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NCHRP 09-54 Objectives 
 Develop a calibrated and validated procedure to 

simulate long-term aging of asphalt mixtures for 
performance testing and prediction. 

 Develop a pavement aging model as a function 
of climate, age, and pavement depth. 



Proposed Long-Term Aging Method 

 Oven aging 
 Loose mix aging 
 95°C 

95°C 



Experimental Steps 



log 𝐺∗ = log𝐺0∗ + 𝑀(1 −
𝑘𝑐
𝑘𝑓

) 1 − exp −𝑘𝑓𝑡 + 𝑘𝑐𝑀𝑡 

𝑘𝑓 =  𝐴𝑓 exp −𝐸𝑎𝑓
𝑅𝑅� , 

𝑤ℎ𝑒𝑒𝑒 

𝐺∗= shear dynamic modulus at age t, 

𝐺0∗ = shear dynamic modulus at short-term aged condition, 

NCHRP 9-54 Kinetics Model 

𝑀 = binder aging rate, 

𝑘𝑐 =  𝐴𝑐 exp −𝐸𝑎𝑐
𝑅𝑅� , and 

𝑅 = temperature in Kelvin. 
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 Non-Isothermal Laboratory Aging Trial 
• FHWA ALF Control 
• WesTrack Fine 1995 
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Kinetics Modeling to Find Required 
Duration to Match Field Aging 

Field (EICM) Lab Oven Aging 

95°C 

Aging 
Duration? 

log 𝐺𝐹𝐹𝑒𝐹𝐹∗ = log 𝐺𝑜∗ + 𝑀[(1 − 𝑘𝑐
𝑘𝑓� ) 1 − exp −𝑘𝑓𝑡 + 𝑘𝑐𝑡]𝐹𝐹𝐹𝐹𝐹  

log 𝐺𝐿𝐿𝐿∗ = log 𝐺𝑜∗ + 𝑀[(1 − 𝑘𝑐
𝑘𝑓� ) 1 − exp −𝑘𝑓𝑡 + 𝑘𝑐𝑡]𝐿𝑎𝐿 

[(1 − 𝑘𝑐
𝑘𝑓� ) 1 − exp −𝑘𝑓𝑡 + 𝑘𝑐𝑡]𝐹𝐹𝐹𝐹𝐹 = [(1 − 𝑘𝑐

𝑘𝑓� ) 1 − exp −𝑘𝑓𝑡 + 𝑘𝑐𝑡]𝐿𝑎𝐿 

Required Aging Duration to Match 
Field Aging is Independent of 

Binder Source/Type 
(i.e., STA G* and M) 



Aging Durations Based on 
Climatic Data 



CAI = ∑ (𝐷 × 𝐴 × exp −𝐸𝑎
𝑅𝑇𝑖� /2424

𝐹=1 ) = 𝑡𝑜𝑜𝐹𝑜 

where 
D = depth correction factor, 
𝐴, 𝐸𝑎= fitting parameters, 
R = universal gas constant,  
T = air temperature (Kelvin), and 
d = depth of interest (mm). 

𝐷 = �3.4311 𝐹−0.683 for 6 𝑚𝑚 ≤ 𝐹 ≤ 35 𝑚𝑚
0.3026                                 for 𝐹 > 35 𝑚𝑚

 

Climatic Aging Index (CAI) 



y = 0.4944x
R² = 0.28

0
5

10
15
20
25
30
35

0 5 10 15 20 25 30 35

M
ea

su
re

d
 D

u
ra

tio
n

 a
t 

95
°C

 (D
ay

s)

Climatic Aging Index, CAI

WesTrack-Fine WesTrack-Coarse
ALF-Control ALF-SBS
LTPP-NM LTPP-SD
LTPP-TX LTPP-WI

Aging Durations Based on Climatic Data 
fitting without depth correction factor (D) 



y = 1x
R² = 0.56
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Aging Durations Based on Climatic Data 
fitting for individual layer depths  



y = 3.4311 (d)-0.683

R² = 0.99
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Aging Duration Maps for 6 mm Depth 
4 Years 

8 Years 

16 Years 



Aging Duration Maps for 20 mm Depth 
4 Years 

8 Years 

16 Years 



Aging Duration Maps for 50 mm Depth 
4 Years 

8 Years 

16 Years 



Gmm in LTA Condition 

Aging Duration (days) Gmm 

Short-Term Aged 2.419 
Long-Term Aged (4 days) 2.440 
Long-Term Aged (8 days) 2.444 
Long-Term Aged (16 days) 2.446 

Aging Duration (days) Gmm 

Short-Term Aged 2.428 
Long-Term Aged (3 days) 2.442 
Long-Term Aged (11 days) 2.446 
Long-Term Aged (17 days) 2.448 

LTPP-South Dakota LTPP-Texas 



Proposed AASHTO Specification 



Pavement Aging Model 
(Preliminary) 



𝑘𝑓 =  𝐴𝑓 exp (−𝐸𝑎𝑓 𝑅𝑅� ) 𝑘𝑐 =  𝐴𝑐  exp (−𝐸𝑎𝑐 𝑅𝑅� ) 
𝑤ℎ𝑒𝑒𝑒 

log 𝐺∗𝑓𝐹𝑒𝐹𝐹_𝑚𝑒𝐿𝑚𝑚𝑒𝑒𝐹 = 𝐶1 
+ 𝐶2 × log 𝐺∗𝑓𝐹𝑒𝐹𝐹_𝑝𝑒𝑒𝐹𝐹𝑝𝑡𝑒𝐹 

𝐶1,𝐶2 = calibration factors 
𝑤ℎ𝑒𝑒𝑒 

log 𝐺∗ = log𝐺0∗ + 𝑀(1 −
𝑘𝑐
𝑘𝑓

) 1 − exp −𝑘𝑓𝑡 + 𝑘𝑐𝑀𝑡 

Prediction of Field Aging Using 
Mix-Specific Kinetics Parameters 



C2 = 0.7636 (d)-0.095

R² = 0.99

C1 = 1.5855 (d)-0.377

R² = 0.99
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C2 = 0.5447

C1 = 0.415

Prediction of Field Aging Using Mix-
Specific Kinetics Parameters 

𝐹𝑜𝑜 𝐺∗𝑓𝐹𝑒𝐹𝐹_𝑚𝑒𝐿𝑚𝑚𝑒𝑒𝐹 = 𝐶1 
+ 𝐶2 × 𝐹𝑜𝑜 𝐺∗𝑓𝐹𝑒𝐹𝐹_𝑝𝑒𝑒𝐹𝐹𝑝𝑡𝑒𝐹 



Prediction of Field Aging Using Mix-
Specific Kinetics Parameters 

𝐹𝑜𝑜 𝐺∗𝑓𝐹𝑒𝐹𝐹_𝑚𝑒𝐿𝑚𝑚𝑒𝑒𝐹 = 𝐶1 
+ 𝐶2 × 𝐹𝑜𝑜 𝐺∗𝑓𝐹𝑒𝐹𝐹_𝑝𝑒𝑒𝐹𝐹𝑝𝑡𝑒𝐹 

where 
𝐶1,𝐶2= calibration factors and 
d = depth of interest (mm). 

C1 = �1.5855 𝐹−0.377, 6 𝑚𝑚 ≤ 𝐹 ≤ 35 𝑚𝑚
0.415,                                 𝐹 > 35 𝑚𝑚  

C2 = �0.7636 𝐹−0.095, 6 𝑚𝑚 ≤ 𝐹 ≤ 35 𝑚𝑚
0.5447,                                 𝐹 > 35 𝑚𝑚 
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Binder USAT Aging in Place of  
Loose Mix Aging 



Motivation for Binder-Specific Aging 
 Example of binders with similar PG grades and 

quite different oxidation rates 

All Binders PG 64-22 



Effect of Hydrated Lime 

(Jones 1997) (Petersen et al. 1987) 

Hydrated lime 
suppresses 

oxidation aging! 



Hydrated 
Lime 

Aggregate 
Type 

%Pass 
Sieve 

#200 (P200) 

Binder 
Content 

Binder 
Source 

Binder 
Grade 

P200 to Binder 
Content Ratio 

FHWA ALF 
- Control ✔ (1%) 

Limestone/ 
Diabase 

(Traprock) 
6.3% 5.3% 

Citgo-
Venezuelan 
Bachaquero 

PG 70-22 1.19 

WesTrack – 
Coarse ✔ (1.5%) Crushed 

Andesite/ Sand 6.5% 5.7% Idaho Asphalt PG 64-22 1.14 

WesTrack – 
Fine ✔ (1.5%) Andesite/ 

Granite/ Sand 5.4% 5.4% West Coast 
Refinery PG 64-22 1 

Validation 

SHRP-AAD ✔ (1%) 
Limestone/

Diabase 
(Traprock) 

6.3% 5.3% CA Coast PG 58-28 1.19 

SHRP-AAG ✔ (1%) 
Limestone/

Diabase 
(Traprock) 

6.3% 5.3% CA Valley PG 58-10 1.19 

Study Mixture Details 



Hydrated 
Lime 

Aggregate 
Type 

%Pass Sieve 
#200 (P200) 

Binder 
Content 

Binder 
Source 

Binder 
Grade 

P200 to Binder 
Content Ratio 

LTPP - NM None N/A 6.1% 7.6% N/A AC-20 0.8 

LTPP - SD None N/A 4.6% 5.9% N/A 120-150 
Pen 0.78 

LTPP - TX None N/A 5.7% 5.4% N/A AC-20 1.06 

LTPP-WI None N/A 4.1% 5.9% N/A N/A 0.69 

Validation 

NC None Granite 5.7% 6.6% 
Citgo – 

Wilmington, 
NC 

PG 64-22 0.86 

Mixture Details 
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log G* = 0.0663 (D) + 0.9795
R² = 0.98
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log G* = 0.064 (D) + 1.434
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log G* = 0.0161 (D) + 2.1611
R² = 0.64

log G* = 0.0285 (D) + 2.5199
R² = 1
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log G* = 0.0519 (D) + 1.4637
R² = 0.94

log G* = 0.0708 (D) + 1.7775
R² = 0.99
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log G* = 0.0409 (D) + 0.567
R² = 1

log G* = 0.0436 (D) + 0.976
R² = 1

0

0.5

1

1.5

2

2.5

3

3.5

4

0 5 10 15 20 25 30 35 40
lo

g
 G

*,
 6

4°
C

, 1
0 

ra
d

/s
 (

kP
a)

Aging Duration (Days)

log G* = 0.0437 (D) + 1.4079
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log G* = 0.0445 (D) + 1.7861
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log G* = 0.0019 (D) + 0.696
R² = 0.99
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Model Parameters 

Fast Rate 
log𝐺 ∗  = 𝐿 𝑡 2 + 𝐿 𝑡 + 𝑝 

Slow (Constant) Rate 
log𝐺 ∗  = 𝐹 𝑡 + 𝑒 

𝐿𝑜𝑜𝑚𝑒 𝑀𝐹𝑀 ∶  𝐿𝐹, 𝐿𝐹 , 𝑝𝐹 ,𝐹𝐹 , 𝑒𝐹 
𝑈𝑈𝐴𝑅 ∶  𝐿𝑚, 𝐿𝑚 , 𝑝𝑚 ,𝐹𝑚 , 𝑒𝑚 

log𝐺 ∗
 

𝐷𝑚𝑒𝐿𝑡𝐹𝑜𝐷 (𝑡) 



Hydrated 
Lime? 

Yes No 

𝑈 = 3.51 − 0.32(𝑃200) 
I = 0.34 

𝑈 = 1.61 − 0.1 (𝑃200) 
I = 0.5 

Prediction Parameters 

log𝐺 ∗
𝑓𝐿𝑚𝑡 𝑒𝐿𝑡𝑒

= 𝐿 𝑡 2 + 𝐿 𝑡 + 𝑝 log𝐺 ∗
𝑚𝐹𝑜𝑤 𝑒𝐿𝑡𝑒

 = 𝐹 𝑡 + 𝑒 

𝐿𝑜𝑜𝑚𝑒 𝑀𝐹𝑀 𝑃𝐿𝑒𝐿𝑚𝑒𝑡𝑒𝑒𝑚  
𝐿𝐹, 𝐿𝐹 , 𝑝𝐹 ,𝐹𝐹 , 𝑒𝐹 
𝑈𝑈𝐴𝑅 Parameters 
𝐿𝑚, 𝐿𝑚 , 𝑝𝑚 ,𝐹𝑚 , 𝑒𝑚 𝐹 = 𝑐𝐹+𝐿𝑈 

×10+𝑎𝐹× 10 2 − 𝐹𝐹 
×10+𝐹𝐹

10   
 

𝑒𝐹 = 𝑒𝑈 - I 
 

𝐹𝐹 = 𝐹𝑈 / S 
 

𝑝𝐹 = 𝑝𝑈 - I 
 

𝐿𝐹 = 𝐿𝑈  
 

𝐿𝐹 = 𝐿𝑈 − 𝐹  
 



y = -0.32x + 3.51
R² = 0.99

y = -0.10x + 1.61
R² = 1.00
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For Slow (Constant) Rate
log G* = 0.0024 (H) + 0.389

R² = 0.94

For Slow (Constant) Rate
log G* = 0.0028 (H) + 0.9795

R² = 0.99
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Summary 
 Oven aging of loose mixture at 95°C recommended 
 G*-based kinetics model developed and verified 
 Aging duration maps developed using the climate 

data 
 Draft AASHTO specification developed for long-term 

aging of asphalt mixtures for performance testing 
 Preliminary pavement aging model established 

based on mixture-specific kinetics parameters and 
pavement depth dependent calibration factors 

 Developed and verified the methodology to predict 
loose mixture aging from USAT aging 
 



Questions? 
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