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Abstract

This paper aimed at assessing the structural pesioce and sustainability of cold recycled
asphalt pavements. Four cold recycling technologier® investigated, including the cold central-
plant recycling with emulsified and foamed aspbaiders (i.e., CCPR-E and CCPR-F), and the
cold in-place recycling with emulsified and foanssphalt binders (i.e., CIR-E and CIR-F).
Firstly, the laboratory tests were conducted to p@hensively evaluate the dynamic modulus,
rutting, and cracking performance of cold recyadsghalt mixtures. Subsequently, these
laboratory results were used to determine the sptitold recycled asphalt mixtures for the
Pavement ME Design program, which was employedddipt the pavement performance.
Meanwhile, the National Center for Asphalt Techiggialso constructed four cold recycled
pavement sections in the field. The monitored amedlipted pavement performance showed
similar trends in the first two years, but the Raeat ME Design program over predicted the rut
depth of these sections. The pavement performastats confirmed that the bottom-up fatigue
cracking was a negligible distress mode for cottycked asphalt pavements. In the following, the
life cycle cost analysis and life cycle assessmae conducted to evaluate the four different cold
recycling projects. The life cycle cost analysisules demonstrated that all of the four cold
recycling projects yielded less net present vathas the HMA project. The life cycle assessment
data indicated that the cold recycling technologeskiced the energy consumption by 56-64%,
and decreased the greenhouse gas emissions bya9%#tlly, this study found that the overlay
and asphalt treated base thicknesses and clinmatditoons had significant impact on the

performance of cold recycled asphalt pavements.
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1. Introduction
Cold recycling is a rehabilitation method witholé tapplication of heat during the construction
process. This is a cost-effective rehabilitatiazhteque, which is not only effective in eliminating
the rutting and fatigue cracking distresses of akglavements (Alkins et al. 2008, Lane and
Kazmierowski 2005, Buss et al. 2017), but also eores non-renewable resources and energy
(Thenoux et al. 2007, Tabakovic et al. 2016, Tur&le2016). Due to their merits in cost-
effectiveness and sustainability, the cold recygglscurrently attracting more and more attention
in the United States. Traditionally, cold recycliognsists of two subcategories, i.e., cold in-place
recycling (CIR) and cold central-plant recyclingdBR). CIR occurs within the roadway to be
recycled and uses 100 percent of the reclaimedattgpdvement (RAP) generated during the
recycling process. CCPR is a process in which spéalt recycling takes place at a central
location using a stationary cold mix plant. Thedo@cycling usually requires multiple binders,
including the bituminous material (e.g., foameenulsified asphalt binder), the chemical
additives (e.g., lime, cement or fly ash), and wé&Bomez-Meijide et al. 2016, Cox and Howard
2016, Ma et al. 2017, Wang et al. 2018). A job fopmula defines the RAP gradation and the
composition of the multiple-binder system for caddycled asphalt mixtures. Due to the high void
content of cold recycled asphalt mixtures, a s@rfamurse is required to protect the mixture from
intrusion of surface moisture. Typically, the adpbaerlays are used for pavements with high
traffic volumes, while the chip seals, slurry senfeg and micro surfacing are employed for
pavements with low traffic volumes. Over the decadiee cold recycling has been an economical
rehabilitation technique for low volume roadwayscBntly, the Virginia Department of
Transportation proved that cold recycling is alesteeffective for rehabilitation of heavy traffic
volume roadways. To extend the use of cold recgdithnologies, there is an urgent need to
develop a pavement design methodology for coldaledyasphalt pavements with heavy traffic
volume.

The existing studies primarily focused on the labory and field evaluation of cold
recycled asphalt mixtures. For instance, Kim ane (2006) and Wirtgen (2012) developed mix
design methods for cold recycled asphalt mixturgls fsamed asphalt binder. These mix design

methods not only define the requirements for RARenms, foamed asphalt binder, and chemical
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additives, but also provide the procedures to aettig optimum binder system. With the increase
of field experience in cold recycling, Asphalt Reliyg and Reclaiming Association (ARRA)
(2015) developed new mix design methods for catgtaked asphalt mixtures with foamed and
emulsified asphalt binders, which redefined theemalt requirements and the performance criteria
for asphalt mixtures. Kim et al. (2009), Khosraviéa al. (2015), Diefenderfer et al. (2016), and
Lin et al. (2017) conducted the dynamic modulustatory test for various cold recycled asphalt
mixtures. They found that the cold recycled aspmatures exhibited less temperature and
frequency dependencies compared to hot mix as@islf), but still should be classified as
thermo-viscoelastic materials. Niazi and Jalili@2) Kim et al. (2009), and Khosravifar et al.
(2015) evaluated the rutting resistance of colgckstl asphalt mixtures using the permanent
deformation tests. They pointed out that the rgttesistance of cold recycled asphalt mixtures
was dependent on the type and dosage of bindgpsriicular on the dosage of cement. If the
dosage of cement is less than 1.5%, the cold redyadphalt mixtures generally have less rutting
resistance than the HMA (Bocci et al. 2011, Getlal. 2012, Stimilli et al. 2013, Leandri et al.
2015). Yan et al. (2010) investigated the fatigtaeking resistance of cold recycled asphalt
mixtures. They concluded that the fatigue propsmiefoamed and emulsified asphalt treated
mixtures were similar to the HMA. Diefenderfer €t(2012, 2016) evaluated the CIR and CCPR
projects in 1-81 highway in Virginia and Nationa¢@er for Asphalt Technology (NCAT) Test
Track, respectively. They reported that all of tleéd recycling sections exhibited excellent
performance in terms of rutting and fatigue cragkiesistance.

Although a great deal of studies have comprehelystlaracterized the performance of
cold recycled asphalt mixtures, limited research dhealt with the structural assessment of cold
recycled asphalt pavements. Diefenderfer et all§p@nd Diaz-Sanchez et al. (2017) determined
the layer coefficients of cold in-place and cenpiant recycled asphalt pavements for use in
AASHTO 93 Design. Their methodologies relied oreampirical relationship between the layer
coefficient and the back-calculated resilient madthis relationship was originally developed for
HMA (Huang 2004), but whether it is suitable fofdccecycled asphalt mixtures is still not clear.
Moreover, more highway agencies are abandoning#&&HTO 93 Design method and adopting
the Mechanistic-Empirical Pavement Design Guidew available as the AASHTOWare
Pavement ME Design program (Smith and Braham 2Bti8zad et al. 2018). In the current
Pavement ME Design program, the cold recycled dsphigture is considered as a bound base

material, which means that users only need to mssigpnstant resilient modulus. However, this
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assumption contradicts the fact that cold recyelgghalt mixture exhibits thermo-viscoelastic
characteristics being functional as an asphaltlayeerefore, there is a need to develop a
mechanistic-empirical structural assessment metbggpwhich will take into account the
mechanical characteristics (e.g., viscoelasti@tyold recycled asphalt pavements. Furthermore,
the developed methodology should discriminate theement performance by using different cold
recycling technologies. The methodology should dlsa@apable of evaluating the effects of
structural properties and climatic conditions oa libng-term performance of cold recycled asphalt
pavements. These analyses will facilitate the dg®ld recycling technologies for different
pavement structures in different climate regions.

In addition, the cold recycling is recognized asat-effective and sustainable
rehabilitation technique. However, there is no gtadailable to compare the different cold
recycling technologies including CCPR and CIR immte of life cycle costs and environmental
benefits. These comparisons will be beneficialfavement practitioners to select the right cold
recycling technology for the given traffic volunexmvironment, and pavement structure.

To address the aforementioned research needpapes aimed at developing a
mechanistic-empirical pavement design methodologyg®ld recycled asphalt pavements, and
comparing the life cycle costs and environmentalefies of pavements when using different cold
recycling technologies. In particular, the PavenMBtDesign program was utilized to assess the
structural performance of cold recycled asphalepaaents. The laboratory tests including dynamic
modulus, permanent deformation and fatigue cractests were conducted to determine the
appropriate inputs for cold recycled asphalt migsunto the Pavement ME Design program. In
order to validate the prediction accuracy, thevgaife predicted pavement performance was
compared against field performance measurementstist sections of the same material.
According to the predicted performance, a caseysttas conducted to investigate the
sustainability of asphalt pavements using diffec@id recycling technologies. Finally, a
sensitivity analysis was conducted to evaluatartipacts of structural design parameters and

climatic condition on the performance of cold rdegcasphalt pavements.

2. Mix Design
This study followed the ARRA mix design guidelintesdesign cold recycled asphalt mixtures
with foamed and emulsified asphalt binders. The RA€Rerials were collected from a previous

construction project on US Highway 280 in Opeliklgbama. The RAP binder content ranged
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from 4.9 — 5.2% and was performance graded as P&Q0The base asphalt binder used for
foaming and the emulsion were PG 67-22 binder fBarmingham, Alabama and PG 64-22
binder from Parsons Tennessee, respectively.

The Wirtgen laboratory foaming plant was used twlpce the foamed asphalt. The asphalt
foaming process was produced at 170°C and 1.3% weatdbtain a foamed asphalt with 8.5
expansion ratio and 6-second half-life. A twin-ghpmafg mill was used to mix RAP with foamed
binder at room temperature 25 + 2°C. The mixingetshould not exceed 60 seconds. Immediately
after mixing, the specimens were compacted in arif0diameter mold using a Superpave
gyratory compactor. The design number of gyratwas 35, and the desired height of the
specimens was 63.5£2.5 mm. The specimens weredextifitom the molds after compaction, and
then cured in a forced draft oven at 40 + 1°C hdurs and cooled at 25 + 2°C for 24 hours.
Note that this curing protocol was used to condigpecimens for both mix design and laboratory
performance testing. The compacted and cured speasimere tested for indirect tensile strength
in both dry and wet conditions following AASHTO T2&ithout freeze-thaw conditioning. The
ARRA criteria requires a minimum dry strength o03@Pa and a minimum tensile strength ratio
of 0.7 for cold recycled asphalt mixtures. For calaplant recycled mixture, the foamed asphalt
content was 2.2% by the weight of dry RAP, andttitel water content was 7.2% by the weight of
dry RAP. For in-place recycled mixture, the foanagghalt content was 1.8% by the weight of dry
RAP, and the total water content was 4.9% by thightef dry RAP. A dosage of 1.5% Type I/II
Portland cement was added for both central-pladtimiplace recycled mixtures to reduce the
moisture susceptibility.

A cationic slow-set emulsifier INDULIN w-5 at a dagge rate of 1.0% was used to produce
the emulsified asphalt mixtures. The residue bimdetent was 62%. The pH value at room
temperature is 2.98. The penetration of recovezsiiue at 25°C was 56.2, and the softening
point of recovered residue was 48°C. Following Enmmix design procedures of foamed asphalt,
for central-plant recycled mixture, the emulsifeegphalt content and total water content were
determined as 3.0% and 7.0% by the weight of driR&spectively. While for in-place recycled
mixture, the emulsified asphalt content and thal tetater content were determined as 3.2% and
4.4% by the weight of dry RAP, respectively. A dgsaf 1.5% Type I/l Portland cement was
also added for both central-plant and in-place ¢cktymixtures.

Figure 1 showed the gradations of the cold recyatgghalt mixtures before and after

ignition. The figure legend used “RAP” to repressotirce RAP before burning, “F” to stand for
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foamed mixtures, and “E” for emulsion mixtures. TR@&P materials were sampled after crushing
and fractionation using the CIR and CCPR procegsepresented in Figure 1, the CCPR had
coarser gradations than the CIR before and aftatiog. After ignition, the foamed and emulsion

mixtures had similar aggregate gradations for itk and CCPR technologies.
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Figure 1. Aggregate Gradations of Cold Recycled Asphalt Mixtures

3. Laboratory Characterization of Cold Recycled Asphalt Mixtures
After mix design, the determined binder composgiarere used in the CCPR and CIR processes.
The loose mixes were sampled from the central-@adtin-place, respectively, and then
compacted and cured in the laboratory. Three ldboraests were conducted to characterize the
mechanical behavior of cold recycled asphalt meduwhich included the dynamic modulus test,
permanent deformation test, and overlay test. Htailed test procedures and test results were
presented as follows.
3.1 Dynamic Modulus Test

The dynamic modulus test was used to determingisigeelastic inputs of cold recycled
asphalt mixtures for the Pavement ME Design progiemese tests were conducted in an asphalt
mixture performance tester (AMPT) in accordancédwWASHTO TP79 with some modifications.
Three temperatures (4, 20, and 40°C) and threedrezges (0.1, 1, and 10 Hz) were selected for
testing. The small-scale specimens (i.e., 50-mmneiar and 110-mm height) were fabricated
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following a method proposed by Bowers et al. (20I®o replicates were used in this test. Figure
2 presented the dynamic modulus master curvesNb& End cold recycled asphalt mixtures at a
reference temperature of 20°C. Herein, the HMA omatcontained 5.2% PG 64-22 asphalt binder
and 94.8% virgin aggregates. The air void conteag W26 and the corresponding nominal
maximum aggregate size was 9.5mm. In the log-$oadgiency space, the low frequency range
(10° to 10° Hz) corresponds to the high temperature rangenitéfrequency range (0o 1¢°

Hz) corresponds to the intermediate temperaturgeraand the high frequency range (k@10

Hz) corresponds to the low temperature range (Gl €018). As shown in Figure 2, the cold
recycled asphalt mixtures generally had lower dynanoduli than the HMA in the entire
frequency range. In the high frequency (or low teragure) range, the cold recycled asphalt
mixtures showed comparable dynamic moduli. Whilthmlow frequency (or high temperature)
range, the CCPR foamed asphalt mixture showed & mmigber dynamic modulus than the other
cold recycled materials. In the Pavement ME Depigigram, the dynamic moduli of HMA and
cold recycled asphalt mixtures were tabulated atingrto the specified temperatures and
frequencies in the test. The software was abletonaatically predict the dynamic moduli of

asphalt mixtures at any given temperature and fieagiency.
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Figure 2. Dynamic Modulus Master Curvesfor Cold Recycled Asphalt Mixtures

3.2 Permanent Deformation Test
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The permanent deformation tests were performedrailscale specimens to evaluate the
rutting resistance of cold recycled asphalt mixguihe test procedures followed the AASHTO
Standard TP79. The tests were conducted at 54.5HCawi83 kPa deviator stress and a 69 kPa
confining stress£ach specimen was subjected to the repeated cosn@ésading until the
accumulated plastic strain reached 100,000 miamstior the number of loading cycles reached
20,000 cycles, whichever came first. The accumdlptastic strain curves were used to evaluate
the rutting susceptibility of asphalt mixtures. &areplicates were used in this test. Figure 3
showed the permanent deformation test results kdAtdnd cold recycled asphalt mixtures. As
presented, the CCPR foamed asphalt mixture exHilfie greatest rutting resistance, while the
CCPR emulsified, CIR foamed, and CIR emulsifiedhadiomixtures had less rutting resistance
than the HMA. Compared to the CIR asphalt mixtuties, CCPR asphalt mixtures had much less
susceptibility to rutting. This might be because @CPR asphalt mixtures had coarse gradations
than the CIR asphalt mixtures. The rutting curvesenfitted by a power function, as shown in
Equation 1.

o - aN® (1)
£r
where £, is the accumulated plastic straify,is the resilient strainN is the number of load

repetitions, anc andb are the model coefficients. Table 1 showed therdghed rutting model
coefficients for these asphalt mixtures. In thedPaent ME Design program, the rutting potential

of asphalt mixture was calculated by Equation 2.

)
?p = Igrllquszerksﬂrs (2)

whereT is the layer temperaturd; , K, andK; are the rutting coefficients, ang, /4, and /3,
are the calibration factors, which are usually as=ias 1.0. For HMA, the default values of
rutting coefficients arek1= -3.35412, k2 = 1.5606, and<3 = 0.4791. In this study, both HMA

and cold recycled asphalt mixtures were assumpdssess comparable thermal characteristics,
which meant that the,kvalue for cold recycled asphalt was also set380b. Accordingly, the k

and k values for cold recycled asphalt were calculate&duations 3 and 4, respectively.

MAgr
Ko = Kecrmun ~ Ioglo[uJ @3)

aCRngMA
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226 Ks cr =Ksrn — (khMA - tER) (4)

227  where the subscript CR denotes the cold recyclpldadis and the subscript HMA stands for the
228 HMA. The calculated k-values of cold recycled adpware also shown in Table 1.
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229
230 Figure 3. Accumulated Plastic Strain Curvesfor Cold Recycled Asphalt Mixtures
231
232 Table 1. Rutting M odel Coefficients of Cold Recycled Asphalt Mixtures
Rutting M odel Coefficients
Asphalt Mixture Power Model Pavement ME Design M odd
a b k ko ks
HMA 2037 0.2813 -3.354 1.5606 0.4791
CCPR-F 1287 0.2718 -3.585 1.5606 0.4696
CCPR-E 3604 0.2753 -3.377 1.5606 0.4730
CIR-F 3018 0.3400 -3.569 1.5606 0.5378
CIR-E 2870 0.3358 -3.499 1.5606 0.5335
233
234 3.3 Overlay Test
235 To evaluate the fatigue cracking resistance of oetgcled asphalt mixtures, the overlay

236 tests were conducted in accordance with the Texgmiment of Transportation Standard Tex-
237  248-F with some modifications. The field sampled &boratory compacted specimens were
238  tested at a frequency of 0.1 Hz with a maximum epgdisplacement of 0.381 mm. The load
239  force and the plate opening displacement were decbduring the test. The number of failure

240 cycles corresponds to 93% reduction of initial loadhigher number of failure cycles indicates a
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better resistance to fatigue cracking. More det#Hilsverlay test can be found at Gu et al. (2015a
and 2015b). Four replicates were used in this Eégtire 4 showed the overlay test results for the
cold recycled asphalt mixtures. As illustrated, @@PR foamed mixture had a better fatigue
cracking resistance than the CCPR emulsion mixdncethe CIR foamed mixture had a lower
fatigue cracking resistance than the CIR emulsiodiure. The statistical analysis was conducted
to determine the significance of difference betwtese mixtures. Tukey's pairwise comparison
showed the differences of fatigue cracking reststamas insignificant at a significance level of
0.05 (p-value from analysis of variance). Moreo®ahwartz et al. (2017) stated that the bottom-
up fatigue cracking was not an important distressl@rfor cold recycled asphalt pavements. Thus,
this study did not consider the difference of faéigproperties among cold recycled asphalt

mixtures. In the Pavement ME program, the fatigigedf asphalt pavement was calculated by,

1 kaCBs, 1 k3Bt,
N, =0.00432C 3, Ek{;j [E} )
1

where N is the fatigue life of asphalt pavemef, is the laboratory to field adjustment factor,
&, is the tensile strain at the critical locatidn, is the stiffness of materiakl, |<2 and |<3 are the
fatigue properties3; , B;, and 3, are calibration factors. The default values ofjfas

properties arek; = 0.007566, K, = 3.9492, andk; = 1.281. In this study, these default fatigue

properties were used to represent the fatigue trgcksistance of cold recycled asphalt mixtures.
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Figure4. Overlay Test Results of Cold Recycled Asphalt Mixtures
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4. Field Performance Prediction of Cold Recycled Asphalt Pavements

In 2015, the NCAT constructed four test section®J&280 in Lee County, Alabama, to evaluate
the field performance of cold recycled asphalt paeets. These sections included the CCPR with
emulsified binder (CCPR-E) and with foamed binde€PR-F), and the CIR with emulsified
binder (CIR-E) and with foamed binder (CIR-F). Fig® showed the location and structures of
these test sections. To compare with these coletlext asphalt pavements, one HMA pavement
structure was assumed as the control section (@lpimrthis study. As illustrated in Figure 5, the
thickness of the cold recycled asphalt layer wam@fd The cold recycled asphalt layer was
surfaced with a 25-mm HMA overlay. The underlyiagérs included 254-mm asphalt treated
base (ATB), 203-mm unbound granular subbase, angrade soil. The annual average daily
traffic was 18,300 and 16% of the daily traffic westimated to be heavy truck traffic. The traffic
speed limit was 105 km/h.

The Baottle

-

= Test Sections
A

N

- .

s
Salemi

Control Cold Recycling
Layer No. . Layer . Layer
: Material Thickness Material Thickness
(mm) (mm)
1 HMA Thinlay 25 HMA Thinlay 25
2 HMA Binder Course 90 Cold Recycled Asphalt 90
3 Asphalt Treated Base 254 Asphalt Treated Base 254
4 Unbound Granular Subbase 203 Unbound Granular Subbase 203
5 Subgrade NA Subgrade NA

NA= Not Available
Figure5. Cold Recycled Asphalt Pavement Sections on US280 in Alabama
In this study, the level 1 inputs were used forrabterizing the HMA overlay, the cold
recycled asphalt layer, and the asphalt treateel inathe Pavement ME Design program. These
inputs were determined from the dynamic modulusmerdhanent deformation test results
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presented in the previous section. The level 2teywere used for unbound aggregates subbase
and subgrade soil. The resilient moduli of unboagdregates and subgrade soil were 206 MPa
and 103 MPa, respectively. The analysis periodasagned as 15 years.

Figure 6 showed the predicted and measured rubglegging the Pavement ME Design
program. In the legend, “P” stands for the prediatalues, and “M” represents the measured
results. As illustrated in Figure 6, the prediatetidepth of CCPR-F section showed comparable
rut depth to the control section, which was aroli@anm after 15-year service life. Compared to
the control section, the CCPR-E section had a higreslicted rut depth, but still satisfied the rut
depth criterion, which allowed the rut depth ldssnt 19 mm. While according to this rut depth
criterion, both CIR sections required rehabilitataxctivities before the end of the analysis period.
Specifically, the CIR-E section required the relidiion at the 18 year of service, and the CIR-F
section needed the rehabilitation at th& géar of service. Figure 6 also showed that theahod
predicted rut depths almost doubled those meagtowtthe field thus far. This demonstrated that
the Pavement ME Design program over predictedutisng depth for asphalt pavements. The
discrepancies between ME predictions and field oreasents might be attributed to the lack of
local calibration of ME coefficients. Another reasior the discrepancies is that the current
laboratory curing protocol might not simulate tbad-term physical and chemical changes of cold
recycled asphalt mixtures in the field. In thisgstuthe predicted performance did not consider the
increase of material properties due to the longyteuring. However, both the model predictions
and field measurements revealed the same sequendaérg susceptibility for these cold
recycled pavements, i.e., CCPR-F < CCPR-E < CIREEHR:F. This finding was consistent with

the permanent deformation test results in the Eboy.
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Figure 6. Predicted and M easured Rut Depthsfor Cold Recycled Asphalt Pavements
Figure 7 presented the predicted bottom-up fatayaeking in asphalt pavements. It was

shown that the bottom-up fatigue cracking distseas only 1.4-1.6 % lane area in cold recycled
asphalt pavements, which was much less than thsftbld value for rehabilitation (i.e., 25% lane
area). This confirmed with the initial assumptibattthe bottom-up fatigue cracking was a
negligible distress mode for cold recycled asppaltements. Within the 2-year service, no fatigue
cracking had been observed from these cold recyigdment sections. The measured fatigue

cracking performance was consistent with the ptegidrom the Pavement ME Design program.
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309 Figure 7. Predicted Fatigue Cracking for Cold Recycled Asphalt Pavements
310 Figure 8 illustrated the predicted internationalgbness index (IRI) for cold recycled

311 asphalt pavements. According to the MechanisticiEogh Pavement Design Guide (MEPDG),
312 the IRI reflects the ride quality of pavements, ethis associated with the rutting and fatigue

313  cracking distresses (AASHTO 2008). As shown in Feg8i the CCPR-F section had comparable
314 IRl values to the control section, but had lower\Rlues than the CCPR-E section. Compared to
315 the CCPR sections, the CIR sections yielded muehtgr IRI values. In the Pavement ME Design
316  program, the threshold value for IRl was 2.7 m/Rimus, all of the cold recycled asphalt

317 pavements satisfied the IRI criterion.

318
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Figure 8. Predicted International Roughness Index for Cold Recycled Asphalt Pavements
In general, the CCPR-F section exhibited much betgformance than other cold

recycled pavement sections, which was even comieat@althe control section. Compared to the
CCPR-F section, the CCPR-E section had much matiaguwand fatigue cracking distresses, but
still passed the performance criteria in the anglgsriod. According to the Pavement ME
predictions, the CIR-F and CIR-E sections had seugting distresses, which may require major
rehabilitation at 18 and 11" year of service, respectively. Note that theseckesions are drawn
from the performance prediction results by the Reart ME Design program. The designed
material properties of cold recycled asphalt migtuare dependent on the adopted mix design

procedure and the laboratory curing protocol.

5. Sustainability Assessment of Cold Recycled Asphalt Pavements
Based on the predicted performance results, tieisosecompared the life cycle costs and
environmental benefits of the four different cobdycling technologies including CCPR-E,
CCPR-F, CIR-E, and CIR-F.
5.1 Life Cycle Cost Analysis

To enable a fair comparison among competing paveaiginatives, all future anticipated

costs and salvage value were discounted to themrastake into account the time value. The net
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present value (NPV) of initial construction andadigsnted future costs and salvage value was then
determined for each alternative using the commom@uics formula shown in Equation 6.

Finally, the alternative with the lowest NPV wassmlered to be the most economical choice.

1
1+i)4 ©)

wherel is the discount ratd? is the number of years from initial constructiortie ’¢

NPV = Initial Const. Cost+y_," Future COSl;{(1 i)’
- +i)*

} —SalvageVal ue{ (

expenditure; andl,is the analysis period. For the sake of simpliditjs study did not consider

any user costs in the life cycle cost analysis,asslimed the analysis period is only 10 years.
According to the predicted performance resultsgheere no rehabilitation activities required for
all of the four cold recycling technologies. Herdime discount rate was assigned as 4.0%, which
was a common value used by most of the Departneéfitsansportation in the United States
(West et al. 2013). Table 2 compared the life cgdsts of the HMA and cold recycled pavement
alternatives. The details of life cycle cost analysn be found at Tables S1-S4 of the supporting
documents. As presented in Table 2, all of the oetgcled pavement sections had lower NPVs
than the HMA section. This confirmed that the c@dycling technique is more economical than
the replacement of HMA layer. By comparing theeliéint cold recycling technologies, it was
found that the CCPR technologies were more costefe than the CIR technologies. This was
because the CCPR pavements had comparable imtiatraction cost, but much higher salvage
value than the CIR pavements. Table 2 also denaiestthat the CCPR-F was the most
economical choice in this case study, which reddledNPV by 32% when compared to the
HMA replacement.

Table 2. Comparison of Life Cycle Costs of Pavement Alter natives

Pavement Initial Construction Salvage Value Net Present Value
Alternatives Cost ($ILKMY (BILKMY (BILKMY
HMA 34,257 15,225 23,971
CCPR-F 23,185 10,304 16,224
CCPR-E 23,754 7,918 18,405
CIR-F 19,866 0 19,866
CIR-E 22,467 2,043 21,088

Note:! LKM = Lane Kilometer
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5.2 Life Cycle Assessment

The life cycle assessment was conducted to quahgfgnvironmental benefits of the four

different cold recycling technologies. Table 3disthe life cycle inventory (LCI) of asphalt
pavement. Note that this study only focused oretiergy consumption and greenhouse gas (GHG)
emissions of the five processes, including raw meltproduction, asphalt mixture manufacture,
pavement milling, material transport, and mateslatement. The material composition was
described in the previous sections. The transpstamce was 32 km for all projects.

Table 3. Life Cycle Inventory of Asphalt Pavement

Energy Consumption | GHG Emissions
Processes g)(/MJ/ton) P (kg/ton) LCI Source
Asphalt Binder 4402 274 (EIA, 2013)
Asphalt
Emulsion 3165 195 (Yang, 2014)
Raw (62% Residue)
Materials Cement 5745 921 (PCA, 2007)
prushed 30 2.1 (Earthshift, 2013
ggregates
Watelr 10 0.3
HMA 275 22
Manufacture | CCPR Mix 14 1 (giﬁ‘;}pgggg;‘d
CIR Mix 15 1.13 '
Milling 12 0.8
Transport (km/ton) 1.3 0.06 (EPA, 2014)
HMA 9 0.6
. Chappat and
Placement Cold Mix 6 0.4 (Bilall,ogOO:S)
Asphalt

Note:! 20% RAP was used in the HMA

Figure 9 presented the energy consumption of HMA@oid recycling projects. It was

shown that the cold recycling technologies redubecenergy consumption by 56-64%.

Compared to the HMA project, both CCPR and CIRgxty exhibited similar reduction in energy
consumption. As shown in Figure 9, the cold reayglprojects dramatically reduced the energy
consumption in the manufacture process, and sjiglatted the energy from the production of raw
materials. By comparison of the cold recycling pot, the CIR projects consumed less energy
than the CCPR projects, which was mainly becausettie CIR projects took the material
transport out of the entire process.
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Figure 9. Energy Consumption of Cold Recycling Projects

Figure 10 showed the GHG emissions of HMA and ce&ycling projects. Compared to
the HMA project, the cold recycling technologiedueed the amount of GHG emissions by 39-
46%. Both CCPR and CIR projects exhibited simiéatuction in GHG emissions. As
demonstrated in Figure 10, the cold recycling prtgjsubstantially reduced the GHG emissions in
the manufacture process, which was due to thefgigni decrease of manufacture temperature.
Although the cold recycling projects utilized lesgphalt binder and crushed aggregates, they still
had higher GHG emissions than the HMA project enphoduction of raw materials. This was
because that the production of cement yielded rhigiter GHG emissions than other materials.
Compared among the cold recycling projects, the @tfects had marginally lower GHG
emissions than the CCPR projects, which was stilbated to the remove of material transport

from the entire process.
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Figure 10. Greenhouse Gas Emissions of Cold Recycling Projects

6. Structural Performance Assessment of Cold Recycled Asphalt Pavements

The cold recycling treatment depths generally lawarrow range that is from 75 to 100 mm. For
cold recycled asphalt pavement, an overlay is ree&mlplace on top of the cold recycled layer to
ensure good ride quality. To design a cost-effectwid recycled pavement structure, the
thicknesses of overlay and ATB are dependent otyfleeof cold recycling technologies and the
climate condition. This section discussed the grilce of these design parameters on the
performance of cold recycled asphalt pavements.

This study assumed the cold recycled pavemerttateishown in Figure 5 as the base
structure. The effect of overlay thickness on teggrmance of cold recycled asphalt pavements
was shown in Figure 11. As presented in Figure ttfmincrease of overlay thickness significantly
reduced the final rut depth of the CIR sections tedCCPR-E section, and slightly reduced the
final rut depth of CCPR-F section. The pavementh &l and 64 mm thick overlay could pass the
design criterion for rutting regardless of whichdceecycling technology is applied. Figure 11b
showed that all of the pavement sections also heetdquirement for IRI. It was demonstrated
that the increase of overlay thickness was bemfior the ride quality. Increasing overlay
thickness from 25 to 64 mm reduced the IRI by 10f8f4he CIR-F section, 9.0% for the CIR-E
section, 1.7% for the CCPR-F section, and 6.4%HerCCPR-E section.
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413 Figure 11. Effect of Overlay Thicknesson Cold Recycled Asphalt Pavement Perfor mance
414 after 15-Year Service

415 Figure 12 presented the effect of ATB layer thidsen the performance of cold recycled
416  asphalt pavements. It was shown in Figure 12athigaincrease of ATB layer thickness from 152
417  to 254 mm substantially reduced the final rut ddpthall the cold recycled pavements, while

418 increasing its thickness from 254 to 305 mm haedgligible influence on rutting. In these cases,
419 the sections passing the rut criterion includedhed| CCPR-F sections and CCPR-E sections with
420 254 and 305 mm ATB. Figure 12b demonstrated thatrttrease of ATB thickness was effective
421 inreducing the IRl of CCPR-E, CIR-E, and CIR-Ftgets, and the CCPR-F sections with thin
422  ATB still exhibited extraordinary ride quality.
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Figure 12. Effect of ATB Thicknesson Cold Recycled Asphalt Pavement Perfor mance after
15-Year Service

In the Long-Term Pavement Performance (LTPP) daglihe climate in the United
States is divided into four zones, namely, wetdegevet-no-freeze, dry-freeze and dry-no-freeze.
The aforementioned cases were located in the St#mbama (AL), which was classified in wet-
no-freeze zone. To evaluate the impact of climatelition on structural design, other three
weather stations were also analyzed in this stwtlich included Los Angeles in California (CA,
dry-no-freeze), Bozeman in Montana (MT, dry-freeze)d Minneapolis in Minnesota (MN, wet-
freeze). Figure 13 showed the impact of climateddmns on the performance of CCPR-E
sections. As presented in Figure 13a, the MT sedtanl the lowest rut depth when compared
against other sections. The AL and CA sectionsletdd similar resistances to rutting. Compared

to the no-freeze zones (i.e., AL and CA sectioth® freeze zones (i.e., MT and MN sections)
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resulted in less rutting distress. This might bedose the asphalt materials in freeze zones were
much stiffer than those in no-freeze zones. As shiomFigure 13b, the CA section had the lowest
IRI value in comparison to other sections. Compaoeaet zones (i.e., AL and MN sections), the
dry zones yielded lower IRI values at the end @&ysis period. In this case study, the CCPR-E
structures shown in Figure 5 passed both the guétid IRI design criteria in the all four climatic
zones. It is worth mentioning that the current Paeet ME Design considers the influence of
climate on pavement performance by varying the meiclal properties of asphalt material and
unbound material. The influence of climate on moistdamage and freeze-thaw effects are not
included in the analysis.
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Figure 13. Impact of Climate Conditions on the Perfor mance of CCPR-E Sections



448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477

Gu et al. 23

7. Conclusions and Future Wor k

This study evaluated the structural characteristicold recycled asphalt pavements using a

mechanistic-empirical approach, and assessed stairsability of cold recycling technologies in

terms of life cycle costs and environmental besefibe major contributions of this paper were

summarized as follows:

The dynamic modulus test results confirmed thattiié recycled asphalt mixtures should
be considered as thermo-viscoelastic materials @ial. 2009). The permanent
deformation test results demonstrated that the C@QRRIres showed less rutting
susceptibility than the CIR mixtures, and the CAPRixture had comparable rutting
resistance to HMA. The overlay test results shothatithe cold recycled asphalt mixtures
had comparable resistances to fatigue cracking.

This study confirmed that the bottom-up fatiguecknag was a negligible distress mode
for cold recycled asphalt pavements (Schwartz.&Qdl7). Four cold recycled asphalt
pavement sections (i.e., CCPR-E, CCPR-F, CIR-E,GIRdF) were constructed in the
State of Alabama, US. The monitored and predictacgment performance showed similar
trends in the first two years, but the PavementD&sign program over predicted the
rutting depth of these sections relative to thielfreeasurements.

The results of life cycle cost analysis demonsttaitat all of the four cold recycling
projects yielded less NPVs than the HMA projectmpared among the cold recycling
projects, the CCPR-F was the most economical choittes case study. The life cycle
assessment data indicated that the cold recyaitgiblogies reduced the energy
consumption by 56-64%, and decreased the GHG emssbly 39-46%. Compared to the
CCPR projects, the CIR projects had slightly lessrgy consumption and GHG emissions.
The rut depth and IRI of cold recycled asphalt paets were significantly affected by the
overlay and ATB thicknesses and the climatic coods.

Cold recycled asphalt mixtures are evolutive matefvhose properties change due to the

physical and chemical processes, such as moistartion, emulsion setting, and cement

hydration. The future studies should focus on tieetbpment of laboratory curing protocol to

simulate these long-term physical and chemical geanThe developed curing protocol will be
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crucial to determine the material properties otlaeicycled asphalt mixtures for pavement

structural design.
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