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Field Construction and Mechanistic Performance of Hot Mix Asphalt
Containing Reclaimed Asphalt Pavement
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Abstract: This study explored the potential of using high reclaimed asphalt pavement (RAP) content with hot mix asphalt (HMA) in base
and surface courses. A total of four Superpave mixes containing different percentages of RAP namely, 25% RAP and 40% RAP for S3
base courses and 0% RAP and 10% RAP for S4 surface courses were designed, constructed and tested. The mechanistic characteristics of
mixes were evaluated by conducting creep compliance, dynamic modulus, Hamburg rut, and 4-point beam fatigue tests. The creep
compliance results showed reduction in compliance of the mix due to increase in the RAP content. The dynamic modulus test results
illustrated that the asphalt mix containing a higher amount of RAP has higher dynamic modulus values. The increase in RAP content
reduced rutting susceptibility and improved moisture damage potential of both S3 and S4 mixes.
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Introduction

Hot mix asphalt (HMA) is the most widely used paving material in
the United States. Each year as much as 100 million tons of HMA
are reclaimed during road resurfacing and widening projects. About
80 million tons (80%) are reused as reclaimed asphalt pavement
(RAP). Although RAP has been used in the U.S. for over 25 years,
with increased environmental awareness and focus on recycling, its
enhanced use in pavement construction has become a topic of
national importance [1]. In Oklahoma, the current state-of-practice
is to allow up to 25% RAP for base courses, but none for surface
courses. The current usage of RAP in roads of Oklahoma is
significantly lower than the maximum allowable limit and much
lower than its neighboring states [2]. Some of the reasons for using
a low percentage of RAP in Oklahoma are variations in RAP quality
and lack of field/laboratory data on mixes with high RAPs (>25%)
[3]. Additionally, the implementation of the Mechanistic-Empirical
Pavement Design Guide (MEPDG) requires mechanistic input
parameters for asphalt mixes with high RAP [4]. The mechanistic
characteristics of new mixes are expected to change as a result of
the aged binder and old aggregates introduced to the mix as a part of
the RAP.

Many studies have been done to evaluate the effect of RAP on the
performance of HMA. Daniel and Lachance [5] examined the effect
of increased RAP content on the creep compliance and dynamic
modulus of HMA mixes. The compression creep compliance
master curves for the control mix and mixes containing 15%, 25%,
and 40% processed RAP were developed. The addition of 15% RAP
was found to increase the stiffness of the mix and decrease the
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compliance, as expected. These results indicated that the mix
containing RAP will be more resistant to rutting and less resistant to
fatigue fracture and thermal cracking than its virgin counterpart.
The mixes containing 25% and 40% RAP, however, did not follow
the expected trend. Instead, creep compliance curves were similar to
that of the control mix. The results of dynamic modulus of the
processed RAP mixes increased from the control (0% RAP) to 15%
RAP level, while the 25% and 40% RAP mixes had dynamic
modulus curves similar to the control mix. However, no attempt was
made to study the effect of RAP content on rutting and moisture
damage susceptibility of mixes.

Richardson and Lusher [6] measured the creep compliance of
HMA containing 0%, 10% and 20% RAP for surface course mixes
in Missouri. The mixes were tested at three different levels of
percent air voids (4%, 6.5%, and 9%). Trends such as increasing
creep compliance and decreasing tensile strength with increasing
percentage of air void and/or temperature were reported. It was
found that the presence of RAP in a mix tends to decrease the creep
compliance (increase the stiffness) of similar mixes without RAP.

McGraw et al. [7] examined the effect of RAP on dynamic
modulus of HMA. A total of 17 mixes containing various amounts
of RAP (0%, 10%, 15%, 25% and 30%) were used in this study
with two types of binders (PG 58-28 and PG 52-34). It was found
that the dynamic modulus increases with increasing RAP content
and the differences are more pronounced at lower frequencies (high
temperatures). The increase in dynamic modulus was noticeably
higher in the mix containing 30% RAP than that of the control mix
(0% RAP).

Loria et al. [8] evaluated the dynamic modulus of HMA mixes
containing RAP (15% and 50%). The dynamic modulus values were
found to increase with the increase in RAP content. However, a
reduction in the dynamic modulus was observed for the mixes
containing 50% RAP and PG 52-34 as compared to mixes
containing 50% RAP and a PG 58-28 binder. It was also found that
the field-produced mixes exhibited significantly higher dynamic
modulus values than the comparable laboratory-produced mixes,
except for the field and laboratory-produced mixes containing 0%
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and 50% RAP. Both studies (McGraw et al., 2010; Loria et al., 2011)
were limited to the evaluation of dynamic modulus.

Bonaquist [9] examined the creep compliance of 16 Wisconsin
mixes. Of these, eight mixes were virgin containing different types
of aggregate and the remaining eight mixes included 25% recovered
RAP binder. A total of two types of binder, namely, PG 58-28 and
PG 58-34, were used. It was found that the low temperature creep
compliance is a function of only the low temperature compliance of
the mixes tested. Aggregate source and design traffic level did not
show any significant effect on the low temperature compliance of
the mixes. Also, it was reported that the measured compliance
values are higher than the predicted MEPDG Level 3 compliance
values with errors as high as 56%. This level of error necessitates
actual measurement of creep compliance values. It is also worth
mentioning here that the RAP containing mixes in this study were
prepared by extracting and recovering RAP binder from a single
Wisconsin source, then replacing 25% of the binder in each mix
with the recovered RAP binder. The method used in this study for
recovering binder from RAP and mixing it in the virgin mix is not
representative of the field conditions.

Rahman et al. [10] evaluated rutting susceptibility of mixes
containing RAP by conducting Hamburg wheel-tracking tests. It
was found that the rutting performance was significantly affected by
the asphalt binder source and grade regardless of RAP content. The
surface mixes with higher RAP content were found not significantly
susceptible to rutting compared to the mixes with moderate RAP
contents. No further attempt was made to evaluate creep compliance
and dynamic modulus which are important parameters for
mechanistic design of pavements [4].

In a recent study, Silva et al. [11] produced totally recycled HMA
mixes, i.e., HMA mixes containing 100% RAP. The performance of
totally recycled HMA mixes was evaluated by conducting water
sensitivity, rutting resistance, stiffness, fatigue resistance, and
binder aging tests. It was found that the totally recycled HMAs can
be a good alternative with performance as good as conventional
HMAs, provided that adequate storing and handling conditions are
assured during the production stage.

In another recent study, Singh et al. [12] investigated effect of
long-term oven aging on RAP mixes using dynamic modulus test. It
was found that long-term oven aging increased dynamic modulus of
the compacted samples by 42% to 60%, depending on the amount of
RAP and air void content of the compacted specimen. However, no
attempt was made to evaluate other relevant pavement performance
parameters.

Although some of the aforementioned studies are relevant to this
research [e.g., 11], it is also important to note that the mineralogical
and chemical characteristics of RAP and virgin aggregates and
binders in Oklahoma are different than those in other regions, and
thus results from other studies may not be directly used for the
design of pavements in Oklahoma at a Level 1 or Level 2 design [4].
Consequently, the current study explores the effect of different RAP
contents on the mechanistic characteristics of HMA by conducting
creep compliance, dynamic modulus, Hamburg rut, and 4-point
beam fatigue tests. A total of four Superpave mixes containing
different percentages of RAP namely, 25% RAP and 40% RAP for
Oklahoma S3 base courses and 0% RAP and 10% RAP for
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Oklahoma S4 surface courses were designed, constructed and
tested.

Materials and Methods
Materials

The RAP was selected with the help of Silver Star Construction Co.
located in Moore, OK. The location of the RAP source was 1-35 in
McClain County (near Purcell), Oklahoma. The RAP milling site
had a 37 mm (1.5 in.) overlay of HMA Type B with PMAC-1C
binder in 1994. Before 1994, the project had received a 50 mm (2
in.) leveling course of HMA Type C with AC-3 (viscosity grading)
binder back in 1979. In addition to the collection of RAP millings,
four different types of virgin aggregates, namely, #67 Rocks, 5/8-in.
chips, screenings, manufactured sand, and natural sand, and a virgin
binder (PG 64-22 OK from Valero at Ardmore, Oklahoma) were
collected for mix design and laboratory testing.

Volumetric Mix Design

As noted earlier, a total of four mixes, namely, S3 mix containing
25% RAP (S3-25), S3 mix containing 40% RAP (S3-40), S4 mix
containing 0% RAP (S4-0), and S4 mix containing 10% RAP
(S4-10), were prepared. Several trials were attempted where the
percentages of blended materials for fulfilling the consensus
properties and volumetric mix design requirements were changed in
accordance with the Superpave requirements (AASHTO M 323)
and test procedures (AASHTO R 35). Volumetric properties
recommended specifically, bulk specific gravity (Gn,) (AASHTO T
166), maximum specific gravity (Gmm) (AASHTO T 209) void in
mineral aggregates (VMA), void filled with asphalt (VFA), and
dust-to-binder ratio were determined with different binder content.
The S3 and S4 mixes were designed for a design equivalent single
axle load (ESAL) value of 0.3 M — 3 M.

Test Site Description

The test site for this study was selected in cooperation with Silver
Star Construction Co. in Moore, Oklahoma and is located on York
Drive near US 77 in Norman, Oklahoma (Fig. 1(a)). The test site is
a two-lane city road having a length of approximately 204 meter
(670 ft). Prior to paving, the existing silty clay subgrade was
stabilized with 14% Cement Kiln Dust (CKD) (Fig. 1(b)).

Construction of South Lane (S3-25 and S4-0 Mixes)

The south lane of the test section was constructed with a S3-25 mix,
overlaid by a S4-0 mix (current state of practice). The paving
machine was equipped with an electronic slope and grade control.
The S3-25 layer was constructed in two lifts, each having a
thickness of 72 mm (3 in.). After the laydown of the first lift (Fig.
1(c)), it was compacted by using a vibratory compactor with steel
drum roller (CAT PS-360B) (Fig. 1(d)). The rolling pattern was
decided on the basis of density readings obtained from a nuclear
density gage. Both density and temperature were recorded for each
pass until the density started decreasing with the number of passes.
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Fig. 1. (a) Right of Way (Natural Subgrade), (b) Mixing CKD With Subgrade, (c) Laydown of S3-25 Layer (South Lane), (d) Compaction of

S3-25 Layer With Steel Drum Roller, (e) Compaction of S3-25 Layer With Rubber-tire Roller, (f) Laydown of S4-0 Layer (South Lane), (g)
Placement of Paper During Laydown of S4 Layers, and (h) Laydown and Compaction of S4-0 Layer (South Lane).

During the trial compaction, it was found that three and a half
passes were required to achieve the desired level of compaction.
Therefore, it was decided to use only three passes for compaction.
Following the vibratory compaction, a rubber-tire roller DYNAPAC
CA-251 (Fig. 1(e)) was used to smoothen the surface. A total of five
passes were made using this rubber-tire roller. Finally, the vibratory
compactor (CAT PS-360B) was used again without any vibration
for finish rolling. Only one pass was used this time. After the
construction of the first lift, it’s thickness was determined by taking
three cores and measuring the thickness of each core. The
thicknesses of these cores were 79.0 mm (3.1 in.), 74.8 mm (2.9 in.)
and 76.4 mm (3.0 in.), with an average thickness of 76.2 mm (3 in.).
Henceforth, the same amount of mix (135 tons of material) was
used to achieve the next 76.2 mm (3 in.) of the second lift. The
second lift of S3-25 layer was constructed using the same
equipment and procedure as outlined above for the first lift.

Vol.6 No.4 Jul. 2013
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After the construction of S3 layers, a tack coat (SS-1HP) was
sprayed on the S3 layer before the construction of the S4 layers. The
south lane of the test section was constructed with S4-0 mix (Fig.
1(f)). During the paving of the S4-0 layer, paper was placed
between the S3-25 and S4-0 layers at selected locations for the ease
of extracting cores (Fig. 1(g)). Further after paving, those selected
locations were labeled by using spray paint on the top of the S4-0
layer. After laydown, compaction was conducted using a vibratory
compactor with steel drum (CAT PS-360B) (Fig. 1(h)). As before,
the rolling pattern was decided on the basis of density readings
obtained from a nuclear density gage during trial rolling. Both
density and temperature were recorded for each pass until the
density started decreasing with the number of passes. It was found
that approximately four passes are enough to achieve the desired
level of compaction.

Construction of the North Lane (S3-40 and S4-10 Mixes)
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Fig. 2. (a) Laydown of S3-40 Layer (North Lane), (b) Laydown of S4-10 Layer over S3-40 Layer (North Lane), (c) Coring Operation S3-25

(South Lane), (d) Core Locations, (e) Extraction of Block Samples, (f) Extracted Surface and Base Course Blocks, (g) Patching Process of the
Holes, and (h) Plate Compaction During Patching Holes.

The north lane of the test section was constructed using the same
equipment and procedure as outlined above for the south lane. This
lane was constructed with a S3-40 mix overlaid by a S4-10 mix, and
four passes were used to achieve the desired level of compaction for
S3-40. The thickness of the first lift of S3-40 mix (Fig. 2(a)) was
determined by taking three cores and measuring the thickness of
each core. It was found that thicknesses of the cores are 79.0 mm
(3.1in.), 74.8 mm (2.9 in.) and 76.4 mm (3.0 in.) with an average
thickness of 76.2 mm (3.1 in.). Henceforth, the same amount of mix
(135 tons of material) was used to achieve the next 76.2 mm (3.0 in.)
of the second lift. After the construction of S3-40 layers, the S4-10
layer (Fig. 2(b)) was constructed. Five passes were used to achieve
the desired level of compaction for this layer.

In Situ Coring and Block Sample Extraction

The in situ coring and extraction of block samples was first
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performed on February 24, 2011, after the construction of the base
layers and again on February 28, 2011, after the construction of the
surface layers. A total of eighteen cores and four blocks were
extracted from the base layers, while fourteen cores and eight blocks
were retrieved from surface layers. The location, the mix type and
the thickness of all the cores is presented in Table 1. The cores were
extracted at a regular interval of 15.2 meter (50 ft) and 23 meter (75
ft) from each other for the base and surface layers, respectively. The
core specimens were retrieved from both lanes between the
expected wheel paths, as shown in Fig. 2(c) and 2(d). As shown in
Fig. 2(d), cores of same diameter 152 mm (6 in.) were obtained.
Each core was taken to full depth of the asphalt pavement layer. The
average thicknesses of the cores were 158 mm (6.222 in.), 152.4
mm (6.0 in.), 80.28 mm (3.161 in.), and 79.38 mm (3.125 in.) for
S3-25, S3-40, S4-0, and S4-10, respectively. One of the reasons for
lower layer thickness of higher RAP containing mixes (S3-40 and
S4-10) as compared to corresponding lower RAP containing mixes
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Table 1. Summary of Location and Thickness of Core Specimens Retrieved from the Test Sections.

Cores from S3 Layers

Cores from S4 Layers

Core # Distance from west end (ft) Mix Type Thickness (in.) Core#  Distance from West End (ft) Mix Type Thickness (in.)

1 50 S3-25 5.875 1 75 S-4-0 3.125

2 100 S3-25 5.625 2 112 S-4-0 3.25

3 150 S3-25 5.75 3 171 S-4-0 3.125

4 200 S3-25 6.375 4 208.5 S-4-0 3.25

5 250 S3-25 6.25 5 325 S-4-0 3.125

6 300 S3-25 6.875 6 464 S-4-0 3.125

7 350 S3-25 6.625 7 595.6 S-4-0 3.125

8 400 S3-25 6.375 8 103 S-4-10 25

9 450 S3-25 6.25 9 191 S-4-10 3

10 50 S3-40 6 10 267 S-4-10 3.125

11 100 S3-40 5.625 11 387.5 S-4-10 3.125

12 150 S3-40 5.625 12 458.7 S-4-10 3.25

13 200 S3-40 5.875 13 522.6 S-4-10 3.625

14 250 S3-40 5.625 14 608.3 S-4-10 3.25
Average Layer Thickness (from Cores)

15 300 S3-40 6 $3-25 =6.222 in. (158 mm)

16 350 S3-40 6.5 $3-40 = 6.000 in. (152.4 mm)

17 400 S3-40 6.75 S4-0 =3.161 in. (80.28 mm)

18 450 S3-40 6 $4-10 = 3.125 in. (79.38 mm)

(S3-25 and S4-0) could be higher number of passes used for
compaction of S3-40 (four passes) and S4-10 (five passes) layers.
After extraction, the cores were properly labeled and carefully
wrapped so that they can be brought to the laboratory in good
condition. Each block sample was approximately 457 mm (18 in.)
long and 178 mm (7 in.) wide. The block samples were extracted
using a concrete saw-cutting machine at regular interval of 52 meter
(170 ft) and 40 meter (132 ft) from each other for the base and
surface layers, respectively (Fig. 2(e)). All block samples were
labeled and carefully transported to the laboratory on a hard support
to prevent bending (Fig. 2(f)). After extraction, Silver Star
Construction patched all the holes with HMA, followed by
compaction with a plate compactor, as shown in Fig. 2(g) and 2(h).

Specimen Preparation

The field cores were further saw-cut in the laboratory to a diameter
of 150+9 mm (6+0.35 in) and thickness (height) of 45 mm (1.8 in.)
in preparation for creep compliance testing. In this study, the field
cores tested for creep compliance had an air void content of 6£0.5%
in accordance with the OHD L-45 test method [13]. The plant mixes
were used to prepare specimen at a target air void content of
7+0.5% using a Superpave gyratory compactor (AASHTO T 312)
for dynamic modulus testing. The selected field cores of S4 and S3
mixes were saw-cut to a diameter of 150 mm (6 in.) and a height of
60+2 mm (2.36+0.08 in.) for conducting Hamburg rut tests. Each
block sample was saw-cut into two beams (length = 15 in; width =
2.5 in; height = 2 in) for 4-point beam fatigue testing.

Creep Compliance

Creep compliance is defined in AASHTO T 322 as “the
time-dependent strain divided by the applied stress.” In this study,
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creep compliance tests were conducted at -18°C, -10°C, 0°C, and
10°C on cylindrical cores (diameter = 150 mm, height = 45 mm) in
accordance with the AASHTO T 322 test method. The test method
consists of the application of a static load of fixed magnitude along
the diametral axis of a specimen for 100 seconds. A 100 kN (22,000
Ib) load cell was used for loading the specimen. The vertical and
horizontal deformations were measured by two LVDTs having a
stroke length of 5 mm (0.2 in.), attached in the diametrically
perpendicular direction. A gauge length of approximately 38 mm
(1.5 in.) was used for mounting LVDTSs on one face of the specimen.
The horizontal and vertical deformations measured near the center
of the specimen were used for calculating the tensile creep
compliance as a function of time. The applied load was selected to
keep horizontal deformation in the linear viscoelastic range (0.012 —
0.019 mm, 0.000492 — 0.0007480 in.) during the creep test.

Following AASHTO T 322 test method guidelines, creep
compliance was calculated using the following equation:
AX (it DavgD
D(t): tmt =~ avg™avg empl (1)
P,oGL

avg

where, D(t) = creep compliance at time t, GL = gauge length in inches
(38 mm, 1.5 in.), D,4 = average diameter of the specimen, bag =
average thickness of the specimen, 4Xi,; = trimmed mean of the
normalized, horizontal deformations (nearest to 0.02 mm, 0.001 in.)
for faces of the specimen at time t, P,,q = average creep load (N, Ib),
Cempi =Correction factor defined as:

X -1
ccmp,:o.635{7j -0.332 )

where, X/Y =absolute value of the ratio of the normalized, trimmed
mean of the horizontal deformations (4Xum: ) to the normalized,
trimmed mean of the vertical deformations (4% ) at a time
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corresponding to % of the total creep compliance test time. The
restrictions of the correction factor (Eg. (2)) are given by the
following equation:

b b
[0.704—0.21{ﬂﬂ <Cemr < [1.566—0.19{—“9 ﬂ ®3)
D D

avg avg

The master creep compliance curve was created using the
time-temperature  superposition  principle; the time and
temperature-dependent material properties can be represented by
using reduced time (t;) [6]. For a constant temperature, the reduced
time (t,) is defined as:

t, =txa, 4)

where, a; = time-temperature shift factor, and t = time (seconds). A
template developed in an MS Excel spreadsheet was used to generate
a master creep compliance curve by shifting the creep compliance
values as a function of time data at each temperature to a reference
temperature of -18°C. This was achieved by numerical optimization
using Eq. (5) to model the master creep compliance curve of the mix
[13], as shown below:

t m
D(t)=D, + Dl(WJ (®)

where, Do, D;, m = fitting parameters, C, = time-temperature shift
constant, T, = reference temperature, and T = temperature. To
compare the master curves, creep compliance values were
calculated from the fitted master curves over the range of reduced
times used in the AASHTO T 322 testing, which is from
approximately 1 to 100,000 seconds.

Further, Poisson’s ratio (v) values were calculated using Eq. (6)
in accordance with AASHTO T 322 test method, as shown below:

2 b 2
v=-010+148q X | —077g - [ X (6)
Y Dag N Y

Dynamic Modulus

The dynamic modulus (AASHTO TP 62) testing was done at five
different temperatures -10°C, 4.4°C, 21.1°C, 37.8°C, 54°C (14°F,
40°F, 70°F, 100°F and 130°F) starting at the lowest temperature and
proceeding to the highest temperature. For each temperature level,
test was run at six different frequencies from the highest to lowest,
including 25 Hz, 10 Hz, 5 Hz, 0.5 Hz, 0.1 Hz. The master curves for
S3-25 and S3-40 mixes were generated at a reference temperature
of 21.1°C (70°F) using the procedure outlined in [14]. Additional
details of testing methodology and analysis are presented elsewhere

[3].
Hamburg Rut Testing

For determining rut and moisture damage (stripping), cores were
tested by using Hamburg wheel-tracking machine in accordance
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with OHD L 55 test method [15]. Susceptibilities to rutting and
moisture are based on pass/fail criteria [15]. The test requires cores
secured in mounting tray using plaster of Paris. During testing the
47 mm (1.85 in) wide wheel is tracked across a sample submerged
in water bath for 20,000 passes or until a rut depth of 20 mm occurs.
The load on the wheel is 705 N (158 Ib). The temperature of water
bath was maintained at 50+1°C (122+2°F). Rut depth was measured
continuously with a series of LVDTs on the sample. The LVDT
measures the depth of the rut with an accuracy of 0.01 mm. On a
typical test result curve, primarily three characteristic regions are
generally defined, including post-compaction consolidation, creep
slope, stripping slope, and stripping inflection point [16 — 18]. Texas
Department of Transportation (TXDOT) has adopted this test and
recommended a maximum allowable rut depth of 125 mm at
20,000 passes for PG-76 or higher, at 15,000 passes for PG-70 and
at 10,000 passes for PG-64 or lower [18]. It is worth mentioning
here that the Hamburg wheel-tracking machine has been found to
have excellent correlation with field performance [18 — 20]. So, it
was decided to conduct this test on mixes as an additional
performance indicator.

4-point Beam Fatigue Testing

In the present study, beams were tested for fatigue life under 4-point
loading inside a beam fatigue apparatus, in accordance with the
AASHTO T 321 test method. The advantage of using a 4-point
beam fatigue apparatus is that it produces a constant bending
moment over the center third span between the H-frame contact
points on the beam specimen (ASTM D 7460). This apparatus also
allows free rotation and translation at all load and reaction points.
The fatigue life tests consist of applying a repeated constant vertical
strain to a beam specimen in flexural tension mode until failure or
up to a specified number of load cycles. In this test, the input strain
was sinusoidal shaped, applied at a frequency of 10 Hz in
accordance with the AASHTO T 321 test method. The test was
conducted at a strain level of 200 microstrain, consistent with the
AASHTO T 321 test method recommendations for conventional
HMA. Failure is assumed to occur when the stiffness reached half
of its initial value, which is determined from the load at 50th cycle.
The fatigue life (Ny) is the total number of load repetitions that
cause a 50 percent decrease in initial stiffness (AASHTO T 321).
The test is terminated manually when the initial stiffness has
diminished by 50 percent or when a preset number of load cycles
(2,000,000) is reached. The flexural stress, strain and stiffness of
beams were determined by using the following expressions
(AASHTO T 321):

_3aP

oy “on? (7)

. 126h g

" 312 -4a? ®
oy aP!BLZ —4a? !

M f = = 3 9)
& 4bdh

where o5 = tensile stress at the bottom of beam, ¢, = tensile strain at
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the bottom of beam, M, = flexural stiffness, P = applied peak load,
a = spacing between inside clamps (119 mm, i.e., 4.69 in), b =
average beam width, h = average beam height, 6 = beam deflection
in neutral axis, L = length of beam between outside clamps or
supports (35.56 mm, i.e., 14 in). In this study, a total of six beam
specimens were tested at a temperature of 20°C (68°F). It is
important to note that the total number of beams tested in this study
were actually more than six. However, some of the beams fractured
during saw-cutting or before conducting test and some beams
fractured along the clamp edge at 400 microstrain while conducting
test. Thus, these beams were disregarded and not considered further
in this study.

Presentation and Discussion of Results
Volumetric Properties

The percentage of materials and corresponding gradations, and
volumetric properties of the final S3 and S4 mixes are presented in
Table 2(a) and 2(b), respectively. The S3-25 and S3-40 mixes
(Table 2(a)) are blend of different percentages of 5/8-in chips,
screening, and manufactured sand. Similarly, the S4-10 mix (Table
2(b)) is a blend of 5/8-in chips, screening, manufactured sand and
natural sand. Both S3 and S4 mixes are well within the limits of the

Table 2. (a) Gradation and Volumetric Properties of S3 Mixes.

Solanki et al.

gradation, as recommended by AASHTO M 323. It is also evident
from Table 2(a) and 2(b) that the voids in mineral aggregate (VMA)
and voids filled with asphalt (VFA) values increase with the amount
of RAP. Overall, the VMA and VFA increased by 1.7% and 6.4%,
respectively, due to increase in RAP by 15% (from 25% to 40%) for
S3 mixes. Similarly, the VMA and VFA increased by 0.1% and
3.7%, respectively, due to increase in RAP by 10% (from 0% to
10%) for S4 mixes. This could be attributed to the difference in the
extent of blending of the RAP material with the virgin materials [5].
If the RAP material is not heated sufficiently, the RAP binder does
not blend with the virgin binder and the RAP tends to act more like
a black rock material. The incomplete blending of RAP material
with virgin material will produce coarser gradation of the overall
mix resulting in more compaction effort and increased VMA [5].

Creep Compliance and Poisson’s Ratio

The master curves for creep compliance were generated for both
S3-25 and S3-40 mixes, as well as for both S4-0 and S4-10 mixes as
shown in Fig. 3. It is clear from Fig. 3 that S3-25 mixes showed
lower creep compliance values as compared to S3-40 mixes up to a
reduced time of 10 seconds (low temperature). Beyond 10 seconds,
S3-25 mixes start showing higher creep as compared to the S3-40
mix. Also, differences in creep values between the S3-25 and S3-40

. . . . % Passing o
Blended Material S3-25 S3-40 Gradation (Sieve Size, mm) S3.25 S3-20 Required
# 67 Rock 15% 12% 25 100 100 100
5/8" Chips 22% 25% 19 99 97 90-100
Sreenings 17% 8% 125 89 90 <90
Manufactured Sand 10% 15% 9.5 78 70 -
Natural Sand 11% 0% 4.75 56 43 -
RAP 25% 40% 2.36 39 24 23-49
1.18 31 16 -
0.6 25 11 -
0.3 18 7 -
0.15 9 5 -
0.075 5.2 2.7 2-8
Volumetric Properties Aggregate Properties for Volumetric Design
Gmm 2.533 2.475 LA Abrasion(%) 21 22 <40
Gee 2.722 2.665 Micro-Deval (%) 11.8 12.5 <25
Gy 2.671 2.628  Sand Equivalent (%) 78 82 > 40
Gy 1.01 1.01 Fine Aggregate Angularity(%) 435 42 > 40
Virgin Binder Type PG 64-22 PG 64-22
Total Binder Content (%) 4.4 4.7 Mixture Properties for Volumetric Design
Virgin Binder Content (%) 29 29 Tensile Strength Ratio 0.87 0.82 >0.08
VMA (%) (Required: > 13.0) 135 15.2 APA Rut (mm) 11 3.6 <6
VFA (%) (Required: 65-78) 67.2 73.6 Permeability (10°° cm/s) 6.4 6.5 <125
DP (%) (Required: 0.6-1.2) 1.1 0.8

*Required for 0.3-3M of Design ESAL; RAP: Recycled Asphalt Pavement; S3-25 Mix Containing 25%0AP; S3-40: S3 Mix Containing 40%
RAP; G,,m: Maximum Theoretical Specific Gravity; Gg,: Effective Specific Gravity of Aggregate; Gy, : Bulk Specific Gravity of Aggregate;
Gy Specific Gravity of Binder; VMA : Voids in Mineral Aggregates; VFA : Voids Filled With Asphalt; DP : Dust Proportion: APA: Asphalt

Pavement Analyzer
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Table 2. (b) Gradation and VVolumetric Properties of S4 Mixes.

. . . . % Passing .o
Blended Material S4-0 S4-10 Gradation (Sieve Size, mm) S2.0 S4-10 Required
5/8" Chips 25% 30% 19 100 100 90-100
1/2" Chips 18% 0% 12,5 96 98 <90
Sreenings 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 -
0.6 23 17 -
0.3 15 10 -
0.15 7 6 -
0.075 4.6 2 2-8
Volumetric Properties Aggregate Properties for Volumetric Design
Gmm 2.488 2.47 LA Abrasion(%) 18 21 <40
Gee 2.699 2.687  Micro-Deval (%) 7.7 11.8 <25
Ggy 2.67 2.605  Sand Equivalent (%) 67 75 >40
Gp 1.01 1.01 . . 42.7 41.6 > 40
Virgin Binder Type PG 64-22 PG 6a-z2 | IneAdgregate Angularity(%)
Total Binder Content (%) 5.1 5.3 Mixture Properties for Volumetric Design
Virgin Binder Content (%) 5.1 4.8 Tensile Strength Ratio 0.85 0.82 >0.08
VMA (%) (Required: > 14.0) 15.8 15.9 APA Rut (mm) 1.39 42 <6
VFA (%) (Required: 65-78) 69.6 73.3 Permeability (10 cm/s) 3 10.4 <125
DP (%) (Required: 0.6-1.2) 0.97 0.6

*Required for 0.3-3M of Design ESAL; S4-0: Mix Containing 0% RAP; S4-10: Mix Containing 10%RAP; Gyn: Maximum Theoretical
Specific Gravity; G Effective Specific Gravity of Aggregate; Gg, : Bulk Specific Gravity of Aggregate; G,: Specific Gravity of Binder;
VMA : Voids in Mineral Aggregates; VFA : Voids Filled With Asphalt; DP : Dust Proportion: APA: Asphalt Pavement Analyzer
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Fig. 3. Creep Compliance Master Curves of Mixes.

mixes are more pronounced at higher reduced time or temperature.
For example, at a reduced time of 100 seconds, the S3-25 mixes had
approximately 60% higher creep compliance values as compared to
the S3-40 mix. However, the difference between creep compliance
values for the S3-25 and S3-40 mixes increased to 124% at a
reduced time of 10,000 seconds. Similar trends were also observed
with the S4 mixes; however, the S4-0 mix showed higher creep
beyond a reduced time of 1,000 seconds. For example, at a reduced
time of 10,000 seconds, the S4-0 mix had approximately 67%
higher creep compliance values as compared to the S4-10 mix. The
difference of creep compliance values between the S4-0 and S4-10
mixes increased to 148% at a reduced time of 100,000 seconds. This
behavior of the S3 and S4 mixes with the increase of RAP content
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in the mixes, is consistent with the observations reported by other
researchers [5 - 6, 9].

Fig. 4 shows plot of average values of Poisson’s ratio for S3 and
S4 mixes. It is evident from Fig. 4 that Poisson’s ratio values
increase with increasing temperature, as expected [6]. The results of
the S3 mixes, present an increase in Poisson’s ratio values with an
increase in the RAP content. For example, at -18°C (-0.4°F), the
value of Poisson’s ratio increases from 0.127 to 0.208 for the S3-25
and S3-40 mixes, respectively. Comparatively, the results of S4
mixes show a decrease in the Poisson’s ratio values with an increase
in the RAP content, except for the results at 10°C (50°F). Thus, the
RAP content can increase the Poisson’s Ratio as it is the case here
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for S3 mixes and reported by Richardson and Lusher [6] or decrease
the Poisson’s Ratio values of the HMA as it is the case here for S4
mixes.

Dynamic Modulus and Shift Factors

The master curves for S3 mixes (S3-25 and S3-40) and S4 mixes
(S4-0 and S4-10) are presented in Fig. 5. From Fig. 5, it is generally
evident that the dynamic modulus of the S3-40 mix is higher than
that of the S3-25 mix. For example, the S3-40 mix produced
dynamic modulus values approximately 35%, 40% and 65% higher
at a reduced frequency of 107, 1 and 10’ Hz, respectively, as
compared to the corresponding S3-25 mix. The same trend is also
evident for S4 mixes, where the dynamic modulus of the S4-10 mix
is found to be higher than that of S4-0 mix. For example, S4-10 mix
produced dynamic modulus values approximately 40%, 35% and
42% higher at a reduced frequency of 107, 1 and 107 Hz,
respectively, as compared to the S4-0 mix. This observation is in
agreement with previous results reported by other researchers [7,
20— 21].

The log of shift factors used for developing the master curves of
S3 (S3-25 and S3-40) and S4 mixes (S4-0 and S4-10) are presented
in Fig. 6. It is evident from Fig. 6 that S3-25 and S3-40 mixes had
similar magnitude (x 0.1) of shift factors up to the reference
temperature (21.1°C). Above this reference temperature, S3-40 mix
exhibited a higher magnitude of shift factor as compared to the
S3-25 mix at a comparable temperature. Below reference
temperature, the shift factors for S4 mixes exhibited higher
magnitude for mixes with lower percentage of RAP (S4-0).
However, shift factors of S4 mixes did not follow any particular
trend above reference temperature. Some researchers have reported
that the differences between the modulus values due to RAP are
more pronounced at higher temperature or lower frequencies [22].

Hamburg Rut

The test results for S3 mixes are presented in Fig. 7. It is evident
from Fig. 7 that the rut depth of S3-25 mix is higher than the rut
depth of S3-40 mix. For example, at 10,000 passes S3-25 and S3-40
mixes showed a rut depth of approximately 4.54 and 3.62 mm,
respectively. Similar behavior of increase in rut with increase in
RAP content is evident for S4 mixes as well (Fig. 7). For example,
application of 10,000 passes on S4-0 and S4-10 mixes produced a
rut depth of approximately 8.91 and 6.06 mm, respectively. As
presented in Fig. 7, all four characteristic regions are evident in
S3-25 and S4-0 mixes. The stripping inflection points for S3-25 and
S4-0 mixes were found approximately 17,000 and 15,700 passes,
respectively. According to FHWA [23], an inflection point below
10,000 wheel passes indicates significant moisture damage
susceptibility in the mix. No stripping slope and inflection point was
observed in mixes containing corresponding higher percentage of
RAP (S3-40 and S$4-10).

4-point Beam Fatigue

Table 3 summarizes the test matrix and air void content of each
specific beam. Test data were analyzed using Egs. (7) through
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(9) to compute the stress, strain, and flexural stiffness per cycle as a
function of the number of load cycles. In this study, fatigue life was
defined as the number of repeated cycles corresponding to a 50
percent reduction in initial stiffness, which was measured at the 50th
load cycle. The initial stiffness values and number of cycles to
fatigue failure of beams determined by initial tensile stress and
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Table 3. Summary of 4-point Beam Fatigue Tests.

Mix % of  Air Void Initial Stiffness Cycles to
Type RAP (%) (MPa) Failure (Ny)
S3 25% 4.2 7,039 670,000
S3 40% 44 8,981 4,925,000
S3 25% 5.9 5,467 840,000
S3 40% 6.4 7,795 2,433,333
S4 0% 3.8 5,729 279,071
S4 10% 7.1 4,231 367,095

strain are presented in Table 3.

It is evident from Table 3 that due to an increase in the RAP
content in S3 mixes, the initial flexural stiffness and number of
cycles to failure of beams increases. For example, at similar air void
content of 4.5+0.5%, an increase in the RAP content from 25% to
40% increased initial stiffness by 28% (from 7,039 MPa to 8,981
MPa) and increased number of failure cycles from approximately
670,000 to 4,925,000 (635% increase). It is also evident from Table
3 that for S4 mix failure cycles increases with increase in RAP
content (from 0% to 10%). On the contrary, initial stiffness value
was found to decrease (from 5,729 MPa to 4,231 MPa) with
increase in the RAP content for S4 mix. This could be attributed to

relatively large difference (3.3%) in the air void content of S4 mixes.

Xiao et al. [24] found no obvious trends for fatigue life and stiffness
of HMA mixes as the RAP content increased.

Conclusions

The present study described the design and construction of test
section using RAP containing HMA. Further, the effect of RAP
content on mechanistic performance of HMA mixes was evaluated
by conducting creep compliance, dynamic modulus, Hamburg rut,
and 4-point beam fatigue tests. Based on the results presented in this
paper the following conclusions can be drawn:

1) The volumetric mix design results indicated that increase in the
amount of RAP increased the VMA and VFA of the HMA
mixes.

2) At higher reduced time (temperature > 0°C), mix containing
lower amount of RAP (S3-25 or S4-0) exhibited higher creep
compliance values as compared to high RAP containing (S3-40
or S4-10) mix at corresponding reduced time. Also, differences
in creep values between mixes are more pronounced at higher
reduced time or temperature.

3) Based on the results of Poisson’s ratio, the S3 mix results,
present an increase in Poisson’s ratio values with an increase in
the RAP content. On the other hand, the results of the S4 mixes
show a decrease in Poisson’s ratio values with an increase in
the RAP content. However, the changes in the values of
Poisson’s ratio due to the RAP content of the HMA are not
significant.

4) The test results of dynamic modulus, proposed as the key
parameter in the new MEPDG, illustrated that the HMA mix
containing higher amount of RAP has higher dynamic modulus
values.
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5) The increase in RAP content reduced rutting susceptibility of
both S3 and S4 mixes. The moisture damage susceptibility of
mixes was also found to improve with increase in RAP content.

6) At similar air void content, higher RAP containing S3 and S4
mixes showed longer fatigue life.

Overall, the present study indicated that the mix containing RAP
will be more resistant to rutting, moisture damage and fatigue and
less resistant to thermal cracking. However, it is recommended that
similar studies be conducted for HMA mixes containing RAP and
virgin aggregates and binder from different sources. Furthermore,
performance of RAP containing mixes should also be evaluated in
the field by collecting field data such as falling weight
deflectometer, rutting measurements, and crack mapping.
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