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What History Has Taught Us about Aging Impacts on Binder Rheology
‘ Aging Analyses Today Are Patterned on the Preceding Studies

High Failure Temperatures Vary According to Laws of Binder Aging

- Aging Evaluations Using Glover-Rowe Damage Parameter

- Performance Design

-~ Why Warm Mix Temperatures Are a Crucial Sustainability Benefit
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" In the 19% century, temperature (& time) were understood

' bottoms. The chemist, E.J. De Smedt; in his U.S.Patent

Temperature (& Time) Effects on Binder Stiffening were Long-ago Studied
to Stiffen Asphalt UNITED STATES PAaTENT OFFICE. .

IMWARED J, DE BMEDT, OF WARININGTON, DESTRIOT OF OO0 T E A,

BITUMINGOUS CEMENT.

- to be key variables in oxidation of heavy petroleum

237,662 (1881), taught oxidation of heavy petroleum oils
- with 0.033% picric acid at ~250°F followed by heating to
- ~500°F (further oxidation and light-ends vaporization). (Ref
o £ B ¢

. .Ref. 1. Edward J. De Smedt, US Patent 237,662,
-~ February 8,1881. . .




Temperature (& Time) Effects on Binder Stiffening were Long-ago Studied
- to Improve Air Blowing Processes '

It was understood that as process
temperatures increase, the rate of binder
stiffening (in the graph at right, measured as
R&B softening point) increases. (Ref. 2)
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- Ref. 2. Hoibert, A.J., Editor, “Bituminous Materials:
+ Asphalts, Tars, & Pitches,” Vol. II, John Wiley & Sons,
1965, p. 98.



100 Years Ago Technologists Spoke of “Aging” as “Weathering”

By at least 1925, oxidation studies had Durability of Asphalt
revealed evidence that air exposure converted Its Aging in the Dark

resins to asphaltenes and that different
bitumen components adsorbed (reacted with K038 s determining | ool v
oxygen differently) (Ref. Hoibert).

As early as the 1930’s, oxygen uptake, light,
solar radiant energy, and heat were among the
well recognized causes of binder stiffening.
(Ref. Hoibert)

By 1956, when W.P. van Oort published his
seminal work on oxygen adsorption,
“weathering” was called “aging.”
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Hoibert, A.J., Editor, “Bituminous Materials: Asphalts, Tars, , © e iweersy
& Pitches,” Vol. Il, John Wiley & Sons, 1965, p. 98. Figurel. Absorption of oxygen by different asphalts in the dark

In 7-micron layers at 22° C, and 1-a




1970 European Road Tests in France (& Germany)

- 9 different, 70/100
- pen bitumen (R&B
‘ =47-50.5°C)

| 1.5-inch overlays
%110 sections

© VA 3-6%

© “At less than 3

- percent air voids,
“changes in asphalt
- properties were

. relatively

- insignificant.”
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Finn, F.N., et.al., “Asphalt Properties and Relationship to Pavement Performance,” SHRP Task 1.4, May 4, 1990, pages 3-44 —
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By the 1990’S Oxidation Chemistry Was Being Fully Elucidated
; Chapter V

ASPH ALTE N ES THE EFFECTS OF ASPHALTENES ON THE

Fundamentals and Applications CHEMICAL AND PHYSICAL
CHARACTERISTICS OF ASPHALT

M. S. Lin, K. M. Lunsford, C. J. Glover, R. R. Davison, and J. A. Bullin

Texas A&M University
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Figure 14. 1 versus %AS for SHRP AAA-1 whole asphalt and maltene.




By the 1990’S Oxidation Chemistry Was Being Fully Elucidated

o
B o

Numerous studies have clearly
shown that for a given binder, the
higher the aging (in this case
oxidation) temperature, the
quicker the binder stiffens.
Stiffening in this case as measured
by the log(viscosity).

-

Log,, viscosity ( Pa.s )
— R
p = N RN oW

50 100 150 200 250 300 350 400
Oxidation time { hrs)

Figure 1 Effect of oxidation time on asphalt viscosity at 60°C

e Herrington, P.R., Ball, G.F.A., “Temperature Dependence of Asphalt Oxidation Mechanism,”
-~ Fuel, Vol. 95, No. 9, pp 1121-1131, 1996.



By 2006 Oxidation Reaction Laws Were Being Developed

OXIDATIVE AGING MODEL

HOW IT RELATES TO THE PREDICTION OF
PAVEMENT PERFORMANCE

By

J. Claine Petersen

Consulting Services
Asphalt Chemistry and Related Technology

WRI/FHWA Symposium: Models Used to Predict Pavement Performance
Laramie, Wyoming, June 21-23, 2006



Oxidation Studies Showed a Fast (Jump or Spurt) Reaction Occurs

Results of intensive R&D PAV OXIDATIVE AGING KINETICS OF ASPHALT AAB-1 (60°C

through the 1990’s & 2000’s, Spurt Reaction
began to reveal more clearly Primary Reactants:
the chemo-mechanical Perhydroaromatic
connection between binder Flydeocaons
aging and-compositional
changes.

Free-Radical Chain Reaction

Primary Reactants:

Tertiary Carbon on Alkyl
Aromatic hydrocarbons
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e Petersen, J.C., “Oxidative Aging Model: How It Relates to the Prediction of
- Pavement Performance,” WRI/FHWA Symposium, Laramie, WY, June 2006.



The Higher the Oxidation Temperature, Again the Faster the Stiffening

EFFECT OF TEMPERATURE ON ATMOSPHERIC AGING KINETICS

Work poin he key role that
DECpRIteLad Seiey

temperature plays in the rate of
; : A Asphalt AAD-1 Asphalt AAG-1
alteration of binder composition, anhl

alterations which manifest
themselves in physical and rheological
properties. The graph at right shows
the rate of change in log Viscosity
depends greatly on the temperature
during oxidation.
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e Petersen, J.C., “Oxidative Aging Model: How It Relates to the Prediction of
- Pavement Performance,” WRI/FHWA Symposium, Laramie, WY, June 2006.



The Chemical Changes due to Aging Were Being Revealed
‘ PRINCIPLE CHEMICAL REACTION ROUTES

In addition to a clearer understanding Spurt Reaction: e e

of the kinetics of aging reactions, AP
greater.insight was gained into the
chemical changes (asphaltene growth
particularly) but in all the asphalt

components (SARA). Free Radicals (RO-, OH-, etc.)

Free Radical Chain Reaction: RELATIVE REACTION RATE: 1
Initiation

References: Petersen, J. C. and P. M. Harnsberger, Transportation Research Record No. 1638, 1998, pp. 47-55.
Petersen, J. C., Petroleum Science and Technology, v. 16(9&10), 1998, pp. 1023-1059.

e Petersen, J.C., “Oxidative Aging Model: How It Relates to the Prediction of
- Pavement Performance,” WRI/FHWA Symposium, Laramie, WY, June 2006.



Many Researchers Contributed to Our Understanding of Asphalt
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Project performed in cooperation with the Texas Department of Transportation and the Federal Highway
Administration.

Project Title: Development of a Long-Term Durability Specification for Modified Asphalt

LRL: httpotto tamu. edu/documents 0-4688- | pdf

I Abslad

This project was designed to develop 1) a better quantitative understanding of the relation between
laboratory accelerated binder aging and field aging, 2) a test procedure to measure properties of an aged
hmder that relate to fatlure on the road, and 3) a proposed specification for estimating the relative durabilty
of binders in the presence of oxidative aging. Tests were conducted on onginal base and polymer modified
himders, laboratory compacted mixtures, and pavement-aged binders. The project necessarily evolved to a
meore comprehensive approach to improving pavement service life.

Methods for significantly mproving pavement durability should be implemented: 1) construct pavements
with the loweest possible accessible (interconnected ) air voads, consistent with other best construction and
mix design practices; 2) use mix designs that have an inherently bow decrease in fatigue lite wath binder
oxidation, coupled with an approprately high mitial fatigue life; 3) wse binders with a minimuom stiffness at
the PAV* 16 hour condition (consistent with the appropnate performance grade); 4) use the pavement aging
medel for pavement design; 5) use binders that have inherently slow hardening rates kinetics; and 6) use
mepdifiers that provide the most reduction in the hardening rate. Items 1 and 2 have a dramatic impact on
pavement service life but require additional research fior the most effective implementation: 1) determine the
parameters that govern the decline of mixture fatigue life with binder hardening; 2) determine methods to
reliably, and with minimal nsk to other construction parameters, achieve very low accessihle air vonds in
pavements

T |
<MnRoad AC 120/150>

0 60 °C Slope = 0.0095 y = 0.00066476 * eM(0.0094735x) R’= 0.97509
O 75°C Slope = 0.0558 y = 0.00072916 * eM0.05579x) R’= 0.98832
A 95°C Slope = 0.182 y = 0.00066974 * eM0.18197x) R’= 0.99556

T lllllrr

G'/(n'/G") (MPals) (15 °C, 0.005 rad/s)
1 L] IIIII 1

0 10 20
Aged Sample in ER Oven Aging (Days, 1 mm, 1 atm)

Figure 5-25. Effect of Temperature on MnRoad AC 120-150 Hardening Rate.
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A General Law of Asphalt Aging Reactions Eventually Developed

Technical White Paper

Asphalt Film Aging Model
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Work eventually led to a number of models that described
binder aging in terms of conventional chemical reaction
kinetics.

The basic rate equations can be written as:

k [(-1_:,}».-][()3]”'5 ~k [2][o, ]u_s

where:

P, and P, = the product concentrations of the fast and slow reactions, respectively.
k and k: = the 1sothermal rate constants (Arrhenius temperature dependency) for the fast and

slow reactions, respectively.
c

= slaw

= the free radical concentration, determined by the fast reaction and proportional to P,.



BINDER AGING AS A FUNCTION OF TEMPERATURE

TECHBRIEF
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and Technology
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Research Center
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The Asphalt Binder

Figure 1. Graph. Oxidation model fits to isothermal oxidation infrared absorption data for the ALF unmodified binder.

Oxidative Aging Chemo-

Mechanical Model

FHWA Fublication Mo.: FHWA-HRT-15-062

FHWA Contact: Jack Youtcheff, HRDI-10, (202} 493-3090,
jack.youtcheff@dot.gov

Rationale for Asphalt Binder Oxidation
Studies

The concept of designing perpetual paverments has
abwvious economic advantages when lifecycle costs
are evaluated, The realization of extended pavement
lifa resulting in reduced cost requires developing tech-
nalogies 1o manitor andior mitigate the effects of asphalt
binder oxidation, which stiffens and embrittles the binder.

CCly

A fundamental understanding of the phenomana
causing ssphalt oxidation may suggest ways to control
ar stop it, either through material design or pavemaeant
design. A fundamental understending of oxidation is
also beneficial for designing cost-affective monitoring
protocals for pavement to rationally assess when and
what maintenance measures should be applied, An
undarstanding of the oxidation processas is also assential
to producing robust pavement performance models for
use in pavement design,

50 mg/ml

@
Q
c
m
2
o
7]
8
<
o)
(5
—
(1)
—
=
=
QO
e,
>
[®)
-~
=
7y}
77)
=
n
>
o)
£
m
O

The rhealogical properties of asphalt binder change with
axidation, and these changes must be predicted ower
the service life of the pavament, The axidized binder iz
stiffer, and stresses relax more slowly at comparable 0 40 60
tempergtures, The oxidized binder and the pavement It )

holds together accumulate stresses due to temperature Isothermal Oven Agmg Time, days
drops much more quickly and at higher temperatures

than the freshly placed binder. This shifts the effective Source: WRI.

performance grade to warmer values. Not only does the

pavermnent accumulate stresses more readily in a given

climate with oxidized binders compared with recently

placed pavenents, but the extent of oxidation is alse mare

severe at the surface than deeper in the asphalt concrete,

causing higher stress concentrations at the surface than




BINDER AGING AS A FUNCTION OF TEMPERATURE

The Asphalt Binder : 2
bR SR Oxidative Aging Chemo- Rate Of a reaction =

Mechanical Model

= oiC
dt

FHWA Fublication No.: FHWA-HRT-15-052 Figure 8. Equation. The fast reaction temperature Rate ConSta nt, k

Fl'l'-"u'.ﬂ. [._;;_Illli,lr_::.. Jack Y-;_:u.;‘,.;;r-ul'l' HRDI-10, (202) 493-3090, dependence

jack.youtcheff@dot.gov Freq uency factor’ Al
Hatil::nale for Asphalt Binder Oxidation > g

s , Activation energy, E_
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BINDER AGING AS A FUNCTION OF TEMPERATURE

More recent studies have
taken.a look at the effect of
short-term aging temperature
on rheological properties such
as the crossover temperature
(tan 6 =1).

Here the positive impact of
lower heating temperatures
(123°C versus 163°C) on two
binders (B502 & B504) is
apparent as well as itisin
properties such as the-Glover-
Rowe damage parameter.
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BINDER AGING AS A FUNCTION OF TEMPERATURE

Site ID Location Binder / Modification ate | Date Core
Extracted
] Control HMA, Foam WMA, R o
2010 201+
Evotherm WMA

G*, 64°C, 10 rad/s (kPa)
2
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' ‘_National Academies of Sciences, Engineering, and Medicine 2017. Long-
- Term-Aging of Asphalt Mixtures for Performance Testing and Prediction:
Washington, DC: The National Academies Press.

. Pages 56 and 57.


https://doi.org/10.17226/24959

BINDER AGING AS A FUNCTION OF TEIVlPERATURE
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| Petersen, J.C., “Oxidative Aging Model: How It Relates to the Prediction. of Pavement Performance,” WRI/FHWA Symposium,
- Laramie, WY, June 2006.



BINDER AGING AS A FUNCTION OF TEMPERATURE

GEORGIA PAVEMENTS

(Plotted from data in: Coons and Wright, AAPT, v. 37, 1968, pp. 510-528)
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| Petersen, J.C., “Oxidative Aging Model: How It Relates to the Prediction. of Pavement Performance,” WRI/FHWA Symposium,
- Laramie, WY, June 2006.



BINDER AGING AS A FUNCTION OF TEMPERATURE

More recent studies have
taken.a look at the effect of
short-term aging temperature
on rheological properties such
as the crossover temperature
(tan 6 =1).
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Here the positive impact of
lower heating temperatures
(123°C versus 163°C) on two
binders (B502 & B504) is
apparent as well as it'isin
properties such as the-Glover-
Rowe damage parameter.
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“ poulikakos L. D., Cannone Falchetto A.,Wang D.,Porot L., Hofko B, “Impact of asphalt aging temperature on chemomechanics,”
- Royal Society of Chemistry Advances, : RSC Adv., 2019, 9, 11602.



Lower Aging Temperatures Alter the Asphalt Composition

Bitwanen Aging and Sample SARA Fractional Groups, % Gaestel

Grade Preparation Method  gatyrates  Aromatics Resins  Asphaltenes IndexI

1-RT 70/100 RTFOT 5.28 43.66 36.30 14.76 0.251
1-P1 70/100 PAV 1 (22 h) 2.21 27.86 51.95 14.97

1-P2 70/100 PAV II (44 h) 494 23.87 53.54 17.66

4-RT PMB 45/80-55 RTFOT 5.18 34.32 41.76

Code

4-P1 PMB 45/80-55 PAV 1(22h) 5.12 30.94 48.54

4-P2 PMB 45/80-55 PAV 11 (44 h) 5.03 24 .82 55.55 14.60

7-RC Unknown Recovered 7.68 30.56 41.70 20.05

8-RC Unknown Recovered 6.01 31.52 44.72 17.75

9-RC Unknown Recovered 6.50 31.67 43.14 18.68
10-RC Unknown Recovered 6.79 33.23 42.09 17.88 0.328
11-RC Unknown Recovered 6.70 29.55 44 .58 19.18 0.349

Kleiziene, R., et. al. “Effect of Aging on Chemical Composition and Rheological Properties of Neat and Modified
Bitumen,” Materials 2019, 12, 4066, page 8.
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What A_re Our Key Aging TeSt Approaches Today

Short-term Aging , 4 In-service Aging
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PIIIIIersen J.C., “Oxidative Aging Model: How It Relates to the Prediction of Pavement Performance,” WRI/FHWA Symposmm
Laramle WY, June 2006 ‘ - \ ‘




What Happens When We Lower RTFO Temperatures

Reduced RTFO Temp Impact on Binder Stiffness
(PG 64-22 base binder)

163 C(325F) =135C(275F) +-177 C(350F)
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- Lower RTFO Temperatures Reduce the Rapid “Jump” Aging (Petersen)

Reduced RTFO Temp Impact on Binder Stiffness

(PG 64-22 base binder)
100

163 C (325 F) =135 C (275 F) -~177 C (350F)

"

PAV OXIDATIVE AGING KINETICS OF ASPHALT AAB-1 (60°C)

Spurt Reaction Free-Radical Chain Reaction
Primary Reactants:
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- The Effect of Lower RTFO Temperatures Is Significant
177 C (350 F) |163 C(325F)[135C (275 F)

G*/sind, kPa / Hr

8 RTFO Conditioning | 232 | 124 | 077

-

Rate Change
Relative to STD, % 87

Reduced RTFO Temp Impact on Binder Stiffness
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87% = (2.32-1.24)*100/1.24
-38% = (0.77-1.24)*100/1.24
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Lower RTFO Temp Reduces Binder Loss

Seven binders from around the world show much steeper
mass loss above about 280°F.
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Lower RTFO Temp Reduces Binder Loss

Asphalt Binder Mass Loss
1.00

PG 64-22
0.80 WMA
Range

0.60

|
|

0.40 | ¥
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X
)
)
@)
i
v
7))
=

I

0.20 I I

| I

0.00 A4 4
70 90 110 130 150

(158F) (194F) (230F) (266F) (302F) (338F)

RTFO Conditioning Temp, C

PG 64-22 )
PG 64-22 F
——PG 58-28 F

Above WMA
typical
temperatures,
mass loss tends
toincrease.
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* How do lower short-term temperatures (WMA) impact binder
low and mid temperature performance?

* Does the typical PG grading (20 Hours PAV) show value of lower
short-term temperatures?

ingevity 'j



~ Binder Performance at Varying RTFO Temperature and Varying
- Percent ABR

Binder Blends RTFO Temperature All other telstihg conditions
-~ were fixed:

8 PG 64-22 163°C (325°F) (Std Temp)

177°C (350°F)
(Std Temp + 14°C (25°F))

" PAV, 100C : 20, 40, and 60

i PG 64-22 - Hrs

: PG 64-22,10% SynRAP  135°C (275°F) - PG Low critical temperature
& ABR,0.5% WMA (Std Temp — 28°C (50°F)) (EE{ERARY

’ PG 64'22; 25% SynRAP 135°C (275nF) ATcrl‘ncal and Glover_Rowe
@ ABR,0.5% WMA (Std Temp — 28°C (50°F)) & - Parameter

o - Evetherm-BenefitSummary. 2020 - 0 g e g g
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- Binder Performance Criteria

Ductility Glover DSR DTc G-R Parameter
15C & Function Anderson et al Calculated from
Criteria | 44.7°C recommended | Glover et al.’s values
cm/min. 10 rad/sec value 15°C 0.005 rad/sec

(cm) (MPa/sec) (°C) (kPa)

Cracking
Warning

e Cracking
B Limit

"Ref. Rowe, GéOff.“'7"he‘wdévélopn5él'7ﬂi" of the ATc and Glover-Rowe bdFdnﬁétérS for the control ‘ofn'or-i—' TR
+« % load associated cracking. CAPSA, 2019, .. | . .
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Lower RTFO Temp Improves Long-Term PG Performance, PG -YY

PG Low Temperature Comparison
(PG 64-22 base binder)

—A—64-22 177C (350F)

64-22 163 C (325 F)

~B- 64-22, 10% ABR, 0.5%, WMA
135 C (275 F)

—%—64-22, 25% ABR, 0.5% WMA,
135 C (275 F)

O
£
£
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40 50
PAV Conditioning, Hrs
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Delta Tc Comparison
(PG 64-22 base binder)

—A—64-22, 177 C (350 F)

64-22, 163 C (325 F)

Warning

F O
o
©
>
Q

| O

~B- 64-22, 10% ABR, 0.5%
WMA, 135 C (275 F)

—%—64-22, 25% ABR, 0.5%
WMA, 135 C (275 F)

PAV Conditioning, Hrs
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Glover-Rowe Parameter (background)

Kandahl 1977

- | Ductility at 15.5C &
: 5 cm/min (cm)

Pavement Condition Observed

Satisfactory

Loss of Fines (matrix)

Raveling

Cracking, needs resurfacing

Very poor, extenswe cra ckl ng

Rowe AAPT 201 1

G
sin(6) Parameter (GRP)

G
G*(COS( ))?

—————at 15C & 0.005 rad/sec < 180 kPa

i Glover, et al. FHWA- 2005

Ductility = 0.23 * {G'/(n'/G")}*(-0.44)

-d
o

5
:
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=
S
w
>
£
L
=
S
S
o

107 10° 107%
G'/(n'/G') (MPa/s) (15°C,0.005 rad/s)
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' Glover-Rowe Parameter (GRP) Examples

Black Space Diagram GRP Values

GRP for Aged PG64-22 at Varying RTFO and E h .
OB onditions 456 1orad/e e GRP for Aged PG64-22 at Varying RTFO and

7.0 Evotherm Conditions 45 C, 10 Rad/s

/ 1.E+06
s 600 kPa @ 350F

180 kPa ) 325 F

6 5 | | Block Cracking

e

60—

. e
o Initiation 2"

pamag!

. 275 F
10%
No Block Cracking ABR
5.0 ; 275 F :
40 50 60 25% ABR
0.5% ¥
WMA

5.5

Phase Angle

—e—350F 325F
275 F, 10% ABR, 0.5% WMA 275 F, 25% ABR , 0.5% WMA PAV Conditioning Hrs

oo ingevity o



BINDER AGING AS A FUNCTION OF TEMPERATURE

Condition PAVh G-RP
0 3.88934 _ Block Cracking /

2/5RTFO, 14 20 4.94801
ABR 40  5.3897
60 5.63377

—G-R =450 kPa
G-R =180 kPa

-©-275 F 14ABR
No Block
Cracking Zone \

50 55 60 65 70
Phase Angle

o




BINDER AGING AS A FUNCTION OF TEMPERATURE

Condition

PAV h

G-RP

275 RTFO, 14
ABR

0
20
40
60

3.88934
4.94801
5.3897
5.63377

Block Cracking /

275 RTFO, 30
ABR

0
20
40
60

4.28082
5.17084
5.60446
5.75896

——G-R =450 kPa
G-R =180 kPa

—©—275 F 14ABR

——-275 F 30ABR

No Block N
Cracking Zone \

50 55 60 70
Phase Angle




BINDER AGING AS A FUNCTION OF TEMPERATURE

Condition

PAV h

G-RP

275 RTFO, 14
ABR

0
20
40
60

3.88934
4.94801
5.3897
5.63377

e

275 RTFO, 30
ABR

0
20
40
60

4.28082
5.17084
5.60446
5.75896

325F RTFO, 14
ABR

0
20
40
60

4.16373
5.17109
5.63455
6.08978

Block Cracking //
/ /

——G-R =450 kPa
K\ ——G-R =180 kPa
—6—275 F 14ABR
—9—275 F 30ABR
—A—325 F 14ABR

No Block N
Cracking Zone \

o

50 55 60 70
Phase Angle




BINDER AGING AS A FUNCTION OF TEMPERATURE

Condition PAVh G-RP _ Block Cracking //
0 3.88934 /

275 RTFO, 14 20 4.94801
ABR 40 5.3897

60 5.63377

0 4.28082 ——G-R =450 kPa

275 RTFO, 30 20 5.17084 ' ‘ ——G-R =180 kPa

ABR 40 5.60446 ‘ —0—275 F 14ABR
60 5.75896 ——275 F 30ABR

0  4.16373 ' \ —A—325 F 14ABR
325FRTFO. 14 20  5.17109 A—350 F 30ABR
ABR 40  5.63455 -
B N\
60  6.08978 No Block N
Cracking Zone
0  4.66262
350 RTFO, 30 20  5.48548 ' No

ABR 40 5.89931
60 6.25298

50 55 60 65 70
Phase Angle




Another Way to Look at the Glover-Rowe Parameter

600000

500000

<« -450 kPa Extensive

Non-load Cracking
400000

300000

Propensity)

200000

100000

oY)
£
a4
O
©
—
O
Y-
o
()
—_
>
(%]
©
[}
=
©
[a
(S
Q
4+
Q
S
©
—_
©
[a
(3]
2
o
o
<
[
>
=,
()

20 30 40 50 60
PAV Aging Hours (to Simulate Long-term Field Aging)

- Glover-Rowe Parameters (GRP) measure the cracking resistance of an asphalt binder. Above
- 180kPa, a binder can be expected to begin showing cracks. Above 450kPa, the binder will exhibit
- extensive block cracking.



Another Way to Look at the Glover-Rowe Parameter

600000 SR et Glover-Rowe Parameters (GRP) can be converted into

y = 390.97x1-786¢ .
soo000 L Rzt L TIOORL KOO ) values representing the percent of binder life

<A50kPaExtensive _ _ _ _ _ _________ A R >

Non-load Cracking remaining (PBLR) before extensive age-related block
cracking occurs.

400000

300000

AHMA 10ABR OWMA 25ABR <& WMA 10ABR
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100000
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PAV Aging Hours (to Simulate Long-term Field Aging)

At Oh PAV all binders have 100% remaing
life.

At each PAV cycle, we calculate PBLR as
(450,000 = GRP at PAV cycle)*100 |
AT VAN Y M "IN RAT A (WA AT e PN/ AVl S 60 70 80 90

450;OOO PAV Aging Hours (to Simulate Long-term Field Aging)

450 kPa Extensive Non-load Cracklng

% Remaining Binder Life (until reaching 450kPa
cracking stress)




Using the Limiting Glover-Rowe Value of (600 kPa limit)

600000 =«
600 kPa Extensive

Non-load Cracking ! A Using the Rowe-recommended 600 kPa limit, one can see -
733 0ma e that Percent Remaining Binder Life (y-axis) as a function -
400000 oyt 209987 | of PAV aging hours (x-axis) for each sample is "
R?=1 substantially extended as compared to the graph on the -
300000 A HMA 10ABR preceding page with a 450 kPa limit).
< WMA 10ABR

O WMA 25ABR
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200000

of Cracking Propensity)
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A HMA 10ABR
OWMA 25ABR
<& WMA 10ABR
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PAV Aging Hours (to Simulate Long-term Field Aging)

B
o

450kPa cracking stress)

The above graphis the same as that on the previous
slide, except that the Glover-Rowe Parameter at which
extensive non-load cracking occurs is 600 kPa, not 450

kPa. G.Rowe (1) recommends the 600 kPa limit, not R e

450 kPa 60 70 80 90

(1)www.asphaltpavement.org/PDFs/Engineering_ETGs/Binder 201604/13 PAV Aging Hours (to Simulate Long-term Field Aging)
%20Rowe%20-%20DTc%20-%20Historical%20development.pdf
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Converting PAV Aging Hours to Years of Service

AHMA 10ABR  OWMA 25ABR & WMA 10ABR Each 20-h PAV cycle is equal to 5-10 years .
7R T aeen 105! of field life. Using the value of 5 years, the
! Pl ' PRBL aging curves can be projected over a
span of years (in this case, 25 years).

y =-0.0089x2- 0.3276x+ 100.45
R? =0.9996

AHMA 10ABR OWMA 25ABR <& WMA 10ABR

cracking stress)

o
2

450 kPa Extensive Non-load Cracking S

0 10 20 30 40 50 60 70 80 90
PAV Aging Hours (to Simulate Long-term Field Aging)
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Pavement Quality Index

The PRBL values from the curves using the
450 kPa limit can be fit with second-order
polynomial curves.

Years of Service




f ' Considering Maintenance Scenarios Over a Design Life

AHMA 10ABR OWMA 25ABR <& WMA 10ABR
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Years of Service

When each pavement reaches about 10-
13% remaining binder life, the aged
pavement is resurfaced. That is, the aged
pavement is milled off and a new paving
mixture is applied.

We assume that the same paving mixtures are
reapplied during resurfacing and that the
pavement is restored to a Pavement Quality
Index of 100%. At that point, the aging cycle
begins again according to the GRP’s.

—A—HMA 10ABR -©-WMA 25ABR ——WMA 10ABR

Pavement Quality Index

Years of Service




" The Comparative Cost of the Maintenance Program Can Be Estimated

—+—HMA 10ABR —-5—WMA 25ABR ——WMA 10ABR
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Resurfacing

Years of Service

If we arbitrarily stop the analysis at 25 years of service, we can
calculate the cost of each pavement over that 25-year period.

Over the 25-year period, the per lane-mile cost of each pavement:

HMA with 10% RAP made at 325°F: $90,978.46
WMA with 25% RAP made at 275°F $68,101.65 ({,25%)
WMA with 10%RAP made at 275°F $56,480.00 ({,38%)
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36
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87
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56,480.00
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Reduced Mix Temperatures Yield Performance Benefits

P632 Rut, mm @ 20k Pass vs. CT Index

CT ;'Vnc‘ex Avg: 142
Rut mm @ 20k Pass: 4
Prod Temp, F: 275

4

CT Index Avg 118
Rut, mm @ 20k Pass: 4.200
Prod Temp, F: 300

CT Index, Avg: 135
Rut, mm @ 20k Pass: 4.500
Prod Temp, F: 300

CT Index, Avg: 145
Rut, mm @ 20k Pass: 6.500
Prod Temp, F: 275
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- Reduced Mix Temperatures Yield Performance Benefits
; Rut, mm @ 20k Pass vs. CT Index, Avg Prod Temp, F
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Aging Can Be Monitored Through Other Stiffness Parameters

2.2kPa)

RAP ZONE

A 325F, 14ABR

A 350F, 30ABR
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30 40 50
PAV hours

PG XX, °C =41.581 + 0.2083*ABR + 0.0944*RTFO, °F +
0.4038*PAV h




Glover-Rowe Parameter and PG XX Values Trend with PAV Aging
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BINDER AGING AS A FUNCTION OF TEMPERATURE
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Can Lower Temperatures Bring Additional Benefits
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WMA: Steady Growth in the U.S.A since 2002

DI IID T D T T TipY

. eNAPA led study " eWMA *WMA TWG e FHWA/AASHTO ¢WMA trialsin o NCAT Full- o WMA trials in
- tourto Europe demonstration . formed European Scan 32 states Depth WMA 45 states / 10
at World of e1st WMA on Tour o5t Test Sections Canadian
Asphalt NCAT Test Track *NCHRP 9-43 on - International eNCHRP 9-47 on  Providences
eFirst field trials " eFjeld trialsin WMA Mix WMA Eng. Props, *Over 20 WMA
in FLand NC FL, IN, MD, NH,  Design initiated = Conference emissions, field - technologies in
OH, TX & performance the US
Canada completed

DD TP R R ETD R

*NCHRP 9-43 *NCHRP 9-49 *NCHRP-9-47A  eNCHRP 9-53 *NCHRP 9-49A  ¢NCHRP 9-55 *NCHRP 9-61

completed onWMA on WMA on Foamed on Long-Term = on RAS + WMA on binder
e Qnd Moisture Properties and  Asphalt Field completed aging to
International Susceptibility Performance completed Performance accurately
WMA completed completed completed reflect mix
Conference aging to be
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WMA in the U.S.A. Today

\; The estimated total asphalt mixture tons for 2018 was
389 million tons. About 40% was WMA.

PAVEMENT AS50CIATION Asphalt Pavement
Q?" '\Q \\ " O C 0 : ' [’ = A

Industry Survey on
D D D L\ ﬁ&\ -"L‘\' .-\/ ‘L- "'L 'L ‘«155‘ .\_5:5\" ) 1\ .‘LQ\' S S S S YAy

g

Recycled Materials and

Warm=Mix Asphalt Usage

2018
Information Series 138
Produced September 2019 |
o b A '. ‘
fe ‘e

$ 38§35

% Companies Using WMA
N
3

% Total Tonnage Using

Figure 15: Percent of Companies Using WMA Figure 16: Percent Total Tonnage Produced Using
Technologies WMA Technologies

b 9th Annual Survey
Information Series 138 (9th edition) | 31

www.asphaltpavement.org/PDFs/IS138/1S138-2018 RAP-RAS-WMA _Survey Final.pdf



WMA in the U.S.A. Today

Table 15: Percent Production of WMA Technologies, 2009-2018

Asphalt Pavement
Industry Survey on

Recycled Materials and
Warm=-Mix Asphalt Usage
2018

% Production
WMA Technology

Production Plant Foaming %
Information Series 138 Addit]".l"e FL'JEH'Iir"Ig E_!":.j
Chemical Additive %

Organic Additive %

Produced September 2019

Majority of WMA tonnage is produced with foaming
technologies (63.2%) or with chemical additive (34.3%).

o ‘www.asphaltpavement.org/PDFs/IS138/15138-2018 'RAP-RAS-WMA ‘Survey Final.pdf
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:~“.,":WMA in the U.S.A. Today

Table 15: Percent Production of WMA Technologies, 2009-2018

A oo
® [T2014 [ o015 | o016 | 2017 | 2018

Asphalt Pavement
Industry Survey on
Recycled Materials and
Warm-Mix Asphalt Usage
2018

Information Series 138

Produced September 2019

Organic Additive %

Majority of WMA tonnage is produced with foaming
technologies (63.2%) or with. chemical additive (34.3%).

! “www.asphaltpavement.org/PDFs/IS138/1S138-2018_RAP-RAS-WMA _Survey Final.pdf
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.WMA in the U.S.A. Today

able 15: Percent Production of WMA Technologies, 2009-2018

% Production
WMA Technology

Production Plant Foaming %

lajority of WMA tonnage is produced with foaming
chnologies (63.2%) or with chemical additive (34.3%).

2013 2014 2015 2016 2017 2018 2019

A Espumado @ Tensioactivo

, "‘_‘www.asphaItpavement.org/PDFs/IS138/I5138—2018_RAP—RAS—WI\/IA_Survey_FinaI.pdf



WMA: What Influence Our Evolution through the 2020’s and 2030’s
| RUTGERS

Life Cycle Assessment (LCA)

- LCA is an analytical technique for assessing potential
environmental burdens and impacts throughout a product’s life

from raw material acquisition through production, use and
disposal (ISO 2006).

Raw material . . Use / End-of-life /
acquisition [Manufacturmg}[ Construction ] Maintenance ][ Disposal

http://cait.rutgers.edu/system/files/ull/LCA Pavement Preservation
NJDOT_Showcase.pdf by Wang, H. Rutgers University



http://cait.rutgers.edu/system/files/u11/LCA_Pavement_Preservation_NJDOT_Showcase.pdf

Economic Benefits of Chemical WMA
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WMA'S TOTAL ECONOMIC & ENVIRONMENTAL BENEFITS
CO, REDUCTIONS

B Increase ® Decrease H Total
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/ -16.00 I
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-2.50

https://www.epa.gov/sites/production/files/2015
EF, .= 0.75 metric tons CO2/metric ton of lime produced

FUEL CONSUMPTION 10% HIGHER RAP DENSITY BONUS LONGER SERVICE LIFE

No LmMEe Less AC ADSORBED BETTER COMPACTION EXTENDED SEASON WMA

Mix Component



https://www.epa.gov/sites/production/files/2015

WMA'S TOTAL ECONOMIC & ENVIRONMENTAL BENEFITS

CO, REDUCTIONS

B Increase ® Decrease H Total

27% reduction in CO,-eq

: 0.00

/ -16.00 I

Ib/mix ton

-2.50

https://www.epa.gov/sites/production/files/2015
EF, .= 0.75 metric tons CO2/metric ton of lime produced

FUEL CONSUMPTION 10% HIGHER RAP DENSITY BONUS LONGER SERVICE LIFE

No LmMEe Less AC ADSORBED BETTER COMPACTION EXTENDED SEASON WMA

Mix Component



https://www.epa.gov/sites/production/files/2015

The Future of Reduced Mixing Temperatures

Can we do better than half the fuel usage, half
the fumes/emissions? Can we go further?

Will lower detection limits for instrumental
analysis of PAH’s drive the NIOSH STEL below

0.5 mg/m?3?

Will “Green” environmental concerns demand even lower CO,-equiv /
ton of mixture?
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_ If you see something in this -
- presentation that you want to

hear more about, we have

f;;" x additional data ava//able and .
" would be happy to discuss any of
_.the above topics in greater detail.

Cra|g Reynolds

Technical I\/larketlng

‘Manager

Craig. reynolds@lngewtv com

Mob\ile 208_-999—2555

| »'Trey Wurst PE

'Technology Development '
- Engineer :

tre’v.‘wu rst@in gevitv.COm

‘Mobile 864-933-9804 -
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