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ABSTRACT

The performance of reclaimed asphalt pavement (RAP) mixtures is evaluated in this
paper in terms of (1) RAP percentage, (2) asphalt content, and (3) different base binders. All the
RAP mixtures were produced in the laboratory for better control of the plant production variables.
These mixtures were evaluated for fatigue properties using the simplified viscoelastic continuum
damage model and for rutting using the triaxial stress sweep (TSS) test. In addition, layered
viscoelastic critical distresses (LVECD) pavement analysis was used to predict the fatigue
resistance of the mixtures. In order to explain the observed fatigue and rutting behavior, binder
testing was performed on binders extracted and recovered from the mixtures. The test parameters
included performance grade, low temperature critical cracking temperature, and multiple stress
creep and recovery (MSCR) parameters tested at a high temperature.

Among the factors reviewed in this study, incorporating soft binder was found to be a
promising strategy, because the binder test data and LVECD predictions indicated a noticeable
improvement in the fatigue resistance of the mixes. The TSS test data did not show a significant
reduction in rutting resistance. Also, as the predictions clearly showed, increasing the asphalt
layer thickness can lead to improved pavement performance. The test results showed that
increasing the asphalt content above the optimum asphalt binder content determined by the
Superpave volumetric mix design method, even with a high percentage of RAP, is not
recommended because a higher asphalt content caused significant rutting in the pavement.
Furthermore, mixtures with low asphalt binder content, i.e., 0.5% below the optimum binder
content in this study, turned out to be susceptible to fatigue. Therefore, the best strategy for
incorporating high percentages of RAP seems to be using a soft base binder while maintaining
the optimum asphalt binder content and/or increasing the asphalt layer thickness.

Keywords: Reclaimed asphalt pavement (RAP), damage, fatigue, rutting, failure criterion
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INTRODUCTION

The practice of recycling asphalt has increased dramatically over the past 25 years due to
the environmental and economic benefits of using reclaimed asphalt pavement (RAP) in new
asphalt mixtures. These advantages include reducing the use of virgin aggregate, reducing the
amount of virgin asphalt binder required in the production of hot mix asphalt (HMA), lowering
transportation costs associated with obtaining quality virgin aggregate, conserving resources, and
decreasing the amount of construction debris placed into landfills. Due to increased budgetary
constraints and dwindling supplies of quality virgin materials, state highway agencies and
contractors have been moving toward increasing the amount of RAP in HMA pavements (1).

Most agencies and contractors are comfortable using up to 15% to 20% RAP (by total
weight of mix) because they have had extensive experience with pavement construction that
incorporates such RAP contents and they have observed satisfactory field performance. However,
questions about thermal cracking, fatigue performance, and raising binder performance grades
(PGs) in order to use soft virgin binder have limited the production of HMA with more than 15%
to 20% RAP (2). The main reason for this reluctance to add more RAP to the mix is that RAP
contains asphalt binder that has been aged, and incorporating higher RAP contents into HMA
can produce mixtures that are stiffer and more brittle than similar mixtures without RAP.
Although increased stiffness would improve the rutting resistance of the asphalt mixtures, the
reduced ductility makes them more susceptible to both thermal and fatigue cracking in the field
(3-6).

Nonetheless, agencies continue to look for ways to develop best practices for recycled
materials in the construction of highways to the maximum economical and practical extent
possible in order to provide pavement performance that is equal to or better than that of
pavements constructed using only virgin materials (7). Therefore, a significant amount of
research has been conducted to characterize the material properties and performance of RAP
mixtures and to gain a better understanding of how to produce mixtures that will perform well in
the field.

Bennert et al. (8) evaluated various strategies for using high RAP contents in plant-
produced mixtures. These strategies included using soft asphalt binder, limiting the RAP binder’s
contribution to the mixture’s total asphalt content, and using performance-based specifications.
Each strategy led to different levels of complexity and outcomes. Mogawer et al. (9) found that
certain production factors, such as the RAP source, virgin binder PG, production temperature,
and plant type, can affect the measured material properties and, consequently, affect the field
performance. In some cases, the effects of these factors were found to outweigh the effect of
RAP content or virgin binder PG on the mixtures.

The simplified viscoelastic continuum damage (S-VECD) model has been successfully
used to evaluate the fatigue properties of RAP mixtures. The S-VECD model is a continuum
damage mechanics-based model that has been applied effectively to predict the performance of
asphalt concrete mixtures under different loading conditions (10-14). Using the S-VECD model,
Sabouri and Kim (15) developed a new energy measure that employs the pseudo strain energy
release rate, G, which represents the rate of damage growth that can predict fatigue failure. This
fatigue failure criterion is considered to be independent of mode of loading, strain amplitude, and
temperature. Later, Norouzi et al. (16) successfully applied the GX method to investigate the
effect of incorporating high percentages of RAP in asphalt mixtures in terms of fatigue cracking.

In this study, the rutting performance of the mixtures was evaluated using a permanent
deformation model developed by Choi and Kim (17). This so-called shift model can simulate the
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effects of temperature, pulse time, and stress on rutting using time-temperature and time-stress
superposition principles. The triaxial stress sweep (TSS) test used in this study was developed to
provide a simple method to calibrate the shift model. Layered viscoelastic critical distresses
(LVECD) pavement analysis was used in this study to predict the fatigue behavior of the
mixtures. The LVECD program is a layered viscoelastic structural model that can calculate the
stresses and strains necessary for predicting fatigue behavior using the S-VECD model (18, 19).

OBJECTIVES

The purpose of this study is to gain a better understanding of ways that the incorporation
of RAP, changes in binder grade, and the virgin asphalt content impact the mixtures’ properties
and their predicted fatigue cracking and rutting. In order to investigate these possible effects,
nine laboratory-produced RAP mixtures were tested. That is, this study seeks ways to
incorporate higher percentages of RAP than are used currently by examining rutting resistance,
fatigue resistance, and predictive qualities using different laboratory-produced RAP mixtures.

MATERIALS AND TEST METHODS

Experiments were performed using nine Superpave 12.5-mm laboratory-produced
mixtures. TABLE 1 presents information regarding the study mixtures; the variables are the
binder PG, RAP content, and asphalt binder content. To investigate the effects of typical
allowable production tolerances, and also to look at the impact of high asphalt content as a way
to compensate for high percentages of RAP, the asphalt binder contents used in this study are the
optimum content determined by the Superpave volumetric mix design method, 0.5% below the
optimum content, and 0.5% above the optimum content. The mixtures are designated as
NHXXYY in this study, as shown in the table, with NH referring to New Hampshire, XX being
the high PG of the base binder, and Y'Y being the percentage of incorporated RAP. Also, ‘-opt’
and ‘+opt’ are used to indicate the mixes with asphalt binder contents that are 0.5% below and
0.5% above the optimum binder content, respectively. The optimal binder content was 5.8%,
whereas the RAP binder content was found to be 4.8 percent. The mixing and compaction
temperatures were 165°C and 145°C, respectively.

TABLE 1. Summary of Study Mixtures

Mix Name Binder PG RAP (%) Asphalt Content (%)
NH5820-opt 58-28 20 Optimum — 0.5%
NH5840-opt 58-28 40 Optimum — 0.5%
NH6400-opt 64-28 0 Optimum — 0.5%
NH6420-opt 64-28 20 Optimum — 0.5%
NH6440-opt 64-28 40 Optimum — 0.5%
NH64000pt 64-28 0 Optimum
NH64200pt 64-28 20 Optimum
NH64400pt 64-28 40 Optimum
NH6440+opt 64-28 40 Optimum + 0.5%
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Specimen Preparation

In order to prepare the specimens, first, aggregate stockpiles were dried and sieved into
individual portions for batching individual specimen sizes. The aggregate particles were then
heated to the mixing temperature for at least four hours prior to mixing. The RAP was air-dried
on a flat sheet for 24 hours prior to mixing and was heated to 60°C for two hours prior to being
mixed with the virgin aggregate and asphalt binder. The RAP, virgin aggregate, and asphalt
binder were mixed together for three minutes using a bucket mixer. After that, the mixtures were
short-term oven-aged for two hours at the compaction temperature. Then, the mixtures were
compacted to create specimens of appropriate geometry and air void content. All specimens were
compacted to a height of 178 mm and a diameter of 150 mm using a Superpave gyratory
compactor. To obtain specimens of uniform air void distribution, these samples were cored to a
diameter of 100 mm and cut to height of 150 mm for dynamic modulus and TSS testing, and to
130 mm for tension testing (20). Prior to testing, the air void ratios were measured using the
CoreLok method for each specimen for quality control. All the test specimens used in this study
had an air void ratio within the range of 6.0% = 0.5 percent.

Test Protocols

Binder Testing

The asphalt binders used in the laboratory-prepared mixtures was extracted and recovered
in accordance with AASHTO T 164 (21) and ASTM D 5404 (22) using trichloroethylene as the
extracting solvent. After the recovery process, the asphalt binder was tested for the respective
high temperature PG in accordance with AASHTO M 320 (23) and AASHTO R 29 (24). The
recovered asphalt binder was treated as a rolling thin-film oven (RTFO) -aged asphalt binder,
assuming that the aging that occurred during the production of the asphalt mixture was
equivalent to that which occurs during RTFO aging. The high temperature performance of the
asphalt binders was evaluated using the multiple stress creep and recovery (MSCR) test in
accordance with AASHTO TP 70-13 (25) using a dynamic shear rheometer (DSR). The low
temperature cracking properties of the asphalt binders were evaluated in accordance with
AASHTO R 49 (26).

Mixture Testing

Three main mixture tests were performed in this study: (1) the dynamic modulus test to
determine the linear viscoelastic characteristics, (2) the cyclic direct tension test to describe the
viscoelastic damage characteristics, and (3) the TSS test to evaluate the rutting performance.
Laboratory experiments were conducted according to the test protocols described below.

Dynamic Modulus Testing. Dynamic modulus testing was performed in load-controlled mode
in axial compression following the protocol given in AASHTO TP 79 (27). Tests were
completed for all the mixtures at 4°C, 20°C, 40°C, and 54°C and at frequencies of 25, 10, 5, 1,
0.5, and 0.1 Hz. Load levels were determined by a trial and error process so that the resulting
strain amplitudes were between 50 and 75 microstrains. The testing order was from low to high
temperatures and from high to low frequencies in order to minimize damage to the specimens.

Cyclic Testing using the S-VECD Model. Cyclic testing was performed in crosshead-controlled
(CX) mode of loading following the protocol given in AASHTO TP 107 (28). In this study, all
the cyclic tests were performed at three to four different amplitudes to cover a range of numbers
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of cycles to failure (from 1,000 to 100,000). The fatigue failure for each of the specimens tested
in the CX cyclic tests was determined using Reese’s approach that is based on the change in
phase angle behavior (29). The phase angle increases until strain localization occurs, and then
drops suddenly. This sharp decrease in the phase angle occurs around the failure point, which
makes the determination of the number of cycles to failure accurate and consistent in laboratory
testing.

The S-VECD model failure criterion (the G® method explained earlier) also was applied
to the data. According to this criterion, a characteristic relationship exists between the rate of
change of the averaged released pseudo strain energy (G") during fatigue testing and the final
fatigue life, defined as the number of cycles to failure (N;). The G can be calculated using
Equation (1). Details about this method can be found in Sabouri and Kim (15).

;T(%mfa—ﬁ)

GR: 0 (1)
Nf2

where
(¢5), = pseudo strain amplitude at cycle i, and

F = pseudo stiffness at cycle i.

Permanent Deformation: TSS Testing. The TSS test is composed of two types of tests: a
reference test at the high temperature (Ty) followed by three multiple stress sweep (MSS) tests at
three different temperatures of low, intermediate, and high (T, T, and Ty), respectively. The
reference test in this study utilized a 0.4-second haversine pulse with a 10-second rest period.
This test provided the permanent strain mastercurves by fitting the incremental model. The
incremental model is expressed in Equation (2).

‘("O'Nred
Ep =—""""—F, 2
* (NI+Nred)ﬂ ( )

The MSS test consists of three loading blocks. In this study, the deviatoric stress was
increased in each loading block, while the other loading conditions were kept constant. The
deviatoric stress level began at 70 psi and then was increased to 100 psi and 130 psi in the
second and third loading blocks, respectively. The shift factors were obtained by shifting the
permanent strain of an individual loading block toward the permanent strain mastercurve, which
was obtained from the reference test. The reduced load time shift factors and deviatoric stress
shift factors are shown in Equation (3).

a, =p,&," + P, o
a, =d, (o, /P,)% +d,.

where
Nred = reduced number of cycles at reference loading conditions,
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P1, P2, P3 = coefficients of reduced load time shift function,
d, dy, d3 = coefficients of vertical stress shift function, and
Pa = atmospheric pressure to normalize stress.

Equation (2) and Equation (3) constitute the shift model. The physical number of cycles
at a given condition was converted into a reduced number of cycles using the total shift factor,
which is the sum of the deviatoric stress shift factor and the reduced load time shift factor. These
two shift functions utilize temperature, load time, and vertical stress to calculate the shift factors.

RESULTS AND DISCUSSION

Binder Testing and Analysis

TABLE 2 presents the asphalt binder properties. The binder data can be compared in
terms of (1) RAP content, (2) binder content, and (3) the use of soft base binder. As expected,
higher RAP percentages caused an increase in the PG at both the high and low ends. Both
AASHTO M 320 and AASHTO R 29 specifications were followed in determining these findings.
The same outcomes were derived for the high temperature performance using the MSCR test
(AASHTO TP 70) and low temperature critical cracking test (AASHTO R 49). According to
TABLE 2, adding RAP decreased the non-recoverable creep compliance (Jr) value, which
suggests better rutting resistance.

Increasing the binder content seemed to worsen the rutting resistance, as the J,, value
increased when asphalt binder was added. At 20% RAP content, when comparing the asphalt
binder properties to those of the standard mixture (NH6420-opt), the use of a softer asphalt
binder (NH5820-o0pt) affected the asphalt binder properties similarly to adding 0.5% asphalt
binder (NH64200pt). At 40% RAP content (NH6440-opt), the use of the softer asphalt binder
(NH5840-opt) was better able to lower the asphalt binder PG than the addition of 0.5% asphalt
binder (NH64400pt) or 1.0% asphalt binder (NH6440+o0pt).



1

TABLE 2. Asphalt Binder Test Results

Performance Grade (PG) — AASHTO M 320

Multiple Stress Creep Recovery Test Results

_ High | Inter. Low Temperature 58°C 64°C 70°C
MixName | remp | Temp | AASHTO [ AASHTO [ AASHTO N N N
0 0 0
€O | (O | kione) | (stifiness. ) | (1) | @) | R | ampa) | PR | ey | RS
NH5820-opt | 68.7 | 193 [ -26.9 29.1 27.1 0.81 6.3 2.17 1.6 5.29 0.2
NH5840-opt | 737 | 223 | -24.2 28 25 034 | 154 | 097 5.8 2.56 1.4
NH6400-0pt | NA* | NA NA NA NA NA NA NA NA NA NA
NH6420-opt | 75 | 201 | -27.8 -29.3 27 031 | 224 [ 085 | 102 | 226 3.0
NH6440-opt | 834 | 252 | -19.9 27 23 006 | 456 | 019 | 312 | 054 | 161
NH64000pt | 721 | 189 [ 302 -30.4 27.9 048 | 171 | 133 6.4 3.31 19
NH64200pt | 721 | 195 | 265 -29.4 -26.6 046 | 142 | 1.30 4.8 3.35 14
NH64400pt | 764 | 223 | -163 -20.1 245 022 | 223 | 065 | 105 | 179 3.2
NH6440+opt | 76.1 | 21.7 | -16.1 -19.3 24.1 023 | 225 | 067 | 107 | 182 3.4

*Data not available.
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Performance-Related Mixture Testing and Analysis

Stiffness: Dynamic Modulus Testing

FIGURE 1 shows the dynamic modulus values of the averaged replicates. FIGURE 1 (a)
and (b) show the effect of RAP content on the stiffness of the mix at the optimum asphalt content
and 0.5% below the optimum asphalt content, respectively. As these graphs suggest,
incorporating RAP in the mixture increased the stiffness of the mixture and, as the RAP
percentage increased, the stiffness increased, too. This increase was more pronounced when the
RAP percentage increased from 20% to 40 percent. FIGURE 1 (c) and (d) show the effect of
binder content at 20% RAP and 40% RAP, respectively. According to these figures, increasing
the binder content decreased the stiffness of the mixture. The effect of the softer binder on the
stiffness values can be seen by comparing FIGURE 1 (e) and (f) for the 20% RAP and 40% RAP
mixtures, respectively. As these graphs suggest, using soft binder reduced the stiffness of the
mixtures to some extent.
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FIGURE 1. Evaluation of the effects on the mixture stiffness: (a) RAP content at the
optimum asphalt content, (b) RAP content at the optimum-0.5% asphalt content, (c) binder
content at 20% RAP, (d) binder content at 40% RAP, (e) binder base PG at 20% RAP, and

(F) binder base PG at 40% RAP.
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Cracking Resistance: S-VECD Model Testing

S-VECD tests of all the mixtures were conducted in CX mode. The pseudo stiffness (C)
versus damage (S) characteristic curves were fitted using the exponential function shown in
Equation (4).

C=¢* (4)

FIGURE 2 compares the fitted (designated as C—Fit in the figures) C versus S curves for
all the study mixtures from different aspects. FIGURE 2 (a) and (b) show the effects of RAP
content. In general, high RAP mixtures have higher curves than the other mixtures. The mixtures
with the same virgin binder grade are clustered together with similar damage characteristic
curves. The curves for the PG 58-28 mixtures are above those for the PG 64-28 mixtures.
FIGURE 2 (c) and (d) show the effect of binder content at each RAP level. Here, as the binder
content increases, the curve moves up. This trend is especially pronounced for the 40% RAP
mixtures (FIGURE 2 (d)). The effects of soft binder are shown in FIGURE 2 (e) and (f). The
performance of the 20% RAP mixtures is similar, whereas for the 40% RAP mixtures, the PG
58-28 mixture shows a slightly higher curve than the others.

The S-VECD model failure criterion was applied to all the study mixtures, and the results
are shown in FIGURE 3. The positions of the failure criterion lines can be used to make a
relative comparison of the expected fatigue resistance of the mixtures. Mixtures with better
fatigue resistance have failure criterion lines that are located towards the upper right corner and
have shallower slopes, meaning that at the same level, the GR will correspond to a higher N; value
(i.e., better performance). However, in order to compare the fatigue resistance of the different
mixtures, the mixtures must be considered within a specific pavement structure. This pavement
evaluation was conducted for this project using LVECD software, and the results are presented
in a subsequent section. FIGURE 3 compares the fatigue failure criterion for all the study
mixtures from different aspects. FIGURE 3 (a) and (b) show the effects of incorporating RAP
into the mixture. The failure criterion lines move down with increases in RAP content,
suggesting a decrease in fatigue resistance. This change is more pronounced for mixtures with
binder contents that are lower than the optimum binder content (FIGURE 3 (b)). FIGURE 3 (c)
and (d) show the effects of binder content at 20% RAP and 40% RAP, respectively. Lowering
the binder content in both cases decreased the fatigue resistance. This reduction is more
pronounced when the binder content dropped below the optimum binder content in both cases.
The effects of using the soft binder is shown in FIGURE 3 (e) and (f) for 20% RAP and 40%
RAP, respectively. In both cases the softer binder indicates better fatigue resistance. Also, it is
observed that as the RAP content increases, the impact of the binder PG decreases, and the
performance of the mixtures with the different binders becomes increasingly similar, which is
likely due to the increased amount of recycled material.

Also, it is interesting to note that, in general, adding RAP seems to shift only the failure
criterion lines, whereas the binder content and binder grade appear to change the slopes as well.
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FIGURE 2. Evaluation of the effect on the mixture characteristic curves: (a) RAP content
at the optimum asphalt content, (b) RAP content at the optimum-0.5% asphalt content, (c)
binder content at 20% RAP, (d) binder content at 40% RAP, (e) binder base PG at 20%
RAP, and (f) binder base PG at 40% RAP.
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FIGURE 3. Evaluation of the effect on the fatigue failure criterion: (a) RAP content at the
optimum asphalt content, (b) RAP content at the optimum-0.5% asphalt content, (c) binder
content at 20% RAP, (d) binder content at 40% RAP, (e) binder base PG at 20% RAP, and
(F) binder base PG at 40% RAP.
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Permanent Deformation: Triaxial Stress Sweep Testing

The rutting characterization tests, i.e., the TSS tests, were performed using all the
mixtures. As previously indicated, the TSS tests are composed of a reference test and three MSS
tests. FIGURE 4 (a) shows an example of the TSS test results. In order to compare the TSS test
results among the different conditions, only the TSS reference test results of the averaged
replicates are shown in FIGURE 4 (b) through (g). FIGURE 4 (b) and (c) show the effects of
incorporating RAP into the mixture at different asphalt binder content levels. As expected, by
incorporating more RAP into the mixture, the rutting resistance increased. FIGURE 4 (d) and (e)
show the effects of binder content at 20% RAP and 40% RAP, respectively. Generally, as the
binder content increased, the rutting resistance decreased. This decrease seems to be much more
pronounced when the asphalt content exceeds the optimum binder content, as the NH6440+opt
mixture shows the poorest rutting resistance among all the study mixtures. The effect of using
soft binder is shown in FIGURE 4 (f) and (g) for 20% RAP and 40% RAP, respectively. In both
cases, the stiffer binder shows better rutting resistance, which is due to the increase in the
mixture’s stiffness.

In general, as the mixture’s stiffness increases, the rutting resistance improves. This
finding suggests that the dynamic modulus data, which have been captured in the viscoelastic
domain, could be related to the rutting resistance of the mixture to some extent. It is interesting
to note also that these results agree well with the binder rutting data (MSCR test results). The
binder data show improvement in rutting resistance as the RAP percentage increased or the
binder content decreased or when the stiffer base binder was used.
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FIGURE 4. (a) Example of TSS test results, and evaluation of the effect on the mixture
rutting resistance: (b) RAP content at the optimum asphalt content, (c) RAP content at the
optimum-0.5% asphalt content, (d) binder content at 20% RAP, (e) binder content at 40%
RAP, (f) binder base PG at 20% RAP, and (g) binder base PG at 40% RAP.
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Pavement Analysis

The LVECD software was used to predict the fatigue behavior of the mixtures in
pavement structures. The inputs required for LVECD simulations are design time, structural
layout, traffic, and climate. The design time for this study was assumed to be twenty years.

Simulations were performed for both thin and thick pavement structures that are
commonly considered to represent strain-controlled and stress-controlled behaviors of asphalt
mixtures, respectively. In the thin pavement case, an asphalt concrete layer that was 100-mm
thick with an aggregate base 200-mm thick was used, whereas for the thick pavement, a full-
depth asphalt layer 300-mm thick was assumed. The asphalt layer was modeled as a viscoelastic
material with damage. Therefore, this layer is represented by the Prony series of dynamic
modulus values, time-temperature shift factors, and the S-VECD model coefficients. The
aggregate base and subgrade were modeled using linear elastic properties with modulus values of
350 MPa and 100 MPa, respectively.

A single tire with standard loading of 80 kN at the center of the pavement was assumed.
The average annual daily truck traffic (AADTT) was assumed to be 2,000. The climate in Boston,
Massachusetts was selected for pavement analysis. Pavement temperatures were obtained from
the Enhanced Integrated Climatic Model (EICM) software (30) and were input into the LVECD
program. The EICM program provides hourly temperatures of asphalt pavements in terms of
pavement depth.

Simulations were conducted using different properties for the asphalt layers while
keeping all the other conditions constant. To evaluate fatigue, the LVECD program calculated
the damage growth (i.e., reduction of the secant pseudo modulus) and the damage factor that is
defined in Equation (5) based on Miner’s law. If the damage factor is equal to zero, the element
does not have any damage, and a damage factor of one indicates failure of the element.

g N
Damage Factor = g —+- (5)
i=1 Nﬁ
where
T = total number of periods,
N; = traffic for period i, and
Ni = allowable failure repetitions under the conditions that prevail in period i.

FIGURE 5 shows an example of the damage factor distribution for the thin pavement
case for all of the study mixtures after five years. The plots show a cross-section of the pavement
with the direction of traffic into the page. It is noted that the fatigue performance predicted from
the LVECD program has not yet been fully calibrated against the field performance data. A
preliminary comparison of the LVECD software-predicted damage and the percentage of
cracking areas measured from in-service pavements is presented in Norouzi and Kim (31).
However, transfer functions that convert the damage predicted from the LVECD software to the
percentage of cracking areas have not been developed yet. Therefore, the LVECD software
predictions presented in the remaining portion of this paper use the number of failure points to
evaluate the effects of different RAP mix design factors on the pavement performance.
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FIGURE 5. Damage factor contours for all the study mixtures after five years.

In order to compare the fatigue resistance of the mixtures, the numbers of failure points
(elements with the damage factor of ‘1) during the design period are shown for the thin and
thick pavements in FIGURE 6 and FIGURE 7, respectively. A comparison of these two figures
clearly suggests better performance of the thick pavement, as it has fewer failure points during
the design period in all the cases. This finding would suggest that incorporating higher RAP
contents in thicker pavements is possible. Also, the mixture rankings in terms of fatigue
resistance are the same for both the thin and thick pavements. FIGURE 6 (a) and (b) and
FIGURE 7 (a) and (b) show the effects of incorporating RAP into the mixture. As expected, by
adding more RAP into the mixture, the fatigue resistance decreased in all the cases. FIGURE 6 (c)
and (d) and FIGURE 7 (c) and (d) show the effects of binder content at 20% RAP and 40% RAP,
respectively. The analysis shows that binder content has an important role in determining the
fatigue behavior of the mixtures, because the number of failure points decreased considerably
with an increase in the binder content from below the optimum content to the optimum binder
content in both cases. Increasing the binder content above the optimum binder content
(NH6440+o0pt) still shows some improvements in fatigue resistance, but the impact is relatively
small. The effects of using soft binder are shown in FIGURE 6 (c) and (d) and FIGURE 7 (e) and
(F) for 20% RAP and 40% RAP, respectively. Using the softer binder obviously improved the
fatigue resistance of the pavements for both levels of RAP content.



O wWN -

Sabouri et al.

700

600

500

400

300

200

Number of failure points

100

700

600

500

400

300

200

Number of failure points

100

700

600

500

400

300

200

Number of failure points

100

—— NH64000pt-Thin

|l — — NH64200pt-Thin

- = = = NH64400pt-Thin

P

ot

-

Time (Month)

et =
=~7T5) - Effect of RAP% @ Optimum AC
50 100 150 200 250
Time (Month)
~———— NH6420-opt-Thin
| — — NH64200pt-Thin
—_—— - '
—— - -
pp— Lot
—— '-c) - Effect of binder content @ 20% RAP
50 100 150 200 250

~——— NH5820-opt-Thin
NH6420-opt-Thin

(e) - Effect of binder grade @ 20% RAP

50 100

150

Time (Month)

200

250

Number of failure points Number of failure points

Number of failure points

700

600

500

400

300

200

100

700

600

500

400

300

200

100

700

600

500

400

300

200

100

18
—— NH6400-opt-Thin Le= T
| — — NH6420-opt-Thin R
- - - - NH6440-opt-Thin sl =
'J" ““““
L /ff !
i
J
]
)
L/
| .
(b) - Effect of RAP% @ Optimum-0.5% AC
0 50 100 150 200

Time (Month)

250

——— NH6440-opt-Thin
L — — NH64400pt-Thin
- - NH6440+0pt-Thin

0 50

100
Time (Month)

150 200

250

~——— NH5840-opt-Thin
NH6440-opt-Thin

(f) - Effect of binder grade @ 40% RAP

0 50 100 150

Time (Month)

200

FIGURE 6. Evaluation of the effects on thin pavement fatigue life predictions: (a) RAP
content at the optimum asphalt content, (b) RAP content at the optimum-0.5% asphalt
content, (c) binder content at 20% RAP, (d) binder content at 40% RAP, (e) binder base
PG at 20% RAP, and (f) binder base PG at 40% RAP.

250



O wWN -

Sabouri et al.

25
—— NH64000pt-Thick
— — NH64200pt-Thick
20 b~ NH64400pt-Thick
4}
£
2
© 15 |
=
8
S 10 |} .
o .
o) .-
£ '
=} 0% RAP .- r
Z 5t ' |
. |
(a) - Effect of RAP% @ Optimum AC r
0 A . . i
0 50 100 150 200 250
Time (Month)
450
400 | NH6420-opt-Thick
— — NH64200pt-Thick
350
a2
c
‘s 300 r
o
(0]
5 250
Kol
= 200
o
9] L
g 150 Optimum AC
2 100
50 r
(c) - Effect of binder content @ 20% RAP
0 f _ — .
0 50 100 150 200 250
Time (Month)
450
NH5820-opt-Thick
400
NH6420-opt-Thick
350
2
f=
'S 300
o
(0]
5 250
©
— 200
o
5 PG 58-28
2 150 |
€
2 100 |
50
(e) - Effect of binder grade @ 20% RAP
0 . . 1 n
0 50 100 150 200 250

Time (Month)

Number of failure points Number of failure points

Number of failure points

450

400

350

300

250

200

150

100

50

450

400

350

300

250

200

150

100

50

450

400 r

350

300

250

200

150 ¢

100

50

19
—— NH6400-opt-Thick
NH6420-opt-Thick
- = = = NH6440-opt-Thick L.t
Va - Effect of RAP% @ Optimum-0.5%
0 50 100 150 200 250
Time (Month)
——— NH6440-opt-Thick
| — — NH64400pt-Thick
L - - - - NH6440+opt-Thick
[ Optimum+0.5% AC Optimum AC
(d) - Effect of binder content @ 40% _ _
0 50 100 150 200 250
Time (Month)
NH5840-o0pt-Thick
NH6440-opt-Thick
PG 58-28
(f) - Effect of binder grade @ 40% RAP
0 50 100 150 200 250

Time (Month)

FIGURE 7. Evaluation of the effects on thick pavement fatigue life predictions: (a) RAP
content at the optimum asphalt content, (b) RAP content at the optimum-0.5% asphalt
content, (c) binder content at 20% RAP, (d) binder content at 40% RAP, (e) binder base
PG at 20% RAP, and (f) binder base PG at 40% RAP.



ONO O WN B

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33

34
35
36

37

38
39
40

Sabouri et al. 20

It is noted that the current version of the LVECD program does not include an aging
model. Once the aging model is included in the LVECD program, the damage patterns presented
in FIGURE 5 and the trends and the magnitude of differences in the failure points shown in
FIGURE 6 and FIGURE 7 may change. For example, the inclusion of an aging model in the
LVECD analysis could yield more top-down cracking in the thick pavements than in the thin
pavements. Currently, the diffusion-based aging model coupled with the viscoelastic continuum
damage model is in development under the auspices of NCHRP Project 09-54. This aging model
will be included in the LVECD program in the future.

SUMMARY AND CONCLUSIONS

In this study, the performance of laboratory-produced RAP mixtures was evaluated in
terms of fatigue cracking and rutting. The S-VECD model was used to evaluate the fatigue
properties of the mixtures, which were then input in the LVECD pavement analysis program to
predict the long-term fatigue performance of thin and thick asphalt pavements that contained the
study mixtures. Also, TSS testing was performed to assess the rutting behavior of the mixtures.
In addition, in order to explain the observed behavior better, binder testing was performed on the
binders that were extracted and recovered from the mixtures to evaluate high and low
temperature binder properties.

The results show that, in general, all the factors that improved the fatigue resistance
deteriorated the rutting resistance of the asphalt mixtures. Nevertheless, the study shows that it is
still possible to balance all the different factors to produce a material that performs well and is
economical. The use of soft binder emerged as a promising treatment among the different factors,
as the LVECD software predictions showed a noticeable improvement in fatigue resistance,
whereas the TSS data suggest that rutting resistance would not be compromised significantly.
The LVECD program’s predictions of fatigue cracking for both the thin and thick pavements
clearly showed that high percentages of RAP can be tolerated easily once the layer thickness is
increased. Also, the mixture with the optimum binder content was, not surprisingly, found to be
the best in terms of performance, because increasing the asphalt binder content above the
optimum level resulted in significant rutting even at a high percentage of RAP, and decreasing
the asphalt binder content below the optimum level caused a noticeable decrease in fatigue
resistance. Hence, the best strategies for incorporating high percentages of RAP into asphalt
mixtures seem to include using a soft base binder and maintaining the optimum asphalt binder
content and/or increasing the asphalt layer thickness.
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