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ABSTRACT

Reclaimed asphalt pavement (RAP) is a type of natinat already suffers long-term aging in
the field, so its aging characteristics become pment since they are closely related to
premature distresses and longevity of recycled mpaws. While most of investigations of RAP
mixtures are carried out in the laboratory, thiglgtfocuses on in situ aging of asphalt
pavements with RAP overlays. A kinetics-based agnogleling approach is proposed to analyze
and quantify long-term field aging of RAP overlay@ng the Falling Weight Deflectometer
(FWD) data and climate data. The kinetics-basedagmh contains a modulus aging model with
kinetic parameters (e.g. aging activation energypbphalt mixtures. Eight asphalt overlays are
selected with different mixtures (RAP and virgithlickness (50 mm and 125 mm), and surface
preparation (milling and no milling). An asphaltyeanent with an overlay has a composite aging
process since the aging speeds of different aslalyalts are different. Thus an approach to
separate the FWD modulus is developed in ordebtaim the actual aging behaviors and
properties of the overlay. By applying the kinetizsed modeling to the separated FWD moduli,
the aging activation energies of both the overlys old asphalt layers are determined. It is
found that the RAP overlay has the highest aginigatton energies and slowest aging rates
among the RAP overlay, virgin overlay, and old adplayer for the selected pavements. It also
reveals through the aging activation energy thatlhick overlays age slower than thin ones, and
the overlays on milled pavements age slower thasetiplaced without milling. The findings in
terms of the aging activation energy can be usexpiain the difference in the field

performance of overlay pavement sections.

Keywords: RAP; FWD; aging; kinetics-based modeliaging activation energy; overlay



1. Introduction

The use of reclaimed asphalt pavement (RAP) hasne@ common practice in pavement
structural rehabilitations due to its symbiotic mommental and economic benefits. RAP refers
to pavement materials generated when an asphatrgat is removed for reconstruction or
resurfacing. The general benefits of using RAPudelreduction in energy consumption and
emission generation, conservation of natural resmjrand savings in rehabilitation cost
(Robinette and Epps, 2010; Ding et al., 2018). Hmgeconcerns have also arisen about
premature distresses and the longevity of recyos@ments. This is because RAP is a type of
material that already suffers long-term aging iafileld. Aging is known to have a significant
effect on pavement performance and has been igagsti with numerous efforts. An asphalt
pavement is inevitably aged when loss of volatile and oxidation occur in the field. The aged
asphalt pavement becomes more brittle and is gmoracking, such as fatigue cracking,
reflection cracking, longitudinal cracking, etc.

The most common way to evaluate aging of RAP ex@mine the results of binder or
mixture testing in the laboratory. For example, Moimad et al. (2003) used the extraction and
recovery technique to obtain asphalt binder froneight-year old polymer modified pavement.
The field aged binder was characterized by binegist It was found that extensive age
hardening occurred and changes in both chemicathealogical properties were noted.
Hamzah and Shahadan (2011) performed a physicoicalkeamalysis on RAP. They obtained
recovered asphalt binder from RAP and incorporattxvirgin asphalt with the percentages of
15% and 30%. The RAP modified binders were subjetdaifferent aging conditions and tests
to measure the physical and chemical propertiesy Thncluded that the RAP modified binders
were further aged as the measured properties cigtchanged. Tarbox and Daniel (2012)
prepared four plant-produced mixtures containiriiecent percentages of RAP (0%, 20%, 30%,
and 40%), which were aged long-term in the labeyad@en. The dynamic modulus test was
conducted on each mixture. The results showedhleatven aging had less effect on dynamic
modulus when the content of RAP increased. Compar#ak virgin mixtures (0% RAP), the
mixtures with RAP stiffened at slower rates in terofi the change of the dynamic modulus.
Besides, Colbert and You (2012) and Poulikakos.¢2@14) also utilized laboratory aging
procedures and testing methods to quantify thesfief short-term and long-term aging on

chemical, physical, and mechanical properties oPR#aterials. Clear evidence of aging was



observed in terms of the increase of the oxidizedycts, viscosity, and modulus. In the
laboratory tests to evaluate performance like lemgerature behavior, fatigue or rutting, the test
results showed that a well-designed mixture witho4®AP produced similar trend with the
mixture with virgin materials (Poulikakos et alQ12t).

As recycling techniques mature, pavement analygtseagineers become more and more
interested in using high percentages of RAP. Amakspnixture containing RAP above 25
percent is considered to be a high RAP contenturexfTo design such a mixture, an appropriate
procedure is needed to address the key issuesdi&etion of rejuvenators and determination of
heating methods. Knowing aging characteristicsigh IRAP content mixtures plays an
important role in making these decisions. Rejuvienatf aged asphalt means restoring the
performance of the binder. Ali and MohammadafzZ2(i1(5) identified five different recycling
agents to rejuvenate recycled asphalt binderssamtied their long-term aging behaviors
through extended Pressure Aging Vessel (PAV) agimjthe Superpave Performance Grade
(PG) test. The level of aging was represented byitgh temperature PG. A significant
difference was observed in the aging rates of dingpdes recycled with different rejuvenators.

Another example about high RAP content asphaltunesd is the process of heating,
which prepares RAP samples for mix design and chexniaation tests. A recent study on
incorporating RAP in the Superpave mix design reoemded that heating RAP should be
minimum to avoid changes in material properties tugging (McDaniel and Anderson, 2001).
In another study about improved mix design of hot asphalt (HMA) with high RAP content
(West et al., 2013), the heating experiment wagyded to evaluate how different heating times
and temperatures affected the properties of RAREaEmMAfter heating and mixing, the RAP
binder samples were extracted, recovered, and grddhe true grade reflected the extent of
aging induced by heating. They found that additi@ggng of the RAP binder occurred when
heating more than three hours.

2. Motivation and objectives

A brief review of existing literature above demaagts the important role of aging in applying
RAP in pavement rehabilitations. It also reveadd thost of the studies of RAP aging are carried
out in the laboratory on asphalt binders. In additia process of binder extraction and recovery

is usually involved. There are some concerns rdrsed these approaches. First, laboratory



aging conditions are certainly different from thase¢he field. Secondly, aging of asphalt binders
differs from that of asphalt mixtures due to théstence of air voids and aggregates. In
particular, air voids exert a notable influenceagmg behaviors of asphalt mixtures (Mirza and
Witczak, 1995; Luo et al., 2015). The chemical iatéion of aggregates and asphalt binders also
alter the mixture’s susceptibility to aging (Sosske et al., 1993; Moraes and Bahia, 2015).
Thirdly, it has been reported that the binder estiom and recovery techniques could change the
properties of the recovered asphalt binder (Bual.et993).

Considering these issues, this study aims at pmog@skinetics-based approach to
evaluate field aging of in-service pavements comag RAP through common asphalt mixture
properties. A similar approach for HMA pavements haen presented in a previous study (Luo
et al., 2017). The kinetics-based approach conmsdulus aging model with kinetic
parameters (aging activation energy and pre-expg@dactor) and field aging temperatures for
asphalt mixtures. The modulus in the model is i#lel inodulus measured by the Falling Weight
Deflectometer (FWD), a widely used nondestructest for asphalt pavements. The field aging
temperature is determined by a pavement temperatodel on the basis of heat transfer
fundamentals to account for various sources of tieasfer at the pavement surface. In this
study, the FWD moduli of asphalt pavements comigmAP over a long aging period are used
in this kinetics-based approach.

The paper is organized as follows. The next sedirafly reviews the kinetics-based
approach to evaluate long-term field aging of akphixtures using the FWD modulus. Then
the methods to collect field modulus data and diéntiata are introduced to provide inputs for
the kinetics-based modeling. After that the chanastics of the FWD modulus of asphalt
overlays are discussed in order to separate thellmdf the old asphalt layer and that of the
overlay. The overlay materials contain both RAP aingin materials. With separated moduli for
old and new asphalt layers, the results of kingdiameters of different materials in different

asphalt overlays are presented. The last sectimmsuizes the main findings of this study.

3. Kinetics-based aging modeling with FWD for aspilt pavements
This section aims at explaining the methodologydusehis study to evaluate the field aging of

in-service asphalt pavements. More specificallg, fllowing two aspects are discussed:



1) The concept and formulation of kinetics-based agnogleling of asphalt mixtures that
are developed in the previous work (Luo et al.,2@D17); and
2) The factors that affect the validity of the propdeeethod as well as the actions to

mitigate the influence.

3.1 Kinetics-based aging modeling of asphalt megur
This section briefly introduces the kinetics-baagthg modeling for asphalt mixtures that are
developed in the previous studies (Luo et al., 2@037). The kinetics-based aging modeling
refers to simulating the process of aging of agphaltures by a model containing Arrhenius
equations that describes both fast-rate and canstBnperiods. The long-term aging of an
asphalt pavement is mainly oxidative aging. Thelattve aging of asphalt mixtures has two
distinct stages: fast-rate period initially follosvby a constant-rate period. The aging speed
changes rapidly in the fast-rate period, and themaintains a constant value in the constant-rate
period. Such a trend is also observed for RAP nadseiFor instance, Huang and Turner (2014)
studied the rheological properties of RAP blendgghalt binders. Two asphalt binders were
blended with 15% and 50% extracted RAP binders.cimeplex moduli of the RAP blends were
measured and plotted against the aging time. Theds demonstrated that the modulus
increased significantly at the beginning and tleareled off as the aging time increased.

The mathematical formulation of the kinetics-baagohg model is:

E=E+(E-E)(1- ")+ k (1)
B
in which k. =Aef" 2)
_Eac
k = AeR® (3)

whereE is the modulus of an asphalt mixtuEgjs the initial modulus of an asphalt mixture in
the unaged conditior, is the intercept of the constant-rate line ofrtredulus;k; is the fast-
rate reaction constark; is the constant-rate reaction constaig;the aging time in daysy is

the fast-rate pre-exponential factgy; is the fast-rate aging activation energyis the constant-
rate pre-exponential factdg, is the constant-rate aging activation enefgjis the universal gas

constant; and, is the aging absolute temperature.



When using Equation 1 to evaluate pavement fieidgadpesides the FWD modulus, the
other essential input is the field aging tempemtilihe pavement temperature model used to
determine the field aging temperature is basedea thansfer fundamentals (Han et al., 2011). It
considers three types of sources of heat transteegavement surface: 1) solar radiation and
reflection of solar radiation; 2) absorption of aspheric downwelling long-wave radiation and
emission of long-wave radiation; and 3) convectieat transfer between pavement surface and
air, enhanced by wind. The model has three compgsnarsurface boundary condition, a thermal
diffusion function for heat transfer in the pavemeamd a bottom boundary condition. The inputs
for the temperature model include the hourly scddiation, hourly air temperature, and hourly
wind speed. Moreover, the model needs some sitEfgpeavement parameters like albedo,
emissivity, absorption coefficient, thermal diffuisy, etc. More details of the model
formulations and calculations can be found in Hiaal.g2011). The outputs of the model are the
hourly pavement temperatures for the entire agergd. The field aging temperature in
Equation 1 is then taken as the harmonic meaneskttemperatures (Luo et al., 2017).

Given the FWD moduli at different aging times dhe corresponding field aging
temperatures, the procedure to determine the kipatameters (aging activation energies and
pre-exponential factors) is as follows with the afdrigure 1:

1) Plot the FWD modulus (dots in Figure 1) versusabmg time, and then fit the curve
with a power function.

2) Divide the fitted modulus curve into several segte@md start from the last segment to
determine the boundary of each segment. Note hleatiumber of segments varies
depending on the length of aging time and featafélse material.

3) Determine the boundary of the last segment (i.gn&at 6 in Figure 1). Select three data
points in Segment 6 (triangles in Figure 1): staytimiddle, and end.

a. Assign the end of aging time as the end of Seg®ent
b. Fit the three points in this segment with a lineedel.
c. Adjust the starting point until the R-squared vabfi¢he linear model is almost 1.
Then the starting point is identified.
4) Repeat Step 3 to determine the boundaries of gtefehe segments. Normally the time

interval decreases from Segment 6 to Segment 1.



5) Calculate the slope of the linear model for eagmsmnt in the constant-rate period.
These slopes are the constant-rate reaction casstaBquation 3.

6) Calculate the field aging temperature of each segmehe constant-rate period.

7) Plot the slopes of the linear model versus thel fagling temperatures, and determine the

constant-rate aging activation energy and pre-eampital factor from this plot according
to Equation 3 as follows:

E
Ink. =——2+In 4
=R AINA @

8) Substitute the fitted FWD moduli in the fast-ragxipd and associated field aging
temperatures into Equations 1 and 2. Solve fofdkerate aging activation energy and
pre-exponential factor.

The FWD modulus versus aging time curve needs ttivdged into several segments, especially
in the constant-rate period. According to the d&éin of this period, the rate of the change of
the FWD modulus is a constant. When the aging tinvery long, it must be divided into several
time intervals so that the rate of the modulus gearan be close to a constant value. Following
the steps above, both the constant-rate and festging kinetic parameters are obtained for an

asphalt mixture given its FWD and climate data. &details about this procedure can be found
in Luo et al. (2017).

FWD % Fast-Rate , _ |
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Figure 1. lllustration of determination of aging kinetic parameters using FWD data of
asphalt mixtures



3.2 Validity of kinetics-based aging modeling Wwit'D modulus

It is known that the FWD modulus is affected by méactors. Aging is one of these many
factors that makes the FWD modulus increase witle tiFor example, the compaction quality
has a significant impact on the layer modulus. FD modulus varies with the change of the
air void content of asphalt mixtures in the surfeger. The influence caused by the variation of
material composition and compaction quality carabeounted for using the average values of
the multiple FWD measurements at different locatidfor the FWD data collected in this study,
there are normally eight to nine consecutive FWBspa for a given test section. Over forty
deflection basins are generated in each FWD pédmsefore, using the mean of the collected
FWD moduli helps reduce the errors due to matand compaction variations.

Pavement deterioration due to traffic and enviromadoading conditions is another
type of influence that changes the FWD modulus.éxample, fatigue cracking, thermal
cracking and moisture intrusion in the pavemenseaudecrease of the FWD modulus, while
densification due to permanent deformation leadmtocrease of the modulus. Note that
pavement densification usually occurs in the fiest years when the pavement is open to traffic.
In the long run the modulus of asphalt mixturesrel@ses as permanent deformation develops to
further severe stages (Zhang et al., 2012). Asuatresuch a deterioration in the structural
integrity of the pavement is demonstrated by actdn of the FWD backcalculated layer
moduli. These effects are considered in this stuydgxamining the performance data and
selecting the appropriate location of the FWD measents, which are elaborated in the next
paragraph.

The test plan of the FWD measurements on the selgetvement sections is sketched in
Figure 2, which is according to the Long-Term PagetriPerformance Program (LTPP) manual
for the FWD measurements (Schmalzer, 2006). The M8 collected herein are from two test
locations: one is mid-lane (ML) and one is outeeelpath (OWP). F1 is the lane specification
for ML and F3 is the lane specification for OWP €eTlbcations of the distresses including
fatigue cracking and longitudinal cracking are alkwstrated in Figure 2 according to the LTPP
distress manual (Miller and Bellinger, 2003). Asextample, the FWD moduli on a specific test
date and performance data on eight survey dateg\ae in Figure 2 for a selected pavement
section. The average modulus is the average ofchémkated moduli for a FWD pass at a given

test date. It is clear that the moduli obtainedfi©@WP are larger than those from ML. To



further exhibit this difference, the mean valugaisen for the four modulus values at ML and
mean for the rest four values at OWP. The two meamshen compared for the eight pavement
sections chosen in this study and the exampldseofesults are presented in Figure 3. Detailed
descriptions of the selected pavement section®edaund in the next section and Table 1
below. The two means are close when the agingisraeound seven hundred days. The means
at ML deviate from those at OWP with the increalsthe aging time. The majority of the mean
moduli at OWP is larger. With respect to the distes, fatigue cracking at OWP and wheel path
(WP) longitudinal cracking are much less than ndre& path (NWP) longitudinal cracking for
the pavement section in Figure 2. Similar trenal$® observed for other selected pavement
sections. This fact explains that most of the nmaaduli at ML are smaller than those at OWP
in later aging time, the observations from Figurén3ther words, pavement deterioration more
heavily affects the FWD moduli at ML for these pannt sections. When fatigue cracking is
none or minor, it is acceptable to neglect theumfice of pavement deterioration on the FWD
moduli at OWP and utilize them to study field agitfgatigue cracking recorded in the LTPP
increases moderately on the last one or two FWDdes, the corresponding modulus data are
not used to analyze aging of asphalt pavements.

Based on the FWD data in the authors’ previous Whuo et al., 2017) and in this study,
it is found that the FWD moduli exhibit a cleariieasing trend as the in-service time increases.
Figure 4 shows the FWD modulus data used in thé@qars study on HMA pavements and the
ones collected here for RAP pavements. In the lggéthe figure, for example, “RAP #1” and
“RAP #2” refer to two RAP pavement sections respebtt. A power function is fitted to each
curve with the R-squared value. Such a relationshipen used to determine the kinetic
parameters so as to evaluate the long-term figlthagf asphalt pavements with RAP. In the

next section the sources to collect necessaryfdathe kinetics-based modeling are presented.

10



— Direction of Travel

Non-Wheel Path (NWP) Longitudinal Cracking
Mid-Lane FpohR Fi Fi

(ML) _.___.____.___' _________ % _____
Outer FOF s s Wheel Path (WP) Longitudinal Cracking 1 g\
Wheel Path - @---@---@¢-—-—@-———""—""-"——"—————— .
(OWP) Fatigue Cracking 0.76 mI
Shoulder
FWD Modulus and Performance Data of 48-A502
FWD Pass Lane Avg. Fatigue WP NWP
on s Modulus | Survey Date Cracking | Longitudinal | Longitudinal
4/25/2002 pec. (MPa) (m?) Cracking (m) | Cracking (m)
49 F1 1456 1/28/1992 0 0 0
50 F1 1481 8/10/1993 0 0 0
51 F1 1618 6/29/1995 0 0 0
52 F1 1615 6/3/1998 0 0 261.8
53 F3 2356 4/26/2000 0 1.6 323.8
54 F3 2536 4/4/2002 0 5.1 326.6
55 F3 2447 4/23/2003 0.7 9.9 334.7
56 F3 2509 3/8/2005 1.1 2 335.5

Figure 2. FWD test plan with modulus and performane data for a selected LTPP
pavement section
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4. Collection of field deflection and climate data
The LTPP database is utilized to collect the FWEa@ad part of the climate data. Eight
pavement sections in Texas are chosen from theSSRSwabilitation of asphalt concrete
pavements) of the LTPP, an experiment to examiaettects of existing pavement condition,
traffic, and climate on pavements rehabilitatediliferent methods with overlays. The sections
are located on US highway 175. Details of thesé@mecare given in Table 1 in terms of overlay
material, surface preparation, and overlay thickr{elong et al., 2010). Half of the sections are
constructed with virgin materials for the overl#tye others with 35% RAP. The asphalt binder
in the virgin mixtures is AC10 modified by 3% latex softer asphalt binder, AC5, is used in the
RAP sections. Half of the sections are milled vétthickness of 50 mm, while the other half has
no milling. The milled part is backfilled with theverlay material. There are two overlay
thicknesses: 50mm and 125 mm. For those milledosestthe total thickness of the backfilled
layer and overlay is 100 mm or 175 mm. The paverseuattures before and after overlay are
shown in Figure 5. Before overlay, the pavemensisis of an asphalt layer, lime-treated base
course, lime-treated subbase, and natural subgrade.

For each pavement section, the FWD data are cetidobm the LTPP database in the
module of “Deflection-Backcal Data”. The valuegie “Deflection-Backcal Data” are

13



backcalculated moduli converted to the standardlition: 25°C and 100 millisecond loading
time (EVERSERIES®O, 2005). The following data arérasted:
» Average modulus: the average of backcalculated hatla test date, from the
worksheet of “BAKCAL_MODULUS_ SECTION_LAYER".
» Test date: the date when the FWD test is perforiinenh the worksheet of

“BAKCAL_PASS”. The test duration covers a long agperiod from 1992 to 2008.

* Layer thickness: the layer thickness assigneddok&alculation, from the worksheet of

“BAKCAL_STRUCTURE_LAYERS".

In addition to the FWD data, the climate data ntestollected in order to calculate the
field aging temperature of the pavement. As meetioabove, they include hourly climatic data
and site-specific pavement parameters. The holimatic data (solar radiation, air temperature,
and wind speed) are collected from the NationahSRhadiation Database (NSRDB), National
Climatic Data Center (NCDC), and LTPP database.sltigespecific pavement parameters are
detailed in Han et al. (2011). All of these data ianported to the MATLAB software and the
pavement temperature model is solved numericallg byite-difference approximation method.
The 20-year field aging pavement temperaturesaloellated for the Texas SPS-5 sections. The
field aging temperatures used in determining tgerlaging properties are the computed surface
temperatures.

After obtaining both the field modulus and agingperature data, the next step is to
using the kinetic-based aging model (Equations tb-&xamine field aging of the Texas SPS-5
pavement sections.

Table 1. Overlay design of SPS-5 sections used mg study

LTPP ID Overlgy Surfaqe Overlay thickness Group No.
material preparation (mm)

48-A502 35% RAP 50 A

48-A503 35% RAP No milling 125

48-A504 Virgin 125 B

48-A505 Virgin 50

48-A506 Virgin 50 C

48-A507 Virgin 50 mm milling 125

48-A508 35% RAP 125 D

48-A509 35% RAP 50

14
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Figure 5. Pavement structure before and after oveay

5. Separation of FWD modulus for asphalt overlays
A rehabilitated pavement with overlay exhibits aoque aging feature since it consists of several
asphalt layers with different aging speeds. Thegioal asphalt layer has a slower or faster aging
rate than the asphalt overlay depending on the@afioverlay materials. However, the FWD
modulus is a single value that represents theffexttef mechanical responses of all asphalt
layers. When the FWD modulus is used to evaluategad indicates the net effect of aging
speeds of all asphalt layers, which cannot diffeaém aging behaviors of different materials.
Therefore, in order to apply the kinetics-based atiad to evaluate aging in asphalt overlays,
the FWD modulus of an asphalt pavement with ovemagt be separated to obtain the modulus
for each asphalt layer. Then the modulus of eagdr lig utilized in Equation 1 to determine the
aging kinetic parameters of this particular layer.

The Odemark’'s assumption is used herein to faeilitee modulus separation process. It
states that the deflections of a multi-layered pasat can be represented by that of a single layer.

The thickness of this equivalent single layer igressed as (Lytton, 1989):

m E| %

H=>Ch|—- 5)

i=1 EH

whereH is the thickness of the equivalent single lafgris the modulus of the equivalent single

layer with a thickness dfl; h; is the thickness of each layer in a multi-laygpagdtementE; is the

modulus of each layer in a multi-layered pavemantt C is a constant around 0.8 to 0.9.
According to the data of the layer thickness cedlddrom the LTPP, there are two

thicknesses assigned to backcalculate the modthieof exas SPS-5 sections: one before overlay
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and the other after overlay, as listed in Tabl€Hus the asphalt concrete surface is divided into
two layers: one is the original asphalt concreyeldacalled the old AC layer, and the other is the
asphalt overlay, called the new AC layer, as showFigure 5. When there is no milling, the
thickness of the old AC layer is equal to the oradiAC layer. When there is milling, the milled
part is backfilled with overlay materials so thgirey of the milled part is the same as the overlay.
Therefore, the thickness of the old AC layer bectimeedifference between the original AC

layer thickness and milling thickness. Under thisuunstance, Equation 5 becomes:

H (Epuo)® =Ch(E)? + Ch( E)? ©)
inwhich H=h+h, (7)

fig no milling
h={m (8)

N, —h, milling
whereH is the value of the AC thickness after overlayagi®d from the LTPP databa&gjp is
the FWD modulus after overlay obtained from the PTdatabasd; is the thickness of the old
AC layer;h; is the thickness of the new AC laysiig is the thickness of the original AC layer;
hm, is the milling thicknes<E; is the modulus of the old AC layer; aBglis the modulus of the
new AC layer. The values &f, h;, andh, are given in Table 2.

Table 2. Asphalt layer thickness in backcalculatiorand Odemark's equation

Backcalculation Data from LTPP | Layer Thickness in Odemark's Equation
, AC
TP ID | ovoriny | _(fickness | mm) | hy(mm) | hy(mm)
Y| after overlay ! 2
(mm) (mm)
48-A502 236 290 290 236 53
48-A503 239 371 371 239 132
48-A504 226 353 353 226 127
48-A505 239 292 292 239 53
48-A506 218 290 290 168 122
48-A507 224 366 366 174 192
48-A508 241 394 394 191 203
48-A509 226 307 307 176 131
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After determining the thicknesses in Equation 6,rbxt is to determine the moduli of
the two asphalt layers for the Texas SPS-5 pavessstibns. In order to calculaie andE;
based on the FWD data by Equation 6, the follovaragedure is proposed:

1) Divide the eight pavement sections into four gro@ssshown in Table 1. The sections in
the same group have the same overlay materialswafate preparation methods. The
only difference is the thickness of the overlay.

2) The FWD moduli of the two pavement sections in egrcup at the first test date are
substituted into Equation 6 to solve forandE; at this date. Take Group A for example:

1 1 1
HA502( EFWD,A502.1)3 = ChlA 50{ Ells + Chza sdp E 913 9)

1 1 1

H ssoa( Erwp ass)® = Chiasof B )2 + Chy o, E )3 (10)
in which the subscripts “A502” and “A503” in Equattis 9 and 10 stand for the section
48-A502 and 48-A503 respectiveBgwp aso2,11S the FWD moulus of the section 48-
A502 at the first test dat&rwp as03 11S the FWD modulus of the section 48-A503 at the
first test dateE; 1 is the modulus of the old AC layer at the firsttéate £, 1 is the
modulus of the new AC layer at the first test dated the value of C is 0.8. The only
unknown variables in Equations 9 and 10ErendE,. Thus combining these two
equations gives the moduli of the old AC layer #mat of RAP in new AC layer.

3) UseE; andE; at the first test date as the seed values fose¢hend test date to solve for
them at the second test date based on Equatidme6Sadlver function in the Excel is
employed to perform the calculation. Similarly, theduli at the following test dates are
determined using the moduli at the previous dath@seed values according to the

following equation:

1 1 1
HASOZ(EFWD,ASOZJ.)3 = ChlAsm( E1)3 +Ch,, . EQ) 3 E2,3. (11)

4) Repeat Steps 2 and 3 to obt&inandE, for all pavement sections in Table 1 at all test
dates.
The results of separating the FWD modulus for gaatement section are obtained, and
several examples are presented in Figure 6. In s@s®s, significant variations exist among the
FWD moduli and separated moduli. This is due toneire of the raw data that are collected
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from the LTPP database. The modulus of the old &@1 can be larger or smaller than that of

the new layer, depending on the nature of the naddeand associated aging behaviors.
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Figure 6. Examples of separated FWD moduli for olcAC layer and new AC layer (overlay)

6. Aging characteristics of asphalt overlays
After separating the FWD modulus, the kinetics-dasedel can be applied to the moduli of

each asphalt layer to determine the aging kinetiampeters.

6.1 Determination of aging kinetic parameters

Take the section 48-A503 as an example to expteptocedure for determining the aging
kinetic parameters listed in the section entitlkitétics-based aging modeling for asphalt
mixtures”. The modulus of the old AC laydt;] is plotted against the aging time, as shown in

Figure 7a. Fit the curve with a power model, arehtplot the fitted modulus versus aging time
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as shown in Figure 7b. The fitted modulus curvdiveded into fourteen segments in this case.
Segment 14 to Segment 2 are belonged to the canatarperiod, and Segment 1 is the fast-rate
period. In Segments 14 to 2, the R-squared valtigsedinear models are all around 1.

20000
16000 y= 9.4766x0-793
T R2=0.8336
s 12000
- —_— -
* 8000 _—-
—_ —
4000 -
> -
0

0 1000 2000 3000 4000 5000 6000 7000
Aging Time (Day)

(a) E1 separated from FWD measurements with fitted powemodel

12000
y_14=1.2592x + 1833.8
R2=1
10000
y_13=1.318x + 1539.3
R2=1
— 8000 y_12 =1.3888x + 1256.8
o R2 = 0.999
=3 y_10=1.5764x + 772.72
K 6000  y 11=1.4772x +991.47 R2 = 0.9999
R*=0.9999 y_9=1.6789x + 607.72
4000 o.-o R?=0.9999
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& R2 = 0.9999
2000 a
X y_7 = 1.8847x + 390.72
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X Segment 6 Segment 5 - Segment 4 Segment 3
Segment 2 o Segment 1

(b) E; fitted by power model with different segments
Figure 7. Fitting of the curve of FWD moduli versusaging time
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The slope of the linear model of each segmenterctmstant-rate period is determined,
which is denoted.s. The values ok.s are plotted versus the field aging temperatures fo
Segments 14 to 2, as shown in Figure 8a. The aurstte aging activation energy and pre-
exponential factor are determined from Figure 8setdlaon Equation 4. Then the fitted moduli in
the fast-rate period and associated field agingpezatures are substituted into Equations 1 and 2
to solve for the fast-rate aging activation eneagyg pre-exponential factor. Similarly, the
constant-rate/fast-rate aging activation energiespae-exponential factors are determined for
new AC layer (i.e. overlay) of the section 48-A5&8&ure 8b); also for the old and new AC
layers of the other pavement sections. Figure Sgmts the constant-rate/fast-rate aging
activation energies for the old and new AC laydrthe eight Texas SPS-5 pavement sections.

Higher aging activation energy indicates that ttaamal has a smaller aging rate, or it is harder

to be aged.
1.5
— y =-38.983x + 16.403
§ R2 = 0.63
E 1.0 .
] T~ .
— =~ ~ O
_z“’ =~ ~ B e
£ 05 = I - °
o 3~
OO
0.0
0.395 0.400 0.405 0.410 0.415
1/RT, (mol/kJ)

(a) Ey of the old AC layer

21



Ln(k.) (MPa/Day)

1.0

0.5
«
~
~ . .
0.0 ~o =
0.395 0400 0405~ _0410 , 0415  0.420

Ses
0.5 <

[ ~ ~

[ ] ~
Lo | Y=-70.638x+28.534 )
R? = 0.6485
1.5
1/RT, (mol/kJ)

(b) E; of the overlay

Figure 8. Arrhenius plot of constant-rate reactionconstant for Section 48-A503
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Figure 9. Calculated aging activation energies foall Texas SPS-5 sections

6.2 Effects of material type, thickness and milling

Figure 10 shows the constant-rate and fast-rategaggstivation energies for different types of
materials. The aging activation energies of thed“®C” are the averages of those of old AC
layers of all eight pavement sections. The aginiyatton energies of the “New RAP” are the
averages of those of new AC layers of the four RAE&tions, i.e. four RAP overlay sections. The
aging activation energies of the “New Virgin” aretaverage of those of four virgin overlay
sections. It shows that the constant-rate/fastagieg activation energy of the RAP overlay is
larger than that of the old AC layer, and thath#f virgin overlay is smallest.

Aging activation energy of an asphalt mixture ipe@ement structure is affected by the
binder type, aggregate type, air voids, and locaf8@nsnovske et al., 1993; Mirza and Witczak,
1995; Luo et al., 2015; Moraes and Bahia, 2015)s teans that the aging activation energy of
an asphalt pavement is a net result of all theserfa The asphalt binder is clearly a significant
factor, which has the same two aging stages atddtesand constant-rate aging activation
energies (Jin et al., 2011). Aggregates have bemrep to influence both short-term and long-
term aging and apparent mitigating effect of soggregates on aging was observed. The may
be related to the chemical interaction betweeneggges and asphalt binder, a larger adhesive
bonding helping mitigate aging (Sosnovske et &93). In addition, it was found that the

adsorption of asphalt components on to aggregatdd belp reduce the impact of oxidative
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aging (Moraes and Bahia, 2015). Air voids of anha#pmixture and its location in a pavement
structure affect aging in terms of the amount ofg®en available for the oxidation process.

Based on these understandings, the results imd-ildihave the following indications.
The overlay with the virgin asphalt mixtures hasraller aging activation energy than the old
AC layer, which means that the virgin overlay afgeter. This is because the virgin overlay has
more oxygen available as the top layer. The ovexidly RAP has a larger aging activation
energy and ages slower than the old AC layer. Coadp@ the virgin overlay, the virgin binder
in the RAP overlay is different and probably theRR&ggregates are different from those in the
virgin mixture, which would cause a change in thmg activation energy. Besides, a change of
the adhesive bonding and/or a different adsorptieshanism between RAP aggregates and
asphalt binder due to aging probably changes timg agtivation energy of the RAP overlay. In
the process of recycling, the RAP-binder agingciseterated due to the increase of exposure of
the binder surface to the atmosphere. The prodessighing of an existing asphalt layer into
RAP increases the aging rate (De Lira et al., 20#®yeover, at a higher temperature the
molecular diffusion rate and range are larger (&uad., 2018); then the elevated temperature
during the recycling process contributes to furéiging of the RAP material (Hassan, 2009). It
is found that aging affects the adhesion of an @saggregate system based on the
measurements of adhesive bond energy at diffegeng) éevels. Depending on the source of
binder and aggregates, the adhesion may increatecgase (Cheng, 2002; Aguiar-Moya et al.,
2015; Kassem et al., 2016). Furthermore, aging chaynge the chemistry of the asphalt-
aggregate interface of RAP materials, which resnlesdifferent adsorption mechanism between
asphalt and aggregates. Therefore, the aggregaderlinteraction in the RAP is different from
that in the virgin mixture and that in the old A@hich significantly affects the aging activation
energy.

Figures 11a and 11b show the difference in agotigation energies between the thin
overlays (50 mm) and thick overlays (125 mm). Theapes “Old AC_RAP Overlay” and
“New AC_RAP Overlay™ represent the old and new Ad&yers of the RAP overlay sections
respectively; “Old AC_Virgin Overlay” and “New AC ikgin Overlay” stand for the old and
new AC layers of the virgin overlay sections respety. The aging activation energies in
Figures 11a and 11b are the averages of the twimssaevith the same overlay material and

thickness. It is found that the aging activatioergly of the thick overlay is always larger than
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that of the thin overlay. This is because a thidsphalt layer requires more oxygen for the
aging process, so under the same environmentaltmorgithe oxidation reaction rate is slower.
In other words, the aging speed is slower so tlwgaartivation energy is larger in thick overlay
sections.

Figures 12a and 12b show the difference in agmigation energies between the milled
overlay sections and those without milling. Thenagactivation energies in Figures 12a and 12b
are the averages of the two sections with the sareday material and surface preparation. It is
seen that milling results in higher aging activatemergies in both old and new AC layers for
both RAP and virgin overlays. This is probably hessmathe milled pavement part is backfilled
with the overlay material. Even though the millthgckness is not counted in the overlay design,
it causes the same effect as increasing the thsskoiethe asphalt layer in terms of aging.
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Figure 10. Comparison of aging activation energiefor different asphalt mixtures
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6.3 Comparison with field performance

The findings observed from Figures 10 to 12 in eeohmaterial type, asphalt layer thickness
and milling are compared with a study on SPS-5 peare performance (West et al., 2011). This
study used SPS-5 performance data to investigateftacts of overlay rehabilitation. The data
from 18 projects within the United States and Can@ach project has 8 test sections and 1
control section) were collected. The statisticallgsis was performed on the paired sections
shown in Table 3. There are totally 72 comparissfrRAP with virgin mixtures for each of the
distress measurements. Take fatigue cracking,veass cracking, and longitudinal cracking for
example, which are closely related to aging. Feséthree types of cracking, the statistical
analysis yields the same result with respect t@atheunt of cracking:

RAP>virgin; 50-mm overlay>125-mm overlay; no-mitjroverlay>milled overlay

Table 3. Paired sections in West et al. (2011) tompare pavement performance of 30%
RAP and virgin mixtures

Paired Sections (RAP and virgin) Description
502 and 505 No milling, 50 mm
503 and 504 No milling, 125 mm
509 and 506 Milled, 50 mm
508 and 507 Milled, 125 mm

Compare this result with the findings from Figuiésto 12. Figure 10 indicates that the
RAP overlay has higher aging activation energias tihe virgin overlay, which means that the
modulus of the RAP overlay increases slower thahdhthe virgin overlay. However, the RAP
overlay might have a larger modulus because itatogta high percentage of already-aged
materials, or it may have a different aggregatelatian and/or asphalt binder content. All of
these factors contribute to the resistance of thE Bverlay to cracking (Luo et al., 2016).
Figure 11 reveals that the 125-mm overlay secti@ve higher aging activation energies and
slower aging rates than the 50-mm overlay sectibosthe same overlay materials, thus, the 50-
mm section ages more and fractures more easilyttigah25-mm section. Figure 12
demonstrates that the milled overlay sections Ihéyleer aging activation energies than the
overlay sections without milling. Therefore, foeteame material type, the overlay section

without milling is more prone to aging and cracking
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In sum, the observations from Figures 10 to 12ims of the aging activation energy

can be used to explain the findings based on ébe fierformance data of the SPS-5 sections.

7. Conclusions and future work

This study aims at investigating aging charactiesstf in-service recycled asphalt pavements

using field backcalculated modulus and climate dBite kinetics-based aging modeling

approach developed in the authors’ previous studiapplied to RAP materials herein. The

following findings and conclusions are drawn:

An asphalt pavement with overlay has a compositegggrocess since the aging speeds
of different asphalt layers are different. The FWiDdulus of an asphalt overlay must be
separated into the moduli of its component layersrder to obtain the actual aging
behaviors and properties of the overlay.

The Odemark’'s assumption is successfully appliegparate the FWD modulus of the
entire asphalt layer into a modulus for the ovedag a modulus for the old asphalt layer.
With the separated FWD moduli and field aging terapees from the pavement
temperature modeling, the kinetics-based aging tmagapproach is able to determine
the aging properties (e.g. aging activation eneafyjoth the overlay and old asphalt
layer for the selected eight RAP and virgin paveinsegctions.

The overlays with RAP have higher aging activagoergies than the old asphalt layers
and the overlays with virgin mixtures. Thging activation energy of an asphalt mixture
in a pavement layer is affected by the binder tgggregate type, air voids, and location
in a pavement structure.

The thick overlay sections (both overlay and oldhadt layer) have higher aging
activation energies than the thin overlay sectisnghe thick overlay sections exhibit
slower aging rates.

The milled pavement sections (both overlay andasjohalt layer) have higher aging
activation energies than the sections without nglliThe milled sections that have a
thicker overlay age slower.

The comparisons of aging behaviors based on timg agitivation energy can be used to

explain the difference in the field performanceogérlay pavement sections.
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It is worth mentioning that the conclusions aborel@ased on the analysis of the SPS-5 overlay
sections in Texas. The SPS-5 in the LTPP datallsseantains similar data for other locations
in the United States and Canada. It is plannedthigatlata from various locations will be
collected and analyzed to gain a better understgrafi aging characteristics of recycled asphalt

materials.
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