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ABSTRACT 
 
The PANYNJ is moving towards performance-based evaluations of hot mix asphalt 
(HMA) to verify the cost new and innovative HMA mixes for use on the George 
Washington Bridge and on airports, such as Newark Liberty International.  HMA mixes 
for the George Washington Bridge were evaluated using repeated load testing, the 
Asphalt Pavement Analyzer, Flexural Beam Fatigue, and Dynamic Modulus.  The 
various mixes evaluated consisted of Epoxy-based HMA, asphalt-rubber HMA, Rosphalt 
(which is an asphalt rubber based mix), and a PG76-22 asphalt binder with fibers.  
Laboratory testing concluded that the Epoxy-based HMA provided excellent rutting and 
fatigue properties, however, the mix has a tendency “set-up” and cure at sometimes 
unpredictable times, thereby, not lending itself to traditional paving delays that occur.  
The Rosphalt mix performed almost as well as the Epoxy-based HMA, but without the 
“set-up” issues.  All “innovative” HMA mixes tested outperformed the current in-place I-
5 PG76-22 in both rutting and fatigue testing.  Work conducted on the interface bond 
testing of HMA cores taken from Newark Liberty International Airport showed clearly 
showed that HMA with a granite-gneiss aggregate had lower repetitions to debonding 
than HMA with Trap Rock aggregates.  The laboratory results were validated by field 
observations of debonding in areas where granite-gneiss aggregates were used.  Testing 
was conducted used a bi-axial repeated load test to simulate the axial and shear stresses 
developed during airplane trafficking.  Asphalt Pavement Analyzer (APA) testing of 
different a FAA #3 surface course mix with various PG-graded asphalt binders showed 
that, as expected, asphalt binders with higher PG grades are less susceptible to rutting.  
The results indicated that the fuel resistance asphalt binder, high PG graded at 94oC, 
accumulated half of the total APA rutting as the PG64-22.      
 
 

1.0  PANYNJ HMA FOR THE GEORGE WASHINGTON BRIDGE 
 
The scope of work encompasses the advanced characterization of the Port Authority of 
NY/NJ’s hot mix asphalt materials.  The advanced characterization is comprised of using 
the Repeated Load Simple Performance Test (SPT), as described by NCHRP 465, and the 
Flexural Beam Fatigue device.  The SPT was used to evaluate the rutting potential of 
HMA, while the Flexural Beam Fatigue was used to evaluate the fatigue properties of the 
HMA materials.    
 

1.1  PANYNJ SMA and I-4A 
 
The HMA material testing occurred in two phases.  The first phase (Phase I) was an 
evaluation of an SMA and an I-4A mix.  The samples were compacted and cored by the 
Materials Engineering Division of the Port Authority of NY/NJ (PANYNJ).  The 
evaluation was solely based on the Repeated Load Simple Performance Test (SPT), as 
described by NCHRP 465.  In this test, the permanent deformation properties of the 
HMA samples were measured by applying a 20 psi cyclic stress on a cylindrical sample 
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that had been heated to 140oF.  Work conducted under NCHRP 465 had recommended 
130oF; however, officials from the PANYNJ specified a test temperature of 140oF.     
 
The second phase (Phase II) of the evaluation utilized both permanent deformation 
testing (Repeated Load SPT) and flexural fatigue testing.  The HMA material tested in 
the second phase was an I-5 mix that contained a PG76-22 asphalt binder and polyester 
fibers.  Virgin materials were delivered to the Rutgers Asphalt/Pavement Laboratory 
(RAPL) for mixing and compaction.  However, two different asphalt binder contents 
were used; 5.9% and 6.3%.  The asphalt binder contents were specified for the identical 
aggregate gradation, although to be compacted to different final air voids.  The I-5 
samples that contained 5.9% AC were to be compacted to 6.0% (± 0.5%) air voids, while 
the I-5 samples that contained 6.3% AC were to be compacted to 5.0% (± 0.5%) air 
voids.  For the Repeated Load SPT testing, the permanent deformation properties of the 
HMA samples were measured by applying a 20 psi cyclic stress on a cylindrical sample 
that had been heated to 140oF.  The testing specifications followed those outlined in 
NCHRP 465.  For the flexural fatigue testing, a Flexural Beam Fatigue device, described 
by AASHTO 321, was used to evaluate the fatigue properties of the two mixes.  The 
fatigue testing was conducted under a constant-strain test mode at a test temperature of 
15oC (59oF).  A haversine waveform was applied at a rate of 2 Hz (2 loads per second).   
 
More details of the Repeated Load SPT and Flexural Beam Fatigue testing are included 
in the Appendix. 
 

1.1.1  Repeated Load Testing of SMA and I-4A 
 
After the specimens were fabricated, three LVDT (linear variable differential 
transformers) were glued to the sides of the HMA specimen at 120 degrees apart with a 
final gage length of 100 mm.  The samples were then heated to 140oF.  A dummy sample, 
instrumented with internal and skin thermocouples, was used to ensure the test sample 
reaches the required test temperature.  Once temperature was achieved, the samples were 
cyclically loaded using a haversine waveform.  A deviatoric cyclic stress of 20 psi was 
applied for a duration of 0.1 seconds and then followed by a 0.9 second rest period.   
 
The Flow Number is determined by plotting the rate of change of axial strain versus the 
number of loading cycles.  The number of loading cycles pertaining to the part of the 
curve where the slope is zero is designated as the Flow Number.  Preliminary 
specifications from NCHRP 465 (Witczak et al., 2002) are located in Appendix A. 
 
Three samples of an SMA and a Port Authority I-4A HMA mix were tested under 
repeated load testing conditions to compare the permanent deformation properties.  The 
samples were loaded with a 20 psi deviatoric stress at a temperature of 140oF.  Three 
properties were evaluated from the testing: 

1. Flow Number (FN) – The larger the flow number, the more resistant the HMA 
mix is to permanent deformation; 
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2. Slope of the Linear Portion of the Permanent Strain vs Cycles Plot (b) – The 
larger the slope, the greater the potential for rutting in the field and the faster the 
rutting accumulates; and 

3. Accumulated Permanent Deformation at 1,000 Loading Cycles (εP (%) @ N = 
1,000) – The larger the eP (%) @ 1,000 cycles, the greater the potential for 
rutting in the field. 

  
These three parameters were shown to provide the best correlation to measured field 
rutting (NCHRP 465) when conducting the repeated load permanent deformation test.  
The correlation results determined in NCHRP 465 are shown in Table 1.1. 
 
The table clearly shows that at the test temperature of 130oF, the R2 values for the 3 
parameters when compared to measured field rutting were all greater than 0.86.  This 
should also correspond to the requested test temperature of 140oF used in this study.  
 
The final results are shown in Table 1.2.  A statistical analysis was conducted using a 
Student’s t-Test analysis (two samples assuming equal or unequal variances) to compare 
the derived parameters of the two mixes.  Prior to using the t-Test, the F-Test was used to 
determine if the variances were equal or unequal.  The results of the F-Test were used to 
select the appropriate condition of the t-Test (equal or unequal variances).  The analysis 
was utilized to determine if the samples were statistically equal or statistically not equal 
among the common test results and parameters.  A 95 % confidence interval was chosen 
for the analysis.  
 
 

Table 1.1 – Results of Test Parameter Correlation to Field Rutting (NCHRP 465) 
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Table 1.2 – Summary of Test Results from the Repeated Load Permanent Deformation 
Test for SMA and I-4A 

 
Flow Number (FN) Slope (b) εP (%) @ N = 1,000

# 3 978 0.324 1.843
# 6 1,050 0.324 1.654
# 7 1,092 0.335 1.882

Average = 1,040 0.327 1.793
# 1 790 0.223 0.862
# 3 900 0.279 1.044
# 4 1,524 0.269 0.605

Average = 1,071 0.257 0.837

SMA

I-4A

Test Property

 
 
The statistical analysis comparisons indicate that: 

• The flow number (FN) of the SMA and I-4A mix are not significantly different at 
a 95% confidence level, although a direct comparison of the mean shows that the 
I-4A performed slightly better. 

• The slopes of the permanent strain curve (b) were significantly different at a 95% 
confidence level.  The results show that the SMA mix had a larger slope, which 
would indicate that this mix would have a greater potential for permanent 
deformation in the field. 

• The permanent deformation determined at the 1,000th loading cycle was found to 
be significantly different at a 95% confidence level.  The results show that the 
SMA mix accrued more than twice the amount of permanent deformation than the 
I-4A mix at the 1,000th loading cycle.  Therefore, based on the work conducted 
within the NCHRP 465 project, the SMA mix would have a greater potential to 
develop permanent deformation than the I-4A mix.   

 
Plots of the tests are shown as Figures 1.1 and 1.2. 
 

1.1.2  Discussion of Results for SMA and I-4A Mixes 
 
Based on the comparison of the Flow Number, (FN), the Permanent Deformation Slope 
(b), and the Permanent Deformation (εP) measured at the 1,000th cycle from the Repeated 
Load Permanent Deformation test, the I-4A mix is more resistant to permanent 
deformation than the SMA.  Although the Flow Number results were shown to be 
statistically equal, both the Slope (b) and the Permanent Deformation (εP) at the 1,000th 
loading cycle indicate that the I-4A mix will accumulate less permanent deformation than 
the SMA mix. 
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1.2  Evaluation of Baseline Mix for George Washington Bridge 
 

1.2.1  Repeated Load SPT Testing 
 
Three samples each of the 5.9% AC and 6.3% AC I-5 mix were tested using the Repeated 
Load Permanent Deformation test.  The same permanent deformation properties used for 
evaluation in Phase I were also utilized in Phase II.  For review, the properties were: 

1. Flow Number (FN) – The larger the flow number, the more resistant the HMA 
mix is to permanent deformation; 

2. Slope of the Linear Portion of the Permanent Strain vs Cycles Plot (b) – The 
larger the slope, the greater the potential for rutting in the field and the faster the 
rutting accumulates; and 

3. Accumulated Permanent Deformation at 1,000 Loading Cycles (εP (%) @ N = 
1,000) – The larger the eP (%) @ 1,000 cycles, the greater the potential for 
rutting in the field. 

 
A summary of the permanent deformation parameters are shown in Table 1.3.  A 
statistical analysis was conducted using a Student’s t-Test analysis (two samples 
assuming equal or unequal variances) to compare the derived parameters of the two 
mixes.  Prior to using the t-Test, the F-Test was used to determine if the variances were 
equal or unequal.  The results of the F-Test were used to select the appropriate condition 
of the t-Test (equal or unequal variances).  The analysis was utilized to determine if the 
samples were statistically equal or statistically not equal among the common test results 
and parameters.  A 95 % confidence interval was chosen for the analysis.  
 

Table 1.3 - Summary of Test Results from the Repeated Load Permanent Deformation 
Test for I-5 Mix  

 
Air Voids (%) Flow Number (FN) Slope (b) εP (%) @ N = 1,000

A 5.6 1,410 0.212 0.699
C 5.8 1,961 0.192 0.629
E 5.8 1,243 0.209 0.761

Average = 5.73 1,538 0.204 0.696
B 4.7 1,460 0.246 0.78
C 5.3 1,703 0.232 0.819
D 5.1 1,414 0.222 0.762

Average = 5.03 1,526 0.233 0.787

Test Property

5.9% AC

6.3% AC

 
 
 
The statistical analysis comparisons indicate that: 

• The flow number (FN) of the 5.9% AC mix and 6.3% AC mix are not significantly 
different at a 95% confidence level, although a direct comparison of the mean 
shows that the 5.9% AC mix performed slightly better. 

• The slopes of the permanent strain curve (b) were significantly different at a 95% 
confidence level.  The results show that the 6.3% AC mix had a slightly larger 
slope, which would indicate that this mix would have a greater potential for 
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permanent deformation in the field, as well as accumulate permanent deformation 
slightly faster.  

• The permanent deformation determined at the 1,000th loading cycle was found to 
be significantly different at a 95% confidence level.  The results show that the 
6.3% AC mix developed more permanent deformation than the 5.9% AC mix in 
the first 1,000 loading cycles.  Therefore, based on the work conducted within the 
NCHRP 465 project, the 6.3% AC mix would have a greater potential for rutting 
than the 5.9% AC mix.  

  
Plots of the Repeated Load Permanent Deformation testing are shown as Figures 1.3 and 
1.4. 
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1.2.2  Flexural Fatigue Test Results 
 
All samples were tested at a test temperature of 15oC.  The test specimens were tested 
until 1,000,000 loading cycles, or until the specimen’s flexural strength reached a pre-
determined minimum value.  Samples that were tested out until 1,000,000 cycles lasted 
5.7 days due to the slower loading frequency (2 Hz or 2 loads per second).  This was 
achieved at both the 200 and 400 μstrain levels for the 5.9% AC and 6.3% AC samples.  
The limit of load cycles was chosen due to time constraints associated with the testing.  
Each mix, 5.9% AC and 6.3% AC, had samples tested at 200, 400, 600, 750, and 900  
μ-strains. 
 
Throughout the test, the flexural stiffness of the samples were calculated and recorded.  
The stiffness of the beams was plotted against the load cycles and the resulting data was 
fitted to an exponential function as follows (AASHTO T321): 
 

bN
OeSS =        (11.) 

where,  
 S = flexural stiffness after the n load cycles; 
 SO= initial flexural stiffness; 
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 e = natural algorithm to the base e 
 b = constant from regression analysis 
 N = number of load cycles 
 
Equation (1.1) was then modified to determine the number of loading cycles to achieve 
50% of the initial flexural stiffness.  This was conducted for the five different applied 
strain levels to provide a regression equation in the form of Equation (1.2).   
 

2k
t1f kN ε=         (1.2) 

 
where,  
 Nf = number of loading repetitions until fatigue failure (50% of the initial  

        stiffness) 
 k1, k2 = regression coefficients depending on material type and test conditions 
 εt = tensile strain 
    
Tables 1.4 and 1.5 show the calculated values determined from equations (1.1) and (1.2).  
The number of cycles until fatigue failure (Nf, 50%) for the 5.9% AC and 6.3% AC 
samples are shown in Figure 1.5.  The results indicate that at the lower applied strain 
levels, the fatigue life of the samples was approximately equal, although the 6.3% AC 
samples showed slightly better fatigue resistance.  This is rational and follows the theory 
of “Fatigue Endurance Limit”.  “Fatigue Endurance Limit” states that at a small enough 
applied tensile strain, the material will have an infinite fatigue life (Monismith et al., 
1970; Carpenter et al., 2003).  However, as the applied tensile strain increases, the fatigue 
performance starts to differentiate between one another.  The figure clearly shows that the 
samples with 6.3% AC have a greater fatigue life than the 5.9% AC samples when the 
tensile strains increase. 
 

Table 1.4 – Flexural Beam Fatigue Results for I-5, 5.9% AC Samples 
 

Tensile Strain Air Voids Initial Stiffness, SO
(μ−strain) (%) (MPa)

200 5.9 5,465,599 5635.2 -1.27E-07
400 5.6 1,406,150 4481.1 -4.93E-07
600 5.6 53,279 4596.6 -1.30E-05
750 5.9 23,796 3882.5 -2.91E-05
900 5.8 11,558 3568.5 -6.00E-05

I-5, 5.9% AC
Cycles to Failure, Nf, 50% Slope, b
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Table 1.5 – Flexural Beam Fatigue Results for I-5, 6.3% AC Samples 
 

Tensile Strain Air Voids Initial Stiffness, SO
(μ−strain) (%) (MPa)

200 5.2 6,123,983 4483.3 -1.13E-07
400 5.1 1,216,219 4236.5 -5.70E-07
600 5.2 91,072 3864.3 -7.61E-06
750 4.8 71,329 3432.6 -9.72E-06
900 5.1 17,712 2803.7 -3.91E-05

Cycles to Failure, Nf, 50% Slope, b

I-5, 6.3% AC
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Figure 1.5 – Fatigue Properties of I-5 Samples with 5.9% and 6.3% AC 
 

1.2.3  Discussion of Results – Baseline Mixes for George Washington Bridge 
 
The permanent deformation and fatigue resistance properties of an I-5 HMA mix, with 
two different asphalt binder contents and compacted air void levels, were determined 
using advanced material characterization testing procedures.  The permanent deformation 
properties were evaluated using the Repeated Load Permanent Deformation test 
procedure as described by NCHRP 465.  The flexural fatigue properties were evaluated 
using the Flexural Beam Fatigue device and test procedure described in AASHTO T321.  
 
Based on the performance testing, the following conclusions were drawn: 

• From the flow number (FN), permanent deformation slope (b), and the 
accumulated permanent strain at the 1,000th loading cycle (εP) properties 
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determined from the permanent deformation testing, the I-5 mix containing 5.9% 
asphalt binder had slightly better rutting resistance properties than the I-5 mix 
containing 6.3% asphalt binder.   

• The flexural beam fatigue tests showed that the two mixes had approximately 
equal fatigue resistance at lower applied strains, with the 6.3% AC samples 
having slightly better fatigue resistance.  This follows the “Fatigue Endurance 
Limit” theory which states that at a particularly low tensile strain, the HMA 
samples will have an infinite fatigue life.  However, as the applied tensile strain 
increased, the 6.3% AC samples showed to have better flexural fatigue properties.  
This is clearly illustrated in Figure 1.5, which shows the trendline of 6.3% AC 
samples moving further away from the 5.9% AC samples as the applied tensile 
strain increased.     
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2.0  EVALUATION OF EPOXY ASPHALT FOR GEORGE WASHINGTON 
BRIDGE 
 
Virgin materials were delivered to the Rutgers Asphalt/Pavement Laboratory (RAPL) for 
mixing and compaction of the epoxy HMA.  The epoxy binder is a 2-part binder system, 
with each part needing to be heated to a different temperature.  For accurate heating of 
the epoxy mix, 1-gallon can heaters were used with a calibrated thermocouple controller 
that is accurate to 0.1oF (Figure 2.1).  All heating, mixing, and compaction temperatures, 
as well as the HMA mixture design, were supplied by the PANYNJ, and also later 
verified by the epoxy binder manufacturer.   

 

 
Figure 2.1 – Gallon Can Heaters Used for Blending and Mixing the Epoxy Asphalt 

Binder 
 
All epoxy HMA samples were compacted to have a final air void content of 2.0% (± 
0.5%) air voids.   
 
For the Repeated Load SPT testing, the permanent deformation properties of the HMA 
samples were measured by applying a 20 psi cyclic stress on a cylindrical sample that had 
been heated to 140oF.  The testing specifications followed those outlined in NCHRP 465.  
For the flexural fatigue testing, a Flexural Beam Fatigue device, described by AASHTO 
321, was used to evaluate the fatigue properties of the two mixes.  The fatigue testing was 
conducted under a constant-strain test mode at a test temperature of 15oC (59oF).  A 
haversine waveform was applied at a rate of 2 Hz (2 loads per second).   
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2.1  Epoxy HMA Test Results – Repeated Load 
 
After the specimens were fabricated, three LVDT (linear variable differential 
transformers) were glued to the sides of the HMA specimen at 120 degrees apart with a 
final gage length of 100 mm.  The samples were then heated to 140oF.  A dummy sample, 
instrumented with internal and skin thermocouples, was used to ensure the test sample 
reaches the required test temperature.  Once temperature was achieved, the samples were 
cyclically loaded using a haversine waveform.  A deviatoric cyclic stress of 20 psi was 
applied for a duration of 0.1 seconds and then followed by a 0.9 second rest period.   
 
The Flow Number is determined by plotting the rate of change of axial strain versus the 
number of loading cycles.  The number of loading cycles pertaining to the part of the 
curve where the slope is zero is designated as the Flow Number.   
 
Three samples of the epoxy asphalt mix were tested under repeated load testing 
conditions to determine the permanent deformation properties.  The samples were loaded 
with a 20 psi deviatoric stress at a temperature of 140oF.  Three properties were evaluated 
from the testing: 

4. Flow Number (FN) – The larger the flow number, the more resistant the HMA 
mix is to permanent deformation; 

5. Slope of the Linear Portion of the Permanent Strain vs Cycles Plot (b) – The 
larger the slope, the greater the potential for rutting in the field and the faster the 
rutting accumulates; and 

6. Accumulated Permanent Deformation at 1,000 Loading Cycles (εP (%) @ N = 
1,000) – The larger the eP (%) @ 1,000 cycles, the greater the potential for 
rutting in the field. 

  
These three parameters were shown to provide the best correlation to measured field 
rutting (NCHRP 465) when conducting the repeated load permanent deformation test.  
The correlation results determined in NCHRP 465 are shown in Table 2.1. The table 
clearly shows that at the test temperature of 130oF, the R2 values for the 3 parameters 
when compared to measured field rutting were all greater than 0.86.  This should also 
correspond to the requested test temperature of 140oF used in this study.  
 
The final repeated load results of the Epoxy Asphalt are shown in Table 2.2, along with 
the test results from the two previous HMA mixes.  A statistical analysis was conducted 
using a Student’s t-Test analysis (two samples assuming equal or unequal variances) to 
compare the derived parameters of the Epoxy Asphalt to the other 2 mixes.  Prior to using 
the t-Test, the F-Test was used to determine if the variances were equal or unequal.  The 
results of the F-Test were used to select the appropriate condition of the t-Test (equal or 
unequal variances).  The analysis was utilized to determine if the samples were 
statistically equal or statistically not equal among the common test results and 
parameters.  A 95 % confidence interval was chosen for the analysis.  
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Table 2.1 – Results of Test Parameter Correlation to Field Rutting (NCHRP 465) 

 

 
 
 

Table 2.2 – Summary of Test Results from the Repeated Load Permanent Deformation 
Test  

 
Air Voids (%) Flow Number (FN) Slope (b) εP (%) @ N = 1,000

A 5.6 1,410 0.212 0.699
C 5.8 1,961 0.192 0.629
E 5.8 1,243 0.209 0.761

Average = 5.73 1,538 0.204 0.696
B 4.7 1,460 0.246 0.78
C 5.3 1,703 0.232 0.819
D 5.1 1,414 0.222 0.762

Average = 5.03 1,526 0.233 0.787
# 2 1.3 > 20,000 0.059 0.034
# 7 1.8 > 20,000 0.054 0.02
# 8 1.9 > 20,000 0.032 0.015

Average = 1.67 > 20,000 0.048 0.023

Test Property

5.9% AC 
PG76-22

6.3% AC 
PG76-22

Epoxy 
Asphalt

 
 
The statistical analysis comparisons indicate that: 

• The flow number (FN) of the Epoxy Asphalt and the two previous PG76-22 mixes 
are significantly different at a 95% confidence level, with the Epoxy Asphalt 
never obtaining a Flow Number after 20,000 loading cycles (the samples never 
failed – assumed FN = 20,000 for statistical analysis).  Results from NCHRP 465 
indicated that the larger the Flow Number, the more rut resistant the HMA. 

• The slope of the permanent strain curve, b, from the Epoxy Asphalt samples was 
significantly different at a 95% confidence level.  The results show that the Epoxy 
Asphalt had a permanent deformation rate (slope) almost 4 times lower than the 
previous PG76-22 mixes.  Results from NCHRP 465 indicated that the smaller the 
slope (b) parameter, the more rut resistant the HMA. 
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• The permanent deformation determined at the 1,000th loading cycle from the 
Epoxy Asphalt samples was found to be significantly different at a 95% 
confidence level when compared to the previously tested PG76-22 samples.  The 
results show that the Epoxy Asphalt accumulated approximately 30 times less 
permanent axial strain when compared to the previous two PG76-22 mixes.  
Results from NCHRP 465 indicated that the smaller the permanent deformation at 
the 1,000th loading cycle, the more rut resistant the HMA.     

 
Plots of the repeated load tests for the Epoxy Asphalt mix are shown as Figure 2.2.  
Figure 2.3 shows the repeated load results of the Epoxy Asphalt compared to one of the 
previous PG76-22 mixes.  Both PG76-22 mixes performed almost identically under the 
repeated loading in the previous study.  Figure 2.3 illustrates the drastic difference 
between the Epoxy Asphalt and the PG76-22 I-5 when tested using the repeated load test 
at 140oF and an applied deviatoric stress of 20 psi. 
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Figure 2.2 – Repeated Load Permanent Deformation Test Results for the Port Authority  

Epoxy HMA Mix 
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Figure 2.3 – Comparison of Repeated Load Permanent Deformation Test Results for the 
PANYNJ Epoxy HMA and PG76-22 I-5 Mix (5.9% AC) 

2.2  Epoxy HMA Test Results – Flexural Beam Fatigue 
 
All samples were tested at a test temperature of 15oC.  The test specimens were tested 
until a minimum of 3,000,000 loading cycles, or until the specimen’s flexural strength 
reached 50% of its initial flexural stiffness.  Samples that were tested out until 3,000,000 
cycles lasted at least 17 days due to the slower loading frequency (2 Hz or 2 loads per 
second).  This was achieved at the 200, 400, and 900 μstrain levels (600 and 750 μ-
strains have not been completed to date).  The limit of load cycles was chosen due to time 
constraints associated with the testing.  The Epoxy HMA samples were to be tested at 
200, 400, 600, 750, and 900 μ-strains. 
 
Throughout the test, the flexural stiffness of the samples were calculated and recorded.  
The stiffness of the beams was plotted against the load cycles and the resulting data was 
fitted to an exponential function as follows (AASHTO T321): 
 

bN
OeSS =        (2.1) 

where,  
 S = flexural stiffness after the n load cycles; 
 SO= initial flexural stiffness; 
 e = natural algorithm to the base e 
 b = constant from regression analysis 
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 N = number of load cycles 
 
Equation (2.1) was then modified to determine the number of loading cycles to achieve 
50% of the initial flexural stiffness.  This was conducted for the five different applied 
strain levels to provide a regression equation in the form of Equation (2.2).   
 

2k
t1f kN ε=         (2.2) 

 
where,  
 Nf = number of loading repetitions until fatigue failure (50% of the initial  

        stiffness) 
 k1, k2 = regression coefficients depending on material type and test conditions 
 εt = tensile strain 
    
Table 2.3 shows the fatigue results for Epoxy Asphalt samples tested.  Table 2.4, which 
contains the fatigue results from the previously tested PG76-22 I-5 mix, is also shown for 
comparative purposes.  The fatigue lives of the Epoxy Asphalt samples, for the different 
tensile strain levels, are far greater than those achieved by the PG76-22 I-5 samples.  
Figure 2.4 shows the fatigue life (Nf) – Tensile Strain (εt) relationship.  Obviously, the 
higher the regression curve, the more fatigue-type loading the material can withstand 
before failing due to fatigue cracking.       
 
 
 

Table 2.3 – Flexural Beam Fatigue Results for Epoxy Asphalt Samples 
 

Tensile Strain Air Voids Initial Stiffness, SO
(μ−strain) (%) (MPa)

200 1.3 225,194,016 10,571.10 -3.08E-09
400 1.8 159,818,123 10,261 -4.34E-09
600 1.6 90,359,429 9,094.20 -7.67E-09
750 1.8 12,440,498 8,742.90 -5.57E-08
900 1.4 16,626,222 7,917.20 -4.17E-08

Epoxy Asphalt
Cycles to Failure, Nf, 50% Slope, b

 
 
 

Table 2.4 – Flexural Beam Fatigue Results for I-5, 6.3% AC Samples 
 

Tensile Strain Air Voids Initial Stiffness, SO
(μ−strain) (%) (MPa)

200 5.2 6,123,983 4483.3 -1.13E-07
400 5.1 1,216,219 4236.5 -5.70E-07
600 5.2 91,072 3864.3 -7.61E-06
750 4.8 71,329 3432.6 -9.72E-06
900 5.1 17,712 2803.7 -3.91E-05

Cycles to Failure, Nf, 50% Slope, b

I-5, 6.3% AC
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Figure 2.4 – Fatigue Properties of Epoxy Asphalt and PG76-22 I-5 Samples (6.3% AC) 
   

 
It should be noted that the fatigue lives of the 200 and 400 micro-strain Epoxy Asphalt 
samples were highly dependent on the Power Law regression used (meaning that they 
could be a little more or less).  This is mainly due to the extremely high fatigue lives (> 
100,000,000 cycles) and the relatively short testing times (only up to 3.5 million cycles or 
3 weeks). 
 

2.3  Discussion of Results – Epoxy HMA for George Washington Bridge 
 
The permanent deformation and fatigue resistance properties of an Epoxy Asphalt mix 
were determined using advanced material characterization testing procedures.  The 
permanent deformation properties were evaluated using the Repeated Load Permanent 
Deformation test procedure as described by NCHRP 465.  The flexural fatigue properties 
were evaluated using the Flexural Beam Fatigue device and test procedure described in 
AASHTO T321.  For comparative purposes, a previously tested PG76-22 I-5 mix was 
also shown.  
 
Based on the performance testing, the following conclusions were drawn: 

• From the flow number (FN), permanent deformation slope (b), and the 
accumulated permanent strain at the 1,000th loading cycle (εP) properties 
determined from the permanent deformation testing, the Epoxy Asphalt mix was 
found to be more rut resistant than the PG76-22 I-5 mix.   
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• The flexural beam fatigue tests showed that the Epoxy Asphalt mix has excellent 
fatigue properties, especially when compared to the PG76-22 I-5 mix.  The direct 
comparison of the fatigue life at each tensile strain shows the Epoxy Asphalt has 
a fatigue life of 2 to 3 orders of magnitude greater than the PG76-22 I-5 mix.  
When directly comparing the 900 micro-strain test results, which researchers have 
indicated closely simulates the actual movement in steel orthotropic bridge decks 
(Medani et al, 2004), the Epoxy Asphalt has a fatigue life of 3 orders of 
magnitude greater than the PG76-22 I-5 mix (Figure 2.5).           
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3.0  ROSPHALT 50 – PERFORMANCE EVALUATION FOR THE GEORGE 
WASHINGTON BRIDGE  
 
The Rosphalt 50 hot mix asphalt (R-50) was evaluated for both permanent deformation 
and flexural fatigue properties.  The PANYNJ provided two different mix designs 
proposed for use with the Rosphalt material.  The first design was conducted to a design 
air void level of 1%, while the second design was conducted to a design air void level of 
3%.  The PANYNJ requested testing conducted at the design air void level and 2.0% 
above design air void level for the flexural fatigue tests.  Permanent deformation testing 
was only conducted on the 1% design air void level mix.  
 
For the flexural fatigue testing, a Flexural Beam Fatigue device described by AASHTO 
321, was used to evaluate the fatigue properties of the R-50 designed and compacted in 
four different manners; 1) R-50 designed at 1% air voids and tested at 1% air voids, 2) R-
50 designed at 1% air voids and tested at 3% air voids, 3) R-50 designed at 3% air voids 
and tested at 3% air voids, and 4) R-50 designed at 3% air voids and tested at 5% air 
voids.  The fatigue testing was conducted under a constant-strain test mode at a test 
temperature of 15oC (59oF).  A haversine waveform was applied at a rate of 2 Hz (2 loads 
per second) and a magnitude of 900 micro-strains.  The loading type described was 
supposed to simulate the typical loading and bending action on the orthotropic steel decks 
on the George Washington Bridge.    
 
For the Repeated Load Permanent Deformation testing, the permanent deformation 
properties of the HMA samples were measured by applying a 20 psi cyclic stress on a 
cylindrical sample that had been heated to 140oF.  The testing specifications followed 
those outlined in NCHRP 465.  Permanent deformation testing was only conducted on the 
R-50 designed at 1% air voids and tested at 1% air voids and also the R-50 designed at 
1% air voids and tested at 3% air voids, as requested by the PANYNJ. 
 

3.1  Flexural Fatigue Test Results 
 
All samples were tested at a test temperature of 15oC.  The test specimens were tested 
until approximately 3,000,000 loading cycles, or until the specimen’s flexural strength 
reached a pre-determined minimum value.  Samples that were tested out until 3,000,000 
cycles lasted 17 days due to the slower loading frequency (2 Hz or 2 loads per second).  
Testing was only conducted at 900 μ-strains due to the extremely, high fatigue resistance 
of the Rosphalt 50 material. 
 
Throughout the test, the flexural stiffness of the samples was calculated and recorded.  
The stiffness of the beams was plotted against the load cycles and the resulting data was 
fitted to an exponential function as follows (AASHTO T321): 
 

bN
OeSS =        (3.1) 

where,  
 S = flexural stiffness after the n load cycles; 
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 SO= initial flexural stiffness; 
 e = natural algorithm to the base e 
 b = constant from regression analysis 
 N = number of load cycles 
Equation (3.1) was then modified to determine the number of loading cycles to achieve 
50% of the initial flexural stiffness 
 
The test results for the four different Rosphalt 50 HMA mixes are shown in Figure 3.1 
and Table 3.1.  The flexural beam fatigue results show that as long as the compacted air 
voids are less than 3% air voids, the R-50 material will provide excellent fatigue 
resistance.   
 

AASHTO T321, 15oC, 2 Hz, 900 μ-strain
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Figure 3.1 – Flexural Beam Fatigue Test Results for the Rosphalt 50 Material 

 
Table 3.1 – Flexural Beam Fatigue Test Results for Rosphalt 50 Material 

 
Air Voids Initial Stiffness, SO Fatigue Life, Nf, 50%

(%) (MPa) (cycles)

2,939,057

3% Air Void Design, 5% Air 
Void Compacted 4.5 766.6 -2.67E-06 259,538

3% Air Void Design, 3% Air 
Void Compacted 3.1 891.4 -2.36E-07

Exp. Constant, b

1% Air Void Design, 1% Air 
Void Compacted 1.4 1,347,7 -2.45E-07

Sample Type

2,832,294

1% Air Void Design, 3% Air 
Void Compacted 2.7 782.9 -2.17E-07 3,191,433
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3.2  Repeated Load Permanent Deformation Test Results 
 
Three samples each of the 1% design/tested at 1% air voids and 1% design/tested at 3% 
air voids were tested using the Repeated Load Permanent Deformation test.  The 
permanent deformation properties used for evaluation/comparison, and outlined in 
NCHRP Report 465, were: 

1. Flow Number (FN) – The larger the flow number, the more resistant the HMA 
mix is to permanent deformation; 

2. Slope of the Linear Portion of the Permanent Strain vs Cycles Plot (b) – The 
larger the slope, the greater the potential for rutting in the field and the faster the 
rutting accumulates; and 

3. Accumulated Permanent Deformation at 1,000 Loading Cycles (εP (%) @ N = 
1,000) – The larger the eP (%) @ 1,000 cycles, the greater the potential for 
rutting in the field. 

 
These three parameters were shown to provide the best correlation to measured field 
rutting (NCHRP 465) when conducting the repeated load permanent deformation test.  
The correlation results determined in NCHRP 465 are shown in Table 3.2. 
 
The table clearly shows that at the test temperature of 130oF, the R2 values for the 3 
parameters when compared to measured field rutting were all greater than 0.86.  This 
should also correspond to the requested test temperature of 140oF used in this study.  
 
 

Table 3.2 – Results of Test Parameter Correlation to Field Rutting (NCHRP 465) 
 

 
 
A summary of the permanent deformation parameters are shown in Table 3 and the 
permanent deformation plots are shown in Figure 3.2 and Figure 3.3.  Samples #1 and #2 
were not used in the calculation of the average values.  During the sample preparation 
process, coring in particular, both Sample #1 and #2 witnessed extreme bleeding of the 
asphalt binder and almost seized the core barrel during coring.  It is believed that during 
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this coring process, as well as the extraction process of the samples from inside the core 
barrel, Sample #1 and Sample #2 may have been damaged.  This is in agreement with the 
permanent deformation results shown in Table 3.3, Figures 3.2 and 3.3.  A resolution to 
the excessive bleeding and seizing problem was quickly found by freezing the samples 
overnight prior coring.  
 
 

Table 3.3 - Summary of Test Results from the Repeated Load Permanent Deformation 
Test for Rosphalt HMA  

 
Air Voids Flow Number Slope

(%) (FN) @ 1,000 Cycles @ 10,000 Cycles (b)
#1 1.2 > 20,000 0.958 1.484 0.184
#3 0.5 > 20,000 0.268 0.372 0.143
#6 0.7 > 20,000 0.234 0.325 0.14

Average 0.6 > 20,000 0.251 0.349 0.142
#2 2.9 6,500 0.725 2.267 0.302
#4 2.7 > 20,000 0.315 0.474 0.18
#8 2.5 > 20,000 0.205 0.272 0.122

Average 2.6 > 20,000 0.260 0.373 0.151

1% Air Void Design, 
1% Air Void 
Compacted

1% Air Void Design, 
3% Air Void 
Compacted

Permanent Strain (%)Sample Type Sample ID
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Figure 3.2 – Permanent Deformation Plots of 1% Air Void Design and 1% Air Void 

Compacted 



 25

0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00

0 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 18,000 20,000
Number of Loading Cycles

Pe
rm

an
en

t S
tr

ai
n 

(%
)

Sample #2, 2.9% Air Voids
Sample #4, 2.7% Air Voids
Sample #8, 2.5% Air Voids

1% Air Void Design, 3% Compacted Air Voids
Test Temp = 140oF, Applied Stress = 20 psi

 
Figure 3.3 – Permanent Deformation Plots of 1% Air Void Design and 3% Air Void 

Compacted 
 
The results of the permanent deformation testing indicated that: 

• The flow number (FN) of the 1% Air Void Compacted mix and 3% Air Void 
Compacted mix were shown to both be >20,000 loading cycles.  It should be 
noted that the testing procedure used in the study was held to a maximum of 
20,000 loading cycles.     

• The slope of the permanent strain curve (b) for the 1% Air Void Compacted mix 
was found to be slightly less than that of the 3% Air Void Compacted mix.  This 
would indicate that the 1% Air Void Compacted mix would accumulate 
permanent deformation at a lesser rate when compared to the 3% Air Void 
Compacted mix. 

• The permanent deformation measured at the 1,000th loading cycle for the 1% Air 
Void Compacted mix was slightly lower than the 3% Air Void Compacted mix.  
This would indicate that the 1% Air Void Compacted mix would accumulate a 
lesser amount of permanent strain than the 3% Air Void Compacted mix. 

 

3.3  Asphalt Pavement Analyzer Test Results 
 
Although not part of the testing plan, the Asphalt Pavement Analyzer (APA) was also 
used to determine the rutting potential of the Rosphalt HMA.  The APA is a loaded wheel 
testing unit that tests the rutting potential of HMA by running a loaded wheel over a 
pressurized hose which lies directly on the HMA samples.  The testing was conducted 
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using a 100 psi pressurized hose with a 100 lb wheel load being applied to the hose.  All 
testing was conducted at 147oF (64oC).  
 
To compare the test results, the APA rutting at 8,000 loading cycles is typically used by 
industry for comparative purposes.  All Rosphalt 50 samples tested were compacted to 
the same target air voids as the Repeated Load Permanent Deformation tests.  The APA 
tests results are shown in Figure 3.4.  The results indicate that the 1% Air Void Design, 
1% Air Void Compacted samples is slightly less susceptible to rutting than the 1% Air 
Void Design, 3% Air Void Compacted samples. 
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Figure 3.4 – Asphalt Pavement Analyzer Test Results for Rosphalt 50 Samples 

 

3.4  Discussion of Results – Rosphalt 50 for the George Washington Bridge 
 
The permanent deformation and fatigue resistance properties of the Rosphalt 50 materials 
were determined using advanced material characterization testing procedures.  The 
permanent deformation properties were evaluated using the Repeated Load Permanent 
Deformation test procedure as described by NCHRP 465, as well as the Asphalt 
Pavement Analyzer.  The flexural fatigue properties were evaluated using the Flexural 
Beam Fatigue device and test procedure described in AASHTO T321.  
 
Based on the performance testing, the following conclusions were drawn: 

• The Flexural Beam Fatigue test results showed that the Rosphalt 50 material 
should provide excellent fatigue resistance when the compacted air voids are less 
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than 3% for the mixes evaluated in this study.  The one sample, 3% Air Void 
Design, 5% Air Void Compacted, had the lowest fatigue life of 259,538 cycles, 
while the other three samples had a fatigue life one order of magnitude greater. 

• The Repeated Load Permanent Deformation testing showed that 1% Air Void 
Design, 1% Air Void Compacted had a slightly better rutting resistance than the 
1% Air Void Design, 3% Air Void Compacted samples.  The same conclusion 
was drawn from the Asphalt Pavement Analyzer testing. 

• A summary of all the samples that have been tested to date regarding the 
rehabilitation of the George Washington Bridge is provided. 
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3.5  Summary of Test Results for All Materials Evaluated for the George Washington 
Bridge 
 

Table 3.4 – Summary of Flexural Beam Fatigue Tests Conducted at 900 μ-strains 
 

Air Voids Initial Stiffness, SO Fatigue Life, Nf, 50%

(%) (MPa) (cycles)

17,712I-5, PG76-22, 6.3% AC 5.1 2,803.70 -3.91E-05

16,626,222

I-5, PG76-22, 5.9% AC 5.8 3,568.50 -6.00E-05 11,558

Epoxy HMA 1.4 7,917.20 -4.17E-08

2,939,057

R-50 3% Air Void Design, 
5% Air Void Compacted 4.5 766.6 -2.67E-06 259,538

R-50 3% Air Void Design, 
3% Air Void Compacted 3.1 891.4 -2.36E-07

Exp. Constant, b

R-50 1% Air Void Design, 
1% Air Void Compacted 1.4 1,347,7 -2.45E-07

Sample Type

2,832,294

R-50 1% Air Void Design, 
3% Air Void Compacted 2.7 782.9 -2.17E-07 3,191,433

 
 
 

Table 3.5 – Summary of Repeated Load Permanent Deformation Tests  
 

Air Voids Flow Number Slope
(%) (FN) @ 1,000 Cycles @ 10,000 Cycles (b)

#3 0.5 > 20,000 0.268 0.372 0.143
#6 0.7 > 20,000 0.234 0.325 0.14

Average 0.6 > 20,000 0.251 0.349 0.142
#4 2.7 > 20,000 0.315 0.474 0.18
#8 2.5 > 20,000 0.205 0.272 0.122

Average 2.6 > 20,000 0.260 0.373 0.151
# 2 1.3 > 20,000 0.034 0.041 0.059
# 7 1.8 > 20,000 0.02 0.024 0.054
# 8 1.9 > 20,000 0.015 0.015 0.032

Average 1.85 > 20,000 0.018 0.020 0.043
A 5.6 1,410 0.699 > 2.0 0.212
C 5.8 1,961 0.629 > 2.0 0.192
E 5.8 1,243 0.761 > 2.0 0.209

Average 5.8 1,538 0.695 > 2.0 0.200
B 4.7 1,460 0.78 > 2.0 0.246
C 5.3 1,703 0.819 > 2.0 0.232
D 5.1 1,414 0.762 > 2.0 0.222

Average 5.2 1,526 0.791 > 2.0 0.227

R-50 1% Air Void 
Design, 3% Air Void 

Compacted

Epoxy HMA

I-5, PG76-22,        
5.9% AC

I-5, PG76-22,        
6.3% AC

Sample Type Sample ID Permanent Strain (%)

R-50 1% Air Void 
Design, 1% Air Void 

Compacted
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Test Temp. = 64C (147F), 100 psi Hose Pressure, 100 lb Wheel Load
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Figure 3.5 – Asphalt Pavement Analyzer Test Results 
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4.0  EVALUATION OF HMA INTERFACE BONDING 
 
The scope of work encompassed testing the bond strength between successive HMA lifts 
that were placed on a runway at Newark Liberty International Airport.  Visual surveys 
indicated that sections of the runway that contained a Granite/Gneiss had significant 
debonding (Figures 4.1 and 4.2).  The debonding at the HMA lift interface caused the top 
section of the runway to “slide” in the same direction where excessive breaking and 
turning of the aircrafts occurred. 
 
The Superpave Shear Tester (SST) was used to simulate typical loading conditions found 
in the field (Figure 4.3).  This consisted of applying a shear and axial stress on the 
specimen at the same time, called biaxial loading.  The biaxial loading condition models 
the applied stress due to a moving, yet breaking, wheel load over the asphalt section.  The 
axial and shear stresses were applied in a cyclic manner at a rate of 2 Hz (0.5 second load 
duration) with a 1 second rest period at a test temperature of 100oF.    
 
Results of the testing indicated that the Granitic Gneiss samples, on average, debonded 
after 3,384 cycles, while the Trap Rock samples showed no evidence of debonding within 
the 10,000 loading cycle period.  This trend corresponds to the field observations of the 
Granite/Gneiss section debonding on the runway. 
 

4.1  Laboratory Evaluation of HMA Interface Bond Strength 
 
Runway cores taken from Newark Liberty International Airport were delivered to the 
Rutgers Asphalt Pavement Laboratory (RAPL) for sample preparation and testing.  
Sample preparation encompassed trimming the cores samples to a final specimen height 
of 2 inches.  This allowed for 1 inch of asphalt to be above and below the lift interface.  
The specimens were first tested for their respective bulk specific gravity (AASHTO 
T166) and the remaining HMA from the cores were used to determine the maximum 
specific gravity (AASHTO T209).  The results of the specimens are shown in Table 4.1. 
 

Table 4.1 – Bulk and Maximum Specific Gravity Properties of the Specimens 
 

   Sample #        Bulk Specific Gravity     Maximum Specific Gravity         Air Voids  
          (g/cm3)             (g/cm3)                                      (%) 
 
Trap Rock #3                      2.471                               2.571 *                                      3.9  
Trap Rock #4                      2.472                               2.571 *                                      3.8 
Trap Rock #5          2.459                               2.571 *                                      4.3 
                             Trap Rock Average = 4.0      
Granite/Gneiss #1               2.456   2.551 *                                      3.7 
Granite/Gneiss #4         2.472   2.551 *                                      3.1 
Granite/Gneiss #5         2.463   2.551 *                                      3.5 
                      Granite/Gneiss Average = 3.4 
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Figure 4.1 – Slipping at Newark Airport – Middle of Paving Lane 

 

 
Figure 4.2 – Slipping at New Airport – Longitudinal Joint 
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Figure 4.3 – Comparison of Field Stress and Laboratory Applied Stress Conditions 
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Before testing, each specimen was placed in the environmental chamber of the SST for a 
minimum of 4 hours at a test temperature 100oF.  After the 4 hour conditioning time, the 
samples were clamped in the SST unit for bond strength testing (Figure 4.4).   
 

 
Figure 4.4 – Superpave Shear Tester (SST) 

 
The test specimens were instrumented with 2 Linear Variable Differential Transducers 
(LVDT’s) to measure the change in height (axial strain) and change in horizontal distance 
(shear strain).  The shear strain measured in the SST device would model the horizontal 
movement of the HMA layer, while the axial strain would model the vertical separation 
of the two layers. 
 
The test procedure used for the testing consisted of the following: 

• Test temperature = 100oF 
• Loading Frequency = 2 Hz (or the load pulse was applied in 0.5 seconds) 
• Rest Period = 1 second (the time in-between each applied load) 
• Applied Shear Stress = 15 psi 
• Applied Axial Stress = 18.75 psi 
• Applied Stress Ratio (Axial : Shear) = 1.25 
• Number of Loading Cycles = 10,000 
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The test results for the Granite/Gneiss aggregate samples are shown in Figures 4.5 
through 4.7. There are two distinct changes in the performance of the Granite/Gneiss 
samples that indicate the interface bond had been broken. 
 

1. Sudden Change in the Slope of the Permanent Shear Strain Curve – As the sample 
is being loaded in the shear direction, permanent shear strain starts to develop.  
This is typical for most HMA samples due to this shear-type of loading and it 
simulates permanent deformation (rutting).  However, what is not typical of the 
“Shear Strain” curve, shown as the Black line in the figures, is that there is a 
sudden jump at a particular point in the loading.  This sudden “jump” signifies the 
start of where the rate of permanent shear strain becomes greater (i.e. – the rate at 
which the sample deforms in the horizontal direction increases).  This point at 
which the sudden increase occurs is where the bond at the interface has been 
broken and results in a faster accumulation of shear strain due to the weakened 
plain.  

 
2. Sudden Change in the Slope of the Axial Strain Curve – As the bond at the 

interface of the sample begins to break, there is a sudden increase in the axial 
strain (increase in sample height) due to the aggregates from each layer starting to 
move over one another.  The axial strain curve, once the break has occurred, also 
continues to increase (distance between HMA lifts continues to move apart from 
one another).   

 
Based on the above two criteria for the indication of the interface bond break, a 
comparison of the three Granite/Gneiss samples shows that the interface bond broke 
between 2,800 and 4,450 cycles, with an average of 3,384 loading cycles until the 
interface bond breaks. 
 
When evaluating the same performance curves for the Trap Rock aggregate samples 
(Figures 4.8 through 4.10), there was no indication that a bond had been broken.  In fact, 
the Trap Rock samples perform in an identical manner to HMA samples that do not have 
a bonded interface.  This indicates a strong interface bond where the two HMA lifts 
perform in a manner that would represent one single layer in the field. 
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Granite/Gneiss Aggregate - Sample #1
Stress Ratio = 1.25 (Axial 18.75 psi: Shear 15 psi)
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Figure 4.5 – Granite/Gneiss Core #1 
 
 

Granite/Gneiss Aggregate - Sample #4
Stress Ratio = 1.25 (Axial 18.75 psi: Shear 15 psi)
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Figure 4.6 – Granite/Gneiss Core #4 
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Granite/Gneiss Aggregate - Sample #5
Stress Ratio = 1.25 (Axial 18.75 psi: Shear 15 psi)
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Figure 4.7 – Granite/Gneiss Core #5 
 
 

Trap Rock Aggregate - Sample #3
Stress Ratio = 1.25 (Axial 18.75 psi: Shear 15 psi)
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Figure 4.8 – Trap Rock Core #3 
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Trap Rock Aggregate - Sample #4
Stress Ratio = 1.25 (Axial 18.75 psi: Shear 15 psi)
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Figure 4.9 – Trap Rock Core #4 
 
 

Trap Rock Aggregate - Sample #5
Stress Ratio = 1.25 (Axial 18.75 psi: Shear 15 psi)
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Figure 4.10 – Trap Rock Core #5 
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5.0  INFLUENCE OF HIGH PG GRADE ON RUTTING POTENTIAL 
 
The scope of work encompassed evaluating the affect of different performance-graded 
asphalt binders on the rutting performance of a FAA #3 Surface Course Mix tested under 
repeated load conditions (permanent deformation testing).  A FAA #3 mix design was 
developed at the Rutgers Asphalt Pavement Laboratory (RAPL) using aggregates 
supplied by Tilcon’s Mt. Hope facility.  Four different performance-graded asphalt 
binders where used in the study; 1) CITGO Fuel Resistant Binder (graded as a 94-22), 2) 
PG82-22, 3) PG76-22, and 4) PG64-22.  All asphalt binders were supplied by CITGO 
Asphalt’s Paulsboro, NJ facility.  
 

5.1  Materials Used and Marshall Mix Design 
 
The aggregate gradation chosen was based on a preliminary mix design currently on the 
books at the Mt. Hope facility, and was approved by Port Authority of New York/New 
Jersey (PANYNJ) personnel.  The gradation band was specified by the PANYNJ and is 
noted as Top Course Mix #3 in Section 02561, Asphalt Paving Concrete (FAA).  The 
final gradation used in the study is shown in Figure 5.1. 
     
The materials supplied by the Tilcon Mt. Hope facility were used for a 75 Blow Marshall 
design.  A design air void requirement of 4.0% was used.  The 75 Blow Marshall mix 
design volumetrics are shown in Figure 5.2 for review.  The optimum asphalt content 
selected for use in the study was 6.1%.  The optimum asphalt content was determined 
using the PG76-22 asphalt binder and assumed to be the same for the remaining asphalt 
binders used in the study.  Stability and Flow measurements were not conducted. 
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FAA #3 - Surface Mix Aggregate Gradation
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Figure 5.2 – 75 Blow Marshall Design Results for FAA #3 Surface Course Mix 
 

5.2  Permanent Deformation Testing 
 
To evaluate the permanent deformation potential of the different mixes, repeated load 
testing was conducted using the Simple Performance Test (SPT) set-up.  The SPT test 
set-up requires a sample be compacted using the gyratory compactor to 7 inches in height 
and 6 inches in diameter.  After compaction, a final sample is cored out from the inside of 
gyratory sample and then trimmed using a masonry saw (Figure 5.3).  Once the sample is 
trimmed, it is checked to verify the dimensions meet the tolerance as specified in 
AASHTO TP63.   
 
After the specimens were fabricated, three LVDT (linear variable differential 
transformers) were glued to the sides of the HMA specimen at 120 degrees apart with a 
final gage length of 100 mm (Figure 4).  The samples were then heated to 140oF.  A 
dummy sample, instrumented with internal and skin thermocouples, was used to ensure 
the test sample obtained the required test temperature.  Once temperature was achieved, 
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the samples were cyclically loaded using a haversine waveform.  A deviatoric cyclic 
stress of 25 psi was applied for a duration of 0.1 seconds and then followed by a 0.9 
second rest period.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3 – Sample Preparation for Repeated Load Using the SPT Set-up 
 

 
 

Figure 5.4 – Instrumented Simple Performance Test Specimen 
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Three test properties are determined and compared from the repeated load testing: 
7. Flow Number (FN) – The Flow Number is determined by plotting the rate of 

change of axial strain versus the number of loading cycles (Figure 5.5).  The 
number of loading cycles pertaining to the part of the curve where the slope is 
zero is designated as the Flow Number.  The larger the flow number, the more 
resistant the HMA mix is to permanent deformation; 

8. Slope of the Linear Portion of the Permanent Strain vs Cycles Plot (b) – The 
larger the slope, the greater the potential for rutting in the field and the faster the 
rutting accumulates (Figure 5.6); and 

9. Accumulated Permanent Deformation at 1,000 Loading Cycles (εP (%) @ N = 
1,000) – The larger the εP (%) @ 1,000 cycles, the greater the potential for 
rutting in the field. 

  

 
Figure 5.5 – Example of Flow Number During Repeated Load Test 

 

 
Figure 5.6 – Example of Slope, b, During the Repeated Load Test 

 
These three parameters were shown to provide the best correlation to measured field 
rutting (NCHRP 465) when conducting the repeated load permanent deformation test.  
The correlation results determined in NCHRP 465 are shown in Table 5.1. 
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Table 5.1 – Results of Test Parameter Correlation to Field Rutting (NCHRP 465) 
 

 
 
The table clearly shows that at the test temperature of 130oF, the R2 values for the 3 
parameters when compared to measured field rutting were all greater than 0.86.  This 
should also correspond to the requested test temperature of 140oF used in this study.  
 
The SPT repeated loaded permanent deformation test results are shown in Table 5.2 and 
Figures 5.7, 5.8, 5.9, and 5.10.  A direct comparison of each of the test parameters is 
shown in Figures 5.11, 5.12 and 5.13.  The test results clearly show that as the high-
temperature performance grade of the asphalt binder increases, the resistance to 
permanent deformation increases.  Therefore, the best performing asphalt binder was the 
CITGO FR binder (PG94-22), and the poorest performing asphalt binder was the PG64-
22.   
 

Table 5.2 – Summary of Test Results from the Repeated Load Permanent Deformation 
Test for Laboratory Produced Mixes with Varying Asphalt Binder Grades 

 

Air Voids Flow Number, FN ⎠P @ 1,000 ⎠P @ 10,000
(%) (cycles) (%) (%)

#1 5.70 >20,000 0.162 0.397 0.580
#3 5.30 >20,000 0.135 0.301 0.413
#5 5.40 >20,000 0.155 0.299 0.435

Average 5.35 20,000 0.151 0.332 0.476
#6 6.00 2,894 0.234 0.725 3.495
#7 5.40 > 20,000 0.229 0.413 0.776
#8 5.70 4,041 0.279 0.735 2.046

Average 5.70 8,978 0.247 0.624 2.106
#1 5.40 1,206 0.301 1.081 ---
#2 5.70 604 0.318 1.087 ---
#3 5.50 858 0.328 1.203 ---

Average 5.53 889 0.316 1.124 > 3.0
#1 5.60 215 0.503 --- ---
#2 5.30 120 0.575 --- ---
#3 5.40 267 0.410 --- ---

Average 5.43 201 0.496 > 3.0 > 3.0
* - For averaging purposes, a Flow Number of >20,000 was assumed as 20,000
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Figure 5.9 – FAA #3 Surface Course Mix with PG76-22 Asphalt Binder (CITGO 

Asphalt) 
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Figure 5.10 – FAA #3 Surface Course Mix with PG64-22 Asphalt Binder (CITGO 

Asphalt) 
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Figure 5.11 – Summary of Flow Number Results from Repeated Load Permanent 

Deformation Testing (Higher FN, Lower Rutting Potential) 
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Figure 5.12 – Summary of Rutting Slope, b, Results from Repeated Load Permanent 

Deformation Testing (Higher b, Higher Rutting Potential) 
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Figure 5.13 - Summary of Permanent Deformation @ 1,000 Loading Cycles from 

Repeated Load Permanent Deformation Testing (Higher Permanent Deformation, Higher 
Rutting Potential) 
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APPENDIX A – SIMPLE PERFORMANCE TEST (REPEATED LOAD) 
SPECIFICATIONS 
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APPENDIX B – TESTING SPECIFICATION FOR FLEXURAL BEAM FATIGUE 
TEST 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 60

 
 
 
 
 
 



 61

 
 
 
 
 



 62

 
 
 
 



 63

 
 
 
 
 
 



 64

 
 
 
 
 
 
 
 
 
 
 
 



 65

 
 
 
 



 66

 

 
 
 
 



 67

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 68

 
 
 
 
 
 
 
 
 
 

 




