
0 . . . . . . . 0 . . .
5 6 7 8 9 10 11 12 13 0.01 0.1 1 10 100
Air Voids (%) Frequency (Hz) (log scale)
Fig. 1. Variation of |E*| with Air Voids. Fig. 2. Variation of |E*| with Frequency.
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Effect of Long-Term Oven (LTO) Aging on |[E*|
Effects of LTO-aging on |E*|, for Mix-1 and Mix-2, are evaluated by
plotting un-aged and aged |E*| on the line of equality (LOE) plot.

The LOE plot was divided into different regions by drawing lines at
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Fig. 6. Comparison of |E*| for Mix-1 and Mix-2 for Un-aged
Condition.

different slopes. For example, the LOE line is drawn at 45° slope,
where the ratio of aged and un-aged |E*| is equal to 1. Similar lines
were drawn into the LOE plot at 0.5, 1.5, and 2 ratios. These lines
are called the 0.5 line, 1.5 line, and 2 line, respectively. If a point
falls on the 0.5 line, it indicates that aged |E*| is 50% less than
un-aged |E£*|. Similarly, if a point falls on the 1.5 and 2 lines, it
indicates that the aged |E*| is 50% and 100% higher than the
un-aged |E*|. Fig. 4 shows the different regions marked on the LOE
plot.

Fig. 4 shows a comparison of un-aged and aged |E*| for Mix-1. It
was found that LTO-aging causes a significant impact on |E£*| at all
air void levels. Aged |E*| falls between the 2.0 line and the LOE line,
indicating that aging increases |E*| by a factor greater than 1 (Fig. 4).
The process of oxidation in binders (aging) form polar compounds
that tend to increase the amount of asphaltenes. These asphaltenes
contribute to a solid structure of asphalt binder that leads to
increased binder stiffness and viscosity [38-39]. Average percentage
change in |[E*| due to LTO-aging for 6%, 8%, 10%, and 12% air
voids was observed at approximately 42%, 53%, 50%, and 60%,
respectively. Thus, specimens with a higher percentage of air voids
aged more when compared to specimens with lower air voids. It is
believed that specimens with higher air voids have an open structure
of aggregates that allows free circulation of air inside the specimen.
This causes more hardening of the binder, whereas a structure with
lower air voids narrow down the free circulation of air inside the
specimen, resulting in relatively less aging of the binder.

Similar observations were made for Mix-2, where the change in
|E*| was observed in the range of 60% to 64% (Fig. 5). It is
interesting to note that LTO-aging causes more impact on Mix-2 as
compared to Mix-1. For example, an increase in |E*| due to
LTO-aging varied from 40% to 60% for Mix-1 and from 60% to
64% for Mix-2. This may be due to the fact that Mix-1 contains a
higher percentage of RAP (25%) compared to Mix-2 (15%). It is
expected that the higher percentage of RAP causes Mix-1 to age
slowly.

Kiggundu et al. [40] show that mixes prepared from the recycled
binder generally age at a slower rate than virgin mixes. It is believed
that RAP binder has already undergone oxidation, which tends to
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retard the rate of hardening [11, 40]. Moreover, the mixing of a
higher percentage of RAP with virgin binder causes significant
changes in the chemical and rheological properties of the binder,
forming a complex structure. Aging is a very complex process that
is influenced by many factors, such as temperature, moisture, traffic,
ultra-violet ray, air void distribution and thickness of pavement
layers. The results in the present study are consistent with the
previous study done by Daniel et al. [19] and Francken et al. [20].

Comparison of Mix-1 and Mix-2
Un-aged Condition

The performance of Mix-1 and Mix-2 was compared for both
un-aged and LTO-aged conditions. A comparison of two mixes was
done by using two different approaches: plotting the |[E*| of Mix-1
and Mix-2 on the LOE plot and comparing the master curve
constructed at reference temperature 21°C.

Fig. 6 shows the measured |E*| for Mix-1 and Mix-2 for different
air voids and temperatures. The measured |E*| for Mix-1 falls above
the LOE, indicating that Mix-1 results in higher |[E*| compared to
Mix-2. At high temperature, Mix-1 and Mix-2 resulted in an
approximately equal |E*|. This indicates that, at high temperature,
the effect of binder is not significant. However, since Mix-1
contains higher amounts of RAP (25%) than Mix-2 (15%), Mix-1
should still result in a higher |E*| at higher temperature. To
understand this further, the ratio of |E*| for Mix-1 and Mix-2
(Mix-1/Mix-2) with air voids were plotted at four different
temperatures (Fig. 7). At all temperatures, Mix-1 resulted in a higher
|[E*| compared to Mix-2. The average |E*| ratio ranged from 1.2 to
1.7, depending on the air voids and temperatures.

As noted earlier, a virgin mix (without any RAP) with a stiffer
grade binder (i.e., PG76-28) would result in a higher modulus
compared to a mix with a lower grade binder (i.e., PG64-22).
However, analyses of results show that this behavior is not true if
the mix contains RAP. The binder in a RAP has already undergone
aging in the field, causing a change in its chemical composition.
Mixing RAP binder with unmodified or modified binders forms a
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more complex structure that is not easily understood. Thus, the
inclusion of RAP binder has a significant impact on the stiffness of
an HMA mix.

For example, in the present study, Mix-1 with unmodified
PG64-22 binder and 25% of RAP resulted in higher |E*| compared
to Mix-2 with SBS modified PG76-28 binder and 15% RAP. The
higher modulus at high temperature is beneficial in controlling
rutting. However, it is not considered as good at lower temperature,
since it may result in low temperature cracking. Therefore, it is
important to examine such behavior of RAP-containing HMA mixes
to predict the performance of flexible pavements.

A comparison of Mix-1 and Mix-2 was further made by
comparing the master curves constructed at reference temperature
21°C for all four air voids. Fig. 8 shows the master curves for both
mixes. A comparison of Mix-1 and Mix-2 using the master curve is
an important technique, as it allows the comparison of |E*| at a wide
range of temperatures and frequencies. In general, Mix-1 (25% of
RAP) produces higher |E*| compared to Mix-2 (15% of RAP) at all
combinations of temperature and frequency, expect at high
temperature (low frequency). At a high temperature, the binder
starts flowing, and it does not hold aggregate particles together.
Therefore, the aggregate’s morphology, namely its angularity and
texture, plays an important role [35].

Aged Condition

A comparison of LTO-aged |[E*| of Mix-1 and Mix-2 was made by
plotting them on the LOE graph and generating master curves at
21°C. Fig. 9 shows the LOE plots for both mixes. At all
temperatures, Mix-1 shows a higher |[E*| compared to Mix-2. The
average modulus ratio ranged from 1.4 to 1.5, depending on air
voids and temperatures (Fig. 10). The difference in |E*| for Mix-1
and Mix-2 decreased after LTO-aging. For example, in un-aged
conditions, the highest ratio of |E*| for Mix-1 and Mix-2 was
observed at 1.7, while this ratio was calculated at approximately 1.5
in LTO-aged condition.

A comparison of master curves of LTO-aged |[E*| is presented in
Fig. 11. Mix-1 resulted in a higher |[E*| compared to Mix-2 for all
combinations of temperature and frequency. In aged condition,
master curves for both mixes seem closer at particular air voids,
indicating a lesser difference between the two mixes. The master
curves depict that the modulus reaches an equilibrium stage at low
and higher temperatures.

Statistical Analysis

The performance of Mix-1 and Mix-2 was further compared through
a statistical analysis, called pair-wise student t-test, at the
significance level of 0.05. The null hypothesis for this analysis was
that the difference in mean |E*| for Mix-1 and Mix-2 is equal to zero
(Ho = ptmix-1 = Mmix-2)- Statistically, a significant factor p-value of less
than 0.05 indicates that the null hypothesis was rejected, and the
means of the data sets are not statistically equal. Comparisons were
made for both un-aged and LTO-aged conditions at four different air
voids, four temperatures, and a frequency of 10 Hz. Table 8 shows
the results of the statistical analyses.

At low air voids (6%), statistical analyses show that Mix-1
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Table 8. Statistical Analyses of Un-aged and Aged Dynamic Modulus.
Un-aged at 10 Hz Frequency
Temperature Alr Voids (%)
C) 6 8 10 12
p value Sig. p value Sig. p value Sig. p value Sig.
4 0 Y 0.015 Y 0 Y 0.020 Y
21 0.018 Y 0.018 Y 0.029 Y 0.030 Y
40 0 Y 0 Y 0.055 N 0.200 N
55 0.033 Y 0.200 N 0.410 N 0.080 N
Aged at 10 Hz Frequency
Temperature Alr Voids (%)
C) 6 8 10 12
p value Sig. p value Sig. p value Sig. p value Sig.
4 0.13 N 0.033 Y 0.096 N 0.032 Y
21 0.03 Y 0.011 Y 0.027 Y 0.031 Y
40 0 Y 0.015 Y 0.07 N 0.038 Y
55 0 Y 0.39 N 0.08 N 0.28 N

(PG 64-22 at 25% RAP) results in a higher |E*| compared to Mix-2

higher temperature (55°C).

This indicates that, at a higher temperature, binder does not
influence |E*|. Overall, the statistical analyses reveal that a higher
percentage of RAP causes a higher magnitude of |[E*| compared to a

(PG 76-28 at 15%RAP) for all temperatures. For both un-aged and
LTO-aged conditions, no statistically significant differences exist
between Mix-1 and Mix-2 at higher air voids (8% to 12%) and
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mix with a lower percentage of RAP.
Concluding Remarks

The present study was undertaken to evaluate the performance of

two different HMA mixes containing RAP. The following

conclusions can be drawn from the results and discussions
presented:

1. The degree of compaction (amount of air voids), temperature
and frequency have a significant impact on |E*|. A proper
selection of these parameters is important in predicting the
response of a flexible pavement.

2. LTO-aging resulted in an increase, approximately 42% to 60%,
in |E*|, depending on the amount of RAP and air voids.
Specimens having higher air voids aged more rapidly compared
to specimens with lower air voids.

3. Mixes with higher percentages of RAP aged more slowly
compared to mixes with a lower percentage of RAP.

4. The higher the quantity of RAP, the stiffer the HMA mix,
irrespective of binder grade.

The present study should be helpful in the selection of RAP in
HMA mix designs and pavement construction. It is recommended
that similar studies be conducted for mixes produced with other
grades of unmodified and polymer modified binders and with
different amounts of RAP. Furthermore, it is recommended that
additional studies be conducted to evaluate the effects that different
percentages of RAP have on the grade of asphalt binder.
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