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WesternResearch Introduction

J Objectives

» Address the Impacts of Changes in Asphalt Binder
Formulation and Manufacture on Pavement
Performance (Thermal Cracking, Block Cracking, and
Raveling).

» Propose Changes to the Current PG Asphalt Binder
Specifications, Tests, and Practices.

1 Updated Completion Date
» Effective Date: 7/6/2016
» Completion Date: 6/30/2019
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priveiarhel Agency Survey

Oxidized asphalt

J Potential Binder Issues

REOB and related materials
PPA modified asphalt
Excessive RAP

Excessive RAS

Others

0 2 4 6
Number of Responses

M Oxidized Asphalt, Others
B Oxidized Asphalt, RAP, RAS
B REOB, PPA, RAP, RAS
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Factors Considered

1 Internal Restraint Mechanism (Hypothesis)
» Restraint Mix in red

or gray directions

Spheres Packed to Maximum Density

Thermal Cooling With Restraint:
Cooling creates tensile stress in
direction of restraint:

» Mastic Restraint Within
the Aggregate Structure

Spheres Packed to Maximum Density

“Internal Restraint”: A hypothesis

for mixture damage when cooling
without restraint.

Assumption: Binder/Mastic shrinks

First yield at aggregate contact
points in dimension of restraint

‘..0-5' AN
- Damage Zone:

e
Binder in tension: First Yield ™
within damage zone

Adhesive or Cohesive Failure

» Long-Term Aging Potential
» Physical Hardening

» Healing Potential °



SO, Binder Matrix

1 Problematic Binders
» High AT_and generally “out of balance”, incompatible blends
and modlflcatlons 5 ; |
= REOB blends
= Airblown, oxidized blends
= Hard SDA / Soft blends
= Visbroken Residue (IMO 2020)
= Waxy binders
= I[ncompatible blends

O Fracking crudes / Heavy Crudes
* Inhomogeneous modified binders
O Polymers — EVA, SBS, SBR, Terpolymers
O Additives — PPA, Wax, Biomass
= High RAP / RAS



SO, Binder Matrix

I Binder with Corresponding Field Sections
» Highway 655, Ontario, Canada MTO (7 sections)
» Rochester, MN (4 sections) i
» US 93, AZ (4 sections)
» | 295 SB, Portland, ME
» Route 1, Presque Isle, ME
» Route 11, Wallagrass, ME MR secion
» Route 12, Westmorland, NH s e ——— I
» SH 195, Florence, TX
> FAA/AI Study (3 Sections) ?_e_cfﬁon !

NCHRP 09 60
Fleld V|S|t Ontario Canada
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Experimental Plan

I Binders From Suppliers

Binder Testing Plan

Mixture Testing Plan

Laboratory Short-Term Aging  Long-Term Aging  Physical Hardening
Conditioning (RTFO) J (PAV/ZPAV/4PAV)J (BBR/DSR/ABCD)
Chemical

Microstructural
Characterization

GPC

AFM

Thermal
Characterization

SAR-A DTM)

FT-IR)

DSC

v

Rheological
Characterization

Mastercurve
(DSR 60°C to -30°

PG-Grading
(DSR&BBR

1

Adhesion/Healing
Parameters (DSR

Ductility &
Cracking
Performance

DTT SDENT ) ABCD )
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Experimental Plan

J Field Cores

S
gf© . . . .
\o@‘f/ ) Binder Testing Plan Mixture Testing Plan
Field Cores Ifield Cores d Co
(Extraction and Recovery)l “
Chemical

Microstructural
Characterization

SAR-ADTM)

FT-IR)

GPC

AFM

Thermal
Characterization

DSC

v

Rheological
Characterization

PG-Grading
(No BBR)

Mastercurve

(DSR 60°C to —30°C}

Adhesion/Healing
Parameters (DSR)

Ductility &
Cracking
Performance

Sliver Test

10
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Minnesota Sections

JRochester, MN

PG 58-34 Elvaloy Modified, 20% RAP, Supplier: MIF

oA

)

] T
}%Z

s00* so00*
22247

MN1-1, FG 58-34

Elvaloy Modified, 20% RAF,

| soo 500¢ |
1.741"

MN1-2, PG 58-24
Elvaloy Modified,

PG 53-34 Elvaloy Modified, 20% RAP, Supplier: MIF

Match

| 7R
:/42%:

I 7] 7
7z |

s500° 500!
1.601°

MN1-4, PG 52-28
Unmodified,

500! SEIEI"'
1,314

MN1-5, PG 58-28
LiInmodified,

500 500!

1487 —

MN1-3, PG 58-28
Unmodified.
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JRochester, MN

Binder ID PG-grade Binder Source Modification

MN 1-2 PG 58-34 Canadian Blend Terpolymer

MN 1-3 PG 58-28 Canadian Blend N/A
MN 1-4 PG 58-28 Middle East Blend REOB
MN 1-5 PG 58-28 Venezuelan Blend N/A

»8% REOB in MN 1-4, by XRF (FHWA-TF)

»MN 1-2 PG 58-34 was produced by (Elvaloy + PPA)
modification of a PG 52-34 base binder came from a
blend of Canadian crudes similar to the MN 1-3
PG 58-28 12




WesternResearch

i Minnesota Sections
D Rochester, MN Binder ID Binder Source Modification
> Field Perf MN 1-2 Canadian Blend Terpolymer
€ errormance MN 1-3 Canadian Blend N/A
MN 1-4 Middle East Blend REOB
60 MN 1-5 Venezuelan Blend N/A
g —o— MN 1-2
O | =¢= MN 1-3
§v40_ |-|\/|N1-5 i
F 2
EE
=
C_S — 20 }
g @)
5 10 | 8 yr
© . old
0 —i=
2006 2007 2008 2009 2010 2011 2012 2013 2014
Year 13

2006-2012 Data was collected by WRI, 2014 Data was obtained from (M. Corrigan, 2016)
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Minnesota Sections

IG*| (Pa)

o o0
JRochester, MN: _ =
2E |
> Black Space &5 |
(RTFO) 25
O
1E+09
1E+08 | %
1E+07
1E+06
1E+05
TE+04 I gMN1-2 (RTFO)
TE+03 I & MN1-3 (RTFO)
1E+02 -, MN1-4 (RTFO)
TE+0T I mmMN1-5 (RTFO)
1E+00 ' | | |

2006 2007 2008 2009 2010 2011 2012 2013 2014
Year

—o—M
| == M
Y
M

zZzzZ
I
abrwN

10 20 30 40
Phase Angle (°)

50

60

Binder ID

MN 1-3 (CA Blend)

MN 1-5 (Ven. Blend)

14



Minnesota Sections

1G*| (Pa)
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() 60
n :.—MN l:g l
JRochester, MIN & _ = | -3t -
%é 40 | ®CMNLS A
Eo Vs
» Black Space 5% w| -
= O
8
(PAV 40H) 50
IS
8 -
2006 2007 2008 2009 2010 2011 2012 2013 2014
Year

1E+09

1E+08

1E+07

1E+06

1E+05

TE+04 ' @MN1-2 (PAV 40hr)

TE+03 I 4 MN1-3 (PAV 40hn)

TE+02 - A MN1-4 (PAV 40hr)

TE+0T ™ mMN1-5 (PAV 40hn)

1E+00 | | 1 | 1 1 1 |

10 20 30 40 50 60 70 80
Phase Angle (°)

90

Binder ID

MN 1-3 (CA Blend)

MN 1-5 (Ven. Blend)
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Minnesota Sections

J Oxidative Aging Effect
» Black Space — MN (1-4)

1E+09
1E+08
1E+07
1E+06
1E+05
1E+04

1G¥| (Pa)

1E+03
1E+02
1E+01
1E+00

......

¢ MN1-4 (Unaged)
AMN1-4 (RTFO)

@®\MIN1-4 (PAV 40hr)

10 20 30 40 50 60 70 80 90
Phase Angle (°)

100
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J Oxidative Aging Effect
» Mastercurve— MN (1-4)

2 1E+09 \=%0 > 90

> ’l‘iﬁ?ﬁ'&?’&&»

= 1E+08 '-:‘3333?%' 80

8  1E+07 i 70
= 1E+06 60 @
G —~ 1E+05 50 &
o © <
S Q 1E+04 40
(&) 1E+03 l" W, 30 %
E  1E+02 ” Wt 20 §
© i W

c ~1EHOL 0 ®PAV 40H |0, | @ 10

A 1E+00 i | | 0

1E-06 1E-03 1E+00 1E+03 1E+06 1E+09

Reduced Angular Frequency (rad/s)
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b e Minnesota Sections

J Oxidative Aging Effect
> FT-IR (ATR) — MN (1-4)
0.3

——MN 1-4 (Unaged)
——MN 1-4 (RTFO)
——MN1-4 (RTFO+PAV 40hr.)

o

N

ol
|

O
N
|

0.15 ¢

I
=
|

Absorbance (AU), ATR

0.05

O ] ] ] ] ]
2000 1800 1600 1400 1200 1000 800

Wavenumber (cm-1) 18
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WesternResearch SAR-AD™

L Saturates, Aromatics, Resins — Asphaltene Determinator

» Fully automated SAR separation (Chromatography) coupled to
AD asphaltene fractionation (Solubility)

Resins
357 Aromatic
: £ 304 8
! =
Cyclohexane Toluene CH,CIl,:MeOH D 254 |’ 1
) @) ) = Asphaltenes 1
= 201
S 15 Saturates 4—‘—\
N . 2
—
@A 104 1
= 2
i
. L s | A .
- ! | I
- A ! :
< 0.8 : ; : !
S ! ' ' I
0 ! I I :
© 067 ! 1 I I
o ! I I :
c 0-4_ 1 1 1 I
8 ! I I |
S 0.2+ 1 | "
a8 L ' ' I
<< 0.0 A : — —_
IAIIBI(I:II?IIEIIF '.G'.H.'.I.
0 20 40 60 80 100 120
Elution Time, min

Patented 19
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1 Oxidative Aging Effect
> SAR-AD™ — MN (1-4)

Saturates 1

Methylene 40
Chloride-
Soluble 30 Saturates 2

Asphaltenes

Toluene-
Soluble
Asphaltene

Resins

1-4
— — —MN 1-4 (RTFO)
1-4 (RTFO+PAV 40H) 20
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Ceerarure DSC
1 Differential Scanning Calorimetry (DSC)

Glass Transition (T,), Crystallizable Fraction,
Modulated Unmodulated

2.5 - 15
P 1.4
S0 <+ 5°C/Mi
éo . = 1.3 N
S €12
Q =
Q.5 - 011
o LL
£ T 1
ZE 0
Q0 - T 09
3 ]

Width 0.8

T ture, °C

I cmperarre ., _AAM-1PG 64-16

-80  -40 0 40 80 120  16( -80 -30 20 70 120
Temperature, °C
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Minnesota Sections

JRochester, MN
» Glass Transition (DSC) — Modulated Heating (2°C/min)

Reversing Capacity

(J/(g.°C))

1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5

— MN 1-2 (Unaged)
- = MN 1-3 (Unaged)
- MN 1-4 (Unaged)
------- MN 1-5 (Unaged)

10 30

Temperature (°C) 22
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Glass Transition Width

Neeriaue Minnesota Sections
JRochester, MN 150 e Mﬂ/l'3 s
» Glass Transition (DSC) - ; 200 | %
(Unaged) 2 g
lc_E g -26.4
g,) *§ -30.0 291
c O
O 2 350 |
2 -36.1
-40.0
40.0 383
35.6
350 r 34.1
31.7
3 7
O 300 %
250 Z
20.0 é =S 23
MN 1-2 MN 1-3 MN 1-4 MN 1-5
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JRochester, MN

» Glass Transition (DSC) — Unmodulated Cooling (-5°C/min)
1

Heat Flow (W/qg)
o o o
EAN o (00]

O
N
|

80 30 -20 -70 -120
Temperature (°C) 24
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Wi = & Minnesota Sections
JRochester, MN¢_ = | = i . Binder D
o= MN 1-2
» Rvs. @, 2% (CA Blend / Terp.)
(Fresh, RTFO, PAV 4OH)§5 MN 1-3 (CA Blend)
; 2006 2007 2008 2009 2010 20I11 20I12 20I13 2014 MN 1-4
Year (ME Blend / REOB)
390 M TN 12 MN 1-5 (Ven. Blend)
—A - MN 1-4
x 300 A
© —
E .
=~ 250 |
s ~
=
S 200 }
o
(b}
e
@ 150 |
1.00 -
001 0.1 1 10 100 1000 10000

Crossover Frequency (rad/s) 25
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i Minnesota Sections
(JRochester, MN ¢_ = | = 2 Lt Sinder D
c --4--MN 1-5 A
el o MN 1-2
» G-R e @ g (CABlend / Terp.)
Parameter 97| il MN 1-3 (CA Blend)
(Fresh, RTFO, PAV 40H)°® 4 o 4 — MN 1-4
Year (ME Blend / REOB)
1E+09 ) MN 1-5 (Ven. Blend)
1E+08 |
1E+07 °°
EE 1E+06 |
5 1E+05 |
1E+04
1E+03 |
1E+02

O 10 20 30 40 50 60 70 80 90
Phase Angle (°) 26
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Neerirune Minnesota Sections
JRochester, MN:_ = | =i 4 Binder ID
o= MN 1-2
> AT, s (CA Blend / Terp.)
4mm-DSR 20 MN 1-3 (CA Blend)
(PAV 4OH) ; 2006 2007 2008 2009 2010 20I11 20I12 20I13 2014 MN 1-4
Year (ME Blend / REOB)
MN 1-2 MN 1-3 MN 1-4 MN 1-5 MN 1-5 (Ven. Blend)
5

1.2
g 0 B /B ' o
% -5 F -2.8 é
= -5.2
s -10 |
o
E -15 12
0 20 | -16.3 477 o
= I 215 -20.2
= 25 -23.9 Om-value (0.28)
S -30 t -26.7 0, @S (143 MPa)

a5 o Edelta Tc




bl il Existing Data

JLab aged binder AT_ vs. extracted binder AT,

ATe of Bitumen from top 1/2 inch of Pavement Cores vs. ATc of 20 & 40hr
PAV Residues
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"
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e

-8.0 -7.0 -6.0 . -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0
ATc of 20 & 40 hr. PAV Residues
+ ATc of top 12.5 mm = F(ATc of 40 hr. PAV) =a=Line of Equality for top 1/2'"' Recovered Binder

o
=
o
=
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=
=
=
=
>
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-
=
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=4
=
=
Z
j=a]
3
o
&
<

e ATc of top 12,5 mm = F(ATc of 20 hr. PAV) ——Linear (ATc of top 12.5 mm = F(ATc of 40 hr. PAV))

——Linear (ATc of top 12.5 mm = F(ATc of 20 hr. PAV))
ATc of 20 HR. PAV UNDER PREDICTS THE ATc VALUE OF 8 YEAR FIELD ik
CORE BINDER (TOP %”) TO A SLIGHTLY GREATER EXTENT THAN THE (G. Reinke,

40 HR. PAV OVERPREDICTS THE ATc VALUE ),
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it . Minnesota Sections
dRochester, MN¢_ = | == it —4 Binder 1D
E\; 40 | ®CMNLS MN 1-2
» ABCD Test 23 (CA Blend / Terp.)
(PAV40H)  z° 7 MN 1-3 (CA Blend)
-1OOC/min ; 02006 2007.200:;-/ 2009 2010 20I11 20IlZ 20I13 2014 MN 1_4
Year (ME Blend / REOB)
30 MN 1-5 (Ven. Blend)

15

-15

Microstrain (ue)
o

45 40 35 30 25 20 -15 -10 -5
Temperature (°C) 29



bl il Existing Data

JdTotal Cracks (6 yr) vs. AT_ — Rochester, MN Sections

CORRELATION BETWEEN ATc OF 20 & 40 HOUR PAV AND CRACKS IN 2012 FOR OLMSTED CTH 112

Total Distress (includes centerline & area of fatigue area) from Sept

2012 WRI Survey COMMENTS
1. Plot of ATc for 20 and 40 hour
250 8. 8meters MNals PAV residues versus the
- o amount of cracking after 6
200 MNT>4, N Rz o.919 years of service

\ 2. The correlation is slightly
150 \ better for the 40 hour PAV
) MN1-3 data than the 20 hour data
130:5 meters \Mk \u 3. Regardless of the ATc values

TOTAL CRACKS (INCLUDES CENTERLINE)

100 AN there is a strong correlation
R?=0.9593 \ MNz1-2 between worsening
s0 61.9 meters = \ pavement performance and
MNt-2 N worsening ATc
MN21-5
18 metars W o
0 1-5
-10 -8 -6 -4 -2 0 2 4

ATc (the more negative the more m controlled)

O 20 hour PAV B 4ohourPAV  =——Linear (20 hour PAV) ——Linear (40 hour PAV)

MNz1-4|PG 58-28 Arab heavy/Arab medium/Kirkuk blend
MNa21-3|PG 58-28 Canadian blend

MNz1-5(PG 58-28 Venezuelan blend
MNz1-2|PG 58-34 PNMIA based on Canadian blend

(G. Reinke, W
2017)

Mathy Technology & Engineering




bl il Existing Data

J Total Cracks (6 yr) vs. R Value — Rochester, MN Sections

COMMENTS

1. The correlation between R-
Value and total cracking for
the 4 virgin test sections is
not good

2. Thisis because the R-Value
for the PMA section (MN1-2)
does not follow the same
trend line as the unmodified
PG 58-28 binders

3. Visually one can see that the
R-Value versus cracking for
the 3 PG 58-28 binders is quite
good

4. One of the strengths of

comparing binders based on

ATcis that it is little affected

by differences in binder

grade of formulation,

whereas R-Value is

(G . R ei n ke ] %Techno.‘ogy & Engineering
2017)

R value plot vs total cracks from Sept 2012 WRI inspection

250

200 MN1-4

R?=0.6228

-
i
[=]

i
o
=
Z
o

&

MN1-5

1 1.5 2 2.5 3 3.5
R Value of PAV 2 RESIDUE

TOTAL CRACKS (INCLUDES CENTERLINE)
S
o
=
W

=]

# Total Cracks = F(R-Value) 40 hr. PAV

MN1-4|PG 58-28 Arab heavy/Arab medium/Kirkuk blend
MNz2-3|PG 58-28 Canadian blend

MNz1-5|PG 58-28 Venezuelan blend
MNz1-2|PG 58-34 PMA based on Canadian blend




bl il Existing Data

JdTotal Cracks (8 yr) vs. w_— Rochester, MN Sections

COMMENTS
1. It stands to reason that if
R-Value is does not

Total avement Distress plotted as a Function of Crossover Frequency

correlate well to
500 MN1-4 pavement performance
450 =1 that crossover frequency
\ would not given that one
400 T3 of the inputs for R-Value is
> ~_ Y =-59.563X + 464.77 ¢
< 350 ~—_ R’= 0.9926 crossover frequency.
& S~ \ 2. MN1-2 has a crossover
= 300 ~_ ~ ’
pd ~—_ \ frequency slightly better
S 250 N \.\\ than MN1-4, the worst
v 200 ...._\\ performer.
o 150 N P \ N 3. Crossover frequency
- Y =577 07 T 37545 ==
g R’z 0.6489 correlates strongly for the
o oo non-modified binders even
= 50 though they are from 3
o] MN1-5 _
= distinct crude sources.
o ; 5 3 4 5 6 ; s | 4. Crossover frequency does
Cross Over Frequency of Top 12.5 mm Bitumen, CTH 112 (@ 8 years not correlate across
quency p12:5 ’ y different binder
# Total Distress as Function of Crossover Freq top 12.5 mm bitumen PG 58-28 only formulations 32

O Total Distress as Function of Crossover Freq top 12.5 mm bitw

S~ o WE
(G o R el n ke y Ma!thechno}ogy & Engineering

2017)
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J Total Cracks (8 yr) vs. G-R — Rochester, MN Sections

COMMENTS

1. Thisis a plot of the
slope of the Glover-
Rowe parameter vs

6oo total pavement distress
on CTH 112.
500 y = 2.6145% 4 22.506 /M'E;_4 2. Due to modification
R’ = 0.8172 P MN?1-2 has the highest

>400 MN1-3 G* value at15°Cand a
= / e crossover frequency
@300 - _...-—/ only slightly higher than
z %/ MN1-2 MN1-4 and ultimately
~l
4200 — O has the worst Glover-
ok / Rowe value even
E 100 =0.8652%+159.24 though its pavement
=} o R*=0.1825 distress is 2" best of all
EZ' o MN®-5 binders
o N 52 10 152 503 252 [ 3- The correlation of

Glover-Rowe for the
non modified PG 58-28
mixtures is reasonable
at R?=0.82

Glover-Rowe of Top 12.5 mm Bitumen, CTH 112 @ 8 years

# Total Distress as Function of Glover-Rowe top 12.5 mm bitumen PG 58-28 only

33

O Total Distress as Function of Glover-Rowe top 12.5 mm bitumen all samples

- Wiz
(G g R el n ke y Ma{thechnoJ‘ogy & Engineering

2017)




WesternResearch G-R Parameter

J Evaluation / Modification of G-R Parameter

D. Christensen is leading this effort

Thermal cracking and GRP
at Tc+30 and 0.005 rad/s

N
o

[ WY
o

Tc(Env) - Tc(binder), C
o

10 450 kPa ‘
20
0.0 1.0 2.0 3.0 4.0 5.0
Asphalt Toch Log GRP at Tc+30 and 0.005 rad/s, kPa
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G-R Parameter

J Evaluation / Modification of G-R Parameter

20

10

[
o

Tc(Env) - Te(binder), C
o

D. Christensen is leading this effort

Thermal cracking and GRP at
Tc+40 and 1 rad/s

1.2 MPa

R% = 96%

2.3 MPa 1
2.0 3.0 4.0 5.0
Log GRP at Tc+40 and 1 rad/s, kPa

35



WesternReseal"  Summary of The Interim Findings

] Black Space is an important tool to evaluate binder performance.
The shape of black space curve is meaningful — polymer plateau,
structural “feathers”, ... etc.

J AT_ is a reliable rheological index that can capture the effect of
various modification (e.g., REOB). Other indices are still under
investigation.

J Low glass transition temperature (before aging) (e.g., T, <-35 for
MN 1-4) does not directly indicate good performance at low
temperature.

d (T_) from ABCD test may not directly correlate with field
performance. Further analysis is required to evaluate different
strain tolerance at low temperature.

36



WesternReseal"  Summary of The Interim Findings

] Binder performance will be further studied using SDENT, DTT,
and Mix Sliver Tests, among others.

] These results “confirm or deny” previous ones and are
intermediary only — current findings are based on MN sections
and may change based on future results — stay tuned!

37
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