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SBS in Bitumen 
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Phase Morphology 
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Proposed System Redesign 
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Early Advanced Modeling 

Pavement Structure and Loading 

Three layers structure: 

- Bound layer - E1 = 1000 MPa (145,000); h = 6” or 10” 

- Unbound subbase - E2 = 300 MPa (43,500 psi); h = 12” 

- Subgrade - E3 = 100 MPa (14,500 psi); h = 50’ 

 

Constant temperature: T = 20oC 

 

 

Stationary dynamic load:  

800 kPa (115 psi) – 25 ms 
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Asphalt Concrete Response (ACRe) Model – TU Delft 



Advanced Modeling Results 
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Asphalt Concrete Response (ACRe) Model – TU Delft 



Comparative Damage* 

Distress 10” unmodified 6” HiMA 

Shear deformation 1 0.38 

Compressive deformation 1 0.55 

Longitudinal cracking 1 0.02 

Vertical cracking 1 0.57 

Transverse cracking 1 0.09 

Less permanent deformation and cracking damage 
despite 40% reduced thickness. 
 
*Asphalt Concrete Response (ACRe) Model – TU Delft 
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Applications 

• Highly Modified Asphalt is a tool. It can be used to improve performance and 

cost effectiveness in a variety of asphalt paving applications: 

 

• New construction and structural rehabilitation – thinner structures, lower 

upfront cost. 

• Structural and preservation overlays – thinner structures, more resistant to 

thermal and reflective cracking. (Participating in AASHTO TSP2 program with 

NCPP) 

• Micro surfacing – more resistant to cracking and raveling 

• Open grade mixes – more resistant to raveling. Resistant to drain down (no 

need for fibers) 

• Waterproof bridge decks – zero void mixes that are rut resistant and yet 

highly flexible 

• Etc. 
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Paving Projects to Date 

• United States 

– AL, GA, FL, IA, MN, MO, NH, NJ, NYC, OH, OK, OR, TN, VA, VT 

• Global 

– Brazil, Peru, Bolivia, Italy, France, Turkey, Poland, Russia, Qatar, ANZ 

 

• States with in-place specifications – AASHTO M320 

–FL, IA, MN, MO, NJ, NYC, OH, OR, VT 

• AASHTO M332 

–AK, AL, GA, MO, NH, OK, TN, UT, VA 

 

• Over 300,000 tons in place 

• Typical M332 spec – PG 76E-28, Jnr 0.1 kPa-1, MSCR recovery 90% 
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NCAT Trials 
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National Center for Asphalt Technology 
Auburn, Alabama 

– 1.7 mile dedicated test track 

– Full pavement lifetime simulated in 2+ years 

Thin structural test section N7 (2009) 

– 18% thinner pavement, 5 ¾” versus 

– 7” control sections 

– 1/3 as much rutting 

– Less cracking after 2 full cycles (20 MM ESALs) 

Structural rehabilitation N8 (2010) 

– Oklahoma sponsored section 

– Standard rehab (2009) failed in 10 months 

– HiMA rehabilitation 4 mm rutting and modest cracking 
at 16 MM ESALs 

Invited to also participate in preservation 
sections, e.g. microsurfacing, for 2012 cycle 
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NCAT – Cross Sections Evaluated 

Test Track Soil 
Mr = 28,900 psi 
n = 0.45 

Dense Graded Crushed Aggregate Base 
Mr = 12,500 psi 
n = 0.40 

6” 

3” (PG 67-22; 19mm NMAS; 80 gyrations) 

2 ¾” (PG 76-22; 19mm NMAS; 80 gyrations) 

1 ¼” (PG 76-22; 9.5mm NMAS; 80 gyrations) 

S9 - Control 7” standard 

hot mix 

2 ¼” (PG 76-22 E;19mm NMAS; 80 gyrations) 

2 ¼” (PG 76-22 E,19mm NMAS; 80 gyrations) 

1 ¼” (PG 76-22 E, 9.5 mm NMAS, 80 gyrations) 

N7 - 5 ¾” highly modified 

hot mix 

Courtesy Prof. David Timm, Auburn U. 

Lift thicknesses limited by 3:1 

thickness:NMAS requirement 
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AASHTO M 332 Binder Properties at 64C 

Parameter 
Jnr0.1  

(kPa-1) 
Jnr3.2 

(kPa-1) 
Jnrdiff (%) R0.1 (%) R3.2 (%) 

Value 0.004 0.013 200.7 98.6 96.4 
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Typical specification – PG 76E-22 or PG 76E-28 
with    Jnr3.2  0.1 kPa-1         R3.2   90% 



Master Curve Comparison 
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NCAT Rutting & Cracking as of 3/14 

Thin structural section           Standard control 

Group Experiment – all showing early cracking. Few fine hairlines on N7; none on N8. 

Thin rehab section 
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Relative Performance of Control S9 Section 

and Highly Modified N7 Section – 17 MM ESALs 
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      3/14 Rutting                                                   2/14 Crack Maps 
 
 
 
S9         6.0 mm 
 
 
 
 
 
 
 
N7        1.6 mm 
 
 
 
                                                                N7 showing a few hairline cracks that are not growing 



Relative Performance of Control S9 Section and 

Highly Modified N7 Section – 17 MM ESALs 
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      3/14 Rutting                                                   2/14 Crack Maps 
 
 
 
N8         1.9 mm 
 
 
 
 
 
 
 
N7        1.6 mm 
 
 
 
                                                                N7 showing a few hairline cracks that are not growing 
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2006 NCAT Construction Cycle 

Weak subgrade = poor soil for construction 

10” Oklahoma Perpetual  
Pavement Design 

N8 – 10” Hot Mix 

over weak base 
N9 – 14” Hot Mix over 

weak base 

14” Oklahoma Perpetual 
Pavement Design 

Oklahoma Perpetual 

Pavement Experiment 
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2009 NCAT Construction Cycle – August 2009 

Weak subgrade = poor soil 

 for construction 

Oklahoma Pavement – Failed  

due to severe subgrade rutting 

5” Conventional  

Structural Overlay 

N8 – 10” Hot Mix 

over weak base 

N9 – 14” Hot Mix over 

weak base 

Oklahoma  Pavement – Still Sound 

Standard subgrade = good 

 soil for construction 

5¾” HiMA  Pavement 

N7 -  5¾” HiMA over 

sound base 

Oklahoma Perpetual 

Pavement Experiment 

Kraton Polymers HiMA 

Experiment 



10” pavement 

paved Aug. 2006 

5” rehabilitation 

Aug. 2009 

10 months old 

Section N8 – June 29, 2010 – 4.0 MM ESALs 

1½” rutting, alligator cracking 

20 



21 

2009 NCAT Construction Cycle – August 2010 

Weak subgrade = poor soil 
 for construction 

Oklahoma Pavement – Failed  

due to severe subgrade rutting 

N8 – 10” Hot Mix over 

weak base 

N9 – 14” Hot Mix over 

weak base 

Oklahoma  Pavement – Still Sound 

Standard subgrade = good 
 soil for construction 

N7 -  5¾” HiMA over 

sound base 

2¼“ (7½% polymer; 

19 mm NMAS; 80 Gyrations) 

2¼“ (7½% polymer; 

19 mm NMAS; 80 Gyrations) 

1¼” (7½% polymer; 9.5  mm NMAS) 

1¼“ (7½% polymer; 9.5 mm NMAS) 

3¼“ (7½% polymer; 

19 mm NMAS; 80 Gyrations) 

1¼“ (7½% polymer; 9.5  mm NMAS) 

Oklahoma proposed design modification 



Section N8 – June 20, 2011 – 4.2 MM ESALs 

10” pavement 

paved Aug. 2006 

5” rehabilitation 

Aug. 2009 

5 ½” mm HiMA rehab 

Aug. 2010 

10 months old 
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Section N8 – Sept. 12, 2011 – 5.27 MM ESALs 

as of 5/31/13 – 13 MM ESALs  

10” pavement 

paved Aug. 2006 

5” rehabilitation 

Aug. 2009 

5 ½” HiMA rehab 

Aug. 2010 

13 months old 

Similar crack appeared in first overlay at 2.7 MM ESALs 

Oklahoma is sponsoring this section through the 2012 cycle to 

monitor further deterioration and evaluate preservation strategies. 

< ¼” rutting, no cracking 
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Ohio HiMA Experience 

•First HiMA project ever – June 2009 

– 2 miles of city streets around our production facility in Belpre, OH. 

– 2” mill & overlay on a variety of surfaces 

•Ohio University APLF in Lancaster, OH - December (!) 2013 

– Four lanes – 11”, 10”, 9”, 8” bound pavement thickness 

– No significant damage on any of the lanes 

•US 23/6 intersection near Tiffen, OH – July 2014 

– Current specification – PG 88-22M w/ 90% ER 

– High truck traffic with ongoing rutting issue 

– 2” binder course, 1½” wearing course 

– Production & construction went smoothly and pavement is performing well 

so far 
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Belpre City Streets – June 2009 
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Belpre City Streets - August 2011 
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Courtesy of Fred Frecker 



Ohio U Lancaster APLF 
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Ohio U Lancaster APLF 
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US 23/6 Near Tiffen, OH 
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US 23/6 Near Tiffen, OH 
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Economics – Is HiMA Worth It? 

•Reduced thickness for equal/lower initial construction 

cost. 

•Little or no thickness reduction. Higher initial 

construction cost but longer lifetime. 

•General observation – break even thickness reduction has 

been roughly 25%. 
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Upfront Cost Details – Case I 

  43% Reduction – Thin Lift Overlay 

Description Mix type Binder

Thickness 

(in.)

Colinas Prices 

(/ton)

Price per Mile 

12-ft Lane
Original design Dense PMB 2.76 $117.00 $125,984 

Subtotal $125,984 
HiMA design Dense HiMA 1.57 $145.00 $89,220 

Subtotal $89,220 

Material Cost Breakdown  

• Current project w/ Colinas in Parana, Brazil 
• Actual pavement construction and actual bid prices  
• 7 cm case @ $117/ton versus 4 cm @ $145/ton 
• Only upfront material costs considered 
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Upfront Cost 

  Case I – Thin Lift Overlay with 43% Reduction 

Incremental polymer cost low vs. value gained by reduction 

Case 1:  Thin Overlay HiMA Construction vs. Non-PMA:  S.America -  Customer: Colinas (Targeted doubling of Road Life)
43% Reduction in thickness

New Constr. Cost / 10 

Colinas Control Costs (per lanemile) 125,984             miles, 2 lanes

7 cm Year 0 Case I:

Discounted Cost 125,984             2,519,680$     * Thin lift reconstruction vs. HiMA

* Doubling of road life expected, but not in calculations.

New Constr.

Colinas HiMA Costs 89,220               

4 cm Year 0

Discounted Cost 89,220               1,784,400$     

735,280$        Savings of Delivered in Place Pavement

Added Savings for less rehab (striping, grading/leveling, reflectors, other)

735,280$        Total Savings

Polymer costs therin:

Per lanemile: Per Rehab of 10 miles:

Std Poly component cst -                      -                    Standard Solution Polymer component Cost

HiMA Poly component cst 8,391                 83,906             HiMA Solution Polymer Component Cost

Increm Polymer Cost 8,391$               83,906$           Added Polymer Cost
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Upfront Cost Details – Case II 

   NCAT Test Sections – S9 versus N7 with HiMA 

Material Cost Breakdown  

Description Mix type Binder

Thickness 

(in.)

OK I-40 Prices 

(/ton)

Price per Mile 

12-ft Lane

N7 - Original Dense HiMA 1.25 $90.00 $43,956 

Dense HiMA 2.25 $78.00 $68,571 

Dense HiMA 2.25 $78.00 $68,571 

Subtotal $181,099 

S9 - Original Dense PG 76-22 1.25 $80.00 $39,072 

Dense PG 76-22 4.25 $68.58 $113,881 

Dense PG 64-22 3.00 $57.00 $66,813 

Subtotal $219,766 

S9 – Resurf 1 Dense PG 76-22 1.25 $80.00 $39,072 

Milling Per SY $1.35 $9,504 

` Subtotal $48,576 
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Upfront Cost  

  Case II – Full Depth with 28% Reduction 

Incremental polymer cost low to value gained  

Case II "Full Depth HiMA Construction" (Orig. Target life 18 yrs): Expected equal performance
NCAT Results (Actual Costs)

28% reduction in thickness

Full Depth Recon. 10 Mile Proj.

"S9" Control Costs (per lanemile) 219,766             2 lanes

8" Full Year 0

Discounted Cost 219,766             4,395,326$     

Case II:

Full Depth Recon. *Typical full depth standard construction vs. HiMA

"N7" Full HiMA Costs 181,099             Equivalent performance expected.

5¾" Full (39% thinner) Year 0

Discounted Cost 181,099             3,621,980$     

773,346$        Savings of Delivered in Place Pavement

Added Savings for 1 less rehab (striping, grading/leveling, reflectors, other)

773,346$        Total Savings

Polymer costs therin:

Per lanemile: Per Rehab of 10 miles:

Std Poly component cst 8,000                 80,000             Standard Solution Polymer component Cost

HiMA Poly component cst 28,750               287,500           HiMA Solution Polymer Component Cost

Increm Polymer Cost 20,750$             207,500$        Added Polymer Cost
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Total Cost Details 

 Case III – Oklahoma Section N8 with Standard  

Rehab versus N8 with HiMA Rehab 

Description Mix type Binder

Thickness 

(in.)

OK I-40 Prices 

(/ton)

Price per Mile 

12-ft Lane
N8 - Original SMA PG 76-28 2 $98.95 $77,323 

Dense PG 76-28 3 $68.58 $80,387 
Dense PG 64-22 3 $57.00 $66,813 
RBL PG 64-22 2 $67.50 $52,747 
Treated Base per SY $3.98 $28,019 
Subtotal $305,290 

N8-Rehab 1 SMA PG 76-28 2 $98.95 $77,323 
standard Fabrics per SY $3.72 $26,189 

Dense PG 76-28 3 $68.58 $80,387 
Milling Per SY $1.35 $9,504 
Subtotal $193,403 

N8-Rehab 2 HPM HiMA 1.25 $90.00 $43,956 
HiMA HPM HiMA 3.25 $78.00 $99,048 

HPM HiMA 1.25 $95.00 $46,398 
Milling Per SY $1.35 $9,504 
Subtotal $198,906 

Material Cost Breakdown  
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Total Long Term Costs 

  Case III – HiMA versus Standard Rehab 

• NCAT Section N8 actual performance data projected to an 18 year pavement 
life. 

• Actual mix prices from Oklahoma Interstate 40 project 
• Cost analysis applied to N8 with no HiMA options versus N8 with HiMA 

rehabilitation option 
• 2% is OMB recommended discount rate based on t-bill rate 

Polymer cost has little impact on savings 

Case III "Rehab" (Orig. Target life 36 yrs): Basis for State of OK DOT Moving Forward with I-40 Project 
NCAT Results for Oklahoma Project (Actual Costs) Disc Rate OMB stanard discount rate (t-bill rate)

10" 5" 5" 10" 2.0%

Full Depth Recon. 1st Rehab Std Rehab Full Depth Recon. NPV per NPV for 10

"N8" Control Costs (per lanemile) 305,290             193,403       193,403       305,290          lane mile miles, 2 lanes

Year 0 18 24.3 29

Discounted Cost 305,290             135,413       119,531       171,912          732,146$        14,642,913$          Case III:

*Uncommonly severe problem case, but experiment at NCAT has provided OK a new solution for poor soil subgrade

10" 5½" *Real cost data from OK I-40 bid

Full Depth Recon. 1st Rehab *Similar rehab depth with HiMA, but no additional rehab required
"N8" HiMA Rehab Costs 305,290             198,906       

Year 0 18

Discounted Cost 305,290             139,266       444,555$        8,891,106$            

5,751,807$            Savings of Delivered in Place Pavement

618,039$                Added Savings for 2 less rehab (striping, grading/leveling, reflectors, other)

6,369,846$            Total Savings

Polymer costs therin:

Per lanemile: Per Rehab of 10 miles:

Std Poly component cst 10,000          10,000          10,000            300,000           Standard Solution Polymer component Cost

HiMA Poly component cst 27,500          275,000           HiMA Solution Polymer Component Cost

Increm Polymer Cost 17,500$       (10,000)$      (10,000)$        (25,000)$         Added Polymer Cost
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Pavement Performance Prediction 

•So how do we design pavements to meet performance 

needs? 

•What (realistic and practical) methodology of pavement 

design will accurately predict performance?  

•What mixture properties and specifications? 

•What changes to mix design? 

•What binder properties and specifications? 

 

•Do not currently have adequate models for reflective 

cracking! Needed to address preservation strategies. 
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Pavement Design Methods 

• Empirical Tables 

– No flexibility 

• Design Models – Layered Elastic Continuum Damage Models 

• Shell Pavement Design Manual – SPDM 3.0 

– Allows endurance limit input 

– No longer commercially available 

• AASHTO Design Guide DARWin 3.1 

– Structural parameter 

• PerRoad – Auburn U / APA 

• Mechanistic Empirical Pavement Design Guide – MEPDG/Pavement ME 

– Most sophisticated/comprehensive input (traffic, aging, etc.) 

– Adjustable calibration coefficients 

• Advanced Continuum Damage Models, e.g., Asphalt Concrete Response (ACRe) 

– Very flexible input, but too complex for routine use 

39 



Thickness reduction capability 
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Predicted Damage Summary 90% Reliability 
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Pavement Distress S9 N7 

AC Rutting, mm Predicted 6.3 1.5 
Total Rutting, mm Measured 6.0 1.6 

Bottom-Up Cracking, % 
Area 

Predicted 9 0 
Measured 18 1.5 



Binder Performance/Specifications  

•Low Temperature – current BBR is generally good. Tc and or 

ABCD may offer improvement. 

•High Temperature – MSCR Jnr is suitable. 

•Fatigue?? 

–NCHRP Project 9-59 Relating Binder Fatigue to Mixture 

Fatigue 

–A key issue is the appropriate test temperature – How to 

determine? Equi-modulus temperature? 
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Conclusions 

•Highly modified binders can give dramatic improvement in 

pavement resistance to rutting and fatigue damage. 

•Thickness reduction can more than offset increased material 

costs. 

• In severe distress situations, highly modified binders can 

possibly double pavement life. 

•Current modeling and design software may be used to 

predict material performance characteristics and rationally 

design pavements. 

•Current field trials in the northeast will help determine if 

there is benefit for preservation strategies. 
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