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- If its not durable, its probably not sustainable
- Asphalt is much weaker in tension than in compression
- Asphalt becomes more brittle with age, low temps (glassy)
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Tensile Strength Is not Enough

Indirect Tensile Strength (MPa)
S
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Fracture Energy (J/m?)
Source: Wagoner and Bulttlar, 2007
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Fracture energy appears to
disseminate between mixes better
than IDT strength

e large spread in data (<200 to >
2,000 J/m?) for mixes with
varied components (binder
‘stretch’, aggregate strength)

e Especially prevalent with
modified binders

Data supported need for fracture
mechanics approach




Three-dimensional fracture modeling
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Disk-Shaped Compact Tension Test (DC(T))



Pavement Modeling
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Disk-Shaped Compact Tension - DC(T)

Induced Displacement

Fracture . . .
via Steel Loading Pins o
Plane Motivation — measure fracture

energy, use cylindrical
specimens, maximize
repeatability, use true fracture
test

Based on ASTM E399 —
Geometry slightly modified to
account for differences in the
fracture behavior of steel and

asphalt concrete

Genesis was NSF GOALI study
on reflective cracking: UIUC-
NSF-Koch (2004)

Wagoner, M. P., Buttlar, W. G., and G. H. Paulino, “Disk-Shaped Compact Tension Fracture Test: A Practical

Specimen Geometry for Obtaining Asphalt Concrete Fracture Properties,” Experimental Mechanics, Vol. 45, No. 3, pp.
270-277, 2005.




Crack

CMOD Clip Gage
Spring Mounted onto
Knife-Edge Gage
Points

CMOD =
Mouth Opening
Displacement
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Early
DC(T) Test at U.



ASTM Specification

Designation: I 7313 — 06

WIS d TR

Standard Test Mathod for

Determining Fracture Energy of Asphalt-Aggregate Mixtures
Using the Disk-Shaped Compact Tension Geometry’
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1. Seape

L.l This tesi methed covers the delermination of Eracture
energy (G) of mphali-aggregale mixmrees wsing the disk-
shaped compact iznsion prometry. The disk-shoped compact
Ension gromelry i3 a circular specimen with a single =dge
noich Joaded in fension, The fracture snegy con be utilized @
4 parameter 1o describe the fraciore resistance of asphale
concrele, The fraciurs enesrgy parameter & paricularly usefnl
in the ewaluation of mixmres with doctile binders, spch
polymer-medifisd asphali concrete, and has besn shown to
discriminate betwezn these maierials more brosdly than the
indirect denzile swwength parameisr (AASHTO TIZZ, Wag-
aner*t The iesi is penerally valid ai t2mperaures of 10FC
{3FF) and below, or for matzrial and emperaiure combina-
tions which produce walid material fracturs, as cutlined in 7.4.

1.2 The specimen g=omeiry and ieminclogy (disk-shaped
compact 1ersian, DO is modeled afier Tast Mathad E 259
for Plane-Sirain Fractmre Toughness of Metallic Materials,
Appendin A6, with modifications to allow fraciuee testing of
asphali concpete,

1.3 The t=st method describes the testing apparabns, instru-
mentalion, specimen fabrication, and analysis procedwes re-
quired to determine fracturs snergy of asphalt cancratz and
similar quasi-brittls materials,

1.4 The standard unit of measursment far fractore snergy
Joukes/meter® {1im*) [inch-poundfinch® {in.-Ihifin®3).

1.5 The text of this standard refepences noies and fooineies

B T T Bk T T [l o S R e P ]

respansidity of e wser of AE stancasd o etablish grpe-
paate safery and health pracices aed defermine e applica-
hility ¢ warory dmigitions paor 0 me

hility of re pulaton

I Relerenced Decuments

2.1 ASTM Srandands:

[ Terminokogy Relating io Matzrials for Boads and Pave-
merils

[ 4373 Specification for Performmce Graded Asphalt
Binder

[ E825 Tesi Methed for Prepamation and Delemmination. of
itte Relative Diensicy of Hor Mix Asphale {HMAS Spaci-
mens by Mezans of the Supsrpae Gyratory Compacior

E 390 Test Method for Linear-Elastic Pline-Strain Fraztape
Taughness K [, of Meiallic Materials

E 1823 Terminology Helating to Fatigue and Fracture Test-
nz

11 AASHTO Stancard:

AASHTO T222 Soandard Method of Test for Deiermining
the Creep Compliance and Swength of Hot Mix Asphale
{HMA) Using the Indirect Tensile Tesi Devics?

A Terminalogy

11 Befiniiem—Terminologizs E 15827 and D B are appli-
cable 1o this b2st method.

L1 crack mosth—portion of te notch that is on the fa
surface of the specimen, that is, opposile the noich tip (see Fip
i




Test time: less than 10 minutes
* Turn-key test operation

e ~$49k device

e 110V wall outlet

Test Quip DC(T)



Testing

e The easy part!

e Less than 10
minutes

 Insert loading pins
INto specimen,
affix CMOD gage,

then turn-key
ope ration Test Quip DC(T (acknowledgement:

Tom Brovold)




Automated Data Analysis

DCT Test Results * ‘

Tests perfomed in accordance with s I A I E
E

IDOT Modified ASTM D7313-07

State &
Materials
Test Date: 9/2/2014 3:12:58 PM Engineering
Technician: STATE TESTING DUNDEE CHICAGO
Specimen ID: SET 1
Comments: SPECIMEN 1L In Compliance:
Diameter: 144.49|mm
Thickness: 39.00|mm
Ligament: 78.00|mm
Cumulative Area: 2234.92|Nmm
Max Load: 2.167 kN at 16.08 seconds
Slope: 0.0170|mm/second
Test Temperature: clC
[Energy: 734.690[)/m’
Fracture Energy
2.5

Load {kN)

0 0.5 1 15 2 2.5 E] 3.5 4 4.5
CMOD (mm)



Typical COV Data/Trends

Fracture Energy (J/m2)

Specimen ID Test Temperature (°

Mean Standard Deviation = COV n
Mix 6 -10 289.3 3.5 1.2 3
Mix 3 -10 304.5 11.3 3.7 3
Mix 1 -10 333.6 16.0 4.8 3
Mix 7 -20 355.6 36.0 10.1 4
Mix 5 -10 436.5 21.2 4.9 4
Mix 4 -10 755.1 83.6 11.1 3
Mix 2 -10 798.2 69.9 8.8 2
Mix 23 0 841.9 98.6 11.7 3
Mix 12 -10 908.8 108.4 11.9 3
Mix 20 0 1047.1 89.8 8.6 3
Mix 22 0 1060.0 152.2 14.4 3
Mix 13 -10 1238.7 96.7 7.8 3
Mix 34 0 13194 169.6 12.9 3
Mix 31 0 1338.3 11.8 0.9 3
Mix 9 -10 1441.1 133.3 9.2 2

* Most surface mixes tested at low temperatures:
COV <=10%

 If mix variability is high, then COV will be higher
(field cores, segregated mix)



dPooled-Fund Study and Thermal Cracking Spec

ARCH

2007-43

n of Low Temperature Cracking
in Asphalt Pavements

ational Pooled Fund Study 776

13



DC(T) Results from Pooled Fund Study

1400 T
I
w1200 * — PGLT + 10°C
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Fracture Energy (J/m?) - CMOD Basis

1) Fracture Energy is Enough to characterize and control cracking
2) SCB also evaluated, but found by Univ. of MN to have high COV and
poor correlation to field cracking in blind study 14




New DC(T) Based Thermal
Cracking Spec

Table 4.2: Recommended Low-Temperature Cracking Specification for Loose Mix
Project Criticality/ Traffic Level

Contents High Moderate Low
>30M ESALS | 10-30M ESALS | <10M ESALS

Fracture Energy. minimum (J/m”).
PGLT + 100C
Predicted Thermal Cracking using
ILLI-TC(mv/km)

690 460 400

< 4 < 64 Not required

From: http://www.cts.umn.edu/Publications/ResearchReports/reportdetail . html?id=2178

Implementation: Minnesota, lowa, Wisconsin, Chicago DOT, O’Hare, Asphalt Institute

15


http://www.cts.umn.edu/Publications/ResearchReports/reportdetail.html?id=2178

Stability with Crack-Resistance:
Two-Dimensional View of Performance

Hamburg DC(T)



“Performance-Space” Diagram

Hamburg Rut Depth (mm)

10

15

20

25

Stiff Mix

(Bottom layer of full-depth

pavement)

Super Mix
(SMA, heavy traffic)

N 7
7 N\

Poor Mix

(Non-surface, low-traffic,
or temporary use only)

Soft Mix

(reflective crack control)

200

400 600 800 1000 1200

DC(T) Fracture Energy (J/m?)



Hamburg Rut Depth (mm)

Performance-Space Diagram: Zones

Passing, Low Traffic Passing, Low &

Only Medium Traffic
Stiff Mix,
Failing Passing, Low,
Med. & High
Traffic Levels
Poor Mix, : :
Failing Soft Mix, Fails Spec.
460 690
0 200 400 600 800 1000 1200

DC(T) Fracture Energy (J/m?)



Performance Tradeoff Axis Concept

Passing

Low | Med || High Traffic

Stiff Mix,
Failing

®
0 ®

10 General Orientation of

‘Performance Tradeoff Axis’
denoted by red line

15

Hamburg Rut Depth (mm)

20

Poor Mix,
Failing

Soft Mix, Fails Spec.

0 200 400 600 800 1000 1200
DC(T)Fracture Energy (J/m?)

25




Hamburg Rut Depth (mm)

Softer Binder, No Polymer

Stiff Mix,
Failing

10

Softer birllder di|d not help,
Culprit: weak aggregate

15

20

| PG 58-28

25
0 200 400 600 800 1000 1200

DC(T) Fracture Energy (J/m?)



Hamburg Rut Depth (mm)

Binder Modification Hypothesized

10

15

20

25

Mix Adjustment:

Modified, Softer
Grade

Highly Modified
Grade

/

Highly Modified
Grade

Modified,

Harder Grade

0 200 400 600 800

1000 1200

DC(T) Fracture Energy (J/m?)




Binder Modification Mixture Design

Volumetric Properties

Total Asphalt Content (%) 6.6
ABR (%) 0.0

Air Voids (%) 4.0

VMA (%) 15.2

VFA (%) 74.0

Effective Asphalt Content (%) 4.9
Dust/Effective AC 1.1




Rut Depth {mm)

Hamburg Results
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20
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DC(T) and SCB Results (-12C)

DC(T) Results
Binder Grade Avg. Peak Load (kN) Avg. CMOD G (J/m?)
PG 64-22 3.209 551
PG 58-28 2.592 848
PG 70-22 3.209 585
PG 70-28 3.291 679
PG 76-22 3.586 615
SCB Results
PG 64-22 4.679 1055
PG 70-22 5.201 1064
PG 70-28 4.680 1117
PG 76-22 5.364 1290




DC(T) Load-CMOD Curves
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Hamburg Rut Depth {mm)

Hamburg-DC(T) Space
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100
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Binder Trade-
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Hamburg Rut Depth {mm)

0.0
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10.0

150

200
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Mix Affects:

RAS/Recycling

200

=~ Virgin - 58-28
——\/irgin - 64-22
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~@-5.0%RAS - 58-28

400 600

DC(T) Fracture Energy (J/mm?)

800

1000



Mix Affects:
RAP/Recycling (45% RAS mixes)

—O-RAP - 64-22
~0-Virgin - 64-22
¢ ~@—RAP - 553-23
5.0 ®-FAP-46-34
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Hamburg Rut Depth (mm)
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5.0
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200
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Mix Effects:

Stronger Aggregate

200

—-Limestone - 64-22
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400 600

DC(T) Fracture Energy {J/mm?2)
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Early Performance-Space Data for lllinois:
How are we Doing?

Passing
0 Low | Med || High Traffic
Stiff Mix, o ] Not
Failing £° 0o . surprisingly,
> o 0 tendency
I towards stiff
10 I mixes

15

20

Poor Mix,
Failing

Soft Mix, Fails Spec.

Hamburg Rut Depth (mm)

25

0 200 400 600 800 1000 1200

DC(T) Fracture Energy (J/m?)



Hamburg Rut Depth (mm)
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SMA's

Passing

Low | Med || High Traffic

Stiff Mix,

o * 4.5% RAS

Poor Mix,
Failing

Soft Mix, Fails Spec.

200 400 600 800 1000 1200

DC(T) Fracture Energy (J/m?)

Failing o 00 .
- i \Tr?]gse th:ee
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Hamburg Rut Depth (mm)

10
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High ABR Mixes

® 0 e N90, 28.6% ABR, 2.4% RAS, High
. Polymer, WMA

N90, 28.6% ABR, 3.0% RAS, High
. Polymer

N70, 29.8% ABR, 6.2% RAS, Soft
Binder, WMA

N30, 67% ABR, Very Soft Binder,
WMA

200 400 600 800 1000 1200

DC(T) Fracture Energy (J/m?)



Hamburg Rut Depth (mm)

10

15

20

25

+RAS vs. Harder Binder

Stiff Mix,
Failing

* | +5% RAS o

“ | + 2.5% RAS

PG 58-28

200 400 600 800 1000

DC(T) Fracture Energy (J/m?)

RALS mor'e effective than stiffer
binder in iImproving this mix

1200



Ultra-high Fracture Energy Mixes for Reflective
Crack Control: ORD 9R Project

Accelerated Pavement Study (ATLAS)

RIS P Mg e
e e el
el R ﬁ-.‘*&fﬁﬁﬂ"

o= -
=~ ol ” [
A

ORD Solution: Ultra-high fracture
energy mixtures, 850 - 1,300 J/m?




Advantages of a Hi — Low Based Spec?

L Asphalt transitions from ductile to quasi-brittle when the binder
passes glass transition temperature
O Usually around PGLT +10C
O This is why BBR and DC(T) were set at this temperature
(1 Easier than PGLT, but captures condition where cracks advance
O Testing at 25C is in a different response regime

1 Depending upon design objective, it may not be necessary to
Introduce another performance test at intermediate temperatures

O Reflective cracking, fatigue cracking specs can be developed using
DC(T)
O However, may not be necessary

O High fracture energy mixes at low temperature correlate to crack resistant mixes at
intermediate temperatures

O Florida study showed top-down cracking controlled by fracture energy
O Not all pavements will experience traditional fatigue cracking

: O Not all designs should attempt to control reflective cracking
35




A Means to Relaxing Over-constrained Specs?

 After Bookend Performance Tests are Implemented, Design and
Construction Specifications Should be Revisited/Relaxed

 Over-specification can unnecessarily constrain design and
Innovation space

 With Hamburg + DC(T), the following can be removed/relaxed:
O Dust-to-Asphalt Ratio, P200 range, sand blend requirements

O TSR Requirement
O Design Air Void Target
O ABR limits




Summary Thoughts

L DC(T) Test has > 10 yrs. in development, validation
O Developed in 2004, ASTM specified in 2006

O Fracture Energy is sensitive to many variables: binder type, temperature,
specimen size, RAP, RAS, mix type, aggregate strength, air voids

[ Selected in National Pooled Fund Study, strongly correlated to thermal
cracking (SCB was not), specification developed

O Specimen fabrication is well worth the effort: repeatable, meaningful test

O Other options have drawbacks: beams = cumbersome; other geometries -
small fracture area, less repeatable, some only work at higher temps

O Used in Chicagoland, neighbor states, and supported by Asphalt Institute

1 Bracketing performance at high and low temperatures is
essential
O Follows binder specification philosophy
O Hamburg and DC(T) track one another — simplifies design and innovation
O Thermal and block cracking - very damaging, time to start mitigating,

requires testing mix at low temperature
: 37




Recommendations

L The DC(T) is well developed and vetted as a low temperature
test — recommended for “‘other bookend’

O Like binder specification, additional tests can be added for
Intermediate temperature property and performance control, if
deemed needed

O DC(T) device has application in reflective crack control, fatigue and
bonding, usually requires different test temperature and rate, and
sometimes a modified test mode/geometry

O Other tests have merit, but must be repeatable and correlated,
otherwise their best use is for research
L Once performance is bracketed, some mix design and control
parameters can be relaxed to simplify and to avoid over-
constraint (dust, voids, ABR)

38




Thank you for your attention!

Questions?

I

39



http://illinoisaxiom.files.wordpress.com/2011/08/u-of-i.jpg
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RAS Binder Availability - Comments

Performance-based approach for recycled mix design

— Use standard mix design principles w/ performance testing
as alternative to AASHTO PP78-14 (Hamburg + DC(T))

— What other mix design parameters can be relaxed in light
of performance tests?

RAS binder is stiff, but it is still binder and not aggregate.
Facilitates compaction, physically resides in ‘*V’ part of VMA;
savvy designers use to boost performance. Ditto for RAP.

Mix performance tests present best chance for effects of partial
blending (PB) — don’t assume PB is detrimental, after all,
advanced composites draw strength from diversity of material
properties!

Standard (uncompromised) volumetric techniques, including
100% available binder for calculations, plus performance tests
should be permitted for RAP/RAS mix designs.



Summary

d DC(T) has evolved over past 11 years as a simple, repeatable,
standardized, commercially-available, scientifically-vetted, low-
temperature cracking test linked to cracking performance

L Hamburg + DC(T) = Stability + Crack Resistance

1 Combined use is the ticket towards higher sustainability without
sacrificing quality
O Already in use in Minnesota, lowa, Wisconsin, Chicagoland, and

elsewhere

O Performance-Space Diagram gives mix designers and binder formulators
considerable insight and adjustment capability; a powerful tool critically
needed for modern mixes, performance-based mix designs

d Standard (uncompromised) volumetric techniques, including
100% available binder for calculations, plus performance tests
should be permitted for RAP/RAS mix designs. Relaxing other
parameters in light of performance specs should be considered to
allow innovation, cost savings and enhanced sustainability.

42
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Investigation of Tollway Shoulder Mixes (AAPT 2011)

Table 7. DC(T) Results

Specimen RAP | RAS szz; CJM_,O D C(;)OID D?/z‘a gg;;
ol gy |9 G, |29 26,
4 Field 50 0 3.001 278.0 24.7% 180.5 | 21.9%
3 Lab 45 5 3.178 283.5 16.1% 177.0 | 16.4%
5 Lab 35 5 2.790 319.0 13.1% | 215.3 | 20.0%
2 Field 35 5 3.240 328.5 7.6% 209.0 | 7.3%
3 Field 45 5 3.268 338.3 9.6% 220.1 | 9.0%
1 Lab 25 5 2.995 354.0 8.5% 2274 1 10.2%
2 Lab 35 5 3.009 3548 204% | 237.3 | 21.3%
1 Field 25 5 2.905 372.3 4.0% 2426 | 3.4%
7 Lab 20 5 2.887 386.5 14.8% | 247.6 | 14.6%
7 Field 20 5 2.746 386.5 25.1% | 222.3 | 18.0%
6 Lab 40 0 3.030 388.3 11.8% | 2444 | 11.6%
8 Field 25 0 2.477 391.0 18.6% | 252.3 | 23.3%
5 Field 35 5 3.012 397.8 20.9% | 251.5 | 20.5%

Virgin PG Binder Grade of PG 58-22 Used on All Sections



Investigation of Tollway Shoulder Mixes (AAPT 2011)

3548 3883
3285 3190 { 3383 278.0
I [ I ZT.S

386.5 397.8
391 0 f
3%3 354.0

HEFE7LE7FEIFE 1L BS5F B2F B50 W 2L B 6L B 3F M 3L W 4F

Averaged Results, by Asphalt Binder Replacement (ABR)

363.1 3577

299.9

H 25% i 30% H 40% i 50%
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lllinois Tollway High ABR Performance Testing

EE, [-90 WB in Rockford !
L P .
Ox&e arlf? [-90 EB in Rockford Woggbtock
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RAS Section - 2011

e Section D
 Location: 1-90 WB Elgin
 Year Placed: 2011
« Asphalt Binder: PG 70-28 SBS
 ABR: 33% (5% RAS)
e Aggregate: Quartzite




Creep Compliance (1/GPa)

Creep Compliance (Higher = Better)
RAS Section = [-90 WB (Light Blue)

1.E+00

——1-90 WB in Rockford T, o= -24°C

—1-90 EB in Rockford

—1-90 EB near Newberg Rd
—1-90 WB at Rt. 25 in Elgin
——1-88 EB, just East of DeKalb
—1-355 NB at 63rd St.

—1-294 NB, just N. of Cermak Toll

1.E-01

1.E-02
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Reduced Time (sec)



Fracture Energy Results (Non-Standard Test Temps)

2500

mT=0C
m T=-24C
0
2000 | 1955 5% RAS
1820

E

3 1500
)
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£ 1000
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500

0
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Chicagoland High ABR Forensic Investigation
SMA Mixes

1000 —|— maAllowed by Statewide Specification
900 - mallowed by D-1 Specification
794
. 800 51 .
P 690J/m
;E- 70 -~ === =—===-=-=-=-=----00- - - - "
> 600 -
500 - : 2
5 3 z E S
g 400 I I I
g : 5 : 5
@ 300 - B= < < <
LI_ - et ol -
=L <L <L <L
200 = S = =
(7] Wl W W
100 —f= 2 2 &
= pd = =
0 I T T T T T T T
Edens Expy Interstate 55 Bishop Ford Expy ILROUTE 83

0% RAS 0% RAS 5% RAS 3.1% RAS
SMAs can meet the most stringent standards when designed correctly



Chicagoland High ABR Forensic Investigation
NOO Mixes

700 632 mAllowed by Statewide Specification
. 600 M Allowed by D-1 Specification
£
:—_.j 500
> —_— - o o e e e e e e e ————
S 400 X
c . 0
[T (w)] ED
@ 300 o~ —
3 1l 11
g o =
o 200 m o0
W <L <
100 8 8
= =
0 T T T T T
US6in Qak Route 52 in Route 58 -
Forest Joliet Dempster St.
5% RAS 2.4% RAS 0% RAS

Highest Fracture Energy in this Category was a Higher ABR Mix



Chicagoland High ABR Forensic Investigation
N50/N70 Mixes

700 —+— mAllowed by Statewide Specification
m Allowed by D-1 Specification
600
—_ 533
NE 496
= 500
E 432 4527
s 400J/m?
g 400 /
L 327
g
‘3 300 N3 S ©
© o M~ o0
- ™~ LN o
200 - I Il o
E > b
<T m
100 - <I:. = <
o o o
™~ LN ™~
= = =
0 1 T T T T T T T T T
Green Bay Rd. Wolf Rd. Harrison Rd. Jeferson St. State St.

0% RAS 0% RAS 5% RAS 0% RAS 2.5% RAS

The Highest ABR Mix Met the Fracture Energy Recommended Level

Overall:3-of-4 Mixes Using the D1 Specification Met DC(T) Criteria
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Fracture Energy (J/m?)

600

550 1

500

450

400

350 +

300 +

250 +

200 -

Grand Ave Study

Spring 2015

1| Medium traffic, 460 J/mZ2, min

@N30EVO
AON30FLEX
@N70EVO

-12°C

ON70FLEX

T

Low traffic, 400 J/m?, min

N30EVO N30FLEX

66.5% ABR (7.5% RAS)
3% Design Voids

N70EVO N70FLEX

50% ABR (5.0% RAS)
3.5% Design Voids
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What about Other Cracking Tests?

O IDT Creep, Strength — from SHRP - research tool ($, complex)
O TX OLT - Highly variable — research tool

 4-PT Bend — from 1960’s — variable, complex — research tool
L SCB - since 1980’s — simple, small fracture area — variable?

Grand Ave Study (2015)

Specimen DC(T) Results (-12C) SCB Results (25C)
ID Avg.
CMOD |CMODGs |CMOD Gr | Flexibility FI COV
Gt (J/m?) | (I/m?) COV (%) | Index Avg. Fl | (%)
385.6 4.6
N30EVO |393.6 412.8 9.8 2.7 3.4 29.7
459.1 3.0
361.5 1.4
N30FLEX | 427.0 404.1 9.1 1.7 1.2 56.4
423.9 04
538.3 6.4
N70EVO |561.8 521.8 9.6 6.2 6.2 4.3
465.4 5.9
368.6 2.9
t N70FLEX | 516.3 442.2 16.7 3.2 2.8 14.9
|[ 441.7 2.4
> Average 11.8 Average | 26.3 >4




Cyclic DC(T): (-12°C)
Cyclic cracking related to DC(T) Fracture Energy

02 04 06 08
1-cm Offset CTOD(mm)

=
o

02 04 06 08 1
1-cm Offset CTOD(mm)

4.75-mm NMAS Strata, 1.9kN at -12°C (rep 2) 4.75-mm NMAS Strata, 1.7kN at -12°C (rep 2) 4.75-mm NMAS Strata, 1.6kN at -12°C (rep 2)
x 2} 2
"= 81% to Peak Load ) I 2y
E (monotonic) , 66% to Peak Load(monotonic) % to Peak Load(monotonic)
1.5
E _ 1t 395 cycles ;o _ 1 6,297 cycles .. ol
E §, é g os ) 16,983 cycles (Total)
Lo 2 o 5o
[\. S 0 3 3 0
Al 1} -1t 050
) N
% 2= : ; ; ; 2 : : : : -1.5 : : : :
< 0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
1-cm Offset CTOD(mm) 1-cm Offset CTOD(mm) 1-cm Offset CTOD(mm)
19-mm NMAS PG58-28, 1.70kN at -12°C (rep 2) %95-mm NMAS PG58-28, 1.5kN at -12°C (rep 1) 19-mm NMAS PG58-28, 1.2kN at -12°C (rep 1)
2t 2b | 2t
5 85% to Peak Load(monotonic) ﬂ 0
S 1.5 g, 76%toPeakload oo 1.5} 61% to Peak Load .
1l “,h (monotonic)
(o0 — 227 cycles = L 5 = It
~ Z YIS (rotan Z ‘ Z 23,343 cycles ..
1 =1 S 0.5; S 05 _ ]
OO 8 0 8 8
L0 = -0 -0
8 -t -0.5} -0.5¢
-1t -1t
-2 -1.5 0

02 04 06 08 1
1-cm Offset CTOD(mm)
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RAS Binder Availability Study

Hold volumetrics constant for fair
comparison

Evaluate partial vs. full binder blending
effects

Evaluate RAS effects on performance-
space diagram
Explore performance-based approach

for recycled mix design

— Use of standard mix design principles w/
performance testing as alternative to
AASHTO PP78-14



Mixture Designs

Mixture
Volumetric Property
Virgin 2.5% RAS 5.0% RAS
Total Asphalt Content (%) 6.6 6.6 6.6
ABR (%) 0.0 10.6 21.2
Air Voids (%) 4.0 4.0 4.0
VMA (%) 15.2 15.3 15.2
VFA (%) 74.0 73.8 73.7
Effective Asphalt Content (%) 4.9 4.9 4.9
Dust/Total AC 0.8 1.0 1.3
Dust/Effective AC 11 1.3 1.7




Designs — Assuming 85%
Avallable

Mixture
Volumetrics (85% Availability)
Virgin 2.5% RAS 5.0% RAS
Total Asphalt Content (%) 6.6 6.5 6.4
ABR (%) 0.0 9.2 18.4
Air Voids (%) 4.0 4.0 4.0
VMA (%) 15.2 15.2 15.0
VFA (%) 74.0 73.7 73.3
Effective Asphalt Content (%) 4.9 4.9 4.7
Dust/Total AC 0.8 1.0 1.3
Dust/Effective AC 1.1 1.3 1.8




Designs — Assuming 70%
Avallable

Mixture
Volumetrics (70% Availability)
Virgin 2.5% RAS 5.0% RAS
Total Asphalt Content (%) 6.6 6.4 6.2
ABR (%) 0.0 7.6 15.2
Air Voids (%) 4.0 4.0 4.0
VMA (%) 15.2 15.1 14.8
VFA (%) 74.0 73.5 73.0
Effective Asphalt Content (%) 4.9 4.9 4.5
Dust/Total AC 0.8 1.0 1.4
Dust/Effective AC 1.1 1.3 1.9




Hamburg Results

Mixture No. of Passes to Failure (12.5mm) Required No. of Passes Pass/Fail
Virgin PG 58-28 3030 5000 Fail
Virgin PG 64-22 5860 7500 Fail

2.5% RAS PG 58-28 5110 5000 Pass
5.0% RAS PG 58-28 14430 7500 Pass




Rut Depth (mm)
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Hamburg Results
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Hamburg-SCB (-12C
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Avq. FPZ Size (mm)
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FPZ Size Evaluation
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Avg. FPZ Size (mm)
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