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NCHRP 9-51 Project Objective

“Propose material properties and associated test methods 

and distress models for predicting the performance of 

pavement layers prepared with CIR of AC and FDR of AC 

with aggregate base and minimal amounts of subgrade 

material using asphalt-based materials.”  NCHRP 9-51 RFP

Focus on:

• In situ structural properties under field-cured conditions

• Material property inputs for MEPDG/AASHTOWareTM

Pavement ME Design®



Structural Properties of Interest
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CCPR Stiffness vs. Time
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Drying vs. Curing?

Khosravifar, Schwartz, and Goulias (AHPC 2013)



CCPR Stiffness vs. Time

0

100

200

300

400

500

600

Se
gm

e
n

t B

G
A

B

Se
gm

e
n

t A

C
tr

l S
tr

ip

(b) Base Layer
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(a) Surface Layer
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(c) Subgrade

CCPR after 7 days

MD 295

4-6 months

after placement

Khosravifar, Schwartz, and Goulias (AHPC 2013)



CIR Stiffness vs. Time

9 cm HMA over

25 cm foam stabilized

recycled cement-

treated base

Loizos (IJPE 2007)



NCHRP 9-51 Project Team
University of Maryland – College Park

(Charles Schwartz/PI)

Virginia Center for Transportation Innovation and 

Research (Brian Diefenderfer/Co-PI)

Wirtgen America (Mike Marshall)

Colas Solutions (Todd Thomas)

NCHRP Program Manager: Ed Harrigan

NCHRP Panel Chair: Andrew Gisi, KS DOT



25 projects in 13 locations

- Bad/damaged cores: 3

- CCPR emulsion: 1

- CIR emulsion: 12

- CIR foam: 3

- FDR foam: 4

- FDR emulsion: 2



3 to 6 inches 

for CIR



Bowers, Diefenderfer, 

and Diefenderfer (AAPT 2015)



Full Size vs. Small Specimens

HMA

50 mm diameter, 110 mm height

Full Size Specimen E*, MPa
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E* Envelopes - All

Unconfined
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Diefenderfer, Bowers, Schwartz, Farzenah, and Zhang (TRR 2016)



E* Envelopes – Stabilizer Type
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E* Envelopes – Active Filler
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RLPD Envelopes - All
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Bowers, Diefenderfer, and Schwartz (TRB 2017)

10 psi confinement, 70 psi deviatoric, 45oC



RLPD Envelopes – Stabilizer Type

10 psi confinement, 70 psi deviatoric, 45oC
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Bowers, Diefenderfer, and Schwartz (TRB 2017)



RLPD Envelopes – Active Filler
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Bowers, Diefenderfer, and Schwartz (TRB 2017)



Performance Predictions



Pavement ME Design
Version 2.0



Analysis Inputs
• HMA surface course thicknesses: 1.5, 2, 3, and 4 inches

• A-1-a base resilient modulus: 25000 psi

• A-7-5 subgrade resilient modulus: 5000 psi

• Traffic: 10M – 46M ESALs

• Climate: Minnesota, Maryland, Arizona

• Level 1 material properties for HMA (surface/base), cold recycled 

mixes

– Dynamic modulus

– RLPD

• Default global calibration (no recycled sections included)



Performance Predictions

1.5 in - 10 m ESAL

2 in - 15 m ESAL

3 in - 27 m ESAL

4 in - 46 m ESAL
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Performance Predictions
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Conclusions: Structural Properties

• Field-cured structural properties required for MEPDG:

– FDR/CIR/CCPR E* values ~50% those of HMA

• Slightly lower for foam, emulsion CIR

– CIR/CCPR RLPD behavior similar to HMA (base mix)

– FDR RLPD slightly better than HMA

• Preliminary Pavement ME Design® results: Well-

designed cold recycled materials after thickness 

adjustment give performance comparable to HMA



Environmental Benefits

Contributors:
• Qingbin Cui (UMD)
• Xiaoyu Liu (UMD)
• Global Emissionary LLC
• Strachan Environmental Consulting
Liu, Cui, Schwartz Journal of Environmental Management 132 (2014) 313-322



Verified Carbon Standard (VCS) Program 



Emission Estimation Boundaries



CO2 Emissions: HMA, CCPR FSB

CCPR FSB shown;

HMA similar

Liu and Cui (2014)



HMA Emission Estimation



CCPR FSB Emission Estimation



CO2 Emissions: CIR FSB

Liu and Cui (2014)



CIR FSB Emission Estimation



Emission Intensity Adjusted by Structure



Emission Intensity Comparison
Mat’l Cost Savings: ~$20/ton (CCPR)

Carbon Credit Value

• CCPR: ~$0.80/ton

• CIR: ~$1.50/ton



Conclusions: GHG Emissions
• Cold-recycled FSB provides substantial GHG reductions 

vs. HMA. On a per ton basis:
– 43% reduction for CCPR

– 83% reduction for CIR

• For fair comparison, must factor in differences in density, 

structural characteristics: 
– AASHTO 93: 25% more FSB thickness vs. HMA

– FSB 130 pcf vs. HMA 160 pcf

– GHG reductions on an adjusted per ton basis:
• 42% reduction for CCPR

• 80% reduction for CIR
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