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Abstract 
In this study the effect on pavement performance of day-to-day production 

uniformity of asphalt binder supply during construction was determined.  The latest 

available version (0.900, August 2006) of the newly developed NCHRP 1-37A 

Mechanistic Empirical Pavement Design Guide (M-E PDG) was used for this purpose 

and results are described in this report.  If the results showed significant effects on 

predicted pavement performance, UDOT engineers wanted to limit the amount of PG 

grade variation of the asphalt binder supply during construction. Two existing pavement 

structures (weak and strong) were selected by UDOT for this study. Original asphalt 

binder grades for each structure were recreated along with additional formulations that 

simulated variation in PG grades. Two suppliers were asked to formulate six PG grades 

each (three each for strong and weak structures) giving a total of 12 asphalt binders. 

Aggregates from the same quarry as the original aggregates were collected and hot-mix 

samples were compacted in the gyratory compactor using the appropriate mix designs.  

From these compacted samples, smaller simple performance test (SPT) specimens were 

cored and tested to obtain dynamic modulus, E*, values required for the M-E PDG 

analysis.  Binder properties required for the M-E PDG were also determined in the 

laboratory.  Traffic and climate data was obtained from UDOT.  A total of 366 different 

designs were analyzed to complete the M-E PDG portion of this study.  All levels of the 

M-E PDG (Level 1, Level 2, and Level 3) were used in the analysis. 

Analysis showed that predicted performance does not show a significant 

sensitivity to PG Grade uniformity of the asphalt binder supply.  This result is based on 

evaluation of all distresses predicted by the M-E PDG such as, but not limited to, rutting, 

fatigue and thermal cracking.  Consequently there was no justification found to develop 

limits on uniformity of PG grades of the asphalt binder supply.  New hot-mix asphalt 

(HMA) mix-design requirement can not be justified for the within PG grade variation of 

asphalt binder supply observed at UDOT in the past four years. 
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Executive Summary 
Utah DOT (UDOT) typically specifies a target PG grade determined during the 

mix-design approval process before pavement construction begins.  For example, Utah 

DOT may specify a PG64-34 asphalt binder that has a true PG grade of PG66.5-35.3 for a 

paving project based on climate and traffic.  However, during construction the true PG 

grade of the binder supply may vary day to day from the lower end of the PG grade 

interval (PG64.0-34.0) to the higher end (PG69.9-39.9) within the 6oC interval without 

violating the agency’s PG64.0-34.0 grade requirements.  The engineers at UDOT wanted 

to determine the effect of this currently acceptable variation in asphalt binder PG grades, 

during hot-mix production, on pavement performance.  

In this study, the effect on pavement performance of day-to-day production 

uniformity of asphalt binder supply during construction was determined. The newly 

developed NCHRP 1-37A Mechanistic Empirical Pavement Design Guide (M-E PDG) 

was used for this purpose and results of the study are described in this report.  

The UDOT engineers have also expressed concerns about the effect of asphalt 

binder uniformity on the measured and predicted dynamic complex modulus E* values of 

the hot-mix asphalt.  In particular, the concern is what impact asphalt binder variation 

may have on the predicted performance of pavements that are designed using the NCHRP 

1-37A Mechanistic Empirical Pavement Design Guide (M-E PDG). (2)  Utah DOT is 

also considering allowing reduction in thickness of hot-mix asphalt layer based on the 

superior rheological properties of some modified asphalt binders (also called thin ultra 

high modulus pavements).  Therefore, UDOT would also like to know the effect of 

asphalt binder production uniformity on the performance of the reduced thickness 

pavements. 

To answer the above questions, UDOT selected two existing flexible pavement 

construction projects, one with strong subgrade and one with weak subgrade.  These two 

projects provided a total of four pavement crust compositions (layered structures) for 

analysis.  The mix designs and asphalt binders used in the original construction were as 

closely duplicated as possible.  The original PG grades were used for the binders and 

aggregate from the same source was obtained for this research study.  The latest available 

version (ver 0.90) of the M-E PDG was used in this analysis.  Two suppliers were asked 
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to formulate six PG grades each (three each for strong and weak structures) giving a total 

of 12 asphalt binders. Aggregates from the same quarry as the original aggregates were 

collected and hot-mix samples were compacted in the gyratory compactor using the 

appropriate mix designs.  From these compacted samples, smaller SPT specimens were 

cored and tested to obtain dynamic modulus, E*, values for the M-E PDG analysis.  

Binder properties required for the M-E PDG were also determined in the laboratory.  

Traffic and climate data was obtained from UDOT.  A total of 366 different designs were 

analyzed to complete the M-E PDG portion of this study.  All levels of the M-E PDG 

(Level 1, Level 2, and Level 3) were used in the analysis. 

Analysis showed that PG Grade uniformity of the asphalt binder supply does not 

show a significant sensitivity to the predicted performance of regular or value engineered 

pavements.  This result is based on evaluation of all distresses predicted by the M-E PDG 

such as, but not limited to, rutting, fatigue and thermal cracking.  Consequently there was 

no justification found to develop limits on uniformity of PG grades of the asphalt binder 

supply.  New HMA mix-design requirements can not be justified for the within PG grade 

variation of asphalt binder supply observed at UDOT in the past four years. 
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Chapter 1 

1.1 Introduction 
The Superpave™ performance grading (PG) specification classifies asphalt 

binders into performance grades that change at 6oC intervals according to the service 

climate. (1)  Examples of typical asphalt binder PG grades used in Utah include PG58-28, 

PG64-34, and PG70-28.  Specification parameter values used to determine the PG grade 

of an asphalt binder do not change with climate.  However, measured value of 

specification parameters (higher/lower than the max/min specified parameter value) that 

result in PG grade change of less than 6oC do not change the PG grade.  For example, an 

asphalt binder that has a true grade (also called continuous grade) anywhere in the range 

of PG64.0-28.0 to PG69.9-33.9 is classified as a PG64-28.   

UDOT typically specifies a target PG grade determined during the mix-design 

approval process before pavement construction begins.  For example, UDOT may specify 

a PG64-34 asphalt binder that has a true PG grade of PG66.5-35.3 for a paving project 

based on climate and traffic.  However, during construction the true PG grade of the 

binder supply may vary day to day from the lower end of the PG grade interval (PG64.0-

34.0) to the higher end (PG69.9-39.9) within the 6oC interval without violating the 

agency’s PG64.0-34.0 grade requirements.  The engineers at UDOT wanted to know the 

effect of this currently acceptable variation in asphalt binder PG grades, during hot-mix 

production, on pavement performance.  

In this study the effect on pavement performance of day-to-day production 

uniformity of asphalt binder supply during construction was determined. The newly 

developed NCHRP 1-37A Mechanistic Empirical Pavement Design Guide (M-E PDG) 

was used for this purpose and results are described in this report.  

1.2 Background 

The Utah DOT engineers have expressed concerns about the effect of asphalt 

binder uniformity on the measured and predicted dynamic complex modulus |E*| values 

of the hot-mix asphalt.  In particular, the concern is regarding the impact asphalt binder 

variation has on predicted performance of pavements that are designed using the NCHRP 
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1-37A Mechanistic Empirical Pavement Design Guide (M-E PDG). (2)  Utah DOT is 

also considering allowing reduction in thickness of hot-mix asphalt layer based on the 

superior rheological properties of some modified asphalt binders (called thin ultra high 

modulus pavements).  Therefore, UDOT would also like to determine the effect of 

asphalt binder production uniformity on the performance of the reduced thickness 

pavements. 

To answer above questions, Utah DOT selected two existing flexible pavement 

construction projects consisting of strong and weak sub-grades.  These two projects 

provided a total of four pavement structures for analysis.  The mix designs and asphalt 

binders used in the original construction were as closely duplicated as possible.  The 

original PG grades were used for the binders and aggregate from the same source was 

obtained for this research study.  The latest available version (ver. 0.900) of the M-E 

PDG was used in this analysis.   

1.3 Research Objectives 

• UDOT wants to establish variation limits on the project binder PG Grade with 

respect to the mix-design binder PG Grade. 

• To estimate variation limits by determining 

– Sensitivity to performance of 

• Selected UDOT Pavement Structures 

• Thickness reduction of HMAC layer (Value Engineering) 

• If the pavement performance is found to be significantly affected by asphalt 

binder uniformity, especially the performance at the mid-range service 

temperature, the following problem needs to be addressed.   

– The mid-range service temperature is defined as 35oC, where significant 

amount of service life is expended by Utah pavements.  The Superpave 

PG grading system provides adequate requirements at the high and low 

service temperatures but has very minimal requirements at the 35oC where 

the majority of damage is experienced.  The final part of the problem is to 

develop a mid-range temperature specification test for potential use in the 

UDOT asphalt binder specification to assure adequate performance during 
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service.  An easy to use binder test needs to be identified for use by Utah 

DOT in addition to the PG grading system.   

1.4 Research Approach 

The overall approach that was used to complete the Asphalt Binder Uniformity 

project is discussed in the following sections.  But first some background information 

about the M-E PDG is presented followed by a brief discussion on differences between 

AASHTO 1993 pavement design guide and the M-E PDG. 

1.4.1 M-E PDG Background 

Pavement design has come a long way since the 1920’s.  Before that time, 

engineers designed pavements by defining thicknesses of layered materials that would 

provide protection to an existing subgrade.  Pavements were assumed to fail due to 

subgrade shear failure and were designed to prevent such failure. Highway engineers 

used their experience to design pavements and as they learned more, pavement design 

methods were developed based on subgrade shear properties.   

After the 1950’s, traffic volume has increased exponentially giving the need for 

design criteria to also evolve accordingly.  New performance measures, in addition to 

subgrade shear strength, such as ride quality and other surface distresses of pavement 

structures became important. Performance became the main goal of pavement design.  

Methods based on pavement service quality (also called psi or pavement serviceability 

index) were developed. The AASHO Road Test in 1960s was an important experiment 

from which the original AASHTO design guide series (the latest is AASHTO 1993 

design guide) was developed. (3)   

Empirical models (experiment based) developed from laboratory test data or 

accelerated test track performance were developed to predict performance of highway 

pavements.  In the empirical approach, performance model curves are calibrated with 

experimental data.  Empirical performance models exhibit reasonably good accuracy; 

however, they are valid only for the materials and climate conditions under which they 

were developed.   

In the mean time, pavement design methods began incorporating the use of linear-

elastic theory of mechanics to compute structural responses (strains in the layered 
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structure) in combination with empirical models to predict number of loads to failure for 

pavements.  It was becoming more apparent that pavement materials do not exhibit the 

simple behavior assumed in isotropic linear-elastic theory.  Complex characteristics such 

as nonlinear stress-strain behavior, time and temperature dependency, and anisotropy are 

some examples.  This led to what is called a mechanistic design approach that accounted 

for the nonlinear material and pavement behavior. Advanced modeling is required to 

predict performance mechanistically. The mechanistic design approach is based on 

fundamental theories of mechanics and relates pavement structural response (stresses and 

strains) and performance to traffic loading and service climate.  However, fully 

mechanistic pavement design methods are not yet available for every day use in 

pavement design.   

Because of the complexity of a fully mechanistic design method, mechanistic-

empirical approach (a hybrid approach) has gained popularity. Empirical models are used 

to connect pavement structural response from theory of mechanics and in-service 

performance of pavement structures.  Pavement mechanistic responses are easy to 

compute using linear elastic theory and associated assumptions; however, this is not 

enough to predict performance directly.  An empirical model is required to make the 

correlation to performance.  Mechanistic-empirical methods are an intermediate step 

between empirical and fully fundamental mechanistic methods.   

1.4.2 Differences between the 1993 AASHTO Pavement Design Guide & M-E PDG   

Although the1993 AASHTO pavement design guide was not used in this study, 

the key conceptual differences are summarized in Table 1.   

1.4.3 Literature Review of Relevant Research    

After the introduction of the M-E PDG, several researchers have studied the 

effects of different variables on the performance outcomes from the M-E PDG.  Dongre 

et al., have shown that the effect of binder properties on predicted rutting is dependent on 

the structure and hot-mix volumetric properties. (4)  A change in binder grade from PG58 

to PG 70 did not show similar impact on predicted rutting using the M-E PDG for the 

pavement structure and mix-design selected by Dongre et al.  Schwartz has shown that 

reducing E* by ±50% more than doubles the predicted rutting in AC layer. (5)   Schwartz 
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also found that variation in standard deviation of the parameters A and VTS (determined 

using G* and phase angle) have the largest influence on predicted E*, with higher binder 

viscosity (G*) producing higher hot-mix E* values.  Bonaquist et al. have shown that 

only three temperatures and 4 frequencies at each of those temperatures are sufficient 

conditions to characterize E* for use in the M-E PDG. (6)  Tran and Hall demonstrated 

that two replicates are adequate for characterizing E* for hot-mix asphalt as 

recommended in AASHTO TP-62-03. (7)  Ceylan et al., from Iowa have shown that no 

single input parameter was sensitive for all performance measures predicted by the M-E 

PDG. (8) 

Table 1.  Summary of Key Differences Between 1993 AASHTO Pavement Design 
Guide and M-E PDG 

 
Concept AASHTO 1993 Pavement 

Design Guide 

M-E PDG 2006 

General: 

Performance Criteria Only one - PSI Multiple – IRI, rutting, 

cracking 

Structure design Layer Thicknesses are 

computed 

Layer thicknesses are 

assumed – then iterative 

procedure to get final 

acceptable design 

Field performance 

calibration 

Limited field data from 

AASHO study 1960 

Extensive LTPP data 

Input parameters: 

Climate Seasonably adjusted 

subgrade resilient modulus 

and layer drainage 

coefficient 

Project specific climate data 

such as temperature, 

precipitation, wind speed, 

relative humidity etc. 

Traffic ESAL’s Detailed load spectra 

 

In summary, the literature review shows that the binder PG grade and hot-mix E* 

properties are sensitive parameters when used to predict pavement performance using the 
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M-E PDG.  However, no research report (or publication) was found that studied the 

impact of within grade variation of the asphalt binder PG grade on pavement 

performance predicted using the M-E PDG. 

1.4.4 Experiment Design 

Two pavement structures commonly designed in Utah were selected by UDOT 

for this study.  The traffic information, climate, and sub-structure properties were also 

provided by UDOT.  For each pavement design, two sources (suppliers) of asphalt 

binders were selected.  Three PG grades commonly supplied in Utah by the selected 

sources were collected.  Two mix designs commonly specified in Utah for the above 

selected asphalt binders and pavement structures were obtained and the required 

aggregates were procured.  Table 2 summarizes the materials selection that was used in 

the project.   

Tables 3 and 4 show the experiment design used to characterize rheological 

properties of the asphalt binder.  The hot-mix E* testing on lab compacted gyratory 

samples shown in Table 4 were completed by Advanced Asphalt Technologies LLC, of 

Virginia (AAT), while asphalt binder testing was conducted at Dongre Laboratory 

Services Inc. of Virginia (DLSI).  The mixing and preparation of compacted gyratory 

samples needed by AAT for testing in the Simple Performance Tester (SPT) were also 

done by DLSI.  Table 4 shows the experiment design used to determine the effect of 

asphalt binder variation on performance predictions from the M-E PDG. 
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Table 2.  Summary of Materials Selected For the Project 
 

Item 

No. 

Description Number 

of 

Levels 

1 Utah DOT Pavement Structures  2 

2 Asphalt Binder Sources (suppliers) 2 

3 Asphalt Binder PG Grades (per supplier) 3 

Total Number of Asphalt Binders 12 

4 Utah DOT Mix Designs 2 

Total Number of Mixes (6 X 2) 12 

 

Table 3.  Testing Matrix for Asphalt Binder Rheological Characterization 
 

Replicates for G* and phase angle  

at Temperature, °F  

Test Frequencies: 0.01, 0.1, 1, 10 Hz 

Binder 

sample 

No. 

Sampling 

Date, 

Tank No. 

40 70 95 115 

1 A 3 3 3 3 

2 B 3 3 3 3 

3…..12 C…..L 3 3 3 3 

 

Table 4.  Testing Matrix for Hot-Mix SPT Samples 
 

Replicates for E* and phase angle  

at Temperature, °F  

Test Frequencies: 0.01, 0.1, 1, 10 Hz 

Binder 

sample 

No. 

Sampling 

Date, 

Tank No. 

40 70 95 115 

1 A 2 2 2 2 

2 B 2 2 2 2 

3…..12 C…..L 2 2 2 2 
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Table 4 shows that 2 replicates of E* were tested using the SPT.  The SPT protocol 

requires only 2 replicates, however, in this study an extra replicate was tested using the 

SPT at 40°F and 25 Hz.  This replicate was tested 3 times to obtain 3 E* values.  From 

this triplicate E* data, the inherent random error due to testing equipment, operator, and 

ambient conditions was determined.  This error is called pure error because the triplicate 

E* values are determined on the same sample thereby holding the volumetric and sample 

preparation variables constant.   

Pavement performance analysis using the M-E PDG was carried out for all three 

levels of input as shown in Table 5.  At each input level, the performance predictions 

from the M-E PDG were analyzed to determine the effect of variation in binder properties 

on pavement performance predictions. 

Table 5.  Summary of Input Generated for NCHRP 1-37A Mechanistic Empirical 
Design Guide Analysis 

 
Analysis Level Input Type 

Level 1 Level 2 Level 3 

Hot-Mix 

Properties 

Measured E*- from lab 

prepared Cores 

 

Not Required Not Required 

Asphalt 

Binder 

Properties 

RTFO Binder 

properties –  G* and 

phase angle  

(see Table 1) 

G* and phase 

angle 

Superpave PG 

Grade 

Hot - Mix 

Volumetric 

Properties 

Not Required 

Witczak – ρ34, 

ρ38, ρ4, ρ200, Vbeff, 

and Va

Witczak – ρ34, ρ38, 

ρ4, ρ200, Vbeff, and 

Va

 

1.4.5 Data Analysis Approach 

Utah DOT personnel identified several objectives for this study.  In the following 

section Utah DOT objectives will be stated along with discussion of the approach taken 

to satisfy each objective.   
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1. Establish variation limits for delivered, discreet quantities of PG Binder 

to a paving project: 

Statistical analysis of the binder parameters was conducted to determine the 

sample to sample testing variation as well as tank to tank variation at a paving 

site.  Effect of this variation on pavement performance was then analyzed further 

using the M-E PDG.  To determine the effect of variation in asphalt binder 

properties on thickness reduction, the Utah DOT’s layered pavement structural 

design was analyzed using a software called WinLEA.  WinLea is a stand-alone 

windows version of JULEA (Jacob Uzan Layered Elastic Analysis).  WinLEA 

was selected because it uses JULEA which is the same analysis engine used in M-

E PDG. (9,10)  The results from these analyses were used to establish variation 

limits for delivered, discreet quantities of PG Binder to a paving project 

 

2. Establish acceptable variation of delivered product from the mix-design 

binder: 

The effect of variation in properties between mix-design asphalt binder 

and the day to day production asphalt binder was also analyzed using methods 

described above.  The results from this analysis were used to establish acceptable 

variation of delivered product from the mix-design binder 

 

3. Identify/quantify the sensitivity in performance to the variation in 

individual binder parameters: 

From the statistical analysis of hot-mix and asphalt binder replicate testing 

repeatability data was generated.  It was found that the typical repeatability of the 

E* values is ±11 percent.  Other studies have reported approximately similar 

variability in E* data as shown by Dongre et al., elsewhere. (11)  This variation 

information was used as an input variation to the M-E PDG to predict 

corresponding variation in performance.  The performance predictions from the 

M-E PDG were used to identify/quantify the sensitivity in performance to the 

variation in individual binder parameters 
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Chapter 2  

2.1 Materials and Methods 

2.1.1 Hot-Mix   

Engineers at UDOT selected two Superpave mix designs for this project.  One 

mix-design was used in the strong subgrade pavement wearing course and the other mix 

design was used in the weak subgrade pavement wearing course. Figure 1 shows 

aggregate gradation used in each of the mix designs plotted on a FHWA 0.45 power chart 

with Superpave control limits.  The Job Mix Formulas are shown in Table 6. Tables 7 and 

8 give volumetric and other pertinent details of the selected mix designs.  The aggregates 

used in both mix designs were obtained from Staker Parsons Inc., Utah.  Staker Parsons 

was the original contractor that constructed both pavements selected in this study. 

2.1.2 Asphalt Binders 

UDOT engineers selected two asphalt binder suppliers for this project.  These 

suppliers were requested to specially formulate PG graded binders with different true 

grades that fell within the 6° C interval of the PG grade specified.  For example, both 

suppliers were asked to produce a PG64.1-34, PG67-34, and PG69.9-34 which were all  

graded the same as PG64-34.  

FHWA Power Chart
19.0 mm Superpave

19 2512.59.54.752.361.180.3
0.0
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rc
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1

Maximum Density Line
Strong - 10% RAP
Weak - 15% RAP
Control Points

 Figure 1.  Aggregate Gradation Curves for the Two Mix Designs used in This Study 
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Similarly, both suppliers were also asked to formulate a PG64.1- 28, PG67-28, and 

PG69.9-28 which all classified as PG64-28.  The PG64-34 grade was used in the strong 

subgrade pavement structure and the PG64-28 was used in the weak subgrade pavement 

structure. Table 7 shows asphalt binder grades that were used in this study. 

 
Table 6.  Aggregate Gradations Used in the Two Mix Designs Used in This Study 

 

Strong  
10% RAP

 Weak    
15 % RAP

25 100.0 100.0
19 100.0 100.0

12.5 88.0 91.0
9.5 75.0 78.0
6.3 58.0 55.0

4.75 47.0 45.0
2.36 25.0 28.0
1.18 20.0 18.0
0.3 11.0 10.0

0.075 5 6

Percent Passing
Seive 

Size, mm
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Table 7. Volumetric Calculations for the Strong Pavement Mix Design 
 

 
BULK SPECIFIC GRAVITY OF BITUMINOUS MIXTURES Dongre Laboratory Services Inc.
USING SATURATED SURFACE DRY SPECIMENS (Asphalt Laboratory and Technical Services)
AASHTO T166-93
STRONG PAVEMENT DESIGN:  I15 450N to Hot Springs

Work Order No. UDOT_ABU Mix name 19 mm with RAP
Target SPT Air Voids: 6.5+1.5 = 8.0% (Use Trial and Error to get 6.5 +/- 0.5% in the core)

Technician SP  
Date 7/21/2006 Compaction Method Superpave Gyratory

Gsb 2.658 Equipment Pine

Mix Binder Sample Sample Surface Volume of Bulk Water Measured
Design Rep ID Cont. in air in water, dry, specimen SG Abs. Max. SG, Va VMA VFA Vbeff

Type (%) g g g cm3 Gmb (%) Gmm
SS4-1 5.2 2755.6 1589.9 2765.5 1175.6 2.344 0.8 2.502 6.3 16.4 61.5 10.1
SS4-2 5.2 2755.3 1593.0 2769.3 1176.3 2.342 1.2 2.502 6.4 16.5 61.2 10.1
SS5-1 5.2 2736.5 1579.4 2750.2 1170.8 2.337 1.2 2.502 6.6 16.6 60.4 10.1
SS5-2 5.2 2754.2 1586.5 2768.4 1181.9 2.330 1.2 2.502 6.9 16.9 59.4 10.0
SS6-1 5.2 2767.3 1597.7 2780 1182.3 2.341 1.1 2.502 6.5 16.5 61.0 10.1
SS6-2 5.2 2751.5 1587.3 2762.9 1175.6 2.341 1.0 2.502 6.5 16.5 60.9 10.1

SM4-1 5.2 2786.2 1603.5 2797.8 1194.3 2.333 1.0 2.502 6.8 16.8 59.8 10.0
SM4-2 5.2 2757.4 1584.5 2767.5 1183.0 2.331 0.9 2.502 6.8 16.9 59.4 10.0
SM5-1 5.2 2750.6 1579.9 2758.1 1178.2 2.335 0.6 2.502 6.7 16.7 60.0 10.0
SM5-2 5.2 2797.8 1611.1 2807.2 1196.1 2.339 0.8 2.502 6.5 16.6 60.7 10.1
SM6-1 5.2 2803.9 1615.1 2818.2 1203.1 2.331 1.2 2.502 6.9 16.9 59.4 10.0
SM6-2 5.2 2765.1 1593.1 2777.8 1184.7 2.334 1.1 2.502 6.7 16.8 59.9 10.0

Volumetrics

St
ro

ng
 P

av
em

en
t
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Table 8. Volumetric Calculations for the Weak Pavement Mix Design 

BULK SPECIFIC GRAVITY OF BITUMINOUS MIXTURES Dongre Laboratory Services Inc.
USING SATURATED SURFACE DRY SPECIMENS (Asphalt Laboratory and Technical Services)
AASHTO T166-93
WEAK PAVEMENT DESIGN: SR36 – Tooele to Mills Junction

Work Order No. UDOT_ABU Mix name 19 mm with RAP
Target SPT Air Voids: 6.5+1.5 = 8.0% (Use Trial and Error to get 6.5 +/- 0.5% in the core)
Technician SP  
Date 7/21/2006 Compaction Method Superpave Gyratory
Gsb 2.711 Equipment Pine

Mix Binder Sample Sample Surface Volume of Bulk Water Measured
Design Rep ID Cont. in air in water, dry, specimen SG Abs. Max. SG, Va VMA VFA Vbeff

Type (%) g g g cm3 Gmb (%) Gmm
WS1-1 4.6 2722.8 1551.3 2738.2 1186.9 2.294 1.3 2.448 6.3 19.3 67.4 13.0
WS1-2 4.6 2726.0 1546.8 2734.8 1188.0 2.295 0.7 2.448 6.3 19.3 67.5 13.0
WS2-1 4.6 2694.1 1521.8 2704.0 1182.2 2.279 0.8 2.448 6.9 19.8 65.1 12.9
WS2-2 4.6 2674.8 1511.7 2686.9 1175.2 2.276 1.0 2.448 7.0 19.9 64.7 12.9
WS3-1 4.6 2694.8 1527.2 2705.5 1178.3 2.287 0.9 2.448 6.6 19.5 66.3 12.9
WS3-2 4.6 2713.6 1538.7 2719.4 1180.7 2.298 0.5 2.448 6.1 19.1 68.0 13.0

WM1-1 4.6 2721.8 1545.1 2726.9 1181.8 2.303 0.4 2.448 5.9 19.0 68.8 13.0
WM1-2 4.6 2758.0 1567.5 2764.2 1196.7 2.305 0.5 2.448 5.9 18.9 69.0 13.0
WM2-1 4.6 2705.6 1534.2 2710.0 1175.8 2.301 0.4 2.448 6.0 19.0 68.5 13.0
WM2-2 4.6 2720.0 1542.6 2725.2 1182.6 2.300 0.4 2.448 6.0 19.1 68.3 13.0
WM3-1 4.6 2701.5 1528.8 2708.6 1179.8 2.290 0.6 2.448 6.5 19.4 66.7 13.0
WM3-2 4.6 2704.1 1533.6 2713.1 1179.5 2.293 0.8 2.448 6.3 19.3 67.1 13.0

Volumetrics

W
ea

k 
Pa

ve
m

en
t
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2.1.3 The Simple Performance Test (SPT) 

 The SPT is a servo-hydraulic compressive test device that is designed to measure 

triaxial properties of hot-mix asphalt. The SPT applies a controlled haversine 

compressive load over a range of frequencies from 0.1 to 25 Hz and stress level up to 

2800 kPa (400 psi). Dynamic modulus testing is performed on test specimens cored from 

150 mm (6 in) diameter, gyratory compacted mixtures. The average diameter of the test 

specimens is between 100 and 104 mm (3.9 and 4.1 in.) with a standard deviation of 1.0 

mm (0.04 in.). The average height of the test specimen is between 147.5 and 152.5 mm 

(5.8 and 6.0 in.).  More detail description of the SPT may be found elsewhere. (12) 

 The SPT conducts the following three tests.  Only results of the E* measurements 

were used in this study in M-E PDG Level 1 analysis.  However, for informational 

purposes, the other testing capabilities of the SPT are also described.  

2.1.3.1 Dynamic Modulus, E*, Test 

This test, also known as the E* test, outputs a stiffness value for the hot-mix 

asphalt.  The stiffness value can then be used as an input in the M-E PDG.  The Dynamic 

Modulus, which is properly identified as |E*|, is defined as the absolute value of the 

maximum (peak-to-peak) stress divided by the maximum recoverable (peak-to-peak) 

axial strain for a material subjected to a sinusoidal loading.  In this entire report the name 

E* without the vertical bars will be used for simplicity and will denote the proper term 

|E*|.  The E* test is a stress-controlled process in which an axial compressive load is 

applied to an HMA specimen and the resulting applied stress and recoverable axial strain 

responses are measured.  One advantage of this test is that it is nondestructive, so the 

analyst can test a single specimen at multiple temperatures and multiple test frequencies. 

2.1.3.2 Repeated Load Test 

 This test simulates driving a heavy vehicle repeatedly over a pavement. The 

output of this test is the number of load cycles the pavement can tolerate until it flows.  

Because the test is destructive, an asphalt specimen can be tested only once. 
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2.1.3.3 Static Creep Test 

 This test simulates a heavy vehicle standing on a pavement, much as a 

truck might apply steady pressure to pavement while waiting at a red light.  The output 

for this test is flow time, which is the length of the time the pavement can withstand 

steady pressure before flowing. 

The SPT testing was conducted by AAT in their VA laboratory.  All dynamic 

modulus testing was performed by Laboratory Manager at AAT, Mr. Donald Jack, a 

NICET Level 4 Technician with over 18 years of asphalt mixture testing experience.  

AAT is also working on NCHRP Project 9-29 and was responsible for developing the 

Simple Performance Test System specifications. Figures 2 and 3 show the SPT test 

equipment setup and close up of the SPT sample just prior to testing respectively. 

The samples for the SPT were compacted at DLSI labs in VA using a gyratory 

compactor according to AASHTO TP-62-03 specifications.  The samples were cored to 

the required size and their air voids were measured before shipping them to AAT for 

testing.  The testing was conducted according to protocol outlined in AASHTO TP-62-

03.  The test temperatures and frequencies are given in Table 3.  Table 9 presents the SPT 

sample details including dimensions and air voids for each sample tested. 
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Table 9. SPT Sample Details 
 

WS1-1 Weak Subgrade Sinclair UDOT SPT S1 PG64.1-28
WS1-2 Weak Subgrade Sinclair UDOT SPT S1 PG64.1-28
WS2-1 Weak Subgrade Sinclair UDOT SPT S2 PG67.0-28
WS2-2 Weak Subgrade Sinclair UDOT SPT S2 PG67.0-28
WS3-1 Weak Subgrade Sinclair UDOT SPT S3 PG69.9-28
WS3-2 Weak Subgrade Sinclair UDOT SPT S3 PG69.9-28
WM1-1 Weak Subgrade SEM UDOT SPT M1 PG64.1-28
WM1-2 Weak Subgrade SEM UDOT SPT M1 PG64.1-28
WM2-1 Weak Subgrade SEM UDOT SPT M2 PG67.0-28
WM2-2 Weak Subgrade SEM UDOT SPT M2 PG67.0-28
WM3-1 Weak Subgrade SEM UDOT SPT M3 PG69.9-28
WM3-2 Weak Subgrade SEM UDOT SPT M3 PG69.9-28
SS4-1 Strong Subgrade Sinclair UDOT SPT S4 PG64.1-34
SS4-2 Strong Subgrade Sinclair UDOT SPT S4 PG64.1-34
SS5-1 Strong Subgrade Sinclair UDOT SPT S5 PG67.0-34
SS5-2 Strong Subgrade Sinclair UDOT SPT S5 PG67.0-34
SS6-1 Strong Subgrade Sinclair UDOT SPT S6 PG69.9-34
SS6-2 Strong Subgrade Sinclair UDOT SPT S6 PG69.9-34
SM4-1 Strong Subgrade SEM UDOT SPT M4 PG64.1-34
SM4-2 Strong Subgrade SEM UDOT SPT M4 PG64.1-34
SM5-1 Strong Subgrade SEM UDOT SPT M5 PG67.0-34
SM5-2 Strong Subgrade SEM UDOT SPT M5 PG67.0-34
SM6-1 Strong Subgrade SEM UDOT SPT M6 PG69.9-34
SM6-2 Strong Subgrade SEM UDOT SPT M6 PG69.9-34

UDOT PG 
Grade

SPT 
Sample ID

Asphalt 
Binder 

Supplier
Asphalt Binder IDPavement 

Structure
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Figure 2. The Simple Performance Test Equipment 
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Figure 3. Close Up of the SPT Sample Prior to Testing 

2.1.4 Mechanistic-Empirical Pavement Design Guide (M-E PDG) 

The NCHRP 1-37A pavement design procedure consists of three levels of 

complexity of material property inputs used for pavement design. (7)  The Level 1 design 

is the most complex material input level which requires the user to input data obtained 

directly from laboratory tests.  Level 2 requires user-input data for material properties 

like binder stiffness, but relies on results from predictive equations.  Level 3 is the least 
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complex level because it requires only the PG or AC binder specification grade.   All 

three levels rely on predictive equations and typical property values programmed into the 

software as defaults.  

The NCHRP 1-37A design procedure is different from the existing flexible 

pavement design procedures in that it more completely incorporates a mechanistic 

element in an empirical pavement design approach.  The “mechanistic” portion of the 

design comes in the form of a layered elastic analysis of the structural pavement layers.  

The “empirical” part refers to the incorporation of transfer functions that relate pavement 

response to damage.  This approach for flexible pavement design was designed to be 

compatible with the Superpave system properties such as binder complex modulus and 

phase angle, as well as dynamic modulus for mix. These are inputs used to describe 

properties of the asphalt layers.  In addition, the effect of aging in asphalt layers is 

accounted for by incorporating the Global Aging System which models the short-term 

and long-term aging through changes in binder rheology (viscosity) (12).  

In order to complete a Level 1 design, binder complex shear modulus and phase 

angle (G*, δ) tests from the DSR are required for estimating of parameters such as the Ai 

and VTS.  The parameter Ai is the regression intercept obtained when log(log(viscosity)) 

data is plotted as a function of temperature (TR), expressed in degree Rankine units.  The 

parameter VTS, also known as the viscosity temperature susceptibility parameter, is the 

regression slope of the same plot (13).  Laboratory E* test data is required for developing 

the master curves used in the characterization of hot mix stiffness.  The E* predictive 

equation is used to describe asphalt mix stiffness in the Level 2 approach. However, G* 

and δ binder tests or conventional viscosity tests are conducted for providing binder 

properties.  No laboratory testing is required with the Level 3 approach since description 

of the binder and mix properties is done using predictive equations or default values.    

The predictive equation for E* utilized in the Level 2 and 3 pavement designs has 

been tested with mixes from Maryland, as well as compared to mixtures where field 

pavement performance was documented (e.g., WesTrack, MnRoad, etc.) (14). Because of 

the nature of the data available at the start of the NCHRP 1-37 project, mixtures with 

modified binders were not used in the calibration of the Witczak predictive equation for 

E*. (13)  The opportunity exists for a future updating of the E* predictive equation to be 

 
   

21



integrated in software, in order for mixes other than conventional mixtures to be 

calibrated or for equations that are tied more directly to current binder or hot mix 

volumetric data to be considered. 

A total of 366 different designs were analyzed to complete the M-E PDG portion 

of this study.  All levels of the M-E PDG (Level 1, Level 2, and Level 3) were used in the 

analysis.  Tables 10 to12 summarize all the individual conditions that were incorporated 

in the M-E PDG analysis. 

 

Table 10.  Summary of M-E PDG Analysis Conditions for Both the Strong and 
Weak Pavement Structures 

Level 1 Level 2 Level 3

PG58-28 X X √
PG64-28 X X √
PG70-28 X X √

PG64.1-28 √ √ √
PG67.0-28 √ √ √
PG69.9-28 √ √ √
PG64.1-28 √ √ √
PG67.0-28 √ √ √
PG69.9-28 √ √ √
PG58-28 X X √
PG64-28 X X √
PG70-28 X X √

PG64.1-34 √ √ √
PG67.0-34 √ √ √
PG69.9-34 √ √ √
PG64.1-34 √ √ √
PG67.0-34 √ √ √
PG69.9-34 √ √ √

MEPDG Analysis Level
Pavement 
Structure

Binder PG 
Grade

Binder 
Supplier

2

N/A

Strong and 
Weak No. 2

1

2

Strong and 
Weak No. 1

1

N/A
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Table 11.  M-E PDG Analysis Conditions Studied to Determine the Effect of 
Variability in E* values on Predicted Performance 

Level 1 Level 2 Level 3

PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-34 √ X X
PG67.0-34 √ X X
PG69.9-34 √ X X
PG64.1-34 √ X X
PG67.0-34 √ X X
PG69.9-34 √ X X
PG64.1-34 √ X X
PG67.0-34 √ X X
PG69.9-34 √ X X
PG64.1-34 √ X X
PG67.0-34 √ X X
PG69.9-34 √ X X

Pavement 
Structure

Binder PG 
Grade

Binder 
Supplier

MEPDG Analysis Level

E* Variation

Strong and 
Weak No. 1 1

Strong and 
Weak No. 1 2

E* + 11%

E* - 11%

E* + 11%

E* - 11%

Strong and 
Weak No. 2 1

Strong and 
Weak No. 2 2

E* + 11%

E* - 11%

E* + 11%

E* - 11%
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Table 12.  Analysis Conditions Used to Determine the Effect of Thickness reduction 
on Predicted Pavement Performance 

Level 1 Level 2 Level 3

PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X
PG64.1-28 √ X X
PG67.0-28 √ X X
PG69.9-28 √ X X

Strong and 
Weak No. 1

-3.0 inches

-1.0 inch

MEPDG Analysis Level

-1.0 inch

-2.0 inches 1

Pavement 
Structure

Binder PG 
Grade

Top Layer 
Thickness 
Variation

Binder 
Supplier

-2.0 inches

-3.0 inches

Strong and 
Weak No. 1 2

-3.0 inches

-1.0 inch

Strong and 
Weak No. 2 1

Strong and 
Weak No. 2 2-2.0 inches

-3.0 inches

-1.0 inch

-2.0 inches
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2.1.4.1 Pavement Structures Analyzed in the M-E PDG 

 UDOT engineers selected two pavement structures for this study.  One 

was selected as a strong subgrade structure and the other one had a weak subgrade 

structure.  Figure 4 shows the concept of strong and weak pavement structures. 

 

Load

“Strong”
Pavement “Weak”

Pavement

Load

“Strong”
Pavement “Weak”

Pavement

 

Figure 4.  Schematic Showing the Concept of Strong and Weak Pavement Structure 
 

Each of the pavement structures had two different layered pavement designs that 

were analyzed.  As a result, there were two strong subgrade structures called Strong No. 1 

and Strong No. 2 and two weak subgrade structures called Weak No. 1 and Weak No. 2 

that were analyzed in this study using the M-E PDG.  Figures 5 to 8 show details of these 

structures.  The locations of these existing structures used in the M-E PDG analysis are 

given in Table 13. 
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Table 13.  Location Summary of Pavement Structures Analyzed Using the M-E 
PDG 

 
Pavement Structure Type Location in Utah 

Strong No. 1 I15 450N to Hot Springs – Station 1215 to 1333 

Strong No. 2 I15 450N to Hot Springs – Station 1333 to 1580 

Weak No. 1 SR36 – Tooele to Mills Junction - South End to RP59 

Weak No. 2 SR36 – Tooele to Mills Junction - RP59 to RP 65 

 

 

Subgrade Soil

Base/Cem Stab.

Surface

Rehab

Station 1250 to 1333

PCCP

5.9 in

9.0 in

4.0 in

SubBase A-1-a 4.0 in

Subgrade Soil

Base/Cem Stab.

Surface

Rehab

Station 1250 to 1333

PCCP

5.9 in

9.0 in

4.0 in

SubBase A-1-a 4.0 in

 

 

Figure 5.  Strong Pavement Structure No. 1 Analyzed Using the M-E PDG 
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Station 1333 to 1580

Subgrade Soil

Base/Cem Stab.

Surface

Rehab

PCCP

5.9 in

9.0 in

5.0 in

Subbase 12.0 in A-1-a

A-1-b

Station 1333 to 1580

Subgrade Soil

Base/Cem Stab.

Surface

Rehab

PCCP

5.9 in

9.0 in

5.0 in

Subbase 12.0 in A-1-a

A-1-bSubgrade Soil

Base/Cem Stab.

Surface

Rehab

PCCP

5.9 in

9.0 in

5.0 in

Subbase 12.0 in A-1-a

A-1-b
 

 

Figure 6.  Strong Pavement Structure No. 2 Analyzed using the M-E PDG 
 

Subgrade Soil

SubBase

Surface

New

South End to RP 59

Base

8.0 in

8.0 in

18.0 in

A-7-6
5000 ksi

Subgrade Soil

SubBase

Surface

New

South End to RP 59

Base

8.0 in

8.0 in

18.0 in

A-7-6
5000 ksi

Figure 7.  Weak Pavement Structure No. 1 Analyzed Using the M-E PDG 
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Subgrade Soil

SubBase

Surface

New

RP 59 to RP 65

Base

8.0 in

8.0 in

18.0 in

A-7-6
2550 ksi

Subgrade Soil

SubBase

Surface

New

RP 59 to RP 65

Base

8.0 in

8.0 in

18.0 in

A-7-6
2550 ksi

 

Figure 8.  Weak Pavement Structure No. 2 Analyzed Using the M-E PDG 
 

 

 

 

 
   

28



Chapter 3 

3.1 Results  

The first objective of this study was to determine the effect on pavement 

performance of within grade PG variation (6°C) of asphalt binder supply during day-to-

day production at the time of pavement construction.  To satisfy this objective three tasks 

were required:  

1) Laboratory determination of asphalt binder (G* and phase angle) and 

hot-mix (E*) properties;  

2) Statistical analysis of database of binder PG grades supplied to UDOT 

in the past five years to determine its inherent variability for further 

analysis using the M-E PDG; and  

3) Analysis of various conditions using the most current available version 

of the M-E PDG (version 0.900 was available at the time of the 

analysis) 

The following sections present typical results and briefly discuss implications of 

the M-E PDG analysis and its performance predictions. 

3.1.1 Asphalt Binder Properties 

In addition to determining the PG grades shown in Tables 13 and 14, all 12 

asphalt binders were also tested using the DSR to determine G* and phase angle values at 

4 temperatures and 4 frequencies (see Table 3).  Additional frequencies were also tested 

to characterize full master curves for all asphalt binders.  This additional data was 

necessary in case the M-E PDG analysis revealed sensitivity to asphalt binder variation 

and it became necessary to do further analysis to establish additional controls on asphalt 

binder supply over and above the PG criteria.  However, as discussed later, the M-E PDG 

analysis did not indicate significant sensitivity to the within grade asphalt binder 

production variation and therefore additional data collection and analysis were 

unnecessary.  Nevertheless, master curve data was analyzed to produce data required for 

M-E PDG input.  Figures 9 shows master curve generated for all binders formulated by 

supplier No.1 for this project.  Similar master curves were obtained for supplier no. 2 but 
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are not shown here for brevity.  Figure 10 shows the input data required for the M-E PDG 

analysis for all binders formulated by supplier no. 1.  Similar data was obtained for 

supplier no. 2 and is not shown here for brevity. The M-E PDG input data was saved as a 

formatted text file for rapid input into the M-E PDG.  An example binder input file is 

shown in Figure 11. 

In Figures 9 and 10 it appears that there is little difference in G* values between 

the various binders.  This is expected because of the logarithmic scale used to show all 

data.  The objective is, however, to determine what effect this difference, if any, has on 

performance predicted using the M-E PDG.  

3.1.2 Hot-Mix Properties 

Complex dynamic modulus, E*, values were determined for all mix hot-mix 

samples (see Tables 7 and 8).  The E* testing was conducted by AAT Inc., of VA using 

the SPT (AASHTO TP-62-03 protocol) at the reduced set of temperatures and 

frequencies as recommended by Bonaquist et al, (see Table 2). (6)  Master curves were 

also constructed for the E* values and are shown in Figures 12 and 13.  Figure 12 shows 

the hot-mix master curves of E* for samples made using PG64-28 binders formulated by 

supplier no. 1 whereas Figure 13 shows the same for PG64-34 binders.  Master curves 

generated for E* values from supplier no. 2 binders were similar to the ones shown in 

Figures 12 and 13 and are not shown here for brevity.  In Figures 12 and 13 it 

appears that there is little difference in hot-mix E* values made using the various binders.  

This is expected because of the logarithmic scale used to show all data.  The objective is, 

however, to determine what effect this difference, if any, has on performance predicted 

using the M-E PDG. 
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Table 14.  UDOT PG Grades for Asphalt Binders From Supplier No. 1

64.1-28 67.0-28 69.9-28 64.1-28 67-28 69.9-28
DLSI-S1 DLSI-S2 DLSI-S3 DLSI-S4 DLSI-S5 DLSI-S6

AASHTO TESTS
Un-aged Binder Tests: °C Spec:

Viscosity-Rotational, Pa.s TP 48 135 0.608 0.867 0.875 0.625 0.742 0.892 3 max
Dynamic Shear Rheometer T 315
Phase Angle, degrees 98 Rule 64 70.8 67.2 67.9 69.4 68.6 67.5 71.0 max 72.0 max 74.0 max
G* @10 rad/sec, kPa 64 1.41 2.15 2.29 1.36 1.74 2.51 1.30 min 1.25 min 1.11 min
Phase Angle, degrees 98 Rule 64.1 71.0 69.6 71.0 max 72.0 max 74.0 max
G* @10 rad/sec, kPa 64.1 1.36 1.39 1.30 min 1.25 min 1.11 min
Phase Angle, degrees 98 Rule 67 68.6 69.6 71.0 max 72.0 max 74.0 max
G* @10 rad/sec, kPa 67 1.68 1.33 1.30 min 1.25 min 1.11 min
Phase Angle, degrees 98 Rule 69.9 69.8 69.6 71.0 max 72.0 max 74.0 max
G* @10 rad/sec, kPa 69.9 1.34 1.32 1.30 min 1.25 min 1.11 min
G*/sin delta @10 rad/sec, kPa 64 1.49 2.32 2.47 1.46 1.87 2.51
G*/sin delta @10 rad/sec, kPa 64.1 1.44 1.48
G*/sin delta @10 rad/sec, kPa 67 1.81 1.42
G*/sin delta @10 rad/sec, kPa 69.9 1.42 1.40
G*/sin delta @10 rad/sec, kPa 70 0.83 1.31 1.39 0.83 1.06 1.42
G*/sin delta @10 rad/sec, kPa 76 0.75 0.80 0.61 0.81
Solubility T 44
Flash Point, C T-48 nr nr nr nr nr nr 260 Min
PPA Content, % nr nr nr nr nr nr Info
RTFO Residue Tests: T 240 degrees, C Spec:
Mass Loss, % 0.398 0.309 0.299 0.447 0.313 0.356 1.0 Max
Dynamic Shear Rheometer T 315
G*/sin delta @10 rad/sec, kPa 58 2.2 min
G*/sin delta @10 rad/sec, kPa 64 4.01 6.05 7.57 4.28 5.62 6.44 2.2 min 1.87 min 1.53 min
G*/sin delta @10 rad/sec, kPa 70 2.24 3.47 4.32 2.47 3.17 3.67 2.2 min
G*/sin delta @10 rad/sec, kPa 76 1.27 2.02 2.49 1.45 1.81 2.11 2.2 min
G*/sin delta @10 rad/sec, kPa 82 1.45 2.2 min
Elastic Recovery @ 25 C, % T 301 mod. 25 82.5 83.8 83.8 82.5 85.0 83.8 70 min 65 min 55 min
Creep-Recovery, %recovery 64 INFO
Specific Gravity T 228 25 INFO
PAV Residue Tests: R-28 °C
PAV Temperature: 100 100 100 100 100 100
Dynamic Shear Rheometer T 315
G*sin delta @ 10 rad/sec, kPa 13 5000 max
G*sin delta @ 10 rad/sec, kPa 16 5000 max
G*sin delta @ 10 rad/sec, kPa 19 1949 2257 1806 2375 2779 5000 max
G*sin delta @ 10 rad/sec, kPa 22 2355 5000 max
G*sin delta @ 10 rad/sec, kPa 25 5000 max
G*sin delta @ 10 rad/sec, kPa 28 5000 max
G*sin delta @ 10 rad/sec, kPa 31 5000 max
Bending Beam Rheometer T 313
S, 60s, Mpa -12 38.85 48.1 50.4 300 max
S, 60s, Mpa -18 88.9 99.0 127 92.7 111 120 300 max 311 max 355 max
S, 60s, Mpa -24 216.5 257.0 276 199 228 259 300 max
S, 60s, Mpa -30 397 476 472 300 max
m-value, 60s -12 0.4025 0.401 0.382 0.300 min
m-value, 60s -18 0.356 0.352 0.326 0.361 0.351 0.339 0.300 min 0.295 min 0.266 min
m-value, 60s -24 0.302 0.296 0.283 0.311 0.308 0.294 0.300 min
m-value, 60s -30 0.263 0.229 0.234 0.300 min
Direct Tension: T 314
Failure Strain, % -18 8.14 6.04 3.31 9.54 6.89 6.26 1.5 min 1.4 min 1.2 min
Failure Stress, MPa -18 3.59 4.02 3.87 3.34 3.77 4.35 4.0 min 4.0 min 3.5 min
Failure Strain, % -24 2.11 2.02 1.51 2.13 2.22 1.73 1.5 min 1.4 min 1.2 min
Failure Stress, MPa -24 5.50 6.06 5.45 5.08 6.11 5.76 4.0 min 4.0 min 3.5 min

SUPPLIER No. 1

Dongre Laboratory Services Inc.
REPORT ON SAMPLE(S) OF PERFORMANCE GRADED BINDER

An AASHTO Accredited Laboratory

Compliance 
Limit for 0% 

Price Reduction

Rejection limit 
for 25% Price 

Reduction

13
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Table 15.  UDOT PG Grades for Asphalt Binders from Supplier No. 2

64.1-34 67.5-34 69.9-34 64.1-34 67-34 69.9-34
DLSI-M1 DLSI-M2 DLSI-M3 DLSI-M4 DLSI-M5 DLSI-M6

AASHTO PG TESTS

Un-aged Binder Tests: °C Spec:

Viscosity-Rotational, Pa.s TP 48 135 0.817 1.075 1.383 0.825 1.042 1.283 3 max
Dynamic Shear Rheometer T 315
Phase Angle, degrees 98 Rule 64 70.6 67.2 61.7 70.1 67.0 64.0 71.0 max 72.0 max 74.0 max
G* @10 rad/sec, kPa 64 1.19 1.77 2.72 1.41 1.75 2.30 1.30 min 1.25 min 1.11 min

Phase Angle, degrees 64.1 70.0 69.96 71.0 max 72.0 max 74.0 max
G* @10 rad/sec, kPa 64.1 1.40 1.40 1.30 min 1.25 min 1.11 min

Phase Angle, degrees 67 68.3 68.2 71.0 max 72.0 max 74.0 max
G* @10 rad/sec, kPa 67 1.31 1.30 1.30 min 1.25 min 1.11 min

Phase Angle, degrees 69.9 64.3 66.2 71.0 max 72.0 max 74.0 max
G* @10 rad/sec, kPa 69.9 1.60 1.37 1.30 min 1.25 min 1.11 min
G*/sin delta @10 rad/sec, kPa 64 1.26 1.92 3.09 1.50 1.90 2.55

G*/sin delta @10 rad/sec, kPa 64.1 1.49 1.50
G*/sin delta @10 rad/sec, kPa 67 1.41 1.40
G*/sin delta @10 rad/sec, kPa 69.9 1.77 1.50

G*/sin delta @10 rad/sec, kPa 70 0.71 1.13 1.82 0.87 1.09 1.50
G*/sin delta @10 rad/sec, kPa 76 0.66 1.06 0.63 0.87
G*/sin delta @10 rad/sec, kPa 82 0.61
RTFO Residue Tests: T 240 degrees, C Spec:
Mass Loss, % 0.437 0.500 0.420 0.516 1.0 Max
Dynamic Shear Rheometer T 315
G*/sin delta @10 rad/sec, kPa 58 2.2 min
G*/sin delta @10 rad/sec, kPa 64 3.36 4.03 5.62 3.37 4.32 6.60 2.2 min 1.87 min 1.53 min
G*/sin delta @10 rad/sec, kPa 70 1.96 2.41 3.55 1.96 2.59 3.8 2.2 min
G*/sin delta @10 rad/sec, kPa 76 1.43 2.21 1.54 2.35 2.2 min
G*/sin delta @10 rad/sec, kPa 82 1.36 1.44 2.2 min
Elastic Recovery @ 25 C, % T 301 mod. 25 86.3 87.5 86.3 86.3 87.5 86.3 70 min 65 min 55 min
PAV Residue Tests: R-28 °C
PAV Temperature: 100 100 100 100 100 100
Dynamic Shear Rheometer T 315
G*sin delta @ 10 rad/sec, kPa 16 2349 2644 2455 2659 2337 2141 5000 max
Bending Beam Rheometer T 313
s, 60s, Mpa -18 89.4 90.6 85 91.9 87 84 300 max 311 max 355 max
s, 60s, Mpa -24 216 206 202 220 218 222 300 max
s, 60s, Mpa -30 441 407 390 422 478 425 300 max
M-value, 60s -18 0.376 0.362 0.364 0.372 0.375 0.372 0.300 min 0.295 min 0.266 min
M-value, 60s -24 0.318 0.321 0.327 0.319 0.324 0.329 0.300 min
M-value, 60s -30 0.266 0.270 0.270 0.265 0.273 0.271 0.300 min
Direct Tension: T 314
Failure Strain, % -18 10.54 3.25 3.29 3.08 1.5 min 1.4 min 1.2 min
Failure Stress, MPa -18 3.29 7.58 5.78 6.09 4.0 min 4.0 min 3.5 min
Failure Strain, % -24 2.15 2.33 1.97 1.5 min 1.4 min 1.2 min
Failure Stress, MPa -24 5.67 5.43 5.00 4.0 min 4.0 min 3.5 min

Rejection limit 
for 25% Price 

Reduction

Dongre Laboratory Services Inc.
REPORT ON SAMPLE(S) OF PERFORMANCE GRADED BINDER

Compliance 
Limit for 0% 

Price Reduction

An AASHTO Accredited Laboratory
SUPPLIER No. 2
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Figure 9.  Master Curve at a Reference Temperature of 77°F for All Asphalt 
Binders from Supplier No. 1 
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Figure 10.  M-E PDG Input Data Measured Using the DSR for All Asphalt Binders 
from Supplier No. 1 
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Figure 11. Typical Binder Input File Format Required by the M-E PDG for Direct 

Import of Binder Properties 
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Figure 12.  E* Master Curves for Hot-Mix Samples Made Using PG64-28 Binder 
from Supplier No. 1 
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Figure 13.  E* Master Curves for Hot-Mix Samples Made Using PG64-34 Binder 
from Supplier No. 1 
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3.1.2.1 Coefficient of Variation of SPT Measured E* 

  To determine the inherent variability in the E* values measured using the SPT, 

multiple samples were each tested two times at the same temperature of 4.4°C (10°F) and 

10 Hz testing frequency.  The lowest test temperature and frequency were selected to 

minimize damage related to repeat dynamic testing.  The average inherent coefficient of 

variation was found to be 1.75%.  This variation is the random error that is inherent in the 

SPT E* measuring process.  Other larger errors include sample to sample variation 

caused due to difference in air voids, gradation, asphalt content etc. in a given sample set.  

Figures 14 and 15 show the E* values obtained from the inherent variation study.  As 

expected the inherent random error in the E* measurement was very low and of academic 

concern.   

However, to determine the repeatability of the E* measurements the literature was 

reviewed to find if there are other studies that have reported repeatability of E* 

measurements using the SPT.  Several such studies were found and are summarized in 

Table 16. 

 

Table 16. Comparison of COV of Measured |E*| Obtained From Other Studies from 
Literature 

 

Data Source
Hot-Mix 
NMAS 

mm

Measured E* 
Pooled COV 

%
9.5 11
19 9
9.5 12.6
19 13.3

Terhi Pellinen Ph.D. 
Theses (X3) N/A 13

Nam Tran Ph.D. 
Theses (X4) Various 7.5

Bonaquist (X5) 19 13
Witczak, 2000 (X6) N/A 15

11

FHWA Data Base (X1)

NCHRP 9-29 (X2)

Average (19 mm NMAS)  
 

Based on the average of 19 mm NMAS mixes (Table 16), variability limits of 

±11% was selected to study the effect of E* variability on predicted performance using 

the M-E PDG (see Table 11). 
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3.1.2.2 Low Temperature Characterization of the Hot-Mix 

The M-E PDG requires low temperature data for the hot-mix at three temperatures 

and seven loading times as shown in Table 17.  Typically the creep compliance values 

shown in Table 17 are measured in the laboratory using gyratory compacted specimen 

with the Indirect Tension Test Method. (13)  In this study the original proposal did not 

include IDT testing.  However, during the literature review it was discovered that creep 

compliance may also be measured using the bending beam rheometer (BBR) with slight 

modifications on hot-mix samples with dimensions of 0.5” wide by 0.25” thick by 5” 

long. (14)  These samples are obtained by sawing slivers of the required dimensions out 

of a gyratory compacted sample. 

 

Table 17.  Example of Typical Data Requirement at Low Temperature for the M-E 
PDG 

 

-4 14 32
1 1.46E-07 1.67E-07 2.87E-07
2 1.55E-07 1.86E-07 3.13E-07
5 1.68E-07 2.04E-07 3.66E-07
10 1.77E-07 2.21E-07 4.15E-07
20 1.86E-07 2.39E-07 4.90E-07
50 1.94E-07 2.66E-07 6.17E-07
100 2.12E-07 2.74E-07 7.31E-07

Creep Compliance at Test 
Temperature, °FLoading Time, s

 

Figure 16 shows typical creep compliance values obtained for hot-mix asphalt 

samples using the BBR.  Creep compliance values were determined for all hot-mix 

gyratory samples and used in the M-E PDG for thermal cracking input requirements. 
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Figure 14.  Inherent Random Error in E* Measurement Process on Various SPT 
Samples Made Using Asphalt Binder from Supplier No. 1 
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Figure 15.  Inherent Random Error in E* Measurement Process on Various SPT 
Samples Made Using Asphalt Binder from Supplier No. 2 
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Figure 16.  Creep Compliance Values Measured Using the BBR for Hot-Mix Sliver 
Samples Made Using Asphalt Binders Formulated by Supplier No. 1 

3.1.3 Statistical Analysis of UDOT Asphalt Binder Supply PG Grade Database 

The first objectives of this study was to determine limits on acceptable variation 

of PG grades supplied to UDOT during construction.  Currently AASHTO M-320 allows 

6°C variation in true grades.  UDOT wanted to verify the allowable range specified by 

AASHTO and if necessary change (decrease) the allowable range.  To verify AASHTO 

limits and establish any changes if required UDOT engineers selected the M-E PDG as an 

analysis tool.  The first step was to determine the range of true grades that UDOT has 

historically accepted (UDOT grade uniformity) for a specified PG grade.   

UDOT maintains a database of PG grade verification data (all required properties) 

of all asphalt binder supplied during a construction year.  Culled data for five years from 

year 2000 to 2005 was statistically analyzed to determine the low and high end of the 

range of true PG grades supplied to UDOT.  For example, UDOT typically specifies a 

PG64-34 for Region 2.  However, suppliers typically provide PG64-34 asphalt binders 

with true grades that may vary between PG64.1-34 to PG69.9-34 within the 6°C 

acceptable range. 
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The true PG grades in the database were analyzed using JMP and SAS statistical 

analysis packages. (15, 16)  The original and RTFO G* values and G*/sin delta values 

were first subtracted from 1.25 kPa and then analyzed to determine the distribution of 

high temperature PG grades.  The original G* values were subtracted from 1.25 kPa 

because it is the no penalty limit that UDOT uses in its specification.  Similarly the 

RTFO G* values were subtracted from 2.2 kPa before plotting.  It was immediately clear 

from the first examination of the data that it was non-normal.  It was found that the 

distribution that best modeled the high temperature grade uniformity was a mixed 

Weibull distribution with two Weibulls (double Weibull).  To further analyze the Weibull 

distribution a special statistical package called WEIBULL++ designed for Weibull based 

reliability analysis was employed. (17)  Four distributions were selected for analysis: The 

Normal Distribution; The LogNormal Distribution; The mixed Weibull Distribution with 

2 and 3 Weibulls.  The Weibull++ software was used to estimate goodness-of-fit and 

maximum likelihood (MLE) parameters for the four distributions.  The Weibull++ 

software uses the maximum likelihood estimation method to determine which probability 

distribution best fits the data.  Unlike least-squares estimation, which is mainly a tool for 

descriptive statistics, MLE is a preferred method of evaluating probability distributions 

for goodness-of-fit in statistics.  MLE is especially indispensable for non-linear modeling 

with non-normal data as is the case with the UDOT binder uniformity database. 

Table 18 shows the MLE values that Weîbull++ uses to determine which 

distribution fits the PG grade uniformity data best as follows: 

• an average goodness of fit (AVGOF) which is based on the K-S and Chi 

Squared test. Large values indicate a poor fit. 

 

• an average goodness of plot (AVPLOT) which is based on the correlation 

coefficient or how well the points track the line (large values indicate a 

poor fit) 

 

• the maximum likelihood value (LKV, larger negative values indicate a 

better fit.). 
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Close examination of MLE parameters in Table 18 reveals that both Lognormal 

and Weibull 2 are good candidates to describe the PG grade binder uniformity.  However, 

merely being a good fit is a necessary but not sufficient condition for a probability 

distribution to be appropriate.  The physical parameters are also important and must be 

considered.  In this case UDOT typically gets its asphalt binder supply from 2 to 3 

suppliers so a mixed distribution is appropriate.  Figure 17 and 18 show histograms of 

original and RTFO G* values subtracted from 1.25 kPa and 2.2 kPa.  It is well known 

that the formulation of asphalt binder PG grades is not an exact science and often 

produces extreme values in the high and the low end side of the PG grade range of 6°C.    

Therefore, an extreme value nonlinear and non-normal distribution such as the mixed 

Weibull distribution is more appropriate.  Between the two Weibulls shown in Table 14 

the mixed Weibull with two Weibulls must be selected.  Figure 19 and 20 show double 

Weibull probability function fitted to the original and RTFO G* data subtracted from 

1.25 kPa and 2.2 kPa respectively.  It is clear from the figure that there are two Weibull 

slopes and further corroborates the selection of double Weibull distribution for the UDOT 

PG binder uniformity.  

 

Table 18.  Maximum Likelihood Estimation of the Distribution Fitting to UDOT PG 
grade Uniformity Data Using Weibull++ 

 

Distribution AVGOF AVPLOT LKV 

Normal  100  8.771706  -552.833  

Lognormal  99.99321 2.26755  -97.667  

Weibull 2  99.99786 2.6332  -92.8618  

Weibull 3  99.99319 2.483453  -82.7298  

 

Using the double Weibull analysis, low end and high end high temperature grades 

of the UDOT database were calculated and are presented in Table 19.  Table 20 shows 

the corresponding calculations of mean and std. Deviation assuming the Normal 

distribution.  It is clear from Tables 19 and 20 that the double Weibull distribution gives a 

wider range of asphalt supply uniformity than that calculated using the Normal 

distribution. 
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Table 19.  Upper and Lower End of the PG Grades in the UDOT Binder Supply 
Database Using Double Weibull Distribution 

 

 

Table 20.  Upper and Lower End of the PG Grades in the UDOT Binder Supply 

 

 

lower 
2.5%

upper 
2.5%

ORG G*, kPa 1.25 1.28 2.75
phase angle 92 rule 75 75 64
phase angle 98 rule 72 71 62
RTFO G*, kPa 2.2 2.8 7.9
Example - PG 64-34 PG 63.9-33.5 PG 63.95 PG 70

Parameter
UDOT Spec. 

Value         
0% Penalty

Mixed Weibull

 

 
 

Database Using Normal Distribution 
 

Mean std dev lower 
bound

upper 
bound

1.65 0.39 0.90 2.41
70 3 76 65
70 3 75 65
4.3 1.2 1.9 6.8

PG 61.5 PG 69.0Example - PG 64-34

Normal Distribution
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Figure 17.  Histogram of Original Binder G* Values Subtracted from 1.25 kPa. 
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Figure 18.  Mixed Double Weibull PDF Fit of RTFO Binder G* Values Subtracted 
from 2.2 kPa 
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Figure 19.  Mixed Double Weibull PDF Fit of Original Binder G* Values Subtracted 
from 1.25 kPa 
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Figure 20.  Mixed Double Weibull PDF Fit of RTFO Binder G* Values Subtracted 
from 2.2 kPa 
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Chapter 4  

M-E PDG Analysis 

4.1 M-E PDG Input Properties 

The M-E PDG analysis described here was conducted using version 0.900 which 

was the latest release available.  The M-E PDG was used to analyze all the structures 

shown in Table 21 (also see Table 13 and Figures 5 to 8) for a design life of 20 years. 

The additional required input parameters are described next. 

 

Table 21.  Pavement Structures Analyzed Using M-E PDG 
 

Highway 
Type 

Structure 
Type 

Layer 
Type 

Material Layer 
Thickness 
inches 

Overlay 
Surface HMA 5.9 

Existing 
Pavement PCCP  9 

Base Cement Stab. 4 
SubBase Unbound A-1-a 4 

Strong No. 
1  

Subgrade A-1-a -- 
Overlay 
Surface HMA 5.9 

Existing 
Pavement PCCP  9 

Base Cement Stab. 5 
SubBase Unbound A-1-a 12 

Major Hwy 
Rehab 

Strong No. 
2  

Subgrade A-1-b -- 
Surface HMA 8 

Base Unbound 8 
Subbase Unbound Soil 18 Weak No. 1 

Subgrade A-7-6 5k -- 
Surface HMA 8 

Base Unbound 8 
Subbase Unbound Soil 18 

Minor Hwy 
New 

Construction 
Weak No. 2 

Subgrade A-7-6 2.5k -- 
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4.1.1 Traffic   

Table 22 shows the traffic data used in the M-E PDG analysis for both strong and 

weak structures.   Other minor traffic variables required for the M-E PDG were assumed 

as follows:   

 

Table 22.  Traffic Data Input Used in the M-E PDG Analysis 
 

Strong Weak
45731 7636

2 2
50 50
95 95
60 60

Percent of trucks in design lane (%):
Operational speed (mph):

Traffic 
Initial two-way AADTT:
Number of lanes in design direction:
Percent of trucks in design direction (%):

 

• Mean wheel location = 18 inches from the lane marking   
 

• Traffic wander standard deviation = 10 inches   
 

• Average axle width = 8.5 ft from edge to edge   
 

• Average axle spacing = 51.6 (tandem) and 49.2 (tridem), inches   
 

• Dual tire spacing = 12 inches   
 

• Tire pressure = 120 psi   
 

4.1.2 Environment   
 

This study used data from weather stations contained within the M-E PDG 

software database. The Salt Lake City (SLC.icm climatic file) geographical location was 

used to generate the climatic data in the M-E PDG software database with following 

details: 

 
40.47
-111.58
4224
20

Latitude (degrees.minutes)
Longitude (degrees.minutes)
Elevation (ft)
Depth of water table (ft)  
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The groundwater table is an important parameter to define variations in material 

properties due to moisture dependency – especially the subgrade and intermediate 

unbound layers – as well as in the mechanistic prediction of pavement responses. The 

groundwater table depth in this analysis was kept constant at 20 ft below the pavement 

surface.  

4.1.3 Material Properties   

The M-E PDG requires engineering properties of layer materials for a mechanistic 

analysis of pavement responses.  These properties are (1) dynamic modulus for asphalt 

binder and hot-mix, and (2) resilient modulus for unbound materials. The hierarchical 

input approach provides three input levels depending on the quality of the data. For 

example, level 1 for asphalt concrete is based on laboratory-measured dynamic modulus 

while levels 2 and 3 rely on predicted dynamic modulus based on binder properties, 

mixture gradation, and volumetric properties. Material property inputs for all three levels 

were used in this study and are described earlier for asphalt binder and hot-mix asphalt.  

For each pavement structure (strong and weak), the typical subgrade soil type was 

provided by UDOT engineers along with the resilient modulus.  

The M-E PDG requires the subgrade resilient modulus values determined at 

optimum moisture and density. All values used in this study were taken as at optimum 

moisture and density because they were within expected ranges typical of their soil type 

found in the literature as well as in the M-E PDG software. The material properties used 

for the M-E PDG analyses in this study are summarized in Table 23 through Table 26.  
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Table 23.  Level 2 and 3 Hot-Mix Asphalt properties Used in the M-E PDG 

 

General properties  Strong 

Structure 

Weak 

Structure 

Reference temperature (°F)  70 70 

Poisson’s ratio  0.35 0.35 

Volumetrics  

Effective binder content (%)  11 11 

Air voids (%)  6.5 6.5 

Total unit weight (pcf)  148 148 

Gradation (Level 2 and Level 3)  

Cumulative % Retained 3/4 inch sieve  0 0 

Cumulative % Retained 3/8 inch sieve  25 22 

Cumulative % Retained #4 sieve  53 65 

% Passing #200 sieve  4.8 6 

Thermal properties  

Thermal conductivity asphalt (BTU/hr-ft-F°)  0.67 0.67 

Heat capacity asphalt (BTU/lb-F°)  0.23 0.23 

 

Table 24. Binder Grade for Each Pavement Structure Used in the M-E PDG Level 3 
Analysis 

 

 Strong Weak 

Binder grade  PG 64-34 PG 64-28 

A (correlated)  9.4610 10.3120  

VTS (correlated) -3.1340  -3.4400  
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Table 25. Subgrade Modulus for each Pavement Structure Used in the M-E PDG 
Analysis 

 

 Pavement Structure Resilient modulus (psi) 

Strong No. 1  36,000 

Strong No. 2  38,000 

Weak No. 1  5,000 

Weak No. 2  2,550 

 

Table 26. Other Subgrade Properties Used in the M-E PDG Analysis 
 

Strength properties    

Poisson's ratio  0.35 

Coeff. of lateral pressure, Ko  0.5 

Gradation and Plasticity Index   

Plasticity Index, PI  1 

Passing #200 sieve (%)  8.7 

Passing #4 sieve (%)  44.7 

D60 (mm)  2 

Calculated/derived parameters (level 3)   

Maximum dry unit weight (pcf)  127.2 

Specific gravity of solids, Gs  2.7 

Saturated hydraulic conductivity (ft/hr)  37 

Optimum gravimetric water content (%)  7.4 

Calculated degree of saturation (%)  61.2 

Soil water characteristic curve parameters Default M-E PDG 

a, b, c  7.2555; 1.3328; 0.82422 

Hr  117.4 
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4.2 Performance Predictions from M-E PDG Analysis 

The first objective of this study was to determine the sensitivity of asphalt binder 

supply uniformity (within 6°C PG interval) to performance predicted using the M-E 

PDG.  In particular, UDOT engineers wanted to determine the change in predicted 

service life due to day-today production variation of asphalt binder supply during 

construction.  To accomplish that, maintenance threshold limits established by UDOT on 

rutting, cracking, roughness etc. were used to determine service life.  Tables 27 and 28 

show UDOT limits (along with corresponding M-E PDG limits for comparison) used to 

calculate service life in this study.  For example, in Table 27 the UDOT limit for rutting 

on interstate pavements (for Strong structure in this study) is 0.4 in (same as M-E PDG 

units).  This limit is used to determine service life (defined as years to 0.4 in rutting) from 

the rutting predictions obtained in the M-E PDG analysis for various conditions analyzed 

in this study.  Service life for each of the distresses will be discussed next. 

 

Table 27. UDOT and M-E PDG Limits Used for Service Life Determination for the 
Strong (Rehab) Pavement structure (Interstate Highway) 

 

  

 

 

 

 

 

 

Rutting 
Alligator 
ft/500 ft

Thermal 
cracks/500 ft IRI

0.4 in 30 200 600 100 20 130

Rutting Alligator %
Thermal cracks 

ft/mi IRI
0.4 316.8 2112 6336 20 211.2 130

Fatigue Longitudinal 
Cracks/500 ft

Years to (in UDOT Units)
Fatigue Longitudinal 

Cracks/500 ft

Years to (in MEPDG Units)

 

 
 
 
 
 
 
 
 
 

 
   

52



 
 
 

Table 28. UDOT and M-E PDG Limits Used for Service Life Determination for the 
Weak (New) Pavement Structure (Minor State Route) 

 

 

 

 

 

 

Rutting 
Alligator 
ft/500 ft

Thermal 
cracks/500 ft IRI

0.5 in 40 250 650 100 20 140

Rutting Alligator %
Thermal cracks 

ft/mi IRI
0.5 in 422.4 2640 6864 20 211.2 140

Years to (in UDOT Units)
Fatigue Longitudinal 

Cracks/500 ft

Years to (in MEPDG Units)
Fatigue Longitudinal 

Cracks/500 ft

 

4.3 Rutting Predictions 

4.3.1 Effect of PG Grade Uniformity: High Temperature Grade 

The strong pavement structure was constructed using a PG64-34 binder and the 

weak structure was constructed using a PG64-28 binder.  The effect on rutting service life 

of variation in the high temperature grade for both pavement structures will be discussed 

next.  A database was created showing the calculated service life for all conditions 

analyzed using the M-E PDG.  The database is included in Appendix A.  Results show 

that UDOT threshold maximum limit of 0.4 inches of rutting was exceeded in less than 

two years in all cases for both strong and weak structures when analyzed using level 1 in 

M-E PDG.  More importantly, the variation in asphalt binder PG grades during 

construction did not significantly affect rutting performance in any of the cases analyzed 

using the M-E PDG.  Tables 29 and 30 summarize the rutting sensitivity of service life to 

asphalt binder PG grade uniformity.  It is clear from Tables 29 and 30 that while the 

strong structure (both 1 and 2) did not show any significant effect the weak structure 

(both 1 and 2) showed a minimal difference of 8 to 12 months in service life due to a 

change of 5.9°C in true PG grade.  Rutting data from tables 29 and 30 is further plotted in 

Figures 21 to 24 along with the impact of repeatability on rutting service life.  Figures 25 

to 28 show the same for both weak pavement structures.  The figures confirm the earlier 
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observation that rutting service life is not significantly affected by within grade variation 

in asphalt PG true grades.  As shown in Tables 29 and 30 both analysis levels 2 and 3 of 

the M-E PDG also showed no significant effect on rutting service life for both strong and 

weak structures. 

4.3.2 Effect of PG Grade Uniformity: Low Temperature Grade  

The low temperature grades (-34 for Strong and -28 for Weak structure) were not 

varied in the same way as the high temperature grades in this study.  However, in the M-

E PDG analysis it was possible to analyze the strong pavement structure data using E* 

values from the -28 (weak structure) design binder and the weak structure was analyzed 

using E* data from -34 (strong structure) design binder.  This was done to see if the  

predicted performance will be affected by the change of 6°C in the low temperature grade 

value.  Table 30 summarizes the result of low temperature grade variation effects 

analysis.  The effect of change in low temperature grade on rutting service life appears to 

be minimal for both strong and weak pavement structures analyzed using the M-E PDG 

for all 3 levels of complexity.  The maximum change in rutting service life appears to be 

about 1.80 years which is not considered significant by UDOT engineers.  Note that in 

Table 30 only data from supplier no. 1 is shown for brevity.  The data for supplier no. 2 

which shows results similar to supplier no. 1 may be found in the Appendix at the end of 

the report.  

4.3.3 Effect of HMA layer thickness variation - Value Engineering 

The second objective of this study was to determine the impact of asphalt binder 

PG grade uniformity on HMA layer thickness reduction.  UDOT allows reducing 

thicknesses of HMA layer that are constructed using highly modified ultra high modulus 

mixes.  This practice is often called value engineering.  The HMA layer thickness was 

reduced by 1.0 inch for each of the strong and weak pavement structures.  Table 31 

summarizes the thicknesses studied using the M-E PDG (also see Tables12 and 21). 
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 Table 29.  Effect of PG binder Grade Uniformity on Predicted Rutting Service Life 
for Both Strong Structures 

1 PG64.1-34 Strong_1 E* 1 0.1 0.91 0.00
1 PG67-34 Strong_1 E* 1 2.9 1.62 0.71
1 PG69.9-34 Strong_1 E* 1 5.8 0.86 -0.05
2 PG64.1-34 Strong_1 E* 1 0.1 0.82 0.00
2 PG67-34 Strong_1 E* 1 2.9 0.79 -0.03
2 PG69.9-34 Strong_1 E* 1 5.8 0.81 -0.01
1 PG64.1-34 Strong_1 E*+11% 1 0.1 1.62 0.00
1 PG67-34 Strong_1 E*+11% 1 2.9 1.72 0.10
1 PG69.9-34 Strong_1 E*+11% 1 5.8 0.92 -0.70
2 PG64.1-34 Strong_1 E*+11% 1 0.1 0.86 0.00
2 PG67-34 Strong_1 E*+11% 1 2.9 0.81 -0.04
2 PG69.9-34 Strong_1 E*+11% 1 5.8 0.83 -0.03
1 PG64.1-34 Strong_1 E*-11% 1 0.1 0.85 0.00
1 PG67-34 Strong_1 E*-11% 1 2.9 1.03 0.18
1 PG69.9-34 Strong_1 E*-11% 1 5.8 0.82 -0.03
2 PG64.1-34 Strong_1 E*-11% 1 0.1 0.80 0.00
2 PG67-34 Strong_1 E*-11% 1 2.9 0.79 -0.01
2 PG69.9-34 Strong_1 E*-11% 1 5.8 0.80 0.00
1 PG64.1-34 Strong_1 E* 2 0.1 0.82 0.00
1 PG67-34 Strong_1 E* 2 2.9 0.84 0.02
1 PG69.9-34 Strong_1 E* 2 5.8 0.86 0.04
2 PG64.1-34 Strong_1 E* 2 0.1 0.80 0.00
2 PG67-34 Strong_1 E* 2 2.9 0.81 0.01
2 PG69.9-34 Strong_1 E* 2 5.8 0.85 0.05

MEPDG PG58-34 Strong_1 N/A 3 -6 0.76 0.00
MEPDG PG64-34 Strong_1 N/A 3 0 0.79 0.04
MEPDG PG70-34 Strong_1 N/A 3 6 0.83 0.07

1 PG64.1-34 Strong_2 E* 1 0.1 0.96 0.00
1 PG67-34 Strong_2 E* 1 2.9 1.76 0.80
1 PG69.9-34 Strong_2 E* 1 5.8 0.88 -0.08
2 PG64.1-34 Strong_2 E* 1 0.1 0.83 0.00
2 PG67-34 Strong_2 E* 1 2.9 0.80 -0.03
2 PG69.9-34 Strong_2 E* 1 5.8 0.83 0.00
1 PG64.1-34 Strong_2 E*+11% 1 0.1 1.69 0.00
1 PG67-34 Strong_2 E*+11% 1 2.9 1.63 -0.07
1 PG69.9-34 Strong_2 E*+11% 1 5.8 0.97 -0.73
2 PG64.1-34 Strong_2 E*+11% 1 0.1 0.87 0.00
2 PG67-34 Strong_2 E*+11% 1 2.9 0.82 -0.05
2 PG69.9-34 Strong_2 E*+11% 1 5.8 0.87 0.00
1 PG64.1-34 Strong_2 E*-11% 1 0.1 0.87 0.00
1 PG67-34 Strong_2 E*-11% 1 2.9 1.63 0.76
1 PG69.9-34 Strong_2 E*-11% 1 5.8 0.82 -0.04
2 PG64.1-34 Strong_2 E*-11% 1 0.1 0.80 0.00
2 PG67-34 Strong_2 E*-11% 1 2.9 0.78 -0.02
2 PG69.9-34 Strong_2 E*-11% 1 5.8 0.81 0.00
1 PG64.1-34 Strong_2 E* 2 0.1 0.96 0.00
1 PG67-34 Strong_2 E* 2 2.9 0.86 -0.10
1 PG69.9-34 Strong_2 E* 2 5.8 0.88 -0.08
2 PG64.1-34 Strong_2 E* 2 0.1 0.81 0.00
2 PG67-34 Strong_2 E* 2 2.9 0.82 0.02
2 PG69.9-34 Strong_2 E* 2 5.8 0.86 0.06

Change in 
Service 

Life     
(years)

MEPDG 
Level #

PG Temperature 
Difference °C

Service Life                         (Years 
to Rutting = 0.4 in) 

Asphalt 
Supplier PG Grade Pavement 

Structure Type of E*
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MEPDG PG58-34 Strong_2 N/A 3 -6 0.76 0.00
MEPDG PG64-34 Strong_2 N/A 3 0 0.80 0.04
MEPDG PG70-34 Strong_2 N/A 3 6 0.83 0.07



 Table 30.  Effect of PG binder Grade Uniformity on Predicted Rutting Service Life 
for Both Weak Structures 

1 PG64.1-28 Weak_1 E* 1 0.1 0.84 0.00
1 PG67-28 Weak_1 E* 1 2.9 1.77 0.93
1 PG69.9-28 Weak_1 E* 1 5.8 1.85 1.00
2 PG64.1-28 Weak_1 E* 1 0.1 0.89 0.00
2 PG67-28 Weak_1 E* 1 2.9 1.11 0.22
2 PG69.9-28 Weak_1 E* 1 5.8 1.08 0.19
1 PG64.1-28 Weak_1 E*+11% 1 0.1 0.90 0.00
1 PG67-28 Weak_1 E*+11% 1 2.9 1.84 0.95
1 PG69.9-28 Weak_1 E*+11% 1 5.8 2.08 1.18
2 PG64.1-28 Weak_1 E*+11% 1 0.1 0.98 0.00
2 PG67-28 Weak_1 E*+11% 1 2.9 1.60 0.62
2 PG69.9-28 Weak_1 E*+11% 1 5.8 1.60 0.62
1 PG64.1-28 Weak_1 E*-11% 1 0.1 0.81 0.00
1 PG67-28 Weak_1 E*-11% 1 2.9 1.67 0.86
1 PG69.9-28 Weak_1 E*-11% 1 5.8 1.76 0.95
2 PG64.1-28 Weak_1 E*-11% 1 0.1 0.83 0.00
2 PG67-28 Weak_1 E*-11% 1 2.9 0.91 0.08
2 PG69.9-28 Weak_1 E*-11% 1 5.8 0.91 0.08
1 PG64.1-28 Weak_1 E* 2 0.1 0.82 0.00
1 PG67-28 Weak_1 E* 2 2.9 0.85 0.02
1 PG69.9-28 Weak_1 E* 2 5.8 0.89 0.07
2 PG64.1-28 Weak_1 E* 2 0.1 0.81 0.00
2 PG67-28 Weak_1 E* 2 2.9 0.82 0.01
2 PG69.9-28 Weak_1 E* 2 5.8 0.83 0.02

N/A PG58-28 Weak_1 N/A 3 -6 0.68 0.00
N/A PG64-28 Weak_1 N/A 3 0 0.83 0.15
N/A PG70-28 Weak_1 N/A 3 6 0.90 0.23
N/A PG58-28 Weak_1 N/A 3 -6 0.79 0.00
N/A PG64-28 Weak_1 N/A 3 0 0.83 0.04
N/A PG70-28 Weak_1 N/A 3 6 0.90 0.11

1 PG64.1-28 Weak_2 E* 1 0.1 0.37 0.00
1 PG67-28 Weak_2 E* 1 2.9 0.15 -0.21
1 PG69.9-28 Weak_2 E* 1 5.8 0.58 0.22
2 PG64.1-28 Weak_2 E* 1 0.1 0.45 0.00
2 PG67-28 Weak_2 E* 1 2.9 0.49 0.04
2 PG69.9-28 Weak_2 E* 1 5.8 0.53 0.08
1 PG64.1-28 Weak_2 E*+11% 1 0.1 0.41 0.00
1 PG67-28 Weak_2 E*+11% 1 2.9 0.62 0.21
1 PG69.9-28 Weak_2 E*+11% 1 5.8 0.64 0.23
2 PG64.1-28 Weak_2 E*+11% 1 0.1 0.49 0.00
2 PG67-28 Weak_2 E*+11% 1 2.9 0.54 0.05
2 PG69.9-28 Weak_2 E*+11% 1 5.8 0.58 0.09
1 PG64.1-28 Weak_2 E*-11% 1 0.1 0.32 0.00
1 PG67-28 Weak_2 E*-11% 1 2.9 0.52 0.20
1 PG69.9-28 Weak_2 E*-11% 1 5.8 0.52 0.20
2 PG64.1-28 Weak_2 E*-11% 1 0.1 0.41 0.00
2 PG67-28 Weak_2 E*-11% 1 2.9 0.44 0.04
2 PG69.9-28 Weak_2 E*-11% 1 5.8 0.48 0.07
1 PG64.1-28 Weak_2 E* 2 0.1 0.40 0.00
1 PG67-28 Weak_2 E* 2 2.9 0.41 0.00
1 PG69.9-28 Weak_2 E* 2 5.8 0.23 -0.17
2 PG64.1-28 Weak_2 E* 2 0.1 0.39 0.00
2 PG67-28 Weak_2 E* 2 2.9 0.40 0.01
2 PG69.9-28 Weak_2 E* 2 5.8 0.40 0.01

N/A PG58-28 Weak_2 N/A 3 -6 0.43 0.00
N/A PG64-28 Weak_2 N/A 3 0 0.46 0.03
N/A PG70-28 Weak_2 N/A 3 6 0.47 0.05
N/A PG58-28 Weak_2 N/A 3 -6 1.71 0.00
N/A PG64-28 Weak_2 N/A 3 0 1.83 0.12
N/A PG70-28 Weak_2 N/A 3 6 2.66 0.94

MEPDG 
Level #

PG Temperature 
Difference °C

Service Life                         (Years 
to Rutting = 0.4 in) 

Change in 
Service Life     

(years)

Asphalt 
Supplier PG Grade Pavement 

Structure Type of E*
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Figure 21.  Effect of Asphalt Binder Uniformity on Service Life for Strong Structure 

No. 1 Using Asphalt Binders from Supplier No. 1 
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Figure 22.  Effect of Asphalt Binder Uniformity on Service Life for Strong Structure 

No. 2 Using Asphalt Binders from Supplier No. 1 
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 Figure 23.  Effect of Asphalt Binder Uniformity on Service Life for Strong 
Structure No. 1 Using Asphalt Binders from Supplier No. 1 
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Figure 24.  Effect of Asphalt Binder Uniformity on Service Life for Strong Structure 
No. 1 Using Asphalt Binders from Supplier No. 2 
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Table 31.  Summary of Low Temperature Grade Effects on Predicted Rutting 
Service Life 

Level 1 Level 2 Level 3

-6.0  MEPDG / PG 58-28 0.76
0.0 MEPDG / PG 64-28 0.79
0.1 No. 1 / PG 64.1-28 0.84 0.82
2.9 No. 1 / PG 67-28 1.84 0.84
5.8 No. 1 / PG 69.9-28 2.68 0.89
6 MEPDG / PG 70-28 0.83

-6.0  MEPDG / PG 58-28 0.76
0.0 MEPDG / PG 64-28 0.80
0.1 No. 1 / PG 64.1-28 0.86 0.83
2.9 No. 1 / PG 67-28 1.88 0.85
5.8 No. 1 / PG 69.9-28 2.75 0.90
6 MEPDG / PG 70-28 0.83

-6.0  MEPDG / PG 58-34 0.68
0.0 MEPDG / PG 64-34 0.83
0.1 No. 1 / PG 64.1-34 0.91 0.83
2.9 No. 1 / PG 67-34 1.53 0.85
5.8 No. 1 / PG 69.9-34 0.87 0.88
6 MEPDG / PG 70-34 0.90

-6  MEPDG / PG 58-34 0.43
0 MEPDG / PG 64-34 0.46

0.1 No. 1 / PG 64.1-34 0.47 0.42
2.9 No. 1 / PG 67-34 0.53 0.43
5.8 No. 1 / PG 69.9-34 0.45 0.47
6 MEPDG / PG 70-34 0.47

Note1:  MEPDG refers to use of default binder data for the grade indicated
Note2: PG Grade is the greade of the E* data used in the MEPDG analysis

Strong No. 1

Strong No. 2

Weak No. 1

Weak No. 1

PG Temperature 
Difference, °C Supplier1/PG Grade2

Service Life for Rutting = 0.4 in., years 
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Table 32.  Summary of HMA Layer Thicknesses Analyzed using the M-E PDG 

Pavement HMA Layer Thicknesses 

 

Structure Analyzed, in 

Strong No. 1 and 2 5.9 2.9 4.9 3.9 

Weak No. 1 and 2 8.0 7.0 6.0 5.0 

 

he change in layer thicknesses did not impact the predicted rutting service life.  

This is  

 

f 

4.4 Fatigue Predictions    

4.4.1 Effect of PG Grade Uniformity: High Temperature Grade 

 fatigue service life for 

both pa

ed 

 PDG.   

T

not surprising because it is well known that rutting is affected by layer thicknesses

as the thickness is increased.  In this study the thickness was decreased 1 inch at a time 

for value engineering purposes.  Figures 25 and 26 confirm that the effect of PG grade 

difference (uniformity) is minimal even when the HMA layer thickness is reduced by a 

maximum of 3 inches.  Note that in Figure 26 because the original HMA layer thickness

is on the thick side (8.0 in), the effect of decreasing the layer thickness is clearly seen in 

rutting service life (y-axis).  However, the effect of PG grade difference (uniformity) is 

minimal as discussed before.  Other pavement structures analyzed showed similar lack o

effect and are not shown here (see Appendix A for the database). 

The effect of variation in the high temperature PG grade on

vement structures will be discussed next.  UDOT has three different threshold 

limits for longitudinal cracking and one limit for alligator cracking (see Tables 27 and 

28).  Results indicate that all UDOT fatigue threshold maximum limits were not exceed

throughout the service life of 20 years when analyzed using M-E PDG (all levels).  More 

importantly, the variation in asphalt binder PG grades during construction did not 

significantly affect fatigue performance in any of the cases analyzed using the M-E
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Figure 25.  Effect of PG Binder Grade Uniformity on HMA layer Thickness 
Variation for Strong Structure No. 1 
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Figure 26.  Effect of PG Binder Grade Uniformity on HMA layer Thickness 
Variation For Weak Structure No. 2 
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Typical examples of fatigue service life predictions are plotted in Figures 27 and 28 along 

with the impact of repeatability for the strong structures.  Similar figures were obtained 

for all structures and conditions analyzed showing no effect on fatigue and are not shown 

here for brevity.  The figures confirm the earlier observation that fatigue service life is 

not significantly affected by asphalt PG grade uniformity.  Also, as expected, but not 

shown here, analysis levels 2 and 3 of the M-E PDG showed no significant effect on 

fatigue service life for both strong and weak structures. 
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Figure 27.  Effect of Asphalt PG Grade difference (Uniformity) on Fatigue Service 
Life of Strong Structure No. 1 for all UDOT Threshold Limits for Longitudinal 

Cracking 

4.4.2 Effect of PG Grade Uniformity: Low Temperature Grade  

The low temperature grades (-34 for Strong and -28 for Weak structure) were not varied 

in the same way as the high temperature grades in this study.  However, in the M-E PDG 

analysis it was possible to analyze the strong pavement structure data using E* values 

from the -28 (weak structure) design binder and the weak structure was analyzed using 

E* data from -34 (strong structure) design binder.  This was done to see if the predicted 

 
   

62



performance will be affected by the change of 6°C in the low temperature grade value.  

Table 30 summarizes the result of low temperature grade variation effects analysis. 

The effect of change in low temperature grade on fatigue service life appears to be 

minimal for both strong and weak pavement structures analyzed using the M-E PDG for 

all 3 levels of complexity.  The maximum change in rutting service life appears to be 

about 1.80 years which is not considered significant by UDOT engineers.  Note that in 

Table 32 only data from supplier no. 1 is shown for brevity.  The data for supplier no. 2 

which shows results similar to supplier no. 1 may be found in the Appendix at the end of 

the report.  
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Figure 28.  Effect of Asphalt PG Grade difference (Uniformity) on Fatigue Service 
Life of Weak Structure No. 1 for all UDOT Threshold Limits for Longitudinal 

Cracking 

4.4.3 Effect of HMA layer thickness variation - Value Engineering 

The second main objective of this study was to determine the impact of asphalt 

binder PG grade uniformity on HMA layer thickness reduction.  UDOT allows reducing 

thicknesses of HMA layer that are constructed using highly modified ultra high modulus 

mixes.  This practice is often called value engineering.  The HMA layer thickness was 
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reduced by 1.0 inch for each of the strong and weak pavement structures.  Table 31 

summarizes the thicknesses studied using the M-E PDG (also see Tables12 and 21). 

Unlike rutting the fatigue service life was affected by the change in layer 

thicknesses.  This is not surprising because it is well known that as the layer thickness is 

reduced longitudinal cracking or fatigue increases.  However, like rutting the PG grade 

uniformity of asphalt binder had no significant impact with decreasing layer thickness.  

Even at the lowest thickness (3 inch reduction in HMA layer thickness) there was no 

effect on fatigue life with variation in binder PG grade.  Figures 28 and 29 confirm that 

the effect of PG grade difference (uniformity) is minimal even when the HMA layer 

thickness is reduced by a maximum of 3 inches.  Note that Figure 28 also shows that the 

fatigue service life is affected by change in layer thickness (y-axis) but is relative flat 

with PG grade difference (x-axis).  However, in Figure 29 even the lowest pavement 

thickness (4 in.) is not thin enough to actually show a change in fatigue service life.  

Other pavement structures analyzed showed similar lack of effect and are not shown here 

(see Appendix A for the database). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
   

64



 
Table 33.  Summary of Low Temperature Grade Effects on Predicted Fatigue 

(Long. Crack.) Service Life 

Level 1 Level 2 Level 3

-6.0  MEPDG / PG 58-28 5.88
0.0 MEPDG / PG 64-28 13.89
0.1 No. 1 / PG 64.1-28 20.00 20.00
2.9 No. 1 / PG 67-28 20.00 20.00
5.8 No. 1 / PG 69.9-28 20.00 20.00
6 MEPDG / PG 70-28 20.00

-6.0  MEPDG / PG 58-28 5.88
0.0 MEPDG / PG 64-28 13.89
0.1 No. 1 / PG 64.1-28 20.00 20.00
2.9 No. 1 / PG 67-28 20.00 20.00
5.8 No. 1 / PG 69.9-28 20.00 20.00
6 MEPDG / PG 70-28 20.00

-6.0  MEPDG / PG 58-34 20.00
0.0 MEPDG / PG 64-34 20.00
0.1 No. 1 / PG 64.1-34 20.00 20.00
2.9 No. 1 / PG 67-34 20.00 20.00
5.8 No. 1 / PG 69.9-34 20.00 20.00
6 MEPDG / PG 70-34 20.00

-6  MEPDG / PG 58-34 20.00
0 MEPDG / PG 64-34 20.00

0.1 No. 1 / PG 64.1-34 20.00 20.00
2.9 No. 1 / PG 67-34 20.00 20.00
5.8 No. 1 / PG 69.9-34 20.00 20.00
6 MEPDG / PG 70-34 20.00

Note1:  MEPDG refers to use of default binder data for the grade indicated
Note2: PG Grade is the greade of the E* data used in the MEPDG analysis

Strong No. 1

Strong No. 2

Weak No. 1

Weak No. 1

PG Temperature 
Difference, °C Supplier1/PG Grade2

Service Life for Fatigue = 30ft/500 ft, years 
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Figure 29.  Effect of PG Grade Uniformity Due to Decreasing HMA Layer 
Thickness on Fatigue Service Life of Strong Pavement Structure No. 1 
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Figure 30.  Effect of PG Grade Uniformity Due to Decreasing HMA Layer 
Thickness on Fatigue Service Life of Weak Pavement Structure No. 2 
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4.5 Other Distresses – Alligator and Thermal Cracking, IRI 

Neither alligator nor thermal cracking service lives showed significant sensitivity 

to PG grade variation (uniformity).  IRI, which is related to both rutting and fatigue 

cracking service lives, also showed no significant effect due to variation in PG binder 

grade (uniformity).  The interested reader is directed to the appendix for more 

information. 

4.6 Implications of M-E PDG Analysis Results 

The above discussion indicates that uniformity of PG grade of the asphalt binder 

supply during construction does not significantly affect performance predicted using M-E 

PDG (ver. 0.900).  However, the predicted rutting service life values were significantly 

lower than what UDOT has historically observed in the field.  In fact, UDOT ‘s analysis 

suggests that the rutting problem in the field has been minimized.  The fatigue cracking is 

still a problem in certain areas.  The M-E PDG analysis suggests that the fatigue service 

life is adequate for the entire 20 years of design life.  One explanation for this 

discrepancy between the field performance and that predicted by M-E PDG may be 

because of national calibration constants used in M-E PDG analysis.  UDOT must 

conduct local calibration of the M-E PDG to obtain additional correction factors for the 

models used in the M-E PDG to get better agreement between UDOT’s field experience 

and the M-E PDG predictions.  Another factor may be UDOT’s extensive use of polymer 

modified binders (PMAs).  M-E PDG performance prediction models were nationally 

calibrated using predominantly unmodified asphalt binders.  Von-Quintus et al. have 

recently shown that PMA’s perform differently than that predicted by the M-E PDG in its 

current form. (18)  They suggest that this discrepancy may be resolved by performing 

local calibrations.  However, results from this limited study shows that it may be more 

complicated than merely adjusting the calibration factors to predict performance of 

PMAs using the M-E PDG.  It may be that the models themselves need to be changed. 
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Chapter 5 

Conclusions and Recommendations 

5.1 Summary 

  In this study the M-E PDG version 0.900 was used to determine the effect of 

asphalt binder PG grade uniformity on pavement performance.  Depending upon the 

extent of the effect, UDOT engineers wanted to limit the amount of PG grade variation of 

the asphalt binder supply during construction.  Two existing pavement structures (weak 

and strong) were selected by UDOT for this study. Original asphalt binder grades for 

each structure were recreated along with additional formulations that simulated variation 

in PG grades. Two suppliers were asked to formulate six PG grades each (three each for 

strong and weak structures) giving a total of 12 asphalt binders. Aggregates from the 

same quarry as the original aggregates were collected and hot-mix samples were 

compacted in the gyratory compactor using the appropriate mix designs.  From these 

compacted samples, smaller SPT specimens were cored and tested to obtain dynamic 

modulus, E*, values needed for the M-E PDG analysis.  Binder properties required for 

the M-E PDG were also determined in the laboratory.  Traffic and climate data was 

obtained from UDOT.  A total of 366 different designs were analyzed to complete the M-

E PDG portion of this study.  All levels of the M-E PDG (Level 1, Level 2, and Level 3) 

were used in the analysis. 

5.2 Principal Findings 

• The within grade variation (within 6°C) of the PG grade of asphalt binder 

supply during construction does not significantly (more than 3 years 

difference in service life) affect the performance predicted by M-E PDG 

(version 0.900).  This includes all distresses analyzed by the M-E PDG. 

 

• Value engineering practice is defined as a method of pavement design 

where the HMA layer thickness is reduced for ultra high modulus hot-mix 

asphalt.  It was found from this study that the within grade variation 

(within 6°C) of the PG grade of asphalt binder supply during construction 
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of value engineered projects does not significantly (more than 3 years 

difference in service life) affect the performance predicted by M-E PDG 

(version 0.900).  This includes all distresses analyzed by the M-E PDG.  

Ultra high modulus hot-mix asphalt was not used in this study.  The 

finding is based on normal PG graded binders that were used in this 

analysis. 

 

• The M-E PDG version used in this study significantly under predicted 

rutting service life of pavements analyzed.  This was theorized to be due to 

inability of the performance models used in the M-E PDG to correctly 

predict performance of polymer modified asphalts (PMAs) that were used 

in this study.  UDOT extensively uses PMAs in its flexible pavement 

construction.  

 

• The M-E PDG version used in this study significantly over predicted 

fatigue service life of pavements analyzed.  This was theorized to be due 

to inability of the performance models used in the M-E PDG to correctly 

predict performance of polymer modified asphalts (PMAs) that were used 

in this study.  UDOT extensively uses PMAs in its flexible pavement 

construction.  

 

• It is possible to use slivers of hot-mix asphalt (either from pavement cores 

or gyratory compacted samples) to determine low temperature creep 

compliance properties required by the M-E PDG.  In this study the 

Bending Beam Rheometer (BBR), normally used to characterize asphalt 

binder, was used except the specimen were made out of hot-mix slivers of 

the same dimensions as the binder specimen (5 in X 0.5 in X 0.25 in). The 

compliance values determined on the slivers of hot-mix were found to 

agree within experimental variation with the default level 3 creep 

compliance values used by the M-E PDG (built in values).  
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• In this study strength values were also measured on sliver specimen of 

hot-mix asphalt.  The testing was conducted using a screw type universal 

testing machine using the same test conditions as used by the Indirect 

Tensile Strength test (IDT) method.  The strength values were found to be 

significantly lower than those used in default level 3 analyses by the M-E 

PDG (built in values). 

 

• Statistical analysis of UDOT binder supply PG grading database revealed 

that the underlying distribution is not Normal as is usually assumed.  It 

was found that the PG grade supply at UDOT followed a double Weibull 

distribution. 

5.3 Recommendations 

Based on the results of this study the following recommendations are made: 

 

1. Need local calibration values for Utah pavements.  Also need to revise 

performance models in the M-E PDG (not just new calibration constants) 

to be of significance to UDOT.  

 

2. Rerun the 366 M-E PDG files that were created in this project at a later 

date when new updated M-E PDG versions are available.  More detailed 

traffic information may be helpful in improving predictive capability of 

the M-E PDG in Utah. 

 

3. The hot-mix sliver test method used in this study should be researched 

further to see if it can be used in routine acceptance testing of hot-mix 

pavements.  The small specimen size and use of existing testing equipment 

increases its implementation success potential 

 

4. There is no justification to trigger new HMA mix-design or limit the 

within grade variation of asphalt binder supply based on results of this 
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study and statistical analysis of UDOT binder supply data in the past four 

years 
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Appendix A 
   
This appendix contains database tables of MEPDG analysis results and E* results 

from SPT testing.
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Table A 1.  MEPDG Analysis Results Database for Strong Structure No. 1 for Binder PG64-34 

Rutting Alligator ft/500 ft Thermal cracks/500 ft IRI

0.4 in 30.00 200.00 600.00 100.00 20.00 130.00
Sinclair PG64.1-34 Strong_1 Meas 1 0.1 S4 5.9 URS1_SS4 0.91 20.00 20.00 20.00 20.00 20.00 0.72
Sinclair PG67-34 Strong_1 Meas 1 2.9 S5 5.9 URS1_SS5 1.62 20.00 20.00 20.00 20.00 20.00 0.74
Sinclair PG69.9-34 Strong_1 Meas 1 5.8 S6 5.9 URS1_SS6 0.86 20.00 20.00 20.00 20.00 20.00 0.70

SEM PG64.1-34 Strong_1 Meas 1 0.1 M4 5.9 URS1_SM4 0.82 20.00 20.00 20.00 20.00 20.00 0.70
SEM PG67-34 Strong_1 Meas 1 2.9 M5 5.9 URS1_SM5 0.79 20.00 20.00 20.00 20.00 20.00 0.68
SEM PG69.9-34 Strong_1 Meas 1 5.8 M6 5.9 URS1_SM6 0.81 20.00 20.00 20.00 20.00 20.00 0.69

Sinclair PG64.1-34 Strong_1 Meas+11% 1 0.1 S4 5.9 URS1_SS4+11% 1.62 20.00 20.00 20.00 20.00 20.00 0.74
Sinclair PG67-34 Strong_1 Meas+11% 1 2.9 S5 5.9 URS1_SS5+11% 1.72 20.00 20.00 20.00 20.00 20.00 0.72
Sinclair PG69.9-34 Strong_1 Meas+11% 1 5.8 S6 5.9 URS1_SS6+11% 0.92 20.00 20.00 20.00 20.00 20.00 0.72

SEM PG64.1-34 Strong_1 Meas+11% 1 0.1 M4 5.9 URS1_SM4+11% 0.86 20.00 20.00 20.00 20.00 20.00 0.71
SEM PG67-34 Strong_1 Meas+11% 1 2.9 M5 5.9 URS1_SM5+11% 0.81 20.00 20.00 20.00 20.00 20.00 0.69
SEM PG69.9-34 Strong_1 Meas+11% 1 5.8 M6 5.9 URS1_SM6+11% 0.83 20.00 20.00 20.00 20.00 20.00 0.70

Sinclair PG64.1-34 Strong_1 Meas-11% 1 0.1 S4 5.9 URS1_SS4_(-11%) 0.85 20.00 20.00 20.00 20.00 20.00 0.70
Sinclair PG67-34 Strong_1 Meas-11% 1 2.9 S5 5.9 URS1_SS5_(-11%) 1.03 20.00 20.00 20.00 20.00 20.00 0.72
Sinclair PG69.9-34 Strong_1 Meas-11% 1 5.8 S6 5.9 URS1_SS6_(-11%) 0.82 20.00 20.00 20.00 20.00 20.00 0.68

SEM PG64.1-34 Strong_1 Meas-11% 1 0.1 M4 5.9 URS1_SM4_(-11%) 0.80 20.00 20.00 20.00 20.00 20.00 0.68
SEM PG67-34 Strong_1 Meas-11% 1 2.9 M5 5.9 URS1_SM5_(-11%) 0.79 20.00 20.00 20.00 20.00 20.00 0.67
SEM PG69.9-34 Strong_1 Meas-11% 1 5.8 M6 5.9 URS1_SM6_(-11%) 0.80 20.00 20.00 20.00 20.00 20.00 0.68

Sinclair PG64.1-34 Strong_1 Meas 1 0.1 S4 4.9 URS1_SS4_4p9 0.90 20.00 20.00 20.00 20.00 20.00 0.71
Sinclair PG67-34 Strong_1 Meas 1 2.9 S5 4.9 URS1_SS5_4p9 1.71 20.00 20.00 20.00 20.00 20.00 0.74
Sinclair PG69.9-34 Strong_1 Meas 1 5.8 S6 4.9 URS1_SS6_4p9 0.85 20.00 20.00 20.00 20.00 20.00 0.69

SEM PG64.1-34 Strong_1 Meas 1 0.1 M4 4.9 URS1_SM4_4p9 0.81 20.00 20.00 20.00 20.00 20.00 0.69
SEM PG67-34 Strong_1 Meas 1 2.9 M5 4.9 URS1_SM5_4p9 0.79 20.00 20.00 20.00 20.00 20.00 0.68
SEM PG69.9-34 Strong_1 Meas 1 5.8 M6 4.9 URS1_SM6_4p9 0.80 20.00 20.00 20.00 20.00 20.00 0.68

Sinclair PG64.1-34 Strong_1 Meas 1 0.1 S4 3.9 URS1_SS4_3p9 0.89 20.00 20.00 20.00 20.00 20.00 0.70
Sinclair PG67-34 Strong_1 Meas 1 2.9 S5 3.9 URS1_SS5_3p9 1.69 20.00 20.00 20.00 20.00 20.00 0.72
Sinclair PG69.9-34 Strong_1 Meas 1 5.8 S6 3.9 URS1_SS6_3p9 0.84 18.89 20.00 20.00 20.00 20.00 0.68

SEM PG64.1-34 Strong_1 Meas 1 0.1 M4 3.9 URS1_SM4_3p9 0.81 16.84 20.00 20.00 20.00 20.00 0.68
SEM PG67-34 Strong_1 Meas 1 2.9 M5 3.9 URS1_SM5_3p9 0.79 11.71 20.00 20.00 20.00 20.00 0.67
SEM PG69.9-34 Strong_1 Meas 1 5.8 M6 3.9 URS1_SM6_3p9 0.80 13.91 20.00 20.00 20.00 20.00 0.68

Sinclair PG64.1-34 Strong_1 Meas 1 0.1 S4 2.9 URS1_SS4_2p9 0.91 1.03 3.80 10.93 20.00 20.00 0.69
Sinclair PG67-34 Strong_1 Meas 1 2.9 S5 2.9 URS1_SS5_2p9 1.71 1.70 4.81 13.84 20.00 20.00 0.71
Sinclair PG69.9-34 Strong_1 Meas 1 5.8 S6 2.9 URS1_SS6_2p9 0.87 0.91 3.51 9.75 20.00 20.00 0.68

SEM PG64.1-34 Strong_1 Meas 1 0.1 M4 2.9 URS1_SM4_2p9 0.82 0.91 3.06 9.80 20.00 20.00 0.68
SEM PG67-34 Strong_1 Meas 1 2.9 M5 2.9 URS1_SM5_2p9 0.80 0.85 2.80 8.60 20.00 20.00 0.66
SEM PG69.9-34 Strong_1 Meas 1 5.8 M6 2.9 URS1_SM6_2p9 0.81 0.88 2.89 8.89 20.00 20.00 0.67

Sinclair PG64.1-34 Strong_1 Meas 2 0.1 S4 5.9 URS1_SS4_L2 0.82 20.00 20.00 20.00 20.00 20.00 0.68
Sinclair PG67-34 Strong_1 Meas 2 2.9 S5 5.9 URS1_SS5_L2 0.84 20.00 20.00 20.00 20.00 20.00 0.69
Sinclair PG69.9-34 Strong_1 Meas 2 5.8 S6 5.9 URS1_SS6_L2 0.86 20.00 20.00 20.00 20.00 20.00 0.70

SEM PG64.1-34 Strong_1 Meas 2 0.1 M4 5.9 URS1_SM4_L2 0.80 16.80 20.00 20.00 20.00 20.00 0.67
SEM PG67-34 Strong_1 Meas 2 2.9 M5 5.9 URS1_SM5_L2 0.81 20.00 20.00 20.00 20.00 20.00 0.68
SEM PG69.9-34 Strong_1 Meas 2 5.8 M6 5.9 URS1_SM6_L2 0.85 20.00 20.00 20.00 20.00 20.00 0.69

MEPDG PG58-34 Strong_1 N/A 3 -6 N/A 5.9 URS1_PG58-34_L3 0.76 5.88 20.00 20.00 20.00 20.00 0.62
MEPDG PG64-34 Strong_1 N/A 3 0 N/A 5.9 URS1_PG64-34_L3 0.79 13.89 20.00 20.00 20.00 20.00 0.67
MEPDG PG70-34 Strong_1 N/A 3 6 N/A 5.9 URS1_PG70-34_L3 0.83 20.00 20.00 20.00 20.00 20.00 0.68
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Table A 2.  MEPDG Analysis Results Database for Strong Structure No. 2 for Binder PG64-34 

Rutting Alligator ft/500 ft Thermal cracks/500 ft IRI

0.4 in 30.00 200.00 600.00 100.00 20.00 130.00
Sinclair PG64.1-34 Strong_2 Meas 1 0.1 S4 5.9 URS2_SS4 0.96 20.00 20.00 20.00 20.00 20.00 0.73
Sinclair PG67-34 Strong_2 Meas 1 2.9 S5 5.9 URS2_SS5 1.76 20.00 20.00 20.00 20.00 20.00 0.75
Sinclair PG69.9-34 Strong_2 Meas 1 5.8 S6 5.9 URS2_SS6 0.88 20.00 20.00 20.00 20.00 20.00 0.71

SEM PG64.1-34 Strong_2 Meas 1 0.1 M4 5.9 URS2_SM4 0.83 20.00 20.00 20.00 20.00 20.00 0.71
SEM PG67-34 Strong_2 Meas 1 2.9 M5 5.9 URS2_SM5 0.80 20.00 20.00 20.00 20.00 20.00 0.69
SEM PG69.9-34 Strong_2 Meas 1 5.8 M6 5.9 URS2_SM6 0.83 20.00 20.00 20.00 20.00 20.00 0.70

Sinclair PG64.1-34 Strong_2 Meas+11% 1 0.1 S4 5.9 URS2_SS4+11% 1.69 20.00 20.00 20.00 20.00 20.00 0.75
Sinclair PG67-34 Strong_2 Meas+11% 1 2.9 S5 5.9 URS2_SS5+11% 1.63 20.00 20.00 20.00 20.00 20.00 0.73
Sinclair PG69.9-34 Strong_2 Meas+11% 1 5.8 S6 5.9 URS2_SS6+11% 0.97 20.00 20.00 20.00 20.00 20.00 0.73

SEM PG64.1-34 Strong_2 Meas+11% 1 0.1 M4 5.9 URS2_SM4+11% 0.87 20.00 20.00 20.00 20.00 20.00 0.72
SEM PG67-34 Strong_2 Meas+11% 1 2.9 M5 5.9 URS2_SM5+11% 0.82 17.80 20.00 20.00 20.00 20.00 0.70
SEM PG69.9-34 Strong_2 Meas+11% 1 5.8 M6 5.9 URS2_SM6+11% 0.87 20.00 20.00 20.00 20.00 20.00 0.72

Sinclair PG64.1-34 Strong_2 Meas-11% 1 0.1 S4 5.9 URS2_SS4_(-11%) 0.87 20.00 20.00 20.00 20.00 20.00 0.71
Sinclair PG67-34 Strong_2 Meas-11% 1 2.9 S5 5.9 URS2_SS5_(-11%) 1.63 20.00 20.00 20.00 20.00 20.00 0.73
Sinclair PG69.9-34 Strong_2 Meas-11% 1 5.8 S6 5.9 URS2_SS6_(-11%) 0.82 20.00 20.00 20.00 20.00 20.00 0.69

SEM PG64.1-34 Strong_2 Meas-11% 1 0.1 M4 5.9 URS2_SM4_(-11%) 0.80 20.00 20.00 20.00 20.00 20.00 0.69
SEM PG67-34 Strong_2 Meas-11% 1 2.9 M5 5.9 URS2_SM5_(-11%) 0.78 20.00 20.00 20.00 20.00 20.00 0.68
SEM PG69.9-34 Strong_2 Meas-11% 1 5.8 M6 5.9 URS2_SM6_(-11%) 0.81 20.00 20.00 20.00 20.00 20.00 0.69

Sinclair PG64.1-34 Strong_2 Meas 1 0.1 S4 4.9 URS2_SS4_4p9 0.92 20.00 20.00 20.00 20.00 20.00 0.72
Sinclair PG67-34 Strong_2 Meas 1 2.9 S5 4.9 URS2_SS5_4p9 1.74 20.00 20.00 20.00 20.00 20.00 0.75
Sinclair PG69.9-34 Strong_2 Meas 1 5.8 S6 4.9 URS2_SS6_4p9 0.86 20.00 20.00 20.00 20.00 20.00 0.70

SEM PG64.1-34 Strong_2 Meas 1 0.1 M4 4.9 URS2_SM4_4p9 0.82 20.00 20.00 20.00 20.00 20.00 0.70
SEM PG67-34 Strong_2 Meas 1 2.9 M5 4.9 URS2_SM5_4p9 0.80 20.00 20.00 20.00 20.00 20.00 0.69
SEM PG69.9-34 Strong_2 Meas 1 5.8 M6 4.9 URS2_SM6_4p9 0.82 20.00 20.00 20.00 20.00 20.00 0.69

Sinclair PG64.1-34 Strong_2 Meas 1 0.1 S4 3.9 URS2_SS4_3p9 0.91 20.00 20.00 20.00 20.00 20.00 0.71
Sinclair PG67-34 Strong_2 Meas 1 2.9 S5 3.9 URS2_SS5_3p9 1.73 20.00 20.00 20.00 20.00 20.00 0.74
Sinclair PG69.9-34 Strong_2 Meas 1 5.8 S6 3.9 URS2_SS6_3p9 0.86 18.72 20.00 20.00 20.00 20.00 0.70

SEM PG64.1-34 Strong_2 Meas 1 0.1 M4 3.9 URS2_SM4_3p9 0.82 16.69 20.00 20.00 20.00 20.00 0.69
SEM PG67-34 Strong_2 Meas 1 2.9 M5 3.9 URS2_SM5_3p9 0.79 10.81 20.00 20.00 20.00 20.00 0.68
SEM PG69.9-34 Strong_2 Meas 1 5.8 M6 3.9 URS2_SM6_3p9 0.82 13.76 20.00 20.00 20.00 20.00 0.69

Sinclair PG64.1-34 Strong_2 Meas 1 0.1 S4 2.9 URS2_SS4_2p9 0.99 0.95 3.71 10.52 20.00 20.00 0.71
Sinclair PG67-34 Strong_2 Meas 1 2.9 S5 2.9 URS2_SS5_2p9 1.74 1.65 4.71 12.81 20.00 20.00 0.73
Sinclair PG69.9-34 Strong_2 Meas 1 5.8 S6 2.9 URS2_SS6_2p9 0.89 2.19 2.90 8.82 20.00 20.00 0.69

SEM PG64.1-34 Strong_2 Meas 1 0.1 M4 2.9 URS2_SM4_2p9 0.83 0.88 2.90 8.88 20.00 20.00 0.69
SEM PG67-34 Strong_2 Meas 1 2.9 M5 2.9 URS2_SM5_2p9 0.80 0.83 2.73 7.75 20.00 20.00 0.68
SEM PG69.9-34 Strong_2 Meas 1 5.8 M6 2.9 URS2_SM6_2p9 0.82 0.86 2.82 8.56 20.00 20.00 0.69

Sinclair PG64.1-34 Strong_2 Meas 2 0.1 S4 5.9 URS2_SS4_L2 0.96 20.00 20.00 20.00 20.00 20.00 0.73
Sinclair PG67-34 Strong_2 Meas 2 2.9 S5 5.9 URS2_SS5_L2 0.86 20.00 20.00 20.00 20.00 20.00 0.70
Sinclair PG69.9-34 Strong_2 Meas 2 5.8 S6 5.9 URS2_SS6_L2 0.88 20.00 20.00 20.00 20.00 20.00 0.71

SEM PG64.1-34 Strong_2 Meas 2 0.1 M4 5.9 URS2_SM4_L2 0.81 16.76 20.00 20.00 20.00 20.00 0.68
SEM PG67-34 Strong_2 Meas 2 2.9 M5 5.9 URS2_SM5_L2 0.82 20.00 20.00 20.00 20.00 20.00 0.68
SEM PG69.9-34 Strong_2 Meas 2 5.8 M6 5.9 URS2_SM6_L2 0.86 20.00 20.00 20.00 20.00 20.00 0.70

MEPDG PG58-34 Strong_2 N/A 3 -6 N/A 5.9 URS2_PG58-34_L3 0.76 5.88 20.00 20.00 20.00 20.00 0.64
MEPDG PG64-34 Strong_2 N/A 3 0 N/A 5.9 URS2_PG64-34_L3 0.80 13.83 20.00 20.00 20.00 20.00 0.68
MEPDG PG70-34 Strong_2 N/A 3 6 N/A 5.9 URS2_PG70-34_L3 0.83 20.00 20.00 20.00 20.00 20.00 0.69
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Table A 3.  MEPDG Analysis Results Database for Strong Structure No. 1 for Binder PG64-28 

Rutting Alligator ft/500 ft Thermal cracks/500 ft IRI
0.4 in 30.00 200.00 600.00 100.00 20.00 130.00

Sinclair PG64.1-28 Strong_1 Meas 1 0.1 S1 5.9 URS1_WS1 0.84 20.00 20.00 20.00 20.00 5.29 0.68
Sinclair PG67-28 Strong_1 Meas 1 2.9 S2 5.9 URS1_WS2 1.84 20.00 20.00 20.00 20.00 5.30 0.77
Sinclair PG69.9-28 Strong_1 Meas 1 5.8 S3 5.9 URS1_WS3 2.68 20.00 20.00 20.00 20.00 0.19 0.22

SEM PG64.1-28 Strong_1 Meas 1 0.1 M1 5.9 URS1_WM1 0.86 20.00 20.00 20.00 20.00 1.10 0.65
SEM PG67-28 Strong_1 Meas 1 2.9 M2 5.9 URS1_WM2 1.66 20.00 20.00 20.00 20.00 12.35 0.73
SEM PG69.9-28 Strong_1 Meas 1 5.8 M3 5.9 URS1_WM3 1.60 20.00 20.00 20.00 20.00 5.34 0.74

Sinclair PG64.1-28 Strong_1 Meas+11% 1 0.1 S1 5.9 URS1_WS1+11% 0.90 20.00 20.00 20.00 20.00 20.00 0.70
Sinclair PG67-28 Strong_1 Meas+11% 1 2.9 S2 5.9 URS1_WS2+11% 2.42 20.00 20.00 20.00 20.00 20.00 0.79
Sinclair PG69.9-28 Strong_1 Meas+11% 1 5.8 S3 5.9 URS1_WS3+11% 2.84 20.00 20.00 20.00 20.00 20.00 0.82

SEM PG64.1-28 Strong_1 Meas+11% 1 0.1 M1 5.9 URS1_WM1+11% 0.92 20.00 20.00 20.00 20.00 20.00 0.73
SEM PG67-28 Strong_1 Meas+11% 1 2.9 M2 5.9 URS1_WM2+11% 1.74 20.00 20.00 20.00 20.00 20.00 0.75
SEM PG69.9-28 Strong_1 Meas+11% 1 5.8 M3 5.9 URS1_WM3+11% 1.67 20.00 20.00 20.00 20.00 20.00 0.75

Sinclair PG64.1-28 Strong_1 Meas-11% 1 0.1 S1 5.9 URS1_WS1_(-11%) 0.81 19.00 20.00 20.00 20.00 20.00 0.66
Sinclair PG67-28 Strong_1 Meas-11% 1 2.9 S2 5.9 URS1_WS2_(-11%) 1.77 20.00 20.00 20.00 20.00 20.00 0.75
Sinclair PG69.9-28 Strong_1 Meas-11% 1 5.8 S3 5.9 URS1_WS3_(-11%) 1.85 20.00 20.00 20.00 20.00 20.00 0.77

SEM PG64.1-28 Strong_1 Meas-11% 1 0.1 M1 5.9 URS1_WM1_(-11%) 0.83 20.00 20.00 20.00 20.00 20.00 0.69
SEM PG67-28 Strong_1 Meas-11% 1 2.9 M2 5.9 URS1_WM2_(-11%) 0.91 20.00 20.00 20.00 20.00 20.00 0.71
SEM PG69.9-28 Strong_1 Meas-11% 1 5.8 M3 5.9 URS1_WM3_(-11%) 0.89 20.00 20.00 20.00 20.00 20.00 0.72

Sinclair PG64.1-28 Strong_1 Meas 1 0.1 S1 4.9 URS1_WS1_4p9 0.83 20.00 20.00 20.00 20.00 20.00 0.68
Sinclair PG67-28 Strong_1 Meas 1 2.9 S2 4.9 URS1_WS2_4p9 1.83 20.00 20.00 20.00 20.00 20.00 0.76
Sinclair PG69.9-28 Strong_1 Meas 1 5.8 S3 4.9 URS1_WS3_4p9 2.60 20.00 20.00 20.00 20.00 20.00 0.78

SEM PG64.1-28 Strong_1 Meas 1 0.1 M1 4.9 URS1_WM1_4p9 0.85 20.00 20.00 20.00 20.00 20.00 0.70
SEM PG67-28 Strong_1 Meas 1 2.9 M2 4.9 URS1_WM2_4p9 1.58 20.00 20.00 20.00 20.00 20.00 0.73
SEM PG69.9-28 Strong_1 Meas 1 5.8 M3 4.9 URS1_WM3_4p9 1.08 20.00 20.00 20.00 20.00 20.00 0.73

Sinclair PG64.1-28 Strong_1 Meas 1 0.1 S1 3.9 URS1_WS1_3p9 0.83 18.85 20.00 20.00 20.00 20.00 0.66
Sinclair PG67-28 Strong_1 Meas 1 2.9 S2 3.9 URS1_WS2_3p9 1.81 20.00 20.00 20.00 20.00 20.00 0.75
Sinclair PG69.9-28 Strong_1 Meas 1 5.8 S3 3.9 URS1_WS3_3p9 1.95 20.00 20.00 20.00 20.00 20.00 0.77

SEM PG64.1-28 Strong_1 Meas 1 0.1 M1 3.9 URS1_WM1_3p9 0.85 20.00 20.00 20.00 20.00 20.00 0.69
SEM PG67-28 Strong_1 Meas 1 2.9 M2 3.9 URS1_WM2_3p9 1.17 20.00 20.00 20.00 20.00 20.00 0.71
SEM PG69.9-28 Strong_1 Meas 1 5.8 M3 3.9 URS1_WM3_3p9 0.98 20.00 20.00 20.00 20.00 20.00 0.72

Sinclair PG64.1-28 Strong_1 Meas 1 0.1 S1 2.9 URS1_WS1_2p9 0.85 0.84 2.81 8.66 20.00 20.00 0.64
Sinclair PG67-28 Strong_1 Meas 1 2.9 S2 2.9 URS1_WS2_2p9 1.81 1.84 6.67 17.80 20.00 20.00 0.74
Sinclair PG69.9-28 Strong_1 Meas 1 5.8 S3 2.9 URS1_WS3_2p9 1.96 1.98 8.00 19.65 20.00 20.00 0.75

SEM PG64.1-28 Strong_1 Meas 1 0.1 M1 2.9 URS1_WM1_2p9 0.86 0.95 3.73 10.74 20.00 20.00 0.68
SEM PG67-28 Strong_1 Meas 1 2.9 M2 2.9 URS1_WM2_2p9 1.53 1.60 4.62 12.75 20.00 20.00 0.70
SEM PG69.9-28 Strong_1 Meas 1 5.8 M3 2.9 URS1_WM3_2p9 1.00 1.66 4.75 12.84 20.00 20.00 0.71

Sinclair PG64.1-28 Strong_1 Meas 2 0.1 S1 5.9 URS1_WS1_L2 0.82 20.00 20.00 20.00 20.00 20.00 0.68
Sinclair PG67-28 Strong_1 Meas 2 2.9 S2 5.9 URS1_WS2_L2 0.84 20.00 20.00 20.00 20.00 20.00 0.68
Sinclair PG69.9-28 Strong_1 Meas 2 5.8 S3 5.9 URS1_WS3_L2 0.89 20.00 20.00 20.00 20.00 20.00 0.69

SEM PG64.1-28 Strong_1 Meas 2 0.1 M1 5.9 URS1_WM1_L2 0.80 17.82 20.00 20.00 20.00 20.00 0.67
SEM PG67-28 Strong_1 Meas 2 2.9 M2 5.9 URS1_WM2_L2 0.82 20.00 20.00 20.00 20.00 20.00 0.68
SEM PG69.9-28 Strong_1 Meas 2 5.8 M3 5.9 URS1_WM3_L2 0.83 20.00 20.00 20.00 20.00 20.00 0.68

MEPDG PG58-28 Strong_1 N/A 3 -6 N/A 5.9 URS1_PG58-28_L3 0.76 5.88 20.00 20.00 20.00 20.00 0.62
MEPDG PG64-28 Strong_1 N/A 3 0 N/A 5.9 URS1_PG64-28_L3 0.79 13.89 20.00 20.00 20.00 20.00 0.67
MEPDG PG70-28 Strong_1 N/A 3 6 N/A 5.9 URS1_PG70-28_L3 0.83 20.00 20.00 20.00 20.00 20.00 0.68
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Table A 4.  MEPDG Analysis Results Database for Strong Structure No. 2 for Binder PG64-28 
 

Rutting Alligator ft/500 ft Thermal cracks/500 ft IRI
0.4 in 30.00 200.00 600.00 100.00 20.00 130.00

Sinclair PG64.1-28 Strong_2 Meas 1 0.1 S1 5.9 URS2_WS1 0.86 20.00 20.00 20.00 20.00 5.29 0.69
Sinclair PG67-28 Strong_2 Meas 1 2.9 S2 5.9 URS2_WS2 1.88 20.00 20.00 20.00 20.00 5.29 0.78
Sinclair PG69.9-28 Strong_2 Meas 1 5.8 S3 5.9 URS2_WS3 2.75 20.00 20.00 20.00 20.00 0.19 0.22

SEM PG64.1-28 Strong_2 Meas 1 0.1 M1 5.9 URS2_WM1 0.89 20.00 20.00 20.00 20.00 0.25 0.67
SEM PG67-28 Strong_2 Meas 1 2.9 M2 5.9 URS2_WM2 1.71 20.00 20.00 20.00 20.00 12.35 0.75
SEM PG69.9-28 Strong_2 Meas 1 5.8 M3 5.9 URS2_WM3 1.67 20.00 20.00 20.00 20.00 5.34 0.75

Sinclair PG64.1-28 Strong_2 Meas+11% 1 0.1 S1 5.9 URS2_WS1+11% 0.91 20.00 20.00 20.00 20.00 20.00 0.71
Sinclair PG67-28 Strong_2 Meas+11% 1 2.9 S2 5.9 URS2_WS2+11% 2.70 20.00 20.00 20.00 20.00 20.00 0.81
Sinclair PG69.9-28 Strong_2 Meas+11% 1 5.8 S3 5.9 URS2_WS3+11% 2.90 20.00 20.00 20.00 20.00 20.00 0.83

SEM PG64.1-28 Strong_2 Meas+11% 1 0.1 M1 5.9 URS2_WM1+11% 1.50 20.00 20.00 20.00 20.00 20.00 0.74
SEM PG67-28 Strong_2 Meas+11% 1 2.9 M2 5.9 URS2_WM2+11% 1.77 20.00 20.00 20.00 20.00 20.00 0.76
SEM PG69.9-28 Strong_2 Meas+11% 1 5.8 M3 5.9 URS2_WM3+11% 1.76 20.00 20.00 20.00 20.00 20.00 0.76

Sinclair PG64.1-28 Strong_2 Meas-11% 1 0.1 S1 5.9 URS2_WS1_(-11%) 0.82 18.89 20.00 20.00 20.00 20.00 0.67
Sinclair PG67-28 Strong_2 Meas-11% 1 2.9 S2 5.9 URS2_WS2_(-11%) 1.79 20.00 20.00 20.00 20.00 20.00 0.76
Sinclair PG69.9-28 Strong_2 Meas-11% 1 5.8 S3 5.9 URS2_WS3_(-11%) 1.88 20.00 20.00 20.00 20.00 20.00 0.78

SEM PG64.1-28 Strong_2 Meas-11% 1 0.1 M1 5.9 URS2_WM1_(-11%) 0.84 20.00 20.00 20.00 20.00 20.00 0.70
SEM PG67-28 Strong_2 Meas-11% 1 2.9 M2 5.9 URS2_WM2_(-11%) 0.97 20.00 20.00 20.00 20.00 20.00 0.72
SEM PG69.9-28 Strong_2 Meas-11% 1 5.8 M3 5.9 URS2_WM3_(-11%) 0.92 20.00 20.00 20.00 20.00 20.00 0.73

Sinclair PG64.1-28 Strong_2 Meas 1 0.1 S1 4.9 URS2_WS1_4p9 0.84 20.00 20.00 20.00 20.00 20.00 0.69
Sinclair PG67-28 Strong_2 Meas 1 2.9 S2 4.9 URS2_WS2_4p9 1.85 20.00 20.00 20.00 20.00 20.00 0.78
Sinclair PG69.9-28 Strong_2 Meas 1 5.8 S3 4.9 URS2_WS3_4p9 2.70 20.00 20.00 20.00 20.00 20.00 0.80

SEM PG64.1-28 Strong_2 Meas 1 0.1 M1 4.9 URS2_WM1_4p9 0.88 20.00 20.00 20.00 20.00 20.00 0.71
SEM PG67-28 Strong_2 Meas 1 2.9 M2 4.9 URS2_WM2_4p9 1.69 20.00 20.00 20.00 20.00 20.00 0.74
SEM PG69.9-28 Strong_2 Meas 1 5.8 M3 4.9 URS2_WM3_4p9 1.61 20.00 20.00 20.00 20.00 20.00 0.74

Sinclair PG64.1-28 Strong_2 Meas 1 0.1 S1 3.9 URS2_WS1_3p9 0.84 17.89 20.00 20.00 20.00 20.00 0.68
Sinclair PG67-28 Strong_2 Meas 1 2.9 S2 3.9 URS2_WS2_3p9 1.83 20.00 20.00 20.00 20.00 20.00 0.77
Sinclair PG69.9-28 Strong_2 Meas 1 5.8 S3 3.9 URS2_WS3_3p9 2.61 20.00 20.00 20.00 20.00 20.00 0.78

SEM PG64.1-28 Strong_2 Meas 1 0.1 M1 3.9 URS2_WM1_3p9 0.88 20.00 20.00 20.00 20.00 20.00 0.70
SEM PG67-28 Strong_2 Meas 1 2.9 M2 3.9 URS2_WM2_3p9 1.67 20.00 20.00 20.00 20.00 20.00 0.73
SEM PG69.9-28 Strong_2 Meas 1 5.8 M3 3.9 URS2_WM3_3p9 1.50 20.00 20.00 20.00 20.00 20.00 0.73

Sinclair PG64.1-28 Strong_2 Meas 1 0.1 S1 2.9 URS2_WS1_2p9 0.87 0.82 2.72 7.75 20.00 20.00 0.68
Sinclair PG67-28 Strong_2 Meas 1 2.9 S2 2.9 URS2_WS2_2p9 1.84 1.80 5.84 16.78 20.00 20.00 0.76
Sinclair PG69.9-28 Strong_2 Meas 1 5.8 S3 2.9 URS2_WS3_2p9 2.63 1.89 6.84 17.31 20.00 20.00 0.77

SEM PG64.1-28 Strong_2 Meas 1 0.1 M1 2.9 URS2_WM1_2p9 0.89 0.90 3.13 9.79 20.00 20.00 0.70
SEM PG67-28 Strong_2 Meas 1 2.9 M2 2.9 URS2_WM2_2p9 1.69 1.26 3.90 11.79 20.00 20.00 0.72
SEM PG69.9-28 Strong_2 Meas 1 5.8 M3 2.9 URS2_WM3_2p9 1.67 1.54 3.95 11.86 20.00 20.00 0.72

Sinclair PG64.1-28 Strong_2 Meas 2 0.1 S1 5.9 URS2_WS1_L2 0.83 20.00 20.00 20.00 20.00 20.00 0.69
Sinclair PG67-28 Strong_2 Meas 2 2.9 S2 5.9 URS2_WS2_L2 0.85 20.00 20.00 20.00 20.00 20.00 0.69
Sinclair PG69.9-28 Strong_2 Meas 2 5.8 S3 5.9 URS2_WS3_L2 0.90 20.00 20.00 20.00 20.00 20.00 0.70

SEM PG64.1-28 Strong_2 Meas 2 0.1 M1 5.9 URS2_WM1_L2 0.81 17.81 20.00 20.00 20.00 20.00 0.68
SEM PG67-28 Strong_2 Meas 2 2.9 M2 5.9 URS2_WM2_L2 0.83 20.00 20.00 20.00 20.00 20.00 0.69
SEM PG69.9-28 Strong_2 Meas 2 5.8 M3 5.9 URS2_WM3_L2 0.83 20.00 20.00 20.00 20.00 20.00 0.69

MEPDG PG58-28 Strong_2 N/A 3 -6 N/A 5.9 URS2_PG58-28_L3 0.76 5.88 20.00 20.00 20.00 20.00 0.64
MEPDG PG64-28 Strong_2 N/A 3 0 N/A 5.9 URS2_PG64-28_L3 0.80 13.83 20.00 20.00 20.00 20.00 0.68
MEPDG PG70-28 Strong_2 N/A 3 6 N/A 5.9 URS2_PG70-28_L3 0.83 20.00 20.00 20.00 20.00 20.00 0.69

MEPDG 
Level #

PG Temp 
Diff. °C

Asphalt 
Supplier PG Grade

Pavement 
Structure Type of E*

Weak 
Asphalt ID

HMA Thk 
in

Years to (Service Life)

File ID
Fatigue Long. Cracks/500 ft
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Table A 5.   MEPDG Analysis Results Database for Weak Structure No. 1 for Binder PG64-28 

Rutting Alligator ft/500 ft Thermal cracks/500 ft IRI
0.4 in 30.00 200.00 600.00 100.00 20.00 130.00

Sinclair PG64.1-28 Weak_1 Meas 1 0.1 S1 8 UW1_WS1 0.84 20.00 20.00 20.00 20.00 20.00 3.85
Sinclair PG67-28 Weak_1 Meas 1 2.9 S2 8 UW1_WS2 1.77 20.00 20.00 20.00 20.00 20.00 6.14
Sinclair PG69.9-28 Weak_1 Meas 1 5.8 S3 8 UW1_WS3 1.85 20.00 20.00 20.00 20.00 0.18 2.94

SEM PG64.1-28 Weak_1 Meas 1 0.1 M1 8 UW1_WM1 0.89 20.00 20.00 20.00 20.00 20.00 4.09
SEM PG67-28 Weak_1 Meas 1 2.9 M2 8 UW1_WM2 1.11 20.00 20.00 20.00 20.00 20.00 4.81
SEM PG69.9-28 Weak_1 Meas 1 5.8 M3 8 UW1_WM3 1.08 20.00 20.00 20.00 20.00 20.00 4.79

Sinclair PG64.1-28 Weak_1 Meas+11% 1 0.1 S1 8 UW1_WS1+11% 0.90 20.00 20.00 20.00 20.00 20.00 4.54
Sinclair PG67-28 Weak_1 Meas+11% 1 2.9 S2 8 UW1_WS2+11% 1.84 20.00 20.00 20.00 20.00 20.00 6.76
Sinclair PG69.9-28 Weak_1 Meas+11% 1 5.8 S3 8 UW1_WS3+11% 2.08 20.00 20.00 20.00 20.00 20.00 7.17

SEM PG64.1-28 Weak_1 Meas+11% 1 0.1 M1 8 UW1_WM1+11% 0.98 20.00 20.00 20.00 20.00 20.00 4.73
SEM PG67-28 Weak_1 Meas+11% 1 2.9 M2 8 UW1_WM2+11% 1.60 20.00 20.00 20.00 20.00 20.00 5.24
SEM PG69.9-28 Weak_1 Meas+11% 1 5.8 M3 8 UW1_WM3+11% 1.60 20.00 20.00 20.00 20.00 20.00 5.08

Sinclair PG64.1-28 Weak_1 Meas-11% 1 0.1 S1 8 UW1_WS1_(-11%) 0.81 20.00 20.00 20.00 20.00 20.00 3.68
Sinclair PG67-28 Weak_1 Meas-11% 1 2.9 S2 8 UW1_WS2_(-11%) 1.67 20.00 20.00 20.00 20.00 20.00 5.70
Sinclair PG69.9-28 Weak_1 Meas-11% 1 5.8 S3 8 UW1_WS3_(-11%) 1.76 20.00 20.00 20.00 20.00 20.00 6.12

SEM PG64.1-28 Weak_1 Meas-11% 1 0.1 M1 8 UW1_WM1_(-11%) 0.83 20.00 20.00 20.00 20.00 20.00 3.78
SEM PG67-28 Weak_1 Meas-11% 1 2.9 M2 8 UW1_WM2_(-11%) 0.91 20.00 20.00 20.00 20.00 20.00 4.53
SEM PG69.9-28 Weak_1 Meas-11% 1 5.8 M3 8 UW1_WM3_(-11%) 0.91 20.00 20.00 20.00 20.00 20.00 4.33

Sinclair PG64.1-28 Weak_1 Meas 1 0.1 S1 7 UW1_WS1_7p0 0.79 20.00 20.00 20.00 20.00 20.00 3.58
Sinclair PG67-28 Weak_1 Meas 1 2.9 S2 7 UW1_WS2_7p0 1.30 20.00 20.00 20.00 20.00 20.00 5.44
Sinclair PG69.9-28 Weak_1 Meas 1 5.8 S3 7 UW1_WS3_7p0 1.62 20.00 20.00 20.00 20.00 20.00 5.86

SEM PG64.1-28 Weak_1 Meas 1 0.1 M1 7 UW1_WM1_7p0 0.81 20.00 20.00 20.00 20.00 20.00 3.76
SEM PG67-28 Weak_1 Meas 1 2.9 M2 7 UW1_WM2_7p0 0.86 20.00 20.00 20.00 20.00 20.00 4.29
SEM PG69.9-28 Weak_1 Meas 1 5.8 M3 7 UW1_WM3_7p0 0.86 20.00 20.00 20.00 20.00 20.00 4.10

Sinclair PG64.1-28 Weak_1 Meas 1 0.1 S1 6 UW1_WS1_6p0 0.72 20.00 20.00 20.00 20.00 20.00 2.83
Sinclair PG67-28 Weak_1 Meas 1 2.9 S2 6 UW1_WS2_6p0 0.86 20.00 20.00 20.00 20.00 20.00 4.72
Sinclair PG69.9-28 Weak_1 Meas 1 5.8 S3 6 UW1_WS3_6p0 0.92 20.00 20.00 20.00 20.00 20.00 4.90

SEM PG64.1-28 Weak_1 Meas 1 0.1 M1 6 UW1_WM1_6p0 0.76 20.00 20.00 20.00 20.00 20.00 2.96
SEM PG67-28 Weak_1 Meas 1 2.9 M2 6 UW1_WM2_6p0 0.78 20.00 20.00 20.00 20.00 20.00 3.74
SEM PG69.9-28 Weak_1 Meas 1 5.8 M3 6 UW1_WM3_6p0 0.79 20.00 20.00 20.00 20.00 20.00 3.71

Sinclair PG64.1-28 Weak_1 Meas 1 0.1 S1 4 UW1_WS1_4p0 0.38 20.00 20.00 20.00 13.01 20.00 1.70
Sinclair PG67-28 Weak_1 Meas 1 2.9 S2 4 UW1_WS2_4p0 0.53 20.00 20.00 20.00 22.97 20.00 2.52
Sinclair PG69.9-28 Weak_1 Meas 1 5.8 S3 4 UW1_WS3_4p0 0.53 20.00 20.00 20.00 22.87 20.00 2.70

SEM PG64.1-28 Weak_1 Meas 1 0.1 M1 4 UW1_WM1_4p0 0.45 20.00 20.00 20.00 16.98 20.00 1.78
SEM PG67-28 Weak_1 Meas 1 2.9 M2 4 UW1_WM2_4p0 0.47 20.00 20.00 20.00 17.95 20.00 1.88
SEM PG69.9-28 Weak_1 Meas 1 5.8 M3 4 UW1_WM3_4p0 0.50 20.00 20.00 20.00 19.00 20.00 1.88

Sinclair PG64.1-28 Weak_1 Meas 2 0.1 S1 8 UW1_WS1_L2 0.82 20.00 20.00 20.00 20.00 20.00 3.76
Sinclair PG67-28 Weak_1 Meas 2 2.9 S2 8 UW1_WS2_L2 0.85 20.00 20.00 20.00 20.00 20.00 3.85
Sinclair PG69.9-28 Weak_1 Meas 2 5.8 S3 8 UW1_WS3_L2 0.89 20.00 20.00 20.00 20.00 20.00 4.44

SEM PG64.1-28 Weak_1 Meas 2 0.1 M1 8 UW1_WM1_L2 0.81 20.00 20.00 20.00 20.00 20.00 3.65
SEM PG67-28 Weak_1 Meas 2 2.9 M2 8 UW1_WM2_L2 0.82 20.00 20.00 20.00 20.00 20.00 3.75
SEM PG69.9-28 Weak_1 Meas 2 5.8 M3 8 UW1_WM3_L2 0.83 20.00 20.00 20.00 20.00 20.00 3.79
N/A PG58-28 Weak_1 N/A 3 -6 N/A 8 UW1_PG58-28_L3 0.68 20.00 20.00 20.00 20.00 20.00 2.13
N/A PG64-28 Weak_1 N/A 3 0 N/A 8 UW1_PG64-28_L3 0.83 20.00 20.00 20.00 20.00 20.00 3.77
N/A PG70-28 Weak_1 N/A 3 6 N/A 8 UW1_PG70-28_L3 0.90 20.00 20.00 20.00 20.00 20.00 4.34

File ID
Fatigue Long. Cracks/500 ft

Years to (Service Life)
Asphalt 
Supplier PG Grade

Pavement 
Structure Type of E*

MEPDG 
Level #

PG Temp 
Diff. °C Asphalt ID

HMA Thk 
in
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Table A 6.  MEPDG Analysis Results Database for Weak Structure No. 2 for Binder PG64-28 
 

Rutting Alligator ft/500 ft Thermal cracks/500 ft IRI
0.4 in 30.00 200.00 600.00 100.00 20.00 130.00

Sinclair PG64.1-28 Weak_2 Meas 1 0.1 S1 8 UW2_WS1 0.37 20.00 20.00 20.00 20.00 3.33 1.83
Sinclair PG67-28 Weak_2 Meas 1 2.9 S2 8 UW2_WS2 0.15 20.00 20.00 20.00 20.00 3.31 0.88
Sinclair PG69.9-28 Weak_2 Meas 1 5.8 S3 8 UW2_WS3 0.58 20.00 20.00 20.00 20.00 20.00 3.53

SEM PG64.1-28 Weak_2 Meas 1 0.1 M1 8 UW2_WM1 0.45 20.00 20.00 20.00 20.00 0.23 1.73
SEM PG67-28 Weak_2 Meas 1 2.9 M2 8 UW2_WM2 0.49 20.00 20.00 20.00 20.00 7.22 2.52
SEM PG69.9-28 Weak_2 Meas 1 5.8 M3 8 UW2_WM3 0.53 20.00 20.00 20.00 20.00 3.35 2.37

Sinclair PG64.1-28 Weak_2 Meas+11% 1 0.1 S1 8 UW2_WS1+11% 0.41 20.00 20.00 20.00 20.00 20.00 1.98
Sinclair PG67-28 Weak_2 Meas+11% 1 2.9 S2 8 UW2_WS2+11% 0.62 20.00 20.00 20.00 20.00 20.00 3.53
Sinclair PG69.9-28 Weak_2 Meas+11% 1 5.8 S3 8 UW2_WS3+11% 0.64 20.00 20.00 20.00 20.00 20.00 3.77

SEM PG64.1-28 Weak_2 Meas+11% 1 0.1 M1 8 UW2_WM1+11% 0.49 20.00 20.00 20.00 20.00 20.00 2.28
SEM PG67-28 Weak_2 Meas+11% 1 2.9 M2 8 UW2_WM2+11% 0.54 20.00 20.00 20.00 20.00 20.00 2.75
SEM PG69.9-28 Weak_2 Meas+11% 1 5.8 M3 8 UW2_WM3+11% 0.58 20.00 20.00 20.00 20.00 20.00 2.74

Sinclair PG64.1-28 Weak_2 Meas-11% 1 0.1 S1 8 UW2_WS1_(-11%) 0.32 20.00 20.00 20.00 20.00 20.00 1.76
Sinclair PG67-28 Weak_2 Meas-11% 1 2.9 S2 8 UW2_WS2_(-11%) 0.52 20.00 20.00 20.00 20.00 20.00 2.81
Sinclair PG69.9-28 Weak_2 Meas-11% 1 5.8 S3 8 UW2_WS3_(-11%) 0.52 20.00 20.00 20.00 20.00 20.00 3.70

SEM PG64.1-28 Weak_2 Meas-11% 1 0.1 M1 8 UW2_WM1_(-11%) 0.41 20.00 20.00 20.00 20.00 20.00 1.81
SEM PG67-28 Weak_2 Meas-11% 1 2.9 M2 8 UW2_WM2_(-11%) 0.44 20.00 20.00 20.00 20.00 20.00 1.98
SEM PG69.9-28 Weak_2 Meas-11% 1 5.8 M3 8 UW2_WM3_(-11%) 0.48 20.00 20.00 20.00 20.00 20.00 1.94

Sinclair PG64.1-28 Weak_2 Meas 1 0.1 S1 7 UW2_WS1_7p0 0.26 20.00 20.00 20.00 20.00 20.00 1.71
Sinclair PG67-28 Weak_2 Meas 1 2.9 S2 7 UW2_WS2_7p0 0.39 20.00 20.00 20.00 20.00 20.00 2.66
Sinclair PG69.9-28 Weak_2 Meas 1 5.8 S3 7 UW2_WS3_7p0 0.39 20.00 20.00 20.00 20.00 20.00 2.80

SEM PG64.1-28 Weak_2 Meas 1 0.1 M1 7 UW2_WM1_7p0 0.32 20.00 20.00 20.00 20.00 20.00 1.77
SEM PG67-28 Weak_2 Meas 1 2.9 M2 7 UW2_WM2_7p0 0.33 20.00 20.00 20.00 20.00 20.00 1.87
SEM PG69.9-28 Weak_2 Meas 1 5.8 M3 7 UW2_WM3_7p0 0.36 20.00 20.00 20.00 20.00 20.00 1.86

Sinclair PG64.1-28 Weak_2 Meas 1 0.1 S1 6 UW2_WS1_6p0 0.19 20.00 20.00 20.00 20.00 20.00 1.23
Sinclair PG67-28 Weak_2 Meas 1 2.9 S2 6 UW2_WS2_6p0 0.27 20.00 20.00 20.00 20.00 20.00 1.90
Sinclair PG69.9-28 Weak_2 Meas 1 5.8 S3 6 UW2_WS3_6p0 0.27 20.00 20.00 20.00 20.00 20.00 2.12

SEM PG64.1-28 Weak_2 Meas 1 0.1 M1 6 UW2_WM1_6p0 0.22 20.00 20.00 20.00 20.00 20.00 1.49
SEM PG67-28 Weak_2 Meas 1 2.9 M2 6 UW2_WM2_6p0 0.24 20.00 20.00 20.00 20.00 20.00 1.71
SEM PG69.9-28 Weak_2 Meas 1 5.8 M3 6 UW2_WM3_6p0 0.25 20.00 20.00 20.00 20.00 20.00 1.72

Sinclair PG64.1-28 Weak_2 Meas 1 0.1 S1 4 UW2_WS1_4p0 0.08 20.00 20.00 20.00 10.50 20.00 0.75
Sinclair PG67-28 Weak_2 Meas 1 2.9 S2 4 UW2_WS2_4p0 0.12 20.00 20.00 20.00 13.89 20.00 0.90
Sinclair PG69.9-28 Weak_2 Meas 1 5.8 S3 4 UW2_WS3_4p0 0.12 20.00 20.00 20.00 14.29 20.00 0.96

SEM PG64.1-28 Weak_2 Meas 1 0.1 M1 4 UW2_WM1_4p0 0.10 20.00 20.00 20.00 11.79 20.00 0.78
SEM PG67-28 Weak_2 Meas 1 2.9 M2 4 UW2_WM2_4p0 0.11 20.00 20.00 20.00 12.38 20.00 0.81
SEM PG69.9-28 Weak_2 Meas 1 5.8 M3 4 UW2_WM3_4p0 0.11 20.00 20.00 20.00 12.79 20.00 0.82

Sinclair PG64.1-28 Weak_2 Meas 2 0.1 S1 8 UW2_WS1_L2 0.40 20.00 20.00 20.00 20.00 20.00 1.80
Sinclair PG67-28 Weak_2 Meas 2 2.9 S2 8 UW2_WS2_L2 0.41 20.00 20.00 20.00 20.00 20.00 1.85
Sinclair PG69.9-28 Weak_2 Meas 2 5.8 S3 8 UW2_WS3_L2 0.23 20.00 20.00 20.00 20.00 20.00 2.73

SEM PG64.1-28 Weak_2 Meas 2 0.1 M1 8 UW2_WM1_L2 0.39 20.00 20.00 20.00 20.00 20.00 1.77
SEM PG67-28 Weak_2 Meas 2 2.9 M2 8 UW2_WM2_L2 0.40 20.00 20.00 20.00 20.00 20.00 1.80
SEM PG69.9-28 Weak_2 Meas 2 5.8 M3 8 UW2_WM3_L2 0.40 20.00 20.00 20.00 20.00 20.00 1.82
N/A PG58-28 Weak_2 N/A 3 -6 N/A 8 UW2_PG58-28_L3 0.43 20.00 20.00 20.00 20.00 20.00 1.71
N/A PG64-28 Weak_2 N/A 3 0 N/A 8 UW2_PG64-28_L3 0.46 20.00 20.00 20.00 20.00 20.00 1.81
N/A PG70-28 Weak_2 N/A 3 6 N/A 8 UW2_PG70-28_L3 0.47 20.00 20.00 20.00 20.00 20.00 1.97

File ID
Fatigue Long. Cracks/500 ft

Years to (Service Life)
Asphalt 
Supplier PG Grade

Pavement 
Structure Type of E*

MEPDG 
Level #
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Diff. °C Asphalt ID
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Table A 7.  MEPDG Analysis Results Database for Weak Structure No. 1 for Binder PG64-34 
 

Rutting Alligator ft/500 ft Thermal cracks/500 ft IRI
0.4 in 30.00 200.00 600.00 100.00 20.00 130.00

Sinclair PG64.1-34 Weak_1 Meas 1 0.1 S4 8 UW1_SS4 0.91 20.00 20.00 20.00 20.00 20.00 4.54
Sinclair PG67-34 Weak_1 Meas 1 2.9 S5 8 UW1_SS5 1.53 20.00 20.00 20.00 20.00 20.00 5.13
Sinclair PG69.9-34 Weak_1 Meas 1 5.8 S6 8 UW1_SS6 0.87 20.00 20.00 20.00 20.00 20.00 3.89

SEM PG64.1-34 Weak_1 Meas 1 0.1 M4 8 UW1_SM4 0.83 20.00 20.00 20.00 20.00 20.00 3.73
SEM PG67-34 Weak_1 Meas 1 2.9 M5 8 UW1_SM5 1.05 20.00 20.00 20.00 20.00 0.18 2.93
SEM PG69.9-34 Weak_1 Meas 1 5.8 M6 8 UW1_SM6 0.82 20.00 20.00 20.00 20.00 20.00 3.67

Sinclair PG64.1-34 Weak_1 Meas+11% 1 0.1 S4 8 UW1_SS4+11% 1.11 20.00 20.00 20.00 20.00 20.00 4.80
Sinclair PG67-34 Weak_1 Meas+11% 1 2.9 S5 8 UW1_SS5+11% 1.02 20.00 20.00 20.00 20.00 20.00 4.78
Sinclair PG69.9-34 Weak_1 Meas+11% 1 5.8 S6 8 UW1_SS6+11% 0.93 20.00 20.00 20.00 20.00 20.00 4.65

SEM PG64.1-34 Weak_1 Meas+11% 1 0.1 M4 8 UW1_SM4+11% 0.88 20.00 20.00 20.00 20.00 20.00 3.83
SEM PG67-34 Weak_1 Meas+11% 1 2.9 M5 8 UW1_SM5+11% 0.82 20.00 20.00 20.00 20.00 20.00 3.60
SEM PG69.9-34 Weak_1 Meas+11% 1 5.8 M6 8 UW1_SM6+11% 0.86 20.00 20.00 20.00 20.00 20.00 3.79

Sinclair PG64.1-34 Weak_1 Meas-11% 1 0.1 S4 8 UW1_SS4_(-11%) 0.85 20.00 20.00 20.00 20.00 20.00 3.82
Sinclair PG67-34 Weak_1 Meas-11% 1 2.9 S5 8 UW1_SS5_(-11%) 1.02 20.00 20.00 20.00 20.00 20.00 4.78
Sinclair PG69.9-34 Weak_1 Meas-11% 1 5.8 S6 8 UW1_SS6_(-11%) 0.82 20.00 20.00 20.00 20.00 20.00 3.72

SEM PG64.1-34 Weak_1 Meas-11% 1 0.1 M4 8 UW1_SM4_(-11%) 0.81 20.00 20.00 20.00 20.00 20.00 2.98
SEM PG67-34 Weak_1 Meas-11% 1 2.9 M5 8 UW1_SM5_(-11%) 0.78 20.00 20.00 20.00 20.00 20.00 2.76
SEM PG69.9-34 Weak_1 Meas-11% 1 5.8 M6 8 UW1_SM6_(-11%) 0.80 20.00 20.00 20.00 20.00 20.00 2.89

Sinclair PG64.1-34 Weak_1 Meas 1 0.1 S4 7 UW1_SS4_7p0 0.82 20.00 20.00 20.00 20.00 20.00 3.80
Sinclair PG67-34 Weak_1 Meas 1 2.9 S5 7 UW1_SS5_7p0 0.91 20.00 20.00 20.00 20.00 20.00 4.74
Sinclair PG69.9-34 Weak_1 Meas 1 5.8 S6 7 UW1_SS6_7p0 0.80 20.00 20.00 20.00 20.00 20.00 3.68

SEM PG64.1-34 Weak_1 Meas 1 0.1 M4 7 UW1_SM4_7p0 0.79 20.00 20.00 20.00 20.00 20.00 2.93
SEM PG67-34 Weak_1 Meas 1 2.9 M5 7 UW1_SM5_7p0 0.77 20.00 20.00 20.00 20.00 20.00 2.75
SEM PG69.9-34 Weak_1 Meas 1 5.8 M6 7 UW1_SM6_7p0 0.78 20.00 20.00 20.00 20.00 20.00 2.87

Sinclair PG64.1-34 Weak_1 Meas 1 0.1 S4 6 UW1_SS4_6p0 0.77 20.00 20.00 20.00 20.00 20.00 3.22
Sinclair PG67-34 Weak_1 Meas 1 2.9 S5 6 UW1_SS5_6p0 0.80 20.00 20.00 20.00 20.00 20.00 3.83
Sinclair PG69.9-34 Weak_1 Meas 1 5.8 S6 6 UW1_SS6_6p0 0.75 20.00 20.00 20.00 20.00 20.00 2.88

SEM PG64.1-34 Weak_1 Meas 1 0.1 M4 6 UW1_SM4_6p0 0.74 20.00 20.00 20.00 20.00 20.00 2.73
SEM PG67-34 Weak_1 Meas 1 2.9 M5 6 UW1_SM5_6p0 0.72 20.00 20.00 20.00 20.00 20.00 2.09
SEM PG69.9-34 Weak_1 Meas 1 5.8 M6 6 UW1_SM6_6p0 0.73 20.00 20.00 20.00 20.00 20.00 2.68

Sinclair PG64.1-34 Weak_1 Meas 1 0.1 S4 4 UW1_SS4_4p0 0.46 20.00 20.00 20.00 17.92 20.00 1.81
Sinclair PG67-34 Weak_1 Meas 1 2.9 S5 4 UW1_SS5_4p0 0.50 20.00 20.00 20.00 20.16 20.00 2.02
Sinclair PG69.9-34 Weak_1 Meas 1 5.8 S6 4 UW1_SS6_4p0 0.45 20.00 20.00 20.00 15.42 20.00 1.76

SEM PG64.1-34 Weak_1 Meas 1 0.1 M4 4 UW1_SM4_4p0 0.46 20.00 20.00 20.00 16.99 20.00 1.72
SEM PG67-34 Weak_1 Meas 1 2.9 M5 4 UW1_SM5_4p0 0.44 20.00 20.00 20.00 16.13 20.00 1.59
SEM PG69.9-34 Weak_1 Meas 1 5.8 M6 4 UW1_SM6_4p0 0.73 20.00 20.00 20.00 20.00 20.00 2.68

Sinclair PG64.1-34 Weak_1 Meas 2 0.1 S4 8 UW1_SS4_L2 0.83 20.00 20.00 20.00 20.00 20.00 3.79
Sinclair PG67-34 Weak_1 Meas 2 2.9 S5 8 UW1_SS5_L2 0.85 20.00 20.00 20.00 20.00 20.00 3.86
Sinclair PG69.9-34 Weak_1 Meas 2 5.8 S6 8 UW1_SS6_L2 0.88 20.00 20.00 20.00 20.00 20.00 3.98

SEM PG64.1-34 Weak_1 Meas 2 0.1 M4 8 UW1_SM4_L2 0.80 20.00 20.00 20.00 20.00 20.00 3.54
SEM PG67-34 Weak_1 Meas 2 2.9 M5 8 UW1_SM5_L2 0.82 20.00 20.00 20.00 20.00 20.00 3.74
SEM PG69.9-34 Weak_1 Meas 2 5.8 M6 8 UW1_SM6_L2 0.86 20.00 20.00 20.00 20.00 20.00 3.90
N/A PG58-28 Weak_1 N/A 3 -6 N/A 8 UW1_PG58-28_L3 0.68 20.00 20.00 20.00 20.00 20.00 2.13
N/A PG64-28 Weak_1 N/A 3 0 N/A 8 UW1_PG64-28_L3 0.83 20.00 20.00 20.00 20.00 20.00 3.77
N/A PG70-28 Weak_1 N/A 3 6 N/A 8 UW1_PG70-28_L3 0.90 20.00 20.00 20.00 20.00 20.00 4.34

HMA Thk 
in File ID

Fatigue Long. Cracks/500 ft
Years to (Service Life)

Asphalt 
Supplier PG Grade

Pavement 
Structure Type of E*

MEPDG Level 
#

PG Temp Diff. 
°C Asphalt ID
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Table A 8.  MEPDG Analysis Results Database for Weak Structure No. 2 for Binder PG64-28 
 

 

Rutting Alligator ft/500 ft Thermal cracks/500 ft IRI
0.4 in 30.00 200.00 600.00 100.00 20.00 130.00

Sinclair PG64.1-34 Weak_2 Meas 1 0.1 S4 8 UW2_SS4 0.47 20.00 20.00 20.00 20.00 5.38 1.99
Sinclair PG67-34 Weak_2 Meas 1 2.9 S5 8 UW2_SS5 0.53 20.00 20.00 20.00 20.00 0.42 2.44
Sinclair PG69.9-34 Weak_2 Meas 1 5.8 S6 8 UW2_SS6 0.45 20.00 20.00 20.00 20.00 5.34 1.87

SEM PG64.1-34 Weak_2 Meas 1 0.1 M4 8 UW2_SM4 0.46 20.00 20.00 20.00 20.00 20.00 1.43
SEM PG67-34 Weak_2 Meas 1 2.9 M5 8 UW2_SM5 0.30 20.00 20.00 20.00 20.00 20.00 1.73
SEM PG69.9-34 Weak_2 Meas 1 5.8 M6 8 UW2_SM6 0.45 20.00 20.00 20.00 20.00 20.00 1.78

Sinclair PG64.1-34 Weak_2 Meas+11% 1 0.1 S4 8 UW2_SS4+11% 0.51 20.00 20.00 20.00 20.00 20.00 2.50
Sinclair PG67-34 Weak_2 Meas+11% 1 2.9 S5 8 UW2_SS5+11% 0.48 20.00 20.00 20.00 20.00 20.00 2.43
Sinclair PG69.9-34 Weak_2 Meas+11% 1 5.8 S6 8 UW2_SS6+11% 0.49 20.00 20.00 20.00 20.00 20.00 2.15

SEM PG64.1-34 Weak_2 Meas+11% 1 0.1 M4 8 UW2_SM4+11% 0.51 20.00 20.00 20.00 20.00 20.00 1.85
SEM PG67-34 Weak_2 Meas+11% 1 2.9 M5 8 UW2_SM5+11% 0.48 20.00 20.00 20.00 20.00 20.00 1.78
SEM PG69.9-34 Weak_2 Meas+11% 1 5.8 M6 8 UW2_SM6+11% 0.50 20.00 20.00 20.00 20.00 20.00 1.84

Sinclair PG64.1-34 Weak_2 Meas-11% 1 0.1 S4 8 UW2_SS4_(-11%) 0.42 20.00 20.00 20.00 20.00 20.00 1.84
Sinclair PG67-34 Weak_2 Meas-11% 1 2.9 S5 8 UW2_SS5_(-11%) 0.48 20.00 20.00 20.00 20.00 20.00 2.43
Sinclair PG69.9-34 Weak_2 Meas-11% 1 5.8 S6 8 UW2_SS6_(-11%) 0.41 20.00 20.00 20.00 20.00 20.00 1.79

SEM PG64.1-34 Weak_2 Meas-11% 1 0.1 M4 8 UW2_SM4_(-11%) 0.41 20.00 20.00 20.00 20.00 20.00 1.73
SEM PG67-34 Weak_2 Meas-11% 1 2.9 M5 8 UW2_SM5_(-11%) 0.39 20.00 20.00 20.00 20.00 20.00 1.59
SEM PG69.9-34 Weak_2 Meas-11% 1 5.8 M6 8 UW2_SM6_(-11%) 0.40 20.00 20.00 20.00 20.00 20.00 1.72

Sinclair PG64.1-34 Weak_2 Meas 1 0.1 S4 7 UW2_SS4_7p0 0.32 20.00 20.00 20.00 20.00 20.00 1.80
Sinclair PG67-34 Weak_2 Meas 1 2.9 S5 7 UW2_SS5_7p0 0.36 20.00 20.00 20.00 20.00 20.00 2.04
Sinclair PG69.9-34 Weak_2 Meas 1 5.8 S6 7 UW2_SS6_7p0 0.31 20.00 20.00 20.00 20.00 20.00 1.75

SEM PG64.1-34 Weak_2 Meas 1 0.1 M4 7 UW2_SM4_7p0 0.31 20.00 20.00 20.00 20.00 20.00 1.66
SEM PG67-34 Weak_2 Meas 1 2.9 M5 7 UW2_SM5_7p0 0.29 20.00 20.00 20.00 20.00 20.00 1.42
SEM PG69.9-34 Weak_2 Meas 1 5.8 M6 7 UW2_SM6_7p0 0.30 20.00 20.00 20.00 20.00 20.00 1.65

Sinclair PG64.1-34 Weak_2 Meas 1 0.1 S4 6 UW2_SS4_6p0 0.23 20.00 20.00 20.00 20.00 20.00 1.59
Sinclair PG67-34 Weak_2 Meas 1 2.9 S5 6 UW2_SS5_6p0 0.25 20.00 20.00 20.00 20.00 20.00 1.77
Sinclair PG69.9-34 Weak_2 Meas 1 5.8 S6 6 UW2_SS6_6p0 0.22 20.00 20.00 20.00 20.00 20.00 1.38

SEM PG64.1-34 Weak_2 Meas 1 0.1 M4 6 UW2_SM4_6p0 0.22 20.00 20.00 20.00 20.00 20.00 1.10
SEM PG67-34 Weak_2 Meas 1 2.9 M5 6 UW2_SM5_6p0 0.21 20.00 20.00 20.00 20.00 20.00 0.91
SEM PG69.9-34 Weak_2 Meas 1 5.8 M6 6 UW2_SM6_6p0 0.21 20.00 20.00 20.00 20.00 20.00 1.05

Sinclair PG64.1-34 Weak_2 Meas 1 0.1 S4 4 UW2_SS4_4p0 0.10 20.00 20.00 20.00 12.08 20.00 0.79
Sinclair PG67-34 Weak_2 Meas 1 2.9 S5 4 UW2_SS5_4p0 0.11 20.00 20.00 20.00 20.19 20.00 0.84
Sinclair PG69.9-34 Weak_2 Meas 1 5.8 S6 4 UW2_SS6_4p0 0.09 20.00 20.00 20.00 11.79 20.00 0.78

SEM PG64.1-34 Weak_2 Meas 1 0.1 M4 4 UW2_SM4_4p0 0.09 20.00 20.00 20.00 11.88 20.00 0.77
SEM PG67-34 Weak_2 Meas 1 2.9 M5 4 UW2_SM5_4p0 0.09 20.00 20.00 20.00 11.63 20.00 0.75
SEM PG69.9-34 Weak_2 Meas 1 5.8 M6 4 UW2_SM6_4p0 0.09 20.00 20.00 20.00 11.71 20.00 0.76

Sinclair PG64.1-34 Weak_2 Meas 2 0.1 S4 8 UW2_SS4_L2 0.42 20.00 20.00 20.00 20.00 20.00 1.82
Sinclair PG67-34 Weak_2 Meas 2 2.9 S5 8 UW2_SS5_L2 0.43 20.00 20.00 20.00 20.00 20.00 1.86
Sinclair PG69.9-34 Weak_2 Meas 2 5.8 S6 8 UW2_SS6_L2 0.47 20.00 20.00 20.00 20.00 20.00 1.91

SEM PG64.1-34 Weak_2 Meas 2 0.1 M4 8 UW2_SM4_L2 0.39 20.00 20.00 20.00 20.00 20.00 1.76
SEM PG67-34 Weak_2 Meas 2 2.9 M5 8 UW2_SM5_L2 0.39 20.00 20.00 20.00 20.00 20.00 1.80
SEM PG69.9-34 Weak_2 Meas 2 5.8 M6 8 UW2_SM6_L2 0.41 20.00 20.00 20.00 20.00 20.00 1.87
N/A PG58-28 Weak_2 N/A 3 -6 N/A 8 UW2_PG58-28_L3 0.43 20.00 20.00 20.00 20.00 20.00 1.71
N/A PG64-28 Weak_2 N/A 3 0 N/A 8 UW2_PG64-28_L3 0.46 20.00 20.00 20.00 20.00 20.00 1.81
N/A PG70-28 Weak_2 N/A 3 6 N/A 8 UW2_PG70-28_L3 0.47 20.00 20.00 20.00 20.00 20.00 1.97

MEPDG Level 
#

PG Temp Diff. 
°C Asphalt ID

HMA Thk 
in

Asphalt 
Supplier PG Grade

Pavement 
Structure Type of E*

Years to (Service Life)

File ID
Fatigue Long. Cracks/500 ft
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Table A 9.  SPT test Results for Strong Structure Mix 

SM4-1 4.4 0.01 267.9 30.2 106.1 2.3 5.8 8.9 0.7
SM4-1 4.4 0.1 553.7 25.3 103.3 1.7 2.9 11.5 0.7
SM4-1 4.4 1 954.5 19.1 101.7 0.4 2.2 13.8 1.0
SM4-1 4.4 10 1416.3 14.6 86.9 2.2 3.1 13.9 0.7
SM4-1 21.1 0.01 41.7 28.9 116.7 2.5 5.0 11.0 0.6
SM4-1 21.1 0.1 103.8 30.5 118.6 2.4 4.9 4.4 1.4
SM4-1 21.1 1 265.9 28.3 106.8 1.3 3.5 3.4 1.8
SM4-1 21.1 10 581.8 26.1 101.7 3.5 4.5 8.1 1.4
SM4-1 35.0 0.01 18.5 18.6 105.4 6.1 6.6 20.5 2.2
SM4-1 35.0 0.1 29.6 24.7 112.0 8.8 8.2 10.6 3.4
SM4-1 35.0 1 64.3 28.6 120.4 5.3 8.0 2.6 3.0
SM4-1 35.0 10 170.6 31.8 109.8 3.7 5.0 2.5 3.2
SM4-1 46.1 0.01 14.6 13.6 100.1 9.2 8.5 42.4 2.4
SM4-1 46.1 0.1 18.9 18.0 97.4 15.7 13.8 36.5 2.4
SM4-1 46.1 1 29.7 22.4 102.9 13.0 9.6 30.9 1.9
SM4-1 46.1 10 76.0 27.4 121.6 19.5 13.5 17.7 1.8
SM4-2 4.4 0.01 360.4 31.3 90.3 1.3 5.0 26.6 1.9
SM4-2 4.4 0.1 700.2 26.6 93.2 1.3 3.1 26.8 0.8
SM4-2 4.4 1 1195.1 19.6 101.1 0.3 2.7 25.6 0.4
SM4-2 4.4 10 1861.2 15.4 104.5 2.6 4.2 27.9 0.2
SM4-2 21.1 0.01 68.9 28.5 118.2 1.9 5.7 8.3 1.9
SM4-2 21.1 0.1 162.0 30.8 101.2 2.0 4.2 0.5 2.3
SM4-2 21.1 1 370.7 28.7 89.4 4.2 4.4 9.1 1.3
SM4-2 21.1 10 751.0 24.5 88.2 3.4 4.0 12.4 0.8
SM4-2 35.0 0.01 23.2 21.9 105.3 4.0 6.1 16.6 4.0
SM4-2 35.0 0.1 42.5 26.7 116.3 5.1 6.4 6.0 4.0
SM4-2 35.0 1 102.9 28.2 121.2 3.8 6.5 4.5 3.1
SM4-2 35.0 10 243.1 30.9 101.7 3.2 4.4 10.1 2.5
SM4-2 46.1 0.01 16.2 14.8 106.2 7.6 7.6 42.1 4.0
SM4-2 46.1 0.1 22.7 20.1 100.0 12.1 9.5 35.4 4.0
SM4-2 46.1 1 40.6 24.9 115.3 8.6 8.1 17.1 4.7
SM4-2 46.1 10 102.2 29.3 124.7 7.8 6.2 0.1 4.2

Temp °CSpecimen
Strain 
micro 
in/in

Phase 
deg.

Modulus 
ksiFreq Hz

Phase 
Uniformity 

deg

Def 
Uniformity 

%

Avg Def 
Se %

Load Se 
%
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Table A 10.  SPT test Results for Strong Structure Mix 
 

 

 

 

 

SM5-1 4.4 0.01 256.8 29.7 95.2 3.0 6.3 20.0 3.7
SM5-1 4.4 0.1 551.1 25.5 103.8 1.4 3.8 11.6 1.9
SM5-1 4.4 1 971.7 19.5 99.8 0.4 2.0 8.5 1.5
SM5-1 4.4 10 1415.4 14.5 116.6 2.3 2.7 7.1 1.2
SM5-1 21.1 0.01 45.8 27.6 106.5 3.5 6.0 37.2 2.0
SM5-1 21.1 0.1 110.6 29.3 104.0 2.5 5.1 23.0 2.4
SM5-1 21.1 1 272.6 28.3 89.4 1.8 3.5 14.2 1.7
SM5-1 21.1 10 585.4 26.2 97.9 4.0 4.0 10.5 1.3
SM5-1 35.0 0.01 21.2 18.5 103.3 5.3 6.5 36.8 0.4
SM5-1 35.0 0.1 33.7 23.9 99.3 9.5 8.1 30.1 3.1
SM5-1 35.0 1 73.3 27.4 106.0 5.8 8.2 15.2 2.9
SM5-1 35.0 10 179.7 29.9 94.5 4.1 4.5 9.0 2.4
SM5-1 46.1 0.01 12.9 15.5 108.8 7.3 8.7 53.2 2.8
SM5-1 46.1 0.1 17.5 19.1 95.0 19.1 17.6 49.3 3.6
SM5-1 46.1 1 29.0 22.4 102.4 15.1 11.2 43.3 2.5
SM5-1 46.1 10 74.1 28.8 102.3 16.0 12.1 31.3 2.0
SM5-2 4.4 0.01 284.0 30.3 86.0 1.8 6.5 3.9 1.5
SM5-2 4.4 0.1 578.4 25.7 99.3 2.1 3.5 3.1 1.0
SM5-2 4.4 1 1006.6 18.7 96.7 0.8 2.4 2.3 0.9
SM5-2 4.4 10 1472.9 14.4 111.2 2.3 3.3 3.0 0.9
SM5-2 21.1 0.01 47.4 28.4 103.0 2.5 5.2 28.8 3.6
SM5-2 21.1 0.1 113.8 30.1 101.1 2.8 4.2 14.4 2.0
SM5-2 21.1 1 275.5 29.1 88.5 2.2 3.7 8.8 0.9
SM5-2 21.1 10 604.6 24.9 85.1 3.7 4.5 8.6 0.9
SM5-2 35.0 0.01 19.0 17.4 103.0 5.9 6.7 29.4 0.6
SM5-2 35.0 0.1 30.8 24.9 108.4 8.4 7.0 21.1 4.0
SM5-2 35.0 1 68.6 28.1 113.2 5.4 8.0 9.5 2.5
SM5-2 35.0 10 170.9 30.1 101.3 3.8 4.7 3.0 1.6
SM5-2 46.1 0.01 14.6 14.4 112.2 7.3 8.1 55.6 2.8
SM5-2 46.1 0.1 19.2 18.0 95.5 14.3 13.4 52.4 4.0
SM5-2 46.1 1 31.5 22.6 106.4 10.8 7.8 41.4 3.9
SM5-2 46.1 10 77.5 30.8 99.3 16.9 13.7 28.6 3.6

Phase 
Uniformity 

deg
Specimen

Strain 
micro 
in/in

Load Se 
%

Avg Def 
Se %

Def 
Uniformity 

%
Temp °C Freq Hz Modulus 

ksi
Phase 
deg.
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Table A 11.  SPT test Results for Strong Structure Mix 
 

 

 

 

 

 

 

 

SM6-1 4.4 0.01 297.8 29.9 109.2 3.0 5.7 15.1 0.2
SM6-1 4.4 0.1 603.5 24.7 94.9 1.7 2.7 14.2 1.6
SM6-1 4.4 1 1033.8 18.0 93.8 0.4 2.3 11.9 2.0
SM6-1 4.4 10 1540.9 14.4 106.5 2.6 4.0 11.2 1.5
SM6-1 21.1 0.01 53.0 30.3 92.3 3.3 6.1 3.7 0.2
SM6-1 21.1 0.1 125.1 31.0 98.4 2.4 4.2 17.6 0.2
SM6-1 21.1 1 301.7 27.4 94.3 1.8 3.2 15.2 1.3
SM6-1 21.1 10 611.8 24.0 97.2 3.3 3.8 10.5 1.5
SM6-1 35.0 0.01 24.7 19.0 98.7 5.3 7.0 17.0 1.5
SM6-1 35.0 0.1 40.3 23.6 102.6 7.4 7.5 17.7 1.6
SM6-1 35.0 1 85.3 26.9 99.8 4.9 8.0 18.8 2.0
SM6-1 35.0 10 203.7 29.9 101.9 3.5 4.8 15.4 2.0
SM6-1 46.1 0.01 17.1 15.1 113.6 6.4 9.6 7.0 2.0
SM6-1 46.1 0.1 23.3 19.0 106.9 9.9 10.3 10.2 1.8
SM6-1 46.1 1 39.9 22.3 113.4 7.1 7.3 13.2 1.2
SM6-1 46.1 10 94.0 28.4 96.8 21.4 17.4 17.1 0.3
SM6-2 4.4 0.01 294.3 28.4 96.8 1.4 6.0 25.6 0.4
SM6-2 4.4 0.1 569.4 24.1 93.4 1.4 3.5 25.1 0.2
SM6-2 4.4 1 958.5 18.4 101.1 0.4 2.3 23.9 0.0
SM6-2 4.4 10 1386.1 14.3 95.1 2.3 3.1 24.3 0.2
SM6-2 21.1 0.01 49.3 29.2 99.1 2.6 5.4 22.6 3.8
SM6-2 21.1 0.1 125.5 29.9 104.9 2.6 5.0 20.3 2.0
SM6-2 21.1 1 305.3 26.9 92.9 1.6 3.3 20.7 1.0
SM6-2 21.1 10 628.5 23.8 93.0 3.5 4.7 21.8 0.2
SM6-2 35.0 0.01 23.0 20.0 106.7 5.8 7.4 5.9 5.0
SM6-2 35.0 0.1 39.1 24.9 105.6 6.1 7.4 0.3 5.0
SM6-2 35.0 1 83.4 28.6 102.2 4.7 7.2 8.2 3.8
SM6-2 35.0 10 204.2 29.6 101.9 3.2 4.5 12.9 2.1
SM6-2 46.1 0.01 15.4 13.6 105.9 7.1 8.7 36.7 3.9
SM6-2 46.1 0.1 20.7 18.2 97.4 15.8 12.1 29.7 5.3
SM6-2 46.1 1 34.6 22.6 109.2 10.8 7.8 19.8 5.1
SM6-2 46.1 10 86.6 27.3 110.6 19.1 13.3 9.7 4.4

Def 
Uniformit
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Table A 12.  SPT test Results for Strong Structure Mix 
 

SS4-1 4.4 0.01 473.3 27.3 94.8 1.2 4.9 38.2 1.3
SS4-1 4.4 0.1 780.2 23.4 104.4 1.2 4.2 35.1 1.9
SS4-1 4.4 1 1217.7 17.4 105.9 2.6 4.3 30.8 1.2
SS4-1 4.4 10 1863.1 14.1 100.7 2.4 4.9 27.6 1.0
SS4-1 21.1 0.01 86.5 30.1 94.3 2.0 4.7 37.3 5.2
SS4-1 21.1 0.1 190.9 29.8 107.1 1.6 3.5 33.8 2.3
SS4-1 21.1 1 399.5 26.4 103.8 2.0 3.2 33.6 0.5
SS4-1 21.1 10 746.2 22.4 101.8 2.9 3.6 30.8 0.5
SS4-1 35.0 0.01 31.3 24.4 104.0 3.0 5.4 24.9 6.7
SS4-1 35.0 0.1 56.9 27.6 104.1 4.0 5.4 30.7 5.3
SS4-1 35.0 1 128.6 28.4 102.6 3.7 5.7 30.1 2.9
SS4-1 35.0 10 287.1 27.1 103.6 2.2 4.0 30.8 1.6
SS4-1 46.1 0.01 22.5 19.0 108.6 5.8 7.2 5.0 7.0
SS4-1 46.1 0.1 34.1 23.8 97.4 7.8 7.5 20.1 8.3
SS4-1 46.1 1 61.7 26.9 102.0 5.9 7.9 31.5 7.4
SS4-1 46.1 10 140.3 30.2 98.0 7.2 7.0 29.2 7.3
SS4-2 4.4 0.01 393.9 25.1 103.3 1.2 3.9 23.8 0.4
SS4-2 4.4 0.1 674.7 21.1 96.8 1.7 3.1 24.1 0.3
SS4-2 4.4 1 1054.0 16.4 91.9 0.4 2.4 22.6 0.3
SS4-2 4.4 10 1487.5 12.7 100.5 1.4 2.4 20.3 0.4
SS4-2 21.1 0.01 87.7 28.4 92.5 2.1 4.7 18.4 3.1
SS4-2 21.1 0.1 193.7 27.7 105.5 2.0 4.3 21.0 2.2
SS4-2 21.1 1 389.9 24.4 105.8 1.9 3.0 24.2 1.0
SS4-2 21.1 10 702.5 22.2 94.2 3.3 3.9 23.6 0.4
SS4-2 35.0 0.01 33.8 24.4 96.3 4.4 6.4 13.5 1.3
SS4-2 35.0 0.1 59.4 26.8 99.9 4.8 5.6 5.5 1.1
SS4-2 35.0 1 132.2 25.6 100.5 3.7 6.2 4.6 1.0
SS4-2 35.0 10 269.9 26.2 107.6 3.1 4.0 10.8 0.9
SS4-2 46.1 0.01 24.3 19.2 100.5 5.8 7.3 13.2 0.7
SS4-2 46.1 0.1 36.6 22.4 90.8 8.1 7.8 9.2 1.4
SS4-2 46.1 1 64.3 25.0 98.0 4.8 6.7 0.2 0.8
SS4-2 46.1 10 142.4 26.6 95.0 5.2 5.1 7.1 1.5

Def 
Uniformity 

%

Phase 
Uniformity 

deg

Phase 
deg.

Strain 
micro 
in/in

Load Se 
%

Avg Def 
Se %Specimen Temp °C Freq Hz Modulus 
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Table A 13.  SPT test Results for Strong Structure Mix 
 

 

SS5-1 4.4 0.01 562.7 24.0 86.9 1.4 5.3 11.1 0.8
SS5-1 4.4 0.1 898.6 20.1 90.9 1.2 3.7 3.6 0.1
SS5-1 4.4 1 1321.7 15.1 91.4 0.4 3.1 1.6 0.1
SS5-1 4.4 10 1806.2 11.8 115.0 1.5 3.7 4.8 0.2
SS5-1 21.1 0.01 120.2 28.6 94.7 1.6 6.1 2.2 0.9
SS5-1 21.1 0.1 236.9 27.9 86.4 1.7 3.8 4.0 0.1
SS5-1 21.1 1 457.3 23.5 90.7 3.1 3.8 4.9 0.3
SS5-1 21.1 10 767.6 20.4 108.1 3.3 3.3 4.2 0.5
SS5-1 35.0 0.01 41.8 25.1 97.4 2.6 6.3 9.9 0.3
SS5-1 35.0 0.1 80.9 26.2 102.0 3.4 4.9 7.7 0.4
SS5-1 35.0 1 172.2 25.4 95.6 3.1 5.2 2.9 0.6
SS5-1 35.0 10 342.6 24.8 85.6 2.3 3.8 0.9 1.0
SS5-1 46.1 0.01 23.0 20.3 106.2 4.5 6.9 23.1 3.2
SS5-1 46.1 0.1 37.3 23.8 110.7 6.5 7.6 16.1 3.2
SS5-1 46.1 1 75.3 25.3 112.8 5.6 8.6 5.6 2.1
SS5-1 46.1 10 162.9 26.7 102.2 3.5 4.8 0.9 1.5
SS5-2 4.4 0.01 608.0 26.2 93.6 1.1 5.3 11.7 1.7
SS5-2 4.4 0.1 1029.7 21.8 94.9 1.6 3.4 11.6 1.1
SS5-2 4.4 1 1571.5 16.7 102.4 0.3 2.7 10.2 1.0
SS5-2 4.4 10 2258.3 13.2 89.5 2.8 4.2 10.8 0.6
SS5-2 21.1 0.01 137.5 29.5 106.4 1.3 4.9 12.0 1.6
SS5-2 21.1 0.1 284.6 29.1 100.6 1.5 3.4 10.9 1.4
SS5-2 21.1 1 545.0 25.1 106.8 1.2 3.2 7.0 0.6
SS5-2 21.1 10 968.3 21.8 102.6 3.3 4.9 7.8 0.7
SS5-2 35.0 0.01 44.6 27.2 109.5 2.6 5.1 2.8 3.2
SS5-2 35.0 0.1 90.5 28.7 109.2 3.3 4.0 2.2 2.8
SS5-2 35.0 1 193.6 27.4 105.6 2.8 4.0 4.0 1.8
SS5-2 35.0 10 391.1 27.3 90.1 5.3 6.4 1.6 1.2
SS5-2 46.1 0.01 23.6 21.3 110.6 5.0 5.6 27.4 5.1
SS5-2 46.1 0.1 41.5 25.5 107.5 6.1 6.2 16.2 7.3
SS5-2 46.1 1 88.6 27.0 113.8 5.3 7.6 4.5 6.1
SS5-2 46.1 10 187.3 27.8 113.6 3.8 6.2 1.4 4.1
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Table A 14.  SPT test Results for Strong Structure Mix 
 

 

 

 

 

 

 

 

 

 

 

 

SS6-1 4.4 0.01 520.4 26.0 93.8 1.2 3.5 16.7 0.3
SS6-1 4.4 0.1 865.7 21.9 94.2 1.6 3.4 12.3 0.1
SS6-1 4.4 1 1296.4 16.1 111.9 0.4 3.2 11.0 0.8
SS6-1 4.4 10 1878.2 12.1 109.8 1.5 4.7 11.4 0.6
SS6-1 21.1 0.01 103.7 30.2 94.1 2.3 4.7 16.4 1.5
SS6-1 21.1 0.1 231.5 29.2 106.0 1.6 3.4 10.8 1.0
SS6-1 21.1 1 467.4 24.9 106.3 2.9 3.7 9.4 1.1
SS6-1 21.1 10 826.2 21.9 99.6 3.3 4.6 9.0 0.9
SS6-1 35.0 0.01 37.1 25.7 92.5 3.8 4.8 17.6 1.3
SS6-1 35.0 0.1 73.3 27.5 101.0 3.6 4.0 17.5 1.2
SS6-1 35.0 1 161.0 27.5 102.0 3.2 4.4 12.5 1.1
SS6-1 35.0 10 328.5 26.9 101.5 2.9 3.4 6.8 1.1
SS6-1 46.1 0.01 21.1 19.3 104.5 6.1 6.3 27.4 1.4
SS6-1 46.1 0.1 33.1 24.1 100.6 7.9 6.7 27.6 1.5
SS6-1 46.1 1 65.4 26.7 106.9 5.3 6.9 24.4 2.1
SS6-1 46.1 10 156.4 29.2 106.2 4.0 5.1 18.9 2.3
SS6-2 4.4 0.01 282.1 24.9 86.7 1.5 4.3 2.3 1.1
SS6-2 4.4 0.1 492.0 20.3 100.2 1.7 3.5 3.5 0.9
SS6-2 4.4 1 764.0 15.2 105.7 0.4 2.1 3.6 1.1
SS6-2 4.4 10 1043.5 12.5 115.3 2.6 3.1 3.8 0.9
SS6-2 21.1 0.01 62.9 29.3 93.3 2.2 6.3 22.8 2.3
SS6-2 21.1 0.1 136.9 27.9 90.2 2.5 4.9 14.1 2.6
SS6-2 21.1 1 288.5 23.2 84.6 2.1 4.0 8.8 1.8
SS6-2 21.1 10 502.8 19.8 100.8 3.3 3.7 5.7 1.4
SS6-2 35.0 0.01 26.5 24.1 92.5 5.9 6.3 44.7 1.7
SS6-2 35.0 0.1 49.7 26.5 99.6 4.9 6.2 36.2 1.8
SS6-2 35.0 1 107.2 26.2 94.0 5.0 7.5 24.8 1.5
SS6-2 35.0 10 230.0 24.7 90.7 3.2 4.5 15.0 1.7
SS6-2 46.1 0.01 18.1 17.5 107.9 6.4 7.2 42.8 4.2
SS6-2 46.1 0.1 28.1 21.3 97.9 8.3 7.5 35.8 4.2
SS6-2 46.1 1 52.0 23.9 102.5 5.0 6.6 24.3 2.7
SS6-2 46.1 10 114.8 26.1 90.5 7.3 5.1 14.6 3.0
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Table A 15.  SPT test Results for Weak Structure Mix 
 

WM1-1 4.4 0.01 388.2 23.1 83.7 1.8 6.1 1.3 0.6
WM1-1 4.4 0.1 637.8 19.2 102.6 1.3 3.2 5.8 0.2
WM1-1 4.4 1 960.6 14.5 100.7 2.6 3.4 7.7 0.4
WM1-1 4.4 10 1264.0 11.4 103.0 2.5 3.2 7.9 0.4
WM1-1 21.1 0.01 93.5 27.1 104.4 1.8 6.2 11.0 2.2
WM1-1 21.1 0.1 191.9 26.5 106.6 1.7 5.2 12.5 1.5
WM1-1 21.1 1 383.0 22.6 108.7 2.2 3.6 10.3 0.5
WM1-1 21.1 10 635.4 20.0 104.9 3.6 3.7 10.6 0.3
WM1-1 35.0 0.01 39.7 22.8 92.3 3.8 5.7 34.8 2.8
WM1-1 35.0 0.1 69.2 25.0 95.1 4.1 5.4 26.5 2.6
WM1-1 35.0 1 147.1 24.2 100.9 3.3 6.0 20.1 1.8
WM1-1 35.0 10 290.0 23.9 102.6 2.5 4.2 16.6 1.5
WM1-1 46.1 0.01 26.8 17.2 100.2 4.8 9.4 37.4 3.1
WM1-1 46.1 0.1 38.5 20.7 96.7 7.2 8.1 24.4 3.5
WM1-1 46.1 1 67.7 23.7 102.5 5.0 8.1 17.1 2.8
WM1-1 46.1 10 148.9 25.5 103.3 7.5 7.3 15.9 2.7
WM1-2 4.4 0.01 433.7 27.7 93.8 1.9 4.7 10.9 1.0
WM1-2 4.4 0.1 800.5 22.9 102.0 1.2 3.5 14.6 0.3
WM1-2 4.4 1 1306.8 16.7 92.4 0.4 2.2 16.2 0.3
WM1-2 4.4 10 1842.6 12.1 113.0 1.4 3.0 16.8 0.1
WM1-2 21.1 0.01 77.5 27.6 104.8 1.9 5.0 20.8 2.5
WM1-2 21.1 0.1 165.7 28.5 98.9 2.3 4.2 9.7 2.2
WM1-2 21.1 1 366.7 26.2 112.9 2.4 3.2 1.0 1.5
WM1-2 21.1 10 704.1 23.6 117.9 3.3 3.4 5.1 0.9
WM1-2 35.0 0.01 31.7 20.7 102.8 3.4 6.7 24.3 1.8
WM1-2 35.0 0.1 53.3 24.2 108.2 4.2 6.3 14.1 0.0
WM1-2 35.0 1 117.0 26.5 106.1 3.8 6.5 3.2 2.6
WM1-2 35.0 10 266.5 28.2 94.8 2.4 4.3 6.2 2.3
WM1-2 46.1 0.01 21.0 16.8 105.0 5.3 7.8 26.0 3.1
WM1-2 46.1 0.1 29.2 20.5 103.1 9.2 9.6 18.8 4.4
WM1-2 46.1 1 48.2 24.4 112.6 6.1 7.3 7.0 5.6
WM1-2 46.1 10 115.8 26.8 111.1 3.7 5.7 0.1 4.1
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Table A 16.  SPT test Results for Weak Structure Mix 
 

 

 

WM2- 46.1 10 141.8 26.2 97.5 9.2 6.8 4.0 3.8

Def 
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WM2-1 4.4 0.01 564.7 28.2 86.4 1.8 6.3 39.9 1.8
WM2-1 4.4 0.1 1015.4 23.0 96.2 1.5 4.5 32.8 1.0
WM2-1 4.4 1 1612.9 17.2 99.6 0.4 3.1 32.1 0.8
WM2-1 4.4 10 2267.7 13.1 107.0 2.5 4.7 32.8 0.7
WM2-1 21.1 0.01 121.8 26.7 100.2 1.5 5.3 8.6 2.4
WM2-1 21.1 0.1 254.3 28.5 96.4 1.5 4.4 12.5 1.8
WM2-1 21.1 1 531.1 26.1 93.7 1.4 3.3 18.5 0.8
WM2-1 21.1 10 1014.5 21.5 100.3 2.4 4.1 17.2 0.7
WM2-1 35.0 0.01 44.3 21.6 99.3 2.4 7.6 24.5 3.2
WM2-1 35.0 0.1 74.8 24.5 98.8 3.1 5.3 26.1 2.4
WM2-1 35.0 1 159.0 26.3 103.2 3.2 5.5 28.5 2.1
WM2-1 35.0 10 346.8 26.6 109.5 1.8 4.0 28.3 1.8
WM2-1 46.1 0.01 31.7 19.2 102.6 3.4 8.8 36.4 1.5
WM2-1 46.1 0.1 42.8 22.0 96.9 7.0 8.6 25.6 1.5
WM2-1 46.1 1 76.9 24.4 110.9 5.2 8.9 8.1 1.7
WM2-1 46.1 10 165.2 28.1 100.4 4.0 5.8 2.1 3.0
WM2-2 4.4 0.01 289.8 23.9 98.5 2.6 6.8 12.4 0.0
WM2-2 4.4 0.1 519.1 21.0 85.0 39.2 49.6 14.5 0.0
WM2-2 4.4 1 828.5 13.4 97.5 0.4 3.3 14.8 0.0
WM2-2 4.4 10 1061.9 10.3 108.2 2.6 3.9 13.4 0.0
WM2-2 21.1 0.01 75.7 26.5 107.4 2.0 7.3 9.4 0.1
WM2-2 21.1 0.1 185.6 26.4 99.2 2.0 6.8 17.1 1.5
WM2-2 21.1 1 390.5 23.0 95.5 3.2 4.6 20.5 0.2
WM2-2 21.1 10 657.8 19.2 89.7 3.6 4.8 17.9 0.5
WM2-2 35.0 0.01 30.8 22.9 106.1 3.7 7.6 14.5 3.6
WM2-2 35.0 0.1 59.5 25.4 111.1 4.4 8.1 8.1 3.5
WM2-2 35.0 1 137.9 25.9 96.3 3.8 8.1 1.8 2.2
WM2-2 35.0 10 290.0 25.4 85.3 3.3 5.5 5.5 0.7
WM2-2 46.1 0.01 22.5 17.5 108.9 5.2 8.5 35.4 2.3
WM2-2 46.1 0.1 33.2 21.1 100.3 8.5 9.5 28.0 3.8
WM2-2 46.1 1 63.9 24.4 109.3 6.0 10.1 8.9 4.0
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Table A 17.  SPT test Results for Weak Structure Mix 
 

WM3-1 4.4 0.01 420.8 26.7 96.6 1.2 7.5 9.3 0.9
WM3-1 4.4 0.1 764.1 21.5 106.9 1.3 3.5 0.3 0.6
WM3-1 4.4 1 1174.5 15.5 103.3 2.6 3.4 3.0 0.8
WM3-1 4.4 10 1617.8 11.8 101.0 2.3 3.2 1.3 0.5
WM3-1 21.1 0.01 80.7 29.1 100.8 2.2 6.5 6.4 3.4
WM3-1 21.1 0.1 176.1 29.0 93.1 1.8 4.8 17.2 3.1
WM3-1 21.1 1 395.5 24.7 104.9 2.3 3.4 15.9 1.5
WM3-1 21.1 10 718.8 21.7 92.2 3.9 4.5 14.2 1.0
WM3-1 35.0 0.01 31.4 22.9 104.0 3.2 6.4 4.8 3.2
WM3-1 35.0 0.1 55.7 26.1 106.7 4.6 6.8 7.3 3.9
WM3-1 35.0 1 126.4 26.8 104.8 3.7 6.6 9.4 3.2
WM3-1 35.0 10 282.6 26.5 105.2 2.3 4.2 7.6 2.4
WM3-1 46.1 0.01 17.6 18.1 111.2 8.1 7.0 41.9 3.2
WM3-1 46.1 0.1 25.8 21.5 107.0 8.8 7.3 41.8 2.9
WM3-1 46.1 1 46.8 25.0 115.5 5.4 6.2 39.9 3.0
WM3-1 46.1 10 117.3 28.1 104.4 16.3 12.2 34.8 1.3
WM3-2 4.4 0.01 650.8 25.2 99.9 1.2 4.9 7.9 1.5
WM3-2 4.4 0.1 1085.0 21.3 90.1 1.2 4.3 7.3 1.5
WM3-2 4.4 1 1618.9 15.7 99.3 0.4 3.0 5.3 1.7
WM3-2 4.4 10 2309.8 11.8 106.5 1.6 4.1 4.3 1.3
WM3-2 21.1 0.01 130.4 28.8 93.5 2.0 5.4 15.0 0.6
WM3-2 21.1 0.1 266.3 28.5 92.1 1.8 3.5 12.5 0.4
WM3-2 21.1 1 526.4 24.1 110.0 1.0 2.6 6.1 0.4
WM3-2 21.1 10 1009.1 20.7 99.9 2.5 3.9 6.6 0.3
WM3-2 35.0 0.01 44.1 24.0 99.8 3.4 8.4 34.1 7.7
WM3-2 35.0 0.1 78.7 26.6 104.2 3.2 7.4 17.3 6.0
WM3-2 35.0 1 166.8 26.6 98.1 3.4 6.8 5.5 2.9
WM3-2 35.0 10 349.2 25.9 123.8 5.1 5.2 0.3 1.2
WM3-2 46.1 0.01 25.3 18.4 115.5 4.5 7.6 2.3 6.7
WM3-2 46.1 0.1 37.3 22.3 110.5 7.1 8.6 3.0 7.2
WM3-2 46.1 1 69.8 25.0 111.1 5.2 10.0 8.1 6.1
WM3-2 46.1 10 154.6 26.3 112.2 5.9 6.8 2.8 2.8
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Table A 18.  SPT test Results for Weak Structure Mix 
 

 

 

 

 

 

 

 

 

 

 

 

WS1-1 4.4 0.01 294.5 24.1 96.6 1.1 5.0 32.3 0.1
WS1-1 4.4 0.1 496.5 20.3 99.1 1.8 3.3 32.8 0.3
WS1-1 4.4 1 775.9 15.1 104.0 0.4 2.5 35.9 0.6
WS1-1 4.4 10 1025.9 12.2 102.9 2.6 3.6 38.0 0.5
WS1-1 21.1 0.01 73.7 28.8 110.5 2.5 7.8 9.1 1.1
WS1-1 21.1 0.1 159.9 27.8 102.4 1.8 5.4 14.1 1.4
WS1-1 21.1 1 331.3 23.6 100.1 3.3 4.3 19.2 1.7
WS1-1 21.1 10 547.8 20.1 92.0 3.3 4.1 23.8 1.3
WS1-1 35.0 0.01 29.0 23.7 100.9 4.2 6.2 3.0 3.4
WS1-1 35.0 0.1 52.8 26.4 109.3 4.4 6.3 6.7 2.6
WS1-1 35.0 1 118.8 25.9 104.5 3.7 7.2 10.3 2.3
WS1-1 35.0 10 248.8 25.3 99.1 3.2 4.6 15.8 2.4
WS1-1 46.1 0.01 21.8 17.7 100.8 4.6 7.4 29.6 3.2
WS1-1 46.1 0.1 31.5 21.8 95.3 7.9 8.7 19.8 3.2
WS1-1 46.1 1 55.6 24.1 95.9 5.7 6.7 9.7 3.2
WS1-1 46.1 10 124.6 27.6 101.8 13.2 10.5 4.6 4.0
WS1-2 4.4 0.01 395.6 21.7 102.9 1.8 5.8 2.2 0.9
WS1-2 4.4 0.1 622.1 17.4 105.0 1.7 3.3 0.5 0.9
WS1-2 4.4 1 886.7 12.6 109.6 0.3 2.0 2.0 0.9
WS1-2 4.4 10 1114.4 10.0 109.1 2.6 3.0 3.5 0.4
WS1-2 21.1 0.01 102.2 28.3 95.7 1.6 6.6 7.4 1.2
WS1-2 21.1 0.1 215.1 26.6 95.1 1.6 5.0 6.1 1.4
WS1-2 21.1 1 422.2 21.9 98.0 2.1 3.1 2.3 1.7
WS1-2 21.1 10 672.9 18.0 101.1 4.0 4.6 2.7 1.3
WS1-2 35.0 0.01 39.7 24.5 92.2 3.8 8.9 9.4 2.2
WS1-2 35.0 0.1 73.9 26.1 89.3 4.3 7.8 14.8 2.2
WS1-2 35.0 1 166.7 24.6 89.3 3.3 6.6 17.6 2.2
WS1-2 35.0 10 322.1 23.7 92.7 2.4 4.4 11.8 1.3
WS1-2 46.1 0.01 26.8 19.3 100.5 4.6 7.9 25.5 2.0
WS1-2 46.1 0.1 41.1 22.8 90.8 7.2 8.3 22.7 3.0
WS1-2 46.1 1 76.5 24.9 90.5 6.1 9.0 21.8 2.7
WS1-2 46.1 10 173.3 25.0 87.5 3.6 5.6 19.4 2.7
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Table A 19.  SPT test Results for Weak Structure Mix 
 

WS2-1 4.4 0.01 703.3 23.3 98.3 1.1 4.4 0.6 0.0
WS2-1 4.4 0.1 1092.8 18.7 111.7 1.6 4.0 0.4 0.5
WS2-1 4.4 1 1586.7 13.5 101.7 0.3 3.4 1.1 1.1
WS2-1 4.4 10 2116.6 10.6 117.6 1.5 4.6 1.5 1.2
WS2-1 21.1 0.01 156.8 29.5 93.3 1.5 4.8 0.4 1.9
WS2-1 21.1 0.1 311.8 27.5 91.8 1.5 3.6 1.8 2.1
WS2-1 21.1 1 572.5 23.3 87.0 1.3 3.2 3.8 1.9
WS2-1 21.1 10 941.3 19.6 104.4 3.1 4.5 4.3 1.3
WS2-1 35.0 0.01 53.4 25.8 91.5 2.3 5.7 15.9 0.8
WS2-1 35.0 0.1 104.3 27.0 94.7 3.0 4.8 16.1 1.1
WS2-1 35.0 1 216.4 25.3 94.4 2.7 4.0 11.1 0.8
WS2-1 35.0 10 412.4 24.6 104.8 3.8 4.2 5.9 0.2
WS2-1 46.1 0.01 30.8 20.9 105.9 3.9 6.4 5.9 1.3
WS2-1 46.1 0.1 49.9 24.2 99.6 5.4 6.2 10.7 1.9
WS2-1 46.1 1 100.0 25.2 100.6 4.6 7.1 9.5 1.5
WS2-1 46.1 10 207.5 26.7 99.9 3.4 4.5 4.0 1.1
WS2-2 4.4 0.01 786.7 23.2 103.3 1.1 4.8 2.5 2.0
WS2-2 4.4 0.1 1202.6 18.7 108.2 1.6 4.1 5.2 1.7
WS2-2 4.4 1 1695.1 13.2 118.6 0.4 4.0 9.4 1.6
WS2-2 4.4 10 2492.9 9.5 99.6 1.6 6.3 18.5 1.1
WS2-2 21.1 0.01 169.6 31.9 95.9 1.2 6.0 13.7 2.6
WS2-2 21.1 0.1 339.1 28.2 96.2 1.7 3.8 7.2 2.7
WS2-2 21.1 1 611.1 22.5 108.4 0.9 2.9 3.0 2.1
WS2-2 21.1 10 973.5 18.1 103.2 2.9 4.0 0.9 1.5
WS2-2 35.0 0.01 62.4 30.0 93.8 3.2 7.1 28.4 3.8
WS2-2 35.0 0.1 126.1 29.3 97.9 2.4 4.5 22.3 3.7
WS2-2 35.0 1 261.3 26.1 93.4 2.1 4.2 13.6 2.8
WS2-2 35.0 10 479.1 24.4 106.1 4.0 4.8 6.7 2.2
WS2-2 46.1 0.01 35.7 23.4 96.0 3.6 6.9 25.9 2.9
WS2-2 46.1 0.1 60.4 26.3 98.3 4.7 5.8 25.1 3.0
WS2-2 46.1 1 128.5 26.0 96.9 4.0 6.9 18.8 2.1
WS2-2 46.1 10 250.2 25.9 99.0 3.0 4.2 12.7 2.0
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Table A 20.  SPT test Results for Weak Structure Mix 
 

WS3-1 4.4 0.01 800.0 19.8 101.6 1.1 3.1 13.1 1.2
WS3-1 4.4 0.1 1175.3 16.3 103.9 1.2 2.3 16.1 0.3
WS3-1 4.4 1 1608.9 11.8 100.0 0.4 2.3 17.2 0.4
WS3-1 4.4 10 2031.5 9.5 99.8 2.7 3.5 17.0 0.8
WS3-1 21.1 0.01 215.9 27.7 94.1 1.8 6.2 0.5 0.6
WS3-1 21.1 0.1 405.8 25.2 90.5 1.3 3.6 5.2 0.7
WS3-1 21.1 1 709.1 20.3 93.2 0.9 2.4 7.6 0.6
WS3-1 21.1 10 1122.7 17.3 89.4 3.1 4.3 7.5 0.9
WS3-1 35.0 0.01 70.5 26.2 92.4 1.8 5.9 10.4 2.3
WS3-1 35.0 0.1 138.5 27.1 88.9 2.7 4.8 13.8 1.7
WS3-1 35.0 1 286.6 24.5 85.3 3.3 4.4 15.3 0.8
WS3-1 35.0 10 525.3 22.3 96.0 4.2 3.9 13.3 0.3
WS3-1 46.1 0.01 36.5 21.7 93.7 5.0 6.0 3.2 6.4
WS3-1 46.1 0.1 61.5 25.1 96.4 4.7 6.1 5.1 5.7
WS3-1 46.1 1 126.7 25.2 98.5 3.8 6.6 6.0 4.0
WS3-1 46.1 10 267.0 24.1 95.1 2.4 3.9 6.0 2.4
WS3-2 4.4 0.01 907.3 20.1 89.7 1.1 3.9 1.8 0.8
WS3-2 4.4 0.1 1348.0 16.4 90.6 1.5 3.5 2.8 1.2
WS3-2 4.4 1 1841.8 12.0 87.4 0.4 3.2 2.0 1.3
WS3-2 4.4 10 2347.0 9.4 104.0 2.3 4.6 2.2 1.4
WS3-2 21.1 0.01 221.3 28.1 91.8 1.1 5.1 22.3 0.7
WS3-2 21.1 0.1 411.7 25.8 99.6 2.2 3.4 17.9 1.0
WS3-2 21.1 1 728.2 20.6 113.2 0.7 2.4 13.4 1.1
WS3-2 21.1 10 1151.2 17.4 107.6 2.7 4.1 12.0 1.3
WS3-2 35.0 0.01 76.4 25.8 95.7 2.1 4.9 25.2 2.3
WS3-2 35.0 0.1 150.9 26.6 95.2 2.2 4.3 21.0 1.7
WS3-2 35.0 1 302.6 24.3 93.9 3.0 4.0 15.0 1.5
WS3-2 35.0 10 562.3 23.3 104.1 3.5 4.2 8.9 1.2
WS3-2 46.1 0.01 40.3 20.7 101.0 2.7 6.2 37.1 4.8
WS3-2 46.1 0.1 68.7 23.9 95.9 4.4 5.4 31.3 5.0
WS3-2 46.1 1 141.2 24.6 102.4 3.4 5.8 21.7 3.7
WS3-2 46.1 10 283.6 24.9 102.3 3.0 4.1 15.4 2.6

Def 
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Appendix B 

 

base - The layer or layers of specified or select material of designed thickness 

placed on a subbase or subgrade to support a surface course.   

BBR – Bending beam Rheometer, a testing device normally used to measure 

creep compliance (stiffness) of asphalt binders 

 

C  

calibration factor - Factor used to adjust a model to fit measured performance 

data. 

  

B-1 Glossary   

(some definitions adopted from NCHRP reports and M-E PDG glossary) 
 

A   

A, Intercept on the viscosity versus temperature plot (Also see VTS). 

 

AASHTO, American Association of State Highway and Transportation Officials. 

 
AASHTO 1993 Guide, American Association of State Highway and 
Transportation Officials Approved Existing Pavement Design Guide. 
 

asphalt concrete (AC)    

 
alligator cracking - Interconnected or interlaced cracks forming a pattern that 
resembles an alligator's skin.   
 
annual average daily truck traffic (AADTT) - The estimate of typical truck 
traffic on a road segment for all days of the week over the period of a year. 
 
average annual daily traffic (AADT) - The estimate of typical traffic on a road segment 

for all days of the week over the period of a year. 

 

B
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cement-treated base (CTB)  - A base course consisting of mineral aggregates blended 

in place or through a pugmill w e of portland cement to provide 

s properties and strengthening. 

 

ection - Vertical deformation of a pavement under an applied load. 

g designed, 
cluding the time from construction until major programmed rehabilitation.  

ynamic modulus (E*) - The relationship between stress and strain under 
response 
lly defined 

ent 
ructure are all assumed to behave elastically. 

 
rical factor that expresses the 

rms of the relative 
ffects of the two loads on the serviceability of a pavement structure. Often 

ressed in terms of 18,000-pound single axle loads. 

lt of repetitive 

ing (and sometimes longitudinal 

ible pavement - A pavement structure that maintains intimate contact with 

ith a small percentag

cementitiou

D   

defl
 
design life - The length of time for which a pavement structure is bein
in
Also, called service life. 
 
d
continuous sinusoidal loading used to evaluate the elastic-viscoelastic 
parameters of a material.  The dynamic modulus of a material is typica
s the absolute value of the complex modulus E*. a

 
 
 
 
 

E   

elastic layer theory - A mathematical process wherein the layers of a pavem
st

equivalent single axle load (ESAL) - A nume
relationship of a given axle load to another axle load in te
e
exp
   

F   

fatigue cracking - Cracking of the pavement surface as a resu
loading; may be manifested as longitudinal or alligator cracking in the wheel 
paths for flexible pavement and transverse crack
cracking) for jointed concrete pavement. 
 
flex
and distributes loads to the subgrade and depends on aggregate interlock, particle 
friction, and cohesion for stability. 
 
G 
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complex modulus (G*) - The relationship between stress and strain under 
continuous sinusoidal loading used to evaluate the elastic-viscoelastic respons
parameters of a material in shear.   
 

e 

d 
e measurement using a quarter-car simulation at a 

TPP – Long Term Pavement Performance – An FHWA program that monitors 

avement performance over long term. 

 - Layered Elastic Analysis   

determined properties for the layer being analyzed. 

 PDG.  

lab determined properties. 

l 3 – The least sophisticated level of analysis available in the M-E PDG.  Uses 

 

 

H 

HMA – Hot-mix asphalt 
 
I 
 
international roughness index (IRI) - A pavement roughness index compute
rom a longitudinal profilf

simulation speed of 50 mph (80 km/h). 
 

L   

 

L

p

 

LEA

 

Level 1 – Most sophisticated level of analysis available in the M-E PDG.  Requires lab 

 

Level 2 – The next sophisticated level of analysis after level 1 available in the M-E

Predicts modulus values using models and uses it in-lieu of 

 

Leve

default values for properties of the layer being analyzed. 

 

ln - logarithm to base e (natural logarithm)   

 

log - logarithm to base 10   

 

M  
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Mastercurve – a curve created by using time-temperature equivalence of propertie

viscoelastic materials.  Multiple curves at various times and temperatures are used to 

eate one mastercurve at a given reference te

s of 

mperature. 

E PDG - Mechanistic-Empirical Pavement Design Guide   

  

CHRP – National Cooperative Highway Research Program 

AS - Nominal Maximum Size (of aggregate) - In specifications for and 
allest  sieve opening through which the entire 

mount of the aggregate  is permitted to pass; sometimes referred to as 

   

 asphalt binder used under the Superpave asphalt 

inder grading system. 

d 
affic. 

urse 
istribute it to the roadbed. 

 
 - The period of time that an initially constructed or 

(perform) before reaching its terminal 
ondition when rehabilitation is performed.  This is also referred to as the design 

hase angle – time lag between load and deformation signals for a viscoelastic 
rial tested using a sinusoidal loading spectrum. 

 
  

 

cr

 

M-

 

N 

N

 

NCHRP 1-37A Design Guide (NCHRP 2004) - see M-E PDG.  

 
NM
descriptions of aggregate, the sm
a
“maximum size (of  aggregate).”  
 

P

PG Grade – Performance grade of

b

 

PMA or PMB -  Polymer modified asphalt binder   

 

pavement performance - Measure of accumulated service provided by a 
pavement (i.e., the adequacy with which it fulfills it purpose).  Often referred to 
the record of pavement condition or serviceability over time or with accumulate
tr
 
pavement structure - A combination of subbase, base course, and surface co
placed on a subgrade to support the traffic load and d

performance period
rehabilitated pavement structure will last 
c
period. 
 
p
mate
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R   

RTFO – Rolling Thin Film Oven Test conducted on asphalt binders to simulat
plant aging of asphalt binders during hot-mix produc

e 
tion. 

esilient modulus (Mr) - A standardized measurement of the modulus of 

esilient strain - Recoverable strain in a material when a load is removed. 

scomfort induced by 
aveling over a specific section of highway pavement in a vehicle. 

s of 

ecified or selected materials of designed 
ickness placed on a subgrade to support a base course.  Note that the layer 

ctly below the PCC slab is now called a base layer, not a subbase layer.  

nd 
ted. 

ubgrade, improved - Any course or courses of select or improved materials 
cture. 

ent 

 

 
r
elasticity of roadbed soil or other pavement material.  
 
r
 
rideability - A subjective judgment of the comparative di
tr
 
S 
  

SPT – Simple Performance Test – A test method used to determine E* value
hot-mix asphalt samples in a laboratory.   
 
subbase - The layer or layers of sp
th
dire
 
subgrade - The top surface of a roadbed upon which the pavement structure a
shoulders are construc
 
s
between the subgrade soil and the pavement stru
 
surface course - One or more layers of a pavement structure designed to 
accommodate the traffic load, the top layer of which resists skidding, traffic 
abrasion, and the disintegrating effects of climate. The top layer of flexible 
pavements is sometimes called the "wearing" course. 
 
T 
 
thermal cracking - Cracks in an asphalt pavement surface, usually full width 
transverse, as a result of seasonal or diurnal volume changes of the pavem
restrained by friction with an underlying layer. 
 
U   

 

UDOT – Utah Department of Transportation   

 

V
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VTS – viscosity – temperature susceptibility parameter – calculated by determining the 

h 

B-2 List of Units   

, centimeter (0.001 m)   

oise, centi Poise (0.1 Pa sec)   

N, kilo Newton (1,000 N)   

Pa, Mega Pascal (one million Pa)   

, Newton   

slope of viscosity versus temperature plot.  See also intercept A. 

 

viscoelastic - Used to describe asphalt and many polymers that exhibit bot
viscous and elastic properties when deformed. 
 

°C, degree Celcius, centigrade   

cm

cP

g/cm3, gram per cubic cm   

z or Hertz, oscillations per second   H

°K, degree Kelvin (as °C but counted from absolute zero)   

km/h, kilometer per hour   

k

kPa, kilo Pascal (1,000 Pa)   

M

msec, millisecond   

N

°R degree Rankine (as Fahrenheit but counted from absolute zero)   

s, second   
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Abstract


In this study the effect on pavement performance of day-to-day production uniformity of asphalt binder supply during construction was determined.  The latest available version (0.900, August 2006) of the newly developed NCHRP 1-37A Mechanistic Empirical Pavement Design Guide (M-E PDG) was used for this purpose and results are described in this report.  If the results showed significant effects on predicted pavement performance, UDOT engineers wanted to limit the amount of PG grade variation of the asphalt binder supply during construction. Two existing pavement structures (weak and strong) were selected by UDOT for this study. Original asphalt binder grades for each structure were recreated along with additional formulations that simulated variation in PG grades. Two suppliers were asked to formulate six PG grades each (three each for strong and weak structures) giving a total of 12 asphalt binders. Aggregates from the same quarry as the original aggregates were collected and hot-mix samples were compacted in the gyratory compactor using the appropriate mix designs.  From these compacted samples, smaller simple performance test (SPT) specimens were cored and tested to obtain dynamic modulus, E*, values required for the M-E PDG analysis.  Binder properties required for the M-E PDG were also determined in the laboratory.  Traffic and climate data was obtained from UDOT.  A total of 366 different designs were analyzed to complete the M-E PDG portion of this study.  All levels of the M-E PDG (Level 1, Level 2, and Level 3) were used in the analysis.


Analysis showed that predicted performance does not show a significant sensitivity to PG Grade uniformity of the asphalt binder supply.  This result is based on evaluation of all distresses predicted by the M-E PDG such as, but not limited to, rutting, fatigue and thermal cracking.  Consequently there was no justification found to develop limits on uniformity of PG grades of the asphalt binder supply.  New hot-mix asphalt (HMA) mix-design requirement can not be justified for the within PG grade variation of asphalt binder supply observed at UDOT in the past four years.


Executive Summary


Utah DOT (UDOT) typically specifies a target PG grade determined during the mix-design approval process before pavement construction begins.  For example, Utah DOT may specify a PG64-34 asphalt binder that has a true PG grade of PG66.5-35.3 for a paving project based on climate and traffic.  However, during construction the true PG grade of the binder supply may vary day to day from the lower end of the PG grade interval (PG64.0-34.0) to the higher end (PG69.9-39.9) within the 6oC interval without violating the agency’s PG64.0-34.0 grade requirements.  The engineers at UDOT wanted to determine the effect of this currently acceptable variation in asphalt binder PG grades, during hot-mix production, on pavement performance. 

In this study, the effect on pavement performance of day-to-day production uniformity of asphalt binder supply during construction was determined. The newly developed NCHRP 1-37A Mechanistic Empirical Pavement Design Guide (M-E PDG) was used for this purpose and results of the study are described in this report. 

The UDOT engineers have also expressed concerns about the effect of asphalt binder uniformity on the measured and predicted dynamic complex modulus E* values of the hot-mix asphalt.  In particular, the concern is what impact asphalt binder variation may have on the predicted performance of pavements that are designed using the NCHRP 1-37A Mechanistic Empirical Pavement Design Guide (M-E PDG). (2)  Utah DOT is also considering allowing reduction in thickness of hot-mix asphalt layer based on the superior rheological properties of some modified asphalt binders (also called thin ultra high modulus pavements).  Therefore, UDOT would also like to know the effect of asphalt binder production uniformity on the performance of the reduced thickness pavements.


To answer the above questions, UDOT selected two existing flexible pavement construction projects, one with strong subgrade and one with weak subgrade.  These two projects provided a total of four pavement crust compositions (layered structures) for analysis.  The mix designs and asphalt binders used in the original construction were as closely duplicated as possible.  The original PG grades were used for the binders and aggregate from the same source was obtained for this research study.  The latest available version (ver 0.90) of the M-E PDG was used in this analysis.  Two suppliers were asked to formulate six PG grades each (three each for strong and weak structures) giving a total of 12 asphalt binders. Aggregates from the same quarry as the original aggregates were collected and hot-mix samples were compacted in the gyratory compactor using the appropriate mix designs.  From these compacted samples, smaller SPT specimens were cored and tested to obtain dynamic modulus, E*, values for the M-E PDG analysis.  Binder properties required for the M-E PDG were also determined in the laboratory.  Traffic and climate data was obtained from UDOT.  A total of 366 different designs were analyzed to complete the M-E PDG portion of this study.  All levels of the M-E PDG (Level 1, Level 2, and Level 3) were used in the analysis.


Analysis showed that PG Grade uniformity of the asphalt binder supply does not show a significant sensitivity to the predicted performance of regular or value engineered pavements.  This result is based on evaluation of all distresses predicted by the M-E PDG such as, but not limited to, rutting, fatigue and thermal cracking.  Consequently there was no justification found to develop limits on uniformity of PG grades of the asphalt binder supply.  New HMA mix-design requirements can not be justified for the within PG grade variation of asphalt binder supply observed at UDOT in the past four years.

Chapter 1

1.1 Introduction

The Superpave™ performance grading (PG) specification classifies asphalt binders into performance grades that change at 6oC intervals according to the service climate. (1)  Examples of typical asphalt binder PG grades used in Utah include PG58-28, PG64-34, and PG70-28.  Specification parameter values used to determine the PG grade of an asphalt binder do not change with climate.  However, measured value of specification parameters (higher/lower than the max/min specified parameter value) that result in PG grade change of less than 6oC do not change the PG grade.  For example, an asphalt binder that has a true grade (also called continuous grade) anywhere in the range of PG64.0-28.0 to PG69.9-33.9 is classified as a PG64-28.  

UDOT typically specifies a target PG grade determined during the mix-design approval process before pavement construction begins.  For example, UDOT may specify a PG64-34 asphalt binder that has a true PG grade of PG66.5-35.3 for a paving project based on climate and traffic.  However, during construction the true PG grade of the binder supply may vary day to day from the lower end of the PG grade interval (PG64.0-34.0) to the higher end (PG69.9-39.9) within the 6oC interval without violating the agency’s PG64.0-34.0 grade requirements.  The engineers at UDOT wanted to know the effect of this currently acceptable variation in asphalt binder PG grades, during hot-mix production, on pavement performance. 

In this study the effect on pavement performance of day-to-day production uniformity of asphalt binder supply during construction was determined. The newly developed NCHRP 1-37A Mechanistic Empirical Pavement Design Guide (M-E PDG) was used for this purpose and results are described in this report. 

1.2 Background


The Utah DOT engineers have expressed concerns about the effect of asphalt binder uniformity on the measured and predicted dynamic complex modulus |E*| values of the hot-mix asphalt.  In particular, the concern is regarding the impact asphalt binder variation has on predicted performance of pavements that are designed using the NCHRP 1-37A Mechanistic Empirical Pavement Design Guide (M-E PDG). (2)  Utah DOT is also considering allowing reduction in thickness of hot-mix asphalt layer based on the superior rheological properties of some modified asphalt binders (called thin ultra high modulus pavements).  Therefore, UDOT would also like to determine the effect of asphalt binder production uniformity on the performance of the reduced thickness pavements.

To answer above questions, Utah DOT selected two existing flexible pavement construction projects consisting of strong and weak sub-grades.  These two projects provided a total of four pavement structures for analysis.  The mix designs and asphalt binders used in the original construction were as closely duplicated as possible.  The original PG grades were used for the binders and aggregate from the same source was obtained for this research study.  The latest available version (ver. 0.900) of the M-E PDG was used in this analysis.  


1.3 Research Objectives

· UDOT wants to establish variation limits on the project binder PG Grade with respect to the mix-design binder PG Grade.


· To estimate variation limits by determining

· Sensitivity to performance of


· Selected UDOT Pavement Structures


· Thickness reduction of HMAC layer (Value Engineering)

· If the pavement performance is found to be significantly affected by asphalt binder uniformity, especially the performance at the mid-range service temperature, the following problem needs to be addressed.  

· The mid-range service temperature is defined as 35oC, where significant amount of service life is expended by Utah pavements.  The Superpave PG grading system provides adequate requirements at the high and low service temperatures but has very minimal requirements at the 35oC where the majority of damage is experienced.  The final part of the problem is to develop a mid-range temperature specification test for potential use in the UDOT asphalt binder specification to assure adequate performance during service.  An easy to use binder test needs to be identified for use by Utah DOT in addition to the PG grading system.  


1.4 Research Approach


The overall approach that was used to complete the Asphalt Binder Uniformity project is discussed in the following sections.  But first some background information about the M-E PDG is presented followed by a brief discussion on differences between AASHTO 1993 pavement design guide and the M-E PDG.

1.4.1 M-E PDG Background

Pavement design has come a long way since the 1920’s.  Before that time, engineers designed pavements by defining thicknesses of layered materials that would provide protection to an existing subgrade.  Pavements were assumed to fail due to subgrade shear failure and were designed to prevent such failure. Highway engineers used their experience to design pavements and as they learned more, pavement design methods were developed based on subgrade shear properties.  


After the 1950’s, traffic volume has increased exponentially giving the need for design criteria to also evolve accordingly.  New performance measures, in addition to subgrade shear strength, such as ride quality and other surface distresses of pavement structures became important. Performance became the main goal of pavement design.  Methods based on pavement service quality (also called psi or pavement serviceability index) were developed. The AASHO Road Test in 1960s was an important experiment from which the original AASHTO design guide series (the latest is AASHTO 1993 design guide) was developed. (3)  


Empirical models (experiment based) developed from laboratory test data or accelerated test track performance were developed to predict performance of highway pavements.  In the empirical approach, performance model curves are calibrated with experimental data.  Empirical performance models exhibit reasonably good accuracy; however, they are valid only for the materials and climate conditions under which they were developed.  


In the mean time, pavement design methods began incorporating the use of linear-elastic theory of mechanics to compute structural responses (strains in the layered structure) in combination with empirical models to predict number of loads to failure for pavements.  It was becoming more apparent that pavement materials do not exhibit the simple behavior assumed in isotropic linear-elastic theory.  Complex characteristics such as nonlinear stress-strain behavior, time and temperature dependency, and anisotropy are some examples.  This led to what is called a mechanistic design approach that accounted for the nonlinear material and pavement behavior. Advanced modeling is required to predict performance mechanistically. The mechanistic design approach is based on fundamental theories of mechanics and relates pavement structural response (stresses and strains) and performance to traffic loading and service climate.  However, fully mechanistic pavement design methods are not yet available for every day use in pavement design.  


Because of the complexity of a fully mechanistic design method, mechanistic-empirical approach (a hybrid approach) has gained popularity. Empirical models are used to connect pavement structural response from theory of mechanics and in-service performance of pavement structures.  Pavement mechanistic responses are easy to compute using linear elastic theory and associated assumptions; however, this is not enough to predict performance directly.  An empirical model is required to make the correlation to performance.  Mechanistic-empirical methods are an intermediate step between empirical and fully fundamental mechanistic methods.  


1.4.2 Differences between the 1993 AASHTO Pavement Design Guide & M-E PDG  


Although the1993 AASHTO pavement design guide was not used in this study, the key conceptual differences are summarized in Table 1.  


1.4.3 Literature Review of Relevant Research   

After the introduction of the M-E PDG, several researchers have studied the effects of different variables on the performance outcomes from the M-E PDG.  Dongre et al., have shown that the effect of binder properties on predicted rutting is dependent on the structure and hot-mix volumetric properties. (4)  A change in binder grade from PG58 to PG 70 did not show similar impact on predicted rutting using the M-E PDG for the pavement structure and mix-design selected by Dongre et al.  Schwartz has shown that reducing E* by ±50% more than doubles the predicted rutting in AC layer. (5)   Schwartz also found that variation in standard deviation of the parameters A and VTS (determined using G* and phase angle) have the largest influence on predicted E*, with higher binder viscosity (G*) producing higher hot-mix E* values.  Bonaquist et al. have shown that only three temperatures and 4 frequencies at each of those temperatures are sufficient conditions to characterize E* for use in the M-E PDG. (6)  Tran and Hall demonstrated that two replicates are adequate for characterizing E* for hot-mix asphalt as recommended in AASHTO TP-62-03. (7)  Ceylan et al., from Iowa have shown that no single input parameter was sensitive for all performance measures predicted by the M-E PDG. (8)


Table 1.  Summary of Key Differences Between 1993 AASHTO Pavement Design Guide and M-E PDG

		Concept

		AASHTO 1993 Pavement Design Guide

		M-E PDG 2006



		General:



		Performance Criteria

		Only one - PSI

		Multiple – IRI, rutting, cracking



		Structure design

		Layer Thicknesses are computed

		Layer thicknesses are assumed – then iterative procedure to get final acceptable design



		Field performance calibration

		Limited field data from AASHO study 1960

		Extensive LTPP data



		Input parameters:



		Climate

		Seasonably adjusted subgrade resilient modulus and layer drainage coefficient

		Project specific climate data such as temperature, precipitation, wind speed, relative humidity etc.



		Traffic

		ESAL’s

		Detailed load spectra





In summary, the literature review shows that the binder PG grade and hot-mix E* properties are sensitive parameters when used to predict pavement performance using the M-E PDG.  However, no research report (or publication) was found that studied the impact of within grade variation of the asphalt binder PG grade on pavement performance predicted using the M-E PDG.

1.4.4 Experiment Design


Two pavement structures commonly designed in Utah were selected by UDOT for this study.  The traffic information, climate, and sub-structure properties were also provided by UDOT.  For each pavement design, two sources (suppliers) of asphalt binders were selected.  Three PG grades commonly supplied in Utah by the selected sources were collected.  Two mix designs commonly specified in Utah for the above selected asphalt binders and pavement structures were obtained and the required aggregates were procured.  Table 2 summarizes the materials selection that was used in the project.  


Tables 3 and 4 show the experiment design used to characterize rheological properties of the asphalt binder.  The hot-mix E* testing on lab compacted gyratory samples shown in Table 4 were completed by Advanced Asphalt Technologies LLC, of Virginia (AAT), while asphalt binder testing was conducted at Dongre Laboratory Services Inc. of Virginia (DLSI).  The mixing and preparation of compacted gyratory samples needed by AAT for testing in the Simple Performance Tester (SPT) were also done by DLSI.  Table 4 shows the experiment design used to determine the effect of asphalt binder variation on performance predictions from the M-E PDG.

Table 2.  Summary of Materials Selected For the Project

		Item No.

		Description

		Number of Levels



		1

		Utah DOT Pavement Structures 

		2



		2

		Asphalt Binder Sources (suppliers)

		2



		3

		Asphalt Binder PG Grades (per supplier)

		3



		Total Number of Asphalt Binders

		12



		4

		Utah DOT Mix Designs

		2



		Total Number of Mixes (6 X 2)

		12





Table 3.  Testing Matrix for Asphalt Binder Rheological Characterization


		Binder sample No.

		Sampling Date, Tank No.

		Replicates for G* and phase angle 


at Temperature, °F 


Test Frequencies: 0.01, 0.1, 1, 10 Hz



		

		

		40

		70

		95

		115



		1

		A

		3

		3

		3

		3



		2

		B

		3

		3

		3

		3



		3…..12

		C…..L

		3

		3

		3

		3





Table 4.  Testing Matrix for Hot-Mix SPT Samples


		Binder sample No.

		Sampling Date, Tank No.

		Replicates for E* and phase angle 


at Temperature, °F 


Test Frequencies: 0.01, 0.1, 1, 10 Hz



		

		

		40

		70

		95

		115



		1

		A

		2

		2

		2

		2



		2

		B

		2

		2

		2

		2



		3…..12

		C…..L

		2

		2

		2

		2





Table 4 shows that 2 replicates of E* were tested using the SPT.  The SPT protocol requires only 2 replicates, however, in this study an extra replicate was tested using the SPT at 40°F and 25 Hz.  This replicate was tested 3 times to obtain 3 E* values.  From this triplicate E* data, the inherent random error due to testing equipment, operator, and ambient conditions was determined.  This error is called pure error because the triplicate E* values are determined on the same sample thereby holding the volumetric and sample preparation variables constant.  


Pavement performance analysis using the M-E PDG was carried out for all three levels of input as shown in Table 5.  At each input level, the performance predictions from the M-E PDG were analyzed to determine the effect of variation in binder properties on pavement performance predictions.

Table 5.  Summary of Input Generated for NCHRP 1-37A Mechanistic Empirical Design Guide Analysis


		Input Type

		Analysis Level



		

		Level 1

		Level 2

		Level 3



		Hot-Mix Properties

		Measured E*- from lab prepared Cores




		Not Required

		Not Required



		Asphalt Binder Properties

		RTFO Binder properties –  G* and phase angle 


(see Table 1)

		G* and phase angle

		Superpave PG Grade



		Hot - Mix Volumetric Properties

		Not Required

		Witczak – 34, 38, 4, 200, Vbeff, and Va

		Witczak – 34, 38, 4, 200, Vbeff, and Va







1.4.5 Data Analysis Approach

Utah DOT personnel identified several objectives for this study.  In the following section Utah DOT objectives will be stated along with discussion of the approach taken to satisfy each objective.  


1. Establish variation limits for delivered, discreet quantities of PG Binder to a paving project:


Statistical analysis of the binder parameters was conducted to determine the sample to sample testing variation as well as tank to tank variation at a paving site.  Effect of this variation on pavement performance was then analyzed further using the M-E PDG.  To determine the effect of variation in asphalt binder properties on thickness reduction, the Utah DOT’s layered pavement structural design was analyzed using a software called WinLEA.  WinLea is a stand-alone windows version of JULEA (Jacob Uzan Layered Elastic Analysis).  WinLEA was selected because it uses JULEA which is the same analysis engine used in M-E PDG. (9,10)  The results from these analyses were used to establish variation limits for delivered, discreet quantities of PG Binder to a paving project


2. Establish acceptable variation of delivered product from the mix-design binder:


The effect of variation in properties between mix-design asphalt binder and the day to day production asphalt binder was also analyzed using methods described above.  The results from this analysis were used to establish acceptable variation of delivered product from the mix-design binder

3. Identify/quantify the sensitivity in performance to the variation in individual binder parameters:


From the statistical analysis of hot-mix and asphalt binder replicate testing repeatability data was generated.  It was found that the typical repeatability of the E* values is ±11 percent.  Other studies have reported approximately similar variability in E* data as shown by Dongre et al., elsewhere. (11)  This variation information was used as an input variation to the M-E PDG to predict corresponding variation in performance.  The performance predictions from the M-E PDG were used to identify/quantify the sensitivity in performance to the variation in individual binder parameters


Chapter 2 


2.1 Materials and Methods

2.1.1 Hot-Mix  


Engineers at UDOT selected two Superpave mix designs for this project.  One mix-design was used in the strong subgrade pavement wearing course and the other mix design was used in the weak subgrade pavement wearing course. Figure 1 shows aggregate gradation used in each of the mix designs plotted on a FHWA 0.45 power chart with Superpave control limits.  The Job Mix Formulas are shown in Table 6. Tables 7 and 8 give volumetric and other pertinent details of the selected mix designs.  The aggregates used in both mix designs were obtained from Staker Parsons Inc., Utah.  Staker Parsons was the original contractor that constructed both pavements selected in this study.

2.1.2 Asphalt Binders


UDOT engineers selected two asphalt binder suppliers for this project.  These suppliers were requested to specially formulate PG graded binders with different true grades that fell within the 6° C interval of the PG grade specified.  For example, both suppliers were asked to produce a PG64.1-34, PG67-34, and PG69.9-34 which were all 
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 Figure 1.  Aggregate Gradation Curves for the Two Mix Designs used in This Study


Similarly, both suppliers were also asked to formulate a PG64.1- 28, PG67-28, and PG69.9-28 which all classified as PG64-28.  The PG64-34 grade was used in the strong subgrade pavement structure and the PG64-28 was used in the weak subgrade pavement structure. Table 7 shows asphalt binder grades that were used in this study.

Table 6.  Aggregate Gradations Used in the Two Mix Designs Used in This Study
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WS3-2


4.6 2713.6 1538.7 2719.4 1180.7 2.298 0.5 2.448 6.1 19.1 68.0 13.0


WM1-1


4.6 2721.8 1545.1 2726.9 1181.8 2.303 0.4 2.448 5.9 19.0 68.8 13.0


WM1-2


4.6 2758.0 1567.5 2764.2 1196.7 2.305 0.5 2.448 5.9 18.9 69.0 13.0


WM2-1


4.6 2705.6 1534.2 2710.0 1175.8 2.301 0.4 2.448 6.0 19.0 68.5 13.0


WM2-2


4.6 2720.0 1542.6 2725.2 1182.6 2.300 0.4 2.448 6.0 19.1 68.3 13.0


WM3-1


4.6 2701.5 1528.8 2708.6 1179.8 2.290 0.6 2.448 6.5 19.4 66.7 13.0


WM3-2


4.6 2704.1 1533.6 2713.1 1179.5 2.293 0.8 2.448 6.3 19.3 67.1 13.0


Volumetrics


Weak Pavement




Table 7. Volumetric Calculations for the Strong Pavement Mix Design

 [image: image1.emf]BULK SPECIFIC GRAVITY OF BITUMINOUS MIXTURES Dongre Laboratory Services Inc.


USING SATURATED SURFACE DRY SPECIMENS (Asphalt Laboratory and Technical Services)


AASHTO T166-93


STRONG PAVEMENT DESIGN:  I15 450N to Hot Springs


Work Order No.


UDOT_ABU


Mix name


19 mm with RAP


Target SPT Air Voids


: 6.5+1.5 = 8.0% (Use Trial and Error to get 6.5 +/- 0.5% in the core)


Technician


SP


 


Date


7/21/2006


Compaction Method


Superpave Gyratory


G


sb


2.658


Equipment


Pine


Mix  Binder Sample  Sample Surface Volume of Bulk Water Measured


Design  Rep ID Cont. in air in water, dry,  specimen SG Abs. Max. SG, Va VMA VFA V


beff


Type (%)


g g g cm3


Gmb (%) Gmm


SS4-1


5.2 2755.6 1589.9 2765.5 1175.6 2.344 0.8 2.502 6.3 16.4 61.5 10.1


SS4-2


5.2 2755.3 1593.0 2769.3 1176.3 2.342 1.2 2.502 6.4 16.5 61.2 10.1


SS5-1


5.2 2736.5 1579.4 2750.2 1170.8 2.337 1.2 2.502 6.6 16.6 60.4 10.1


SS5-2


5.2 2754.2 1586.5 2768.4 1181.9 2.330 1.2 2.502 6.9 16.9 59.4 10.0


SS6-1


5.2 2767.3 1597.7 2780 1182.3 2.341 1.1 2.502 6.5 16.5 61.0 10.1


SS6-2


5.2 2751.5 1587.3 2762.9 1175.6 2.341 1.0 2.502 6.5 16.5 60.9 10.1


SM4-1


5.2 2786.2 1603.5 2797.8 1194.3 2.333 1.0 2.502 6.8 16.8 59.8 10.0


SM4-2


5.2 2757.4 1584.5 2767.5 1183.0 2.331 0.9 2.502 6.8 16.9 59.4 10.0


SM5-1


5.2 2750.6 1579.9 2758.1 1178.2 2.335 0.6 2.502 6.7 16.7 60.0 10.0


SM5-2


5.2 2797.8 1611.1 2807.2 1196.1 2.339 0.8 2.502 6.5 16.6 60.7 10.1


SM6-1


5.2 2803.9 1615.1 2818.2 1203.1 2.331 1.2 2.502 6.9 16.9 59.4 10.0


SM6-2


5.2 2765.1 1593.1 2777.8 1184.7 2.334 1.1 2.502 6.7 16.8 59.9 10.0


Volumetrics


Strong Pavement





Table 8[image: image8.emf]. Volumetric Calculations for the Weak Pavement Mix Design


2.1.3 The Simple Performance Test (SPT)



The SPT is a servo-hydraulic compressive test device that is designed to measure triaxial properties of hot-mix asphalt. The SPT applies a controlled haversine compressive load over a range of frequencies from 0.1 to 25 Hz and stress level up to 2800 kPa (400 psi). Dynamic modulus testing is performed on test specimens cored from 150 mm (6 in) diameter, gyratory compacted mixtures. The average diameter of the test specimens is between 100 and 104 mm (3.9 and 4.1 in.) with a standard deviation of 1.0 mm (0.04 in.). The average height of the test specimen is between 147.5 and 152.5 mm (5.8 and 6.0 in.).  More detail description of the SPT may be found elsewhere. (12)


The SPT conducts the following three tests.  Only results of the E* measurements were used in this study in M-E PDG Level 1 analysis.  However, for informational purposes, the other testing capabilities of the SPT are also described. 

2.1.3.1 Dynamic Modulus, E*, Test


This test, also known as the E* test, outputs a stiffness value for the hot-mix asphalt.  The stiffness value can then be used as an input in the M-E PDG.  The Dynamic Modulus, which is properly identified as |E*|, is defined as the absolute value of the maximum (peak-to-peak) stress divided by the maximum recoverable (peak-to-peak) axial strain for a material subjected to a sinusoidal loading.  In this entire report the name E* without the vertical bars will be used for simplicity and will denote the proper term |E*|.  The E* test is a stress-controlled process in which an axial compressive load is applied to an HMA specimen and the resulting applied stress and recoverable axial strain responses are measured.  One advantage of this test is that it is nondestructive, so the analyst can test a single specimen at multiple temperatures and multiple test frequencies.


2.1.3.2 Repeated Load Test



This test simulates driving a heavy vehicle repeatedly over a pavement. The output of this test is the number of load cycles the pavement can tolerate until it flows.  Because the test is destructive, an asphalt specimen can be tested only once.


2.1.3.3 Static Creep Test


This test simulates a heavy vehicle standing on a pavement, much as a truck might apply steady pressure to pavement while waiting at a red light.  The output for this test is flow time, which is the length of the time the pavement can withstand steady pressure before flowing.


The SPT testing was conducted by AAT in their VA laboratory.  All dynamic modulus testing was performed by Laboratory Manager at AAT, Mr. Donald Jack, a NICET Level 4 Technician with over 18 years of asphalt mixture testing experience.  AAT is also working on NCHRP Project 9-29 and was responsible for developing the Simple Performance Test System specifications. Figures 2 and 3 show the SPT test equipment setup and close up of the SPT sample just prior to testing respectively.

The samples for the SPT were compacted at DLSI labs in VA using a gyratory compactor according to AASHTO TP-62-03 specifications.  The samples were cored to the required size and their air voids were measured before shipping them to AAT for testing.  The testing was conducted according to protocol outlined in AASHTO TP-62-03.  The test temperatures and frequencies are given in Table 3.  Table 9 presents the SPT sample details including dimensions and air voids for each sample tested.

Table 9. SPT Sample Details
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Figure 2. The Simple Performance Test Equipment
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Figure 3. Close Up of the SPT Sample Prior to Testing

2.1.4 Mechanistic-Empirical Pavement Design Guide (M-E PDG)

The NCHRP 1-37A pavement design procedure consists of three levels of complexity of material property inputs used for pavement design. (7)  The Level 1 design is the most complex material input level which requires the user to input data obtained directly from laboratory tests.  Level 2 requires user-input data for material properties like binder stiffness, but relies on results from predictive equations.  Level 3 is the least complex level because it requires only the PG or AC binder specification grade.   All three levels rely on predictive equations and typical property values programmed into the software as defaults. 

The NCHRP 1-37A design procedure is different from the existing flexible pavement design procedures in that it more completely incorporates a mechanistic element in an empirical pavement design approach.  The “mechanistic” portion of the design comes in the form of a layered elastic analysis of the structural pavement layers.  The “empirical” part refers to the incorporation of transfer functions that relate pavement response to damage.  This approach for flexible pavement design was designed to be compatible with the Superpave system properties such as binder complex modulus and phase angle, as well as dynamic modulus for mix. These are inputs used to describe properties of the asphalt layers.  In addition, the effect of aging in asphalt layers is accounted for by incorporating the Global Aging System which models the short-term and long-term aging through changes in binder rheology (viscosity) (12). 


In order to complete a Level 1 design, binder complex shear modulus and phase angle (G*, () tests from the DSR are required for estimating of parameters such as the Ai and VTS.  The parameter Ai is the regression intercept obtained when log(log(viscosity)) data is plotted as a function of temperature (TR), expressed in degree Rankine units.  The parameter VTS, also known as the viscosity temperature susceptibility parameter, is the regression slope of the same plot (13).  Laboratory E* test data is required for developing the master curves used in the characterization of hot mix stiffness.  The E* predictive equation is used to describe asphalt mix stiffness in the Level 2 approach. However, G* and ( binder tests or conventional viscosity tests are conducted for providing binder properties.  No laboratory testing is required with the Level 3 approach since description of the binder and mix properties is done using predictive equations or default values.   

The predictive equation for E* utilized in the Level 2 and 3 pavement ‌designs has been tested with mixes from Maryland, as well as compared to mixtures where field pavement performance was documented (e.g., WesTrack, MnRoad, etc.) (14). Because of the nature of the data available at the start of the NCHRP 1-37 project, mixtures with modified binders were not used in the calibration of the Witczak predictive equation for E*. (13)  The opportunity exists for a future updating of the E* predictive equation to be integrated in software, in order for mixes other than conventional mixtures to be calibrated or for equations that are tied more directly to current binder or hot mix volumetric data to be considered.

A total of 366 different designs were analyzed to complete the M-E PDG portion of this study.  All levels of the M-E PDG (Level 1, Level 2, and Level 3) were used in the analysis.  Tables 10 to12 summarize all the individual conditions that were incorporated in the M-E PDG analysis.

Table 10.  Summary of M-E PDG Analysis Conditions for Both the Strong and Weak Pavement Structures
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Table 11.  M-E PDG Analysis Conditions Studied to Determine the Effect of [image: image12.emf]Load
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Table 12.  Analysis Conditions Used to Determine the Effect of Thickness [image: image13.emf]64.1-34 67.5-34 69.9-34 64.1-34 67-34 69.9-34


DLSI-M1 DLSI-M2 DLSI-M3 DLSI-M4 DLSI-M5 DLSI-M6


AASHTO PG TESTS


Un-aged Binder Tests: °C Spec:


Viscosity-Rotational, Pa.s TP 48 135 0.817 1.075 1.383 0.825 1.042 1.283 3 max


Dynamic Shear Rheometer T 315


Phase Angle, degrees 98 Rule 64 70.6 67.2 61.7 70.1 67.0 64.0 71.0 max 72.0 max 74.0 max


G* @10 rad/sec, kPa 64 1.19 1.77 2.72 1.41 1.75 2.30 1.30 min 1.25 min 1.11 min


Phase Angle, degrees 64.1 70.0 69.96 71.0 max 72.0 max 74.0 max


G* @10 rad/sec, kPa 64.1 1.40 1.40 1.30 min 1.25 min 1.11 min


Phase Angle, degrees 67 68.3 68.2 71.0 max 72.0 max 74.0 max


G* @10 rad/sec, kPa 67 1.31 1.30 1.30 min 1.25 min 1.11 min


Phase Angle, degrees 69.9 64.3 66.2 71.0 max 72.0 max 74.0 max


G* @10 rad/sec, kPa 69.9 1.60 1.37 1.30 min 1.25 min 1.11 min


G*/sin delta @10 rad/sec, kPa 64 1.26 1.92 3.09 1.50 1.90 2.55


G*/sin delta @10 rad/sec, kPa 64.1 1.49 1.50


G*/sin delta @10 rad/sec, kPa 67 1.41 1.40


G*/sin delta @10 rad/sec, kPa 69.9 1.77 1.50


G*/sin delta @10 rad/sec, kPa 70 0.71 1.13 1.82 0.87 1.09 1.50


G*/sin delta @10 rad/sec, kPa 76 0.66 1.06 0.63 0.87


G*/sin delta @10 rad/sec, kPa 82 0.61


RTFO Residue Tests: T 240 degrees, C Spec:


Mass Loss, % 0.437 0.500 0.420 0.516 1.0 Max


Dynamic Shear Rheometer T 315


G*/sin delta @10 rad/sec, kPa 58 2.2 min


G*/sin delta @10 rad/sec, kPa 64 3.36 4.03 5.62 3.37 4.32 6.60 2.2 min 1.87 min 1.53 min


G*/sin delta @10 rad/sec, kPa 70 1.96 2.41 3.55 1.96 2.59 3.8 2.2 min


G*/sin delta @10 rad/sec, kPa 76 1.43 2.21 1.54 2.35 2.2 min


G*/sin delta @10 rad/sec, kPa 82 1.36 1.44 2.2 min


Elastic Recovery @ 25 C, %


T 301 mod.


25 86.3 87.5 86.3 86.3 87.5 86.3 70 min 65 min 55 min


PAV Residue Tests: R-28 °C


PAV Temperature: 100 100 100 100 100 100


Dynamic Shear Rheometer T 315


G*sin delta @ 10 rad/sec, kPa 16 2349 2644 2455 2659 2337 2141 5000 max


Bending Beam Rheometer T 313


s, 60s, Mpa -18 89.4 90.6 85 91.9 87 84 300 max 311 max 355 max


s, 60s, Mpa -24 216 206 202 220 218 222 300 max


s, 60s, Mpa -30 441 407 390 422 478 425 300 max


M-value, 60s -18 0.376 0.362 0.364 0.372 0.375 0.372 0.300 min 0.295 min 0.266 min


M-value, 60s -24 0.318 0.321 0.327 0.319 0.324 0.329 0.300 min


M-value, 60s -30 0.266 0.270 0.270 0.265 0.273 0.271 0.300 min


Direct Tension: T 314


Failure Strain, % -18 10.54 3.25 3.29 3.08 1.5 min 1.4 min 1.2 min


Failure Stress, MPa -18 3.29 7.58 5.78 6.09 4.0 min 4.0 min 3.5 min


Failure Strain, % -24 2.15 2.33 1.97 1.5 min 1.4 min 1.2 min


Failure Stress, MPa -24 5.67 5.43 5.00 4.0 min 4.0 min 3.5 min
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2.1.4.1 Pavement Structures Analyzed in the M-E PDG


UDOT engineers selected two pavement structures for this study.  One was selected as a strong subgrade structure and the other one had a weak subgrade structure.  Figure 4 shows the concept of strong and weak pavement structures.
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Figure 4.  Schematic Showing the Concept of Strong and Weak Pavement Structure


Each of the pavement structures had two different layered pavement designs that were analyzed.  As a result, there were two strong subgrade structures called Strong No. 1 and Strong No. 2 and two weak subgrade structures called Weak No. 1 and Weak No. 2 that were analyzed in this study using the M-E PDG.  Figures 5 to 8 show details of these structures.  The locations of these existing structures used in the M-E PDG analysis are given in Table 13.

Table 13.  Location Summary of Pavement Structures Analyzed Using the M-E PDG

		Pavement Structure Type

		Location in Utah



		Strong No. 1

		I15 450N to Hot Springs – Station 1215 to 1333



		Strong No. 2

		I15 450N to Hot Springs – Station 1333 to 1580



		Weak No. 1

		SR36 – Tooele to Mills Junction - South End to RP59



		Weak No. 2

		SR36 – Tooele to Mills Junction - RP59 to RP 65
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Figure 5.  Strong Pavement Structure No. 1 Analyzed Using the M-E PDG
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DLSI-S1 DLSI-S2 DLSI-S3 DLSI-S4 DLSI-S5 DLSI-S6


AASHTO TESTS


Un-aged Binder Tests: °C Spec:


Viscosity-Rotational, Pa.s TP 48 135 0.608 0.867 0.875 0.625 0.742 0.892 3 max


Dynamic Shear Rheometer T 315


Phase Angle, degrees 98 Rule 64 70.8 67.2 67.9 69.4 68.6 67.5 71.0 max 72.0 max 74.0 max


G* @10 rad/sec, kPa 64 1.41 2.15 2.29 1.36 1.74 2.51 1.30 min 1.25 min 1.11 min


Phase Angle, degrees 98 Rule 64.1 71.0 69.6 71.0 max 72.0 max 74.0 max


G* @10 rad/sec, kPa 64.1 1.36 1.39 1.30 min 1.25 min 1.11 min


Phase Angle, degrees 98 Rule 67 68.6 69.6 71.0 max 72.0 max 74.0 max


G* @10 rad/sec, kPa 67 1.68 1.33 1.30 min 1.25 min 1.11 min


Phase Angle, degrees 98 Rule 69.9 69.8 69.6 71.0 max 72.0 max 74.0 max


G* @10 rad/sec, kPa 69.9 1.34 1.32 1.30 min 1.25 min 1.11 min


G*/sin delta @10 rad/sec, kPa 64 1.49 2.32 2.47 1.46 1.87 2.51


G*/sin delta @10 rad/sec, kPa 64.1 1.44 1.48


G*/sin delta @10 rad/sec, kPa 67 1.81 1.42


G*/sin delta @10 rad/sec, kPa 69.9 1.42 1.40


G*/sin delta @10 rad/sec, kPa 70 0.83 1.31 1.39 0.83 1.06 1.42


G*/sin delta @10 rad/sec, kPa 76 0.75 0.80 0.61 0.81


Solubility T 44


Flash Point, C T-48 nr nr nr nr nr nr 260 Min


PPA Content, % nr nr nr nr nr nr Info


RTFO Residue Tests: T 240 degrees, C Spec:


Mass Loss, % 0.398 0.309 0.299 0.447 0.313 0.356 1.0 Max


Dynamic Shear Rheometer T 315


G*/sin delta @10 rad/sec, kPa 58 2.2 min


G*/sin delta @10 rad/sec, kPa 64 4.01 6.05 7.57 4.28 5.62 6.44 2.2 min 1.87 min 1.53 min


G*/sin delta @10 rad/sec, kPa 70 2.24 3.47 4.32 2.47 3.17 3.67 2.2 min


G*/sin delta @10 rad/sec, kPa 76 1.27 2.02 2.49 1.45 1.81 2.11 2.2 min


G*/sin delta @10 rad/sec, kPa 82 1.45 2.2 min


Elastic Recovery @ 25 C, % T 301 mod. 25 82.5 83.8 83.8 82.5 85.0 83.8 70 min 65 min 55 min


Creep-Recovery, %recovery 64 INFO


Specific Gravity T 228 25 INFO


PAV Residue Tests: R-28 °C


PAV Temperature: 100 100 100 100 100 100


Dynamic Shear Rheometer T 315


G*sin delta @ 10 rad/sec, kPa 13 5000 max


G*sin delta @ 10 rad/sec, kPa 16 5000 max


G*sin delta @ 10 rad/sec, kPa 19 1949 2257 1806 2375 2779 5000 max


G*sin delta @ 10 rad/sec, kPa 22 2355 5000 max


G*sin delta @ 10 rad/sec, kPa 25 5000 max


G*sin delta @ 10 rad/sec, kPa 28 5000 max


G*sin delta @ 10 rad/sec, kPa 31 5000 max


Bending Beam Rheometer T 313


S, 60s, Mpa -12 38.85 48.1 50.4 300 max


S, 60s, Mpa -18 88.9 99.0 127 92.7 111 120 300 max 311 max 355 max


S, 60s, Mpa -24 216.5 257.0 276 199 228 259 300 max


S, 60s, Mpa -30 397 476 472 300 max


m-value, 60s -12 0.4025 0.401 0.382 0.300 min


m-value, 60s -18 0.356 0.352 0.326 0.361 0.351 0.339 0.300 min 0.295 min 0.266 min


m-value, 60s -24 0.302 0.296 0.283 0.311 0.308 0.294 0.300 min


m-value, 60s -30 0.263 0.229 0.234 0.300 min


Direct Tension: T 314


Failure Strain, % -18 8.14 6.04 3.31 9.54 6.89 6.26 1.5 min 1.4 min 1.2 min


Failure Stress, MPa -18 3.59 4.02 3.87 3.34 3.77 4.35 4.0 min 4.0 min 3.5 min


Failure Strain, % -24 2.11 2.02 1.51 2.13 2.22 1.73 1.5 min 1.4 min 1.2 min


Failure Stress, MPa -24 5.50 6.06 5.45 5.08 6.11 5.76 4.0 min 4.0 min 3.5 min
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Figure 6.  Strong Pavement Structure No. 2 Analyzed using the M-E PDG
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.  Weak Pavement Structure No. 1 Analyzed Using the M-E PDG
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Figure 8.  Weak Pavement Structure No. 2 Analyzed Using the M-E PDG

Chapter 3


3.1 Results 


The first objective of this study was to determine the effect on pavement performance of within grade PG variation (6°C) of asphalt binder supply during day-to-day production at the time of pavement construction.  To satisfy this objective three tasks were required: 

1) Laboratory determination of asphalt binder (G* and phase angle) and hot-mix (E*) properties; 

2) Statistical analysis of database of binder PG grades supplied to UDOT in the past five years to determine its inherent variability for further analysis using the M-E PDG; and 

3) Analysis of various conditions using the most current available version of the M-E PDG (version 0.900 was available at the time of the analysis)

The following sections present typical results and briefly discuss implications of the M-E PDG analysis and its performance predictions.


3.1.1 Asphalt Binder Properties


In addition to determining the PG grades shown in Tables 13 and 14, all 12 asphalt binders were also tested using the DSR to determine G* and phase angle values at 4 temperatures and 4 frequencies (see Table 3).  Additional frequencies were also tested to characterize full master curves for all asphalt binders.  This additional data was necessary in case the M-E PDG analysis revealed sensitivity to asphalt binder variation and it became necessary to do further analysis to establish additional controls on asphalt binder supply over and above the PG criteria.  However, as discussed later, the M-E PDG analysis did not indicate significant sensitivity to the within grade asphalt binder production variation and therefore additional data collection and analysis were unnecessary.  Nevertheless, master curve data was analyzed to produce data required for M-E PDG input.  Figures 9 shows master curve generated for all binders formulated by supplier No.1 for this project.  Similar master curves were obtained for supplier no. 2 but are not shown here for brevity.  Figure 10 shows the input data required for the M-E PDG analysis for all binders formulated by supplier no. 1.  Similar data was obtained for supplier no. 2 and is not shown here for brevity. The M-E PDG input data was saved as a formatted text file for rapid input into the M-E PDG.  An example binder input file is shown in Figure 11.

In Figures 9 and 10 it appears that there is little difference in G* values between the various binders.  This is expected because of the logarithmic scale used to show all data.  The objective is, however, to determine what effect this difference, if any, has on performance predicted using the M-E PDG. 


3.1.2 Hot-Mix Properties


Complex dynamic modulus, E*, values were determined for all mix hot-mix samples (see Tables 7 and 8).  The E* testing was conducted by AAT Inc., of VA using the SPT (AASHTO TP-62-03 protocol) at the reduced set of temperatures and frequencies as recommended by Bonaquist et al, (see Table 2). (6)  Master curves were also constructed for the E* values and are shown in Figures 12 and 13.  Figure 12 shows the hot-mix master curves of E* for samples made using PG64-28 binders formulated by supplier no. 1 whereas Figure 13 shows the same for PG64-34 binders.  Master curves generated for E* values from supplier no. 2 binders were similar to the ones shown in


Figures 12 and 13 and are not shown here for brevity.  In Figures 12 and 13 it appears that there is little difference in hot-mix E* values made using the various binders.  This is expected because of the logarithmic scale used to show all data.  The objective is, however, to determine what effect this difference, if any, has on performance predicted using the M-E PDG.
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.  UDOT PG Grades for Asphalt Binders From Supplier No. 1
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Table 15.  UDOT PG Grades for Asphalt Binders from Supplier No. 2
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.  Master Curve at a Reference Temperature of 77°F for All Asphalt Binders from Supplier No. 1
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Figure 10.  M-E PDG Input Data Measured Using the DSR for All Asphalt Binders from Supplier No. 1
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Figure 11. Typical Binder Input File Format Required by the M-E PDG for Direct Import of Binder Properties
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.  E* Master Curves for Hot-Mix Samples Made Using PG64-28 Binder from Supplier No. 1

Figure 13.  E* Master Curves for Hot-Mix Samples Made Using PG64-34 Binder from Supplier No. 1


3.1.2.1 Coefficient of Variation of SPT Measured E*


 
To determine the inherent variability in the E* values measured using the SPT, multiple samples were each tested two times at the same temperature of 4.4°C (10°F) and 10 Hz testing frequency.  The lowest test temperature and frequency were selected to minimize damage related to repeat dynamic testing.  The average inherent coefficient of variation was found to be 1.75%.  This variation is the random error that is inherent in the SPT E* measuring process.  Other larger errors include sample to sample variation caused due to difference in air voids, gradation, asphalt content etc. in a given sample set.  Figures 14 and 15 show the E* values obtained from the inherent variation study.  As expected the inherent random error in the E* measurement was very low and of academic concern.  

However, to determine the repeatability of the E* measurements the literature was reviewed to find if there are other studies that have reported repeatability of E* measurements using the SPT.  Several such studies were found and are summarized in Table 16.

Table 16. Comparison of COV of Measured (E*( Obtained From Other Studies from Literature
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Based on the average of 19 mm NMAS mixes (Table 16), variability limits of ±11% was selected to study the effect of E* variability on predicted performance using the M-E PDG (see Table 11).


3.1.2.2 Low Temperature Characterization of the Hot-Mix

The M-E PDG requires low temperature data for the hot-mix at three temperatures and seven loading times as shown in Table 17.  Typically the creep compliance values shown in Table 17 are measured in the laboratory using gyratory compacted specimen with the Indirect Tension Test Method. (13)  In this study the original proposal did not include IDT testing.  However, during the literature review it was discovered that creep compliance may also be measured using the bending beam rheometer (BBR) with slight modifications on hot-mix samples with dimensions of 0.5” wide by 0.25” thick by 5” long. (14)  These samples are obtained by sawing slivers of the required dimensions out of a gyratory compacted sample.

Table 17.  Example of Typical Data Requirement at Low Temperature for the M-E PDG
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Figure 16 shows typical creep compliance values obtained for hot-mix asphalt samples using the BBR.  Creep compliance values were determined for all hot-mix gyratory samples and used in the M-E PDG for thermal cracking input requirements.
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Figure 14.  Inherent Random Error in E* Measurement Process on Various SPT Samples Made Using Asphalt Binder from Supplier No. 1
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Figure 15.  Inherent Random Error in E* Measurement Process on Various SPT Samples Made Using Asphalt Binder from Supplier No. 2
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Figure 16.  Creep Compliance Values Measured Using the BBR for Hot-Mix Sliver Samples Made Using Asphalt Binders Formulated by Supplier No. 1


3.1.3 Statistical Analysis of UDOT Asphalt Binder Supply PG Grade Database

The first objectives of this study was to determine limits on acceptable variation of PG grades supplied to UDOT during construction.  Currently AASHTO M-320 allows 6°C variation in true grades.  UDOT wanted to verify the allowable range specified by AASHTO and if necessary change (decrease) the allowable range.  To verify AASHTO limits and establish any changes if required UDOT engineers selected the M-E PDG as an analysis tool.  The first step was to determine the range of true grades that UDOT has historically accepted (UDOT grade uniformity) for a specified PG grade.  

UDOT maintains a database of PG grade verification data (all required properties) of all asphalt binder supplied during a construction year.  Culled data for five years from year 2000 to 2005 was statistically analyzed to determine the low and high end of the range of true PG grades supplied to UDOT.  For example, UDOT typically specifies a PG64-34 for Region 2.  However, suppliers typically provide PG64-34 asphalt binders with true grades that may vary between PG64.1-34 to PG69.9-34 within the 6°C acceptable range.

The true PG grades in the database were analyzed using JMP and SAS statistical analysis packages. (15, 16)  The original and RTFO G* values and G*/sin delta values were first subtracted from 1.25 kPa and then analyzed to determine the distribution of high temperature PG grades.  The original G* values were subtracted from 1.25 kPa because it is the no penalty limit that UDOT uses in its specification.  Similarly the RTFO G* values were subtracted from 2.2 kPa before plotting.  It was immediately clear from the first examination of the data that it was non-normal.  It was found that the distribution that best modeled the high temperature grade uniformity was a mixed Weibull distribution with two Weibulls (double Weibull).  To further analyze the Weibull distribution a special statistical package called WEIBULL++ designed for Weibull based reliability analysis was employed. (17)  Four distributions were selected for analysis: The Normal Distribution; The LogNormal Distribution; The mixed Weibull Distribution with 2 and 3 Weibulls.  The Weibull++ software was used to estimate goodness-of-fit and maximum likelihood (MLE) parameters for the four distributions.  The Weibull++ software uses the maximum likelihood estimation method to determine which probability distribution best fits the data.  Unlike least-squares estimation, which is mainly a tool for descriptive statistics, MLE is a preferred method of evaluating probability distributions for goodness-of-fit in statistics.  MLE is especially indispensable for non-linear modeling with non-normal data as is the case with the UDOT binder uniformity database.

Table 18 shows the MLE values that Weîbull++ uses to determine which distribution fits the PG grade uniformity data best as follows:


· an average goodness of fit (AVGOF) which is based on the K-S and Chi Squared test. Large values indicate a poor fit.


· an average goodness of plot (AVPLOT) which is based on the correlation coefficient or how well the points track the line (large values indicate a poor fit)

· the maximum likelihood value (LKV, larger negative values indicate a better fit.).

Close examination of MLE parameters in Table 18 reveals that both Lognormal and Weibull 2 are good candidates to describe the PG grade binder uniformity.  However, merely being a good fit is a necessary but not sufficient condition for a probability distribution to be appropriate.  The physical parameters are also important and must be considered.  In this case UDOT typically gets its asphalt binder supply from 2 to 3 suppliers so a mixed distribution is appropriate.  Figure 17 and 18 show histograms of original and RTFO G* values subtracted from 1.25 kPa and 2.2 kPa.  It is well known that the formulation of asphalt binder PG grades is not an exact science and often produces extreme values in the high and the low end side of the PG grade range of 6°C.    Therefore, an extreme value nonlinear and non-normal distribution such as the mixed Weibull distribution is more appropriate.  Between the two Weibulls shown in Table 14 the mixed Weibull with two Weibulls must be selected.  Figure 19 and 20 show double Weibull probability function fitted to the original and RTFO G* data subtracted from 1.25 kPa and 2.2 kPa respectively.  It is clear from the figure that there are two Weibull slopes and further corroborates the selection of double Weibull distribution for the UDOT PG binder uniformity. 

Table 18.  Maximum Likelihood Estimation of the Distribution Fitting to UDOT PG grade Uniformity Data Using Weibull++


		Distribution

		AVGOF

		AVPLOT

		LKV



		Normal 

		100 

		8.771706 

		-552.833 



		Lognormal 

		99.99321 

		2.26755 

		-97.667 



		Weibull 2 

		99.99786 

		2.6332 

		-92.8618 



		Weibull 3 

		99.99319 

		2.483453 

		-82.7298 





Using the double Weibull analysis, low end and high end high temperature grades of the UDOT database were calculated and are presented in Table 19.  Table 20 shows the corresponding calculations of mean and std. Deviation assuming the Normal distribution.  It is clear from Tables 19 and 20 that the double Weibull distribution gives a wider range of asphalt supply uniformity than that calculated using the Normal distribution.
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.  Upper and Lower End of the PG Grades in the UDOT Binder Supply Database Using Double Weibull Distribution


Table 20.  Upper and Lower End of the PG Grades in the UDOT Binder Supply Database Using Normal Distribution
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Figure 17.  Histogram of Original Binder G* Values Subtracted from 1.25 kPa.
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Figure 18.  Mixed Double Weibull PDF Fit of RTFO Binder G* Values Subtracted from 2.2 kPa
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Figure 19.  Mixed Double Weibull PDF Fit of Original Binder G* Values Subtracted from 1.25 kPa
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Figure 20.  Mixed Double Weibull PDF Fit of RTFO Binder G* Values Subtracted from 2.2 kPa


Chapter 4 


M-E PDG Analysis


4.1 M-E PDG Input Properties

The M-E PDG analysis described here was conducted using version 0.900 which was the latest release available.  The M-E PDG was used to analyze all the structures shown in Table 21 (also see Table 13 and Figures 5 to 8) for a design life of 20 years. The additional required input parameters are described next.

Table 21.  Pavement Structures Analyzed Using M-E PDG

		Highway Type

		Structure Type

		Layer Type

		Material

		Layer Thickness inches



		

		

		

		

		



		Major Hwy Rehab

		Strong No. 1 

		Overlay Surface

		HMA

		5.9



		

		

		Existing Pavement

		PCCP 

		9



		

		

		Base

		Cement Stab.

		4



		

		

		SubBase

		Unbound A-1-a

		4



		

		

		Subgrade

		A-1-a

		--



		

		Strong No. 2 

		Overlay Surface

		HMA

		5.9



		

		

		Existing Pavement

		PCCP 

		9



		

		

		Base

		Cement Stab.

		5



		

		

		SubBase

		Unbound A-1-a

		12



		

		

		Subgrade

		A-1-b

		--



		Minor Hwy New Construction

		Weak No. 1

		Surface

		HMA

		8



		

		

		Base

		Unbound

		8



		

		

		Subbase

		Unbound Soil

		18



		

		

		Subgrade

		A-7-6 5k

		--



		

		Weak No. 2

		Surface

		HMA

		8



		

		

		Base

		Unbound

		8



		

		

		Subbase

		Unbound Soil

		18



		

		

		Subgrade

		A-7-6 2.5k

		--





4.1.1 Traffic  


Table 22 shows the traffic data used in the M-E PDG analysis for both strong and weak structures.   Other minor traffic variables required for the M-E PDG were assumed as follows:  
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.  Traffic Data Input Used in the M-E PDG Analysis


 Mean wheel location = 18 inches from the lane marking  


 Traffic wander standard deviation = 10 inches  


 Average axle width = 8.5 ft from edge to edge  


 Average axle spacing = 51.6 (tandem) and 49.2 (tridem), inches  


 Dual tire spacing = 12 inches  


 Tire pressure = 120 psi  


4.1.2 Environment  


This study used data from weather stations contained within the M-E PDG software database. The Salt Lake City (SLC.icm climatic file) geographical location was used to generate the climatic data in the M-E PDG software database with following details:
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The groundwater table is an important parameter to define variations in material properties due to moisture dependency – especially the subgrade and intermediate unbound layers – as well as in the mechanistic prediction of pavement responses. The groundwater table depth in this analysis was kept constant at 20 ft below the pavement surface. 


4.1.3 Material Properties  


The M-E PDG requires engineering properties of layer materials for a mechanistic analysis of pavement responses.  These properties are (1) dynamic modulus for asphalt binder and hot-mix, and (2) resilient modulus for unbound materials. The hierarchical input approach provides three input levels depending on the quality of the data. For example, level 1 for asphalt concrete is based on laboratory-measured dynamic modulus while levels 2 and 3 rely on predicted dynamic modulus based on binder properties, mixture gradation, and volumetric properties. Material property inputs for all three levels were used in this study and are described earlier for asphalt binder and hot-mix asphalt.  For each pavement structure (strong and weak), the typical subgrade soil type was provided by UDOT engineers along with the resilient modulus. 


The M-E PDG requires the subgrade resilient modulus values determined at optimum moisture and density. All values used in this study were taken as at optimum moisture and density because they were within expected ranges typical of their soil type found in the literature as well as in the M-E PDG software. The material properties used for the M-E PDG analyses in this study are summarized in Table 23 through Table 26. 


Table 23.  Level 2 and 3 Hot-Mix Asphalt properties Used in the M-E PDG

		General properties 

		Strong Structure

		Weak Structure



		Reference temperature (°F) 

		70

		70



		Poisson’s ratio 

		0.35

		0.35



		Volumetrics

		



		Effective binder content (%) 

		11

		11



		Air voids (%) 

		6.5

		6.5



		Total unit weight (pcf) 

		148

		148



		Gradation (Level 2 and Level 3)

		



		Cumulative % Retained 3/4 inch sieve 

		0

		0



		Cumulative % Retained 3/8 inch sieve 

		25

		22



		Cumulative % Retained #4 sieve 

		53

		65



		% Passing #200 sieve 

		4.8

		6



		Thermal properties

		



		Thermal conductivity asphalt (BTU/hr-ft-F°) 

		0.67

		0.67



		Heat capacity asphalt (BTU/lb-F°) 

		0.23

		0.23





Table 24. Binder Grade for Each Pavement Structure Used in the M-E PDG Level 3 Analysis

		

		Strong

		Weak



		Binder grade 

		PG 64-34 

		PG 64-28 



		A (correlated) 

		9.4610

		10.3120 



		VTS (correlated) 

		-3.1340 

		-3.4400 





Table 25. Subgrade Modulus for each Pavement Structure Used in the M-E PDG Analysis


		 Pavement Structure

		Resilient modulus (psi) 



		Strong No. 1 

		36,000



		Strong No. 2 

		38,000



		Weak No. 1 

		5,000



		Weak No. 2 

		2,550





Table 26. Other Subgrade Properties Used in the M-E PDG Analysis


		Strength properties 

		 



		Poisson's ratio 

		0.35



		Coeff. of lateral pressure, Ko 

		0.5



		Gradation and Plasticity Index 

		



		Plasticity Index, PI 

		1



		Passing #200 sieve (%) 

		8.7



		Passing #4 sieve (%) 

		44.7



		D60 (mm) 

		2



		Calculated/derived parameters (level 3) 

		



		Maximum dry unit weight (pcf) 

		127.2



		Specific gravity of solids, Gs 

		2.7



		Saturated hydraulic conductivity (ft/hr) 

		37



		Optimum gravimetric water content (%) 

		7.4



		Calculated degree of saturation (%) 

		61.2



		Soil water characteristic curve parameters 

		Default M-E PDG



		a, b, c 

		7.2555; 1.3328; 0.82422



		Hr 

		117.4





4.2 Performance Predictions from M-E PDG Analysis


The first objective of this study was to determine the sensitivity of asphalt binder supply uniformity (within 6°C PG interval) to performance predicted using the M-E PDG.  In particular, UDOT engineers wanted to determine the change in predicted service life due to day-today production variation of asphalt binder supply during construction.  To accomplish that, maintenance threshold limits established by UDOT on rutting, cracking, roughness etc. were used to determine service life.  Tables 27 and 28 show UDOT limits (along with corresponding M-E PDG limits for comparison) used to calculate service life in this study.  For example, in Table 27 the UDOT limit for rutting on interstate pavements (for Strong structure in this study) is 0.4 in (same as M-E PDG units).  This limit is used to determine service life (defined as years to 0.4 in rutting) from the rutting predictions obtained in the M-E PDG analysis for various conditions analyzed in this study.  Service life for each of the distresses will be discussed next.

Table 27. UDOT and M-E PDG Limits Used for Service Life Determination for the Strong (Rehab) Pavement structure (Interstate Highway)
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Table 28. UDOT and M-E PDG Limits Used for Service Life Determination for the Weak (New) Pavement Structure (Minor State Route)
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4.3 Rutting Predictions

4.3.1 Effect of PG Grade Uniformity: High Temperature Grade

The strong pavement structure was constructed using a PG64-34 binder and the weak structure was constructed using a PG64-28 binder.  The effect on rutting service life of variation in the high temperature grade for both pavement structures will be discussed next.  A database was created showing the calculated service life for all conditions analyzed using the M-E PDG.  The database is included in Appendix A.  Results show that UDOT threshold maximum limit of 0.4 inches of rutting was exceeded in less than two years in all cases for both strong and weak structures when analyzed using level 1 in M-E PDG.  More importantly, the variation in asphalt binder PG grades during construction did not significantly affect rutting performance in any of the cases analyzed using the M-E PDG.  Tables 29 and 30 summarize the rutting sensitivity of service life to asphalt binder PG grade uniformity.  It is clear from Tables 29 and 30 that while the strong structure (both 1 and 2) did not show any significant effect the weak structure (both 1 and 2) showed a minimal difference of 8 to 12 months in service life due to a change of 5.9°C in true PG grade.  Rutting data from tables 29 and 30 is further plotted in Figures 21 to 24 along with the impact of repeatability on rutting service life.  Figures 25 to 28 show the same for both weak pavement structures.  The figures confirm the earlier observation that rutting service life is not significantly affected by within grade variation in asphalt PG true grades.  As shown in Tables 29 and 30 both analysis levels 2 and 3 of the M-E PDG also showed no significant effect on rutting service life for both strong and weak structures.

4.3.2 Effect of PG Grade Uniformity: Low Temperature Grade 


The low temperature grades (-34 for Strong and -28 for Weak structure) were not varied in the same way as the high temperature grades in this study.  However, in the M-E PDG analysis it was possible to analyze the strong pavement structure data using E* values from the -28 (weak structure) design binder and the weak structure was analyzed using E* data from -34 (strong structure) design binder.  This was done to see if the 


predicted performance will be affected by the change of 6°C in the low temperature grade value.  Table 30 summarizes the result of low temperature grade variation effects analysis.  The effect of change in low temperature grade on rutting service life appears to be minimal for both strong and weak pavement structures analyzed using the M-E PDG for all 3 levels of complexity.  The maximum change in rutting service life appears to be about 1.80 years which is not considered significant by UDOT engineers.  Note that in Table 30 only data from supplier no. 1 is shown for brevity.  The data for supplier no. 2 which shows results similar to supplier no. 1 may be found in the Appendix at the end of the report. 


4.3.3 Effect of HMA layer thickness variation - Value Engineering


The second objective of this study was to determine the impact of asphalt binder PG grade uniformity on HMA layer thickness reduction.  UDOT allows reducing thicknesses of HMA layer that are constructed using highly modified ultra high modulus mixes.  This practice is often called value engineering.  The HMA layer thickness was reduced by 1.0 inch for each of the strong and weak pavement structures.  Table 31 summarizes the thicknesses studied using the M-E PDG (also see Tables12 and 21).
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 Table 29.  Effect of PG binder Grade Uniformity on Predicted Rutting Service Life for Both Strong Structures

 Table 30.  Effect of PG binder Grade Uniformity on Predicted Rutting Service Life for Both Weak Structures
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Figure 21.  Effect of Asphalt Binder Uniformity on Service Life for Strong Structure No. 1 Using Asphalt Binders from Supplier No. 1
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Figure 22.  Effect of Asphalt Binder Uniformity on Service Life for Strong Structure No. 2 Using Asphalt Binders from Supplier No. 1
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 Figure 23.  Effect of Asphalt Binder Uniformity on Service Life for Strong Structure No. 1 Using Asphalt Binders from Supplier No. 1
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Table 31.  Summary of Low Temperature Grade Effects on Predicted Rutting Service Life
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Table 32.  Summary of HMA Layer Thicknesses Analyzed using the M-E PDG

		Pavement Structure

		HMA Layer Thicknesses Analyzed, in



		Strong No. 1 and 2

		5.9

		4.9

		3.9

		2.9



		Weak No. 1 and 2

		8.0

		7.0

		6.0

		5.0





The change in layer thicknesses did not impact the predicted rutting service life.  This is not surprising because it is well known that rutting is affected by layer thicknesses as the thickness is increased.  In this study the thickness was decreased 1 inch at a time for value engineering purposes.  Figures 25 and 26 confirm that the effect of PG grade difference (uniformity) is minimal even when the HMA layer thickness is reduced by a maximum of 3 inches.  Note that in Figure 26 because the original HMA layer thickness is on the thick side (8.0 in), the effect of decreasing the layer thickness is clearly seen in rutting service life (y-axis).  However, the effect of PG grade difference (uniformity) is minimal as discussed before.  Other pavement structures analyzed showed similar lack of effect and are not shown here (see Appendix A for the database).

4.4 Fatigue Predictions   

4.4.1 Effect of PG Grade Uniformity: High Temperature Grade


The effect of variation in the high temperature PG grade on fatigue service life for both pavement structures will be discussed next.  UDOT has three different threshold limits for longitudinal cracking and one limit for alligator cracking (see Tables 27 and 28).  Results indicate that all UDOT fatigue threshold maximum limits were not exceeded throughout the service life of 20 years when analyzed using M-E PDG (all levels).  More importantly, the variation in asphalt binder PG grades during construction did not significantly affect fatigue performance in any of the cases analyzed using the M-E PDG.  
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Figure 25.  Effect of PG Binder Grade Uniformity on HMA layer Thickness Variation for Strong Structure No. 1
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Figure 26.  Effect of PG Binder Grade Uniformity on HMA layer Thickness Variation For Weak Structure No. 2


Typical examples of fatigue service life predictions are plotted in Figures 27 and 28 along with the impact of repeatability for the strong structures.  Similar figures were obtained for all structures and conditions analyzed showing no effect on fatigue and are not shown here for brevity.  The figures confirm the earlier observation that fatigue service life is not significantly affected by asphalt PG grade uniformity.  Also, as expected, but not shown here, analysis levels 2 and 3 of the M-E PDG showed no significant effect on fatigue service life for both strong and weak structures.
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Figure 27.  Effect of Asphalt PG Grade difference (Uniformity) on Fatigue Service Life of Strong Structure No. 1 for all UDOT Threshold Limits for Longitudinal Cracking

4.4.2 Effect of PG Grade Uniformity: Low Temperature Grade 


The low temperature grades (-34 for Strong and -28 for Weak structure) were not varied in the same way as the high temperature grades in this study.  However, in the M-E PDG analysis it was possible to analyze the strong pavement structure data using E* values from the -28 (weak structure) design binder and the weak structure was analyzed using E* data from -34 (strong structure) design binder.  This was done to see if the predicted performance will be affected by the change of 6°C in the low temperature grade value.  Table 30 summarizes the result of low temperature grade variation effects analysis.


The effect of change in low temperature grade on fatigue service life appears to be minimal for both strong and weak pavement structures analyzed using the M-E PDG for all 3 levels of complexity.  The maximum change in rutting service life appears to be about 1.80 years which is not considered significant by UDOT engineers.  Note that in Table 32 only data from supplier no. 1 is shown for brevity.  The data for supplier no. 2 which shows results similar to supplier no. 1 may be found in the Appendix at the end of the report. 
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Figure 28.  Effect of Asphalt PG Grade difference (Uniformity) on Fatigue Service Life of Weak Structure No. 1 for all UDOT Threshold Limits for Longitudinal Cracking

4.4.3 Effect of HMA layer thickness variation - Value Engineering


The second main objective of this study was to determine the impact of asphalt binder PG grade uniformity on HMA layer thickness reduction.  UDOT allows reducing thicknesses of HMA layer that are constructed using highly modified ultra high modulus mixes.  This practice is often called value engineering.  The HMA layer thickness was reduced by 1.0 inch for each of the strong and weak pavement structures.  Table 31 summarizes the thicknesses studied using the M-E PDG (also see Tables12 and 21).


Unlike rutting the fatigue service life was affected by the change in layer thicknesses.  This is not surprising because it is well known that as the layer thickness is reduced longitudinal cracking or fatigue increases.  However, like rutting the PG grade uniformity of asphalt binder had no significant impact with decreasing layer thickness.  Even at the lowest thickness (3 inch reduction in HMA layer thickness) there was no effect on fatigue life with variation in binder PG grade.  Figures 28 and 29 confirm that the effect of PG grade difference (uniformity) is minimal even when the HMA layer thickness is reduced by a maximum of 3 inches.  Note that Figure 28 also shows that the fatigue service life is affected by change in layer thickness (y-axis) but is relative flat with PG grade difference (x-axis).  However, in Figure 29 even the lowest pavement thickness (4 in.) is not thin enough to actually show a change in fatigue service life.  Other pavement structures analyzed showed similar lack of effect and are not shown here (see Appendix A for the database).

Table 33.  Summary of Low Temperature Grade Effects on Predicted Fatigue (Long. Crack.) Service Life
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Figure 29[image: image51.emf]Rutting  Alligator ft/500 ft Thermal cracks/500 ft IRI


0.4 in 30.00 200.00 600.00 100.00 20.00 130.00


Sinclair PG64.1-28 Weak_1


Meas 1


0.1 S1


8 UW1_WS1 0.84 20.00 20.00 20.00 20.00 20.00 3.85


Sinclair PG67-28 Weak_1


Meas 1


2.9 S2


8 UW1_WS2 1.77 20.00 20.00 20.00 20.00 20.00 6.14


Sinclair PG69.9-28 Weak_1


Meas 1


5.8 S3


8 UW1_WS3 1.85 20.00 20.00 20.00 20.00 0.18 2.94


SEM PG64.1-28 Weak_1


Meas 1


0.1 M1


8 UW1_WM1 0.89 20.00 20.00 20.00 20.00 20.00 4.09


SEM PG67-28 Weak_1


Meas 1


2.9 M2


8 UW1_WM2 1.11 20.00 20.00 20.00 20.00 20.00 4.81


SEM PG69.9-28 Weak_1


Meas 1


5.8 M3


8 UW1_WM3 1.08 20.00 20.00 20.00 20.00 20.00 4.79


Sinclair PG64.1-28 Weak_1


Meas+11% 1


0.1 S1


8 UW1_WS1+11% 0.90 20.00 20.00 20.00 20.00 20.00 4.54


Sinclair PG67-28 Weak_1


Meas+11% 1


2.9 S2


8 UW1_WS2+11% 1.84 20.00 20.00 20.00 20.00 20.00 6.76


Sinclair PG69.9-28 Weak_1


Meas+11% 1


5.8 S3


8 UW1_WS3+11% 2.08 20.00 20.00 20.00 20.00 20.00 7.17


SEM PG64.1-28 Weak_1


Meas+11% 1


0.1 M1


8 UW1_WM1+11% 0.98 20.00 20.00 20.00 20.00 20.00 4.73


SEM PG67-28 Weak_1


Meas+11% 1


2.9 M2


8 UW1_WM2+11% 1.60 20.00 20.00 20.00 20.00 20.00 5.24


SEM PG69.9-28 Weak_1


Meas+11% 1


5.8 M3


8 UW1_WM3+11% 1.60 20.00 20.00 20.00 20.00 20.00 5.08


Sinclair PG64.1-28 Weak_1


Meas-11% 1


0.1 S1


8 UW1_WS1_(-11%) 0.81 20.00 20.00 20.00 20.00 20.00 3.68


Sinclair PG67-28 Weak_1


Meas-11% 1


2.9 S2


8 UW1_WS2_(-11%) 1.67 20.00 20.00 20.00 20.00 20.00 5.70


Sinclair PG69.9-28 Weak_1


Meas-11% 1


5.8 S3


8 UW1_WS3_(-11%) 1.76 20.00 20.00 20.00 20.00 20.00 6.12


SEM PG64.1-28 Weak_1


Meas-11% 1


0.1 M1


8 UW1_WM1_(-11%) 0.83 20.00 20.00 20.00 20.00 20.00 3.78


SEM PG67-28 Weak_1


Meas-11% 1


2.9 M2


8 UW1_WM2_(-11%) 0.91 20.00 20.00 20.00 20.00 20.00 4.53


SEM PG69.9-28 Weak_1


Meas-11% 1


5.8 M3


8 UW1_WM3_(-11%) 0.91 20.00 20.00 20.00 20.00 20.00 4.33


Sinclair PG64.1-28 Weak_1


Meas 1


0.1 S1


7 UW1_WS1_7p0 0.79 20.00 20.00 20.00 20.00 20.00 3.58


Sinclair PG67-28 Weak_1


Meas 1


2.9 S2


7 UW1_WS2_7p0 1.30 20.00 20.00 20.00 20.00 20.00 5.44


Sinclair PG69.9-28 Weak_1


Meas 1


5.8 S3


7 UW1_WS3_7p0 1.62 20.00 20.00 20.00 20.00 20.00 5.86


SEM PG64.1-28 Weak_1


Meas 1


0.1 M1


7 UW1_WM1_7p0 0.81 20.00 20.00 20.00 20.00 20.00 3.76


SEM PG67-28 Weak_1


Meas 1


2.9 M2


7 UW1_WM2_7p0 0.86 20.00 20.00 20.00 20.00 20.00 4.29


SEM PG69.9-28 Weak_1


Meas 1


5.8 M3


7 UW1_WM3_7p0 0.86 20.00 20.00 20.00 20.00 20.00 4.10


Sinclair PG64.1-28 Weak_1


Meas 1


0.1 S1


6 UW1_WS1_6p0 0.72 20.00 20.00 20.00 20.00 20.00 2.83


Sinclair PG67-28 Weak_1


Meas 1


2.9 S2


6 UW1_WS2_6p0 0.86 20.00 20.00 20.00 20.00 20.00 4.72


Sinclair PG69.9-28 Weak_1


Meas 1


5.8 S3


6 UW1_WS3_6p0 0.92 20.00 20.00 20.00 20.00 20.00 4.90


SEM PG64.1-28 Weak_1


Meas 1


0.1 M1


6 UW1_WM1_6p0 0.76 20.00 20.00 20.00 20.00 20.00 2.96


SEM PG67-28 Weak_1


Meas 1


2.9 M2


6 UW1_WM2_6p0 0.78 20.00 20.00 20.00 20.00 20.00 3.74


SEM PG69.9-28 Weak_1


Meas 1


5.8 M3


6 UW1_WM3_6p0 0.79 20.00 20.00 20.00 20.00 20.00 3.71


Sinclair PG64.1-28 Weak_1


Meas 1


0.1 S1


4 UW1_WS1_4p0 0.38 20.00 20.00 20.00 13.01 20.00 1.70


Sinclair PG67-28 Weak_1


Meas 1


2.9 S2


4 UW1_WS2_4p0 0.53 20.00 20.00 20.00 22.97 20.00 2.52


Sinclair PG69.9-28 Weak_1


Meas 1


5.8 S3


4 UW1_WS3_4p0 0.53 20.00 20.00 20.00 22.87 20.00 2.70


SEM PG64.1-28 Weak_1


Meas 1


0.1 M1


4 UW1_WM1_4p0 0.45 20.00 20.00 20.00 16.98 20.00 1.78


SEM PG67-28 Weak_1


Meas 1


2.9 M2


4 UW1_WM2_4p0 0.47 20.00 20.00 20.00 17.95 20.00 1.88


SEM PG69.9-28 Weak_1


Meas 1


5.8 M3


4 UW1_WM3_4p0 0.50 20.00 20.00 20.00 19.00 20.00 1.88


Sinclair PG64.1-28 Weak_1


Meas 2


0.1 S1


8 UW1_WS1_L2 0.82 20.00 20.00 20.00 20.00 20.00 3.76


Sinclair PG67-28 Weak_1


Meas 2


2.9 S2


8 UW1_WS2_L2 0.85 20.00 20.00 20.00 20.00 20.00 3.85


Sinclair PG69.9-28 Weak_1


Meas 2


5.8 S3


8 UW1_WS3_L2 0.89 20.00 20.00 20.00 20.00 20.00 4.44


SEM PG64.1-28 Weak_1


Meas 2


0.1 M1


8 UW1_WM1_L2 0.81 20.00 20.00 20.00 20.00 20.00 3.65


SEM PG67-28 Weak_1


Meas 2


2.9 M2


8 UW1_WM2_L2 0.82 20.00 20.00 20.00 20.00 20.00 3.75


SEM PG69.9-28 Weak_1


Meas 2


5.8 M3


8 UW1_WM3_L2 0.83 20.00 20.00 20.00 20.00 20.00 3.79


N/A PG58-28 Weak_1


N/A 3


-6 N/A


8 UW1_PG58-28_L3 0.68 20.00 20.00 20.00 20.00 20.00 2.13


N/A PG64-28 Weak_1


N/A 3


0 N/A


8 UW1_PG64-28_L3 0.83 20.00 20.00 20.00 20.00 20.00 3.77


N/A PG70-28 Weak_1


N/A 3


6 N/A


8 UW1_PG70-28_L3 0.90 20.00 20.00 20.00 20.00 20.00 4.34
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.  Effect of PG Grade Uniformity Due to Decreasing HMA Layer Thickness on Fatigue Service Life of Strong Pavement Structure No. 1


Figure 30.  Effect of PG Grade Uniformity Due to Decreasing HMA Layer Thickness on Fatigue Service Life of Weak Pavement Structure No. 2


4.5 Other Distresses – Alligator and Thermal Cracking, IRI

Neither alligator nor thermal cracking service lives showed significant sensitivity to PG grade variation (uniformity).  IRI, which is related to both rutting and fatigue cracking service lives, also showed no significant effect due to variation in PG binder grade (uniformity).  The interested reader is directed to the appendix for more information.


4.6 Implications of M-E PDG Analysis Results


The above discussion indicates that uniformity of PG grade of the asphalt binder supply during construction does not significantly affect performance predicted using M-E PDG (ver. 0.900).  However, the predicted rutting service life values were significantly lower than what UDOT has historically observed in the field.  In fact, UDOT ‘s analysis suggests that the rutting problem in the field has been minimized.  The fatigue cracking is still a problem in certain areas.  The M-E PDG analysis suggests that the fatigue service life is adequate for the entire 20 years of design life.  One explanation for this discrepancy between the field performance and that predicted by M-E PDG may be because of national calibration constants used in M-E PDG analysis.  UDOT must conduct local calibration of the M-E PDG to obtain additional correction factors for the models used in the M-E PDG to get better agreement between UDOT’s field experience and the M-E PDG predictions.  Another factor may be UDOT’s extensive use of polymer modified binders (PMAs).  M-E PDG performance prediction models were nationally calibrated using predominantly unmodified asphalt binders.  Von-Quintus et al. have recently shown that PMA’s perform differently than that predicted by the M-E PDG in its current form. (18)  They suggest that this discrepancy may be resolved by performing local calibrations.  However, results from this limited study shows that it may be more complicated than merely adjusting the calibration factors to predict performance of PMAs using the M-E PDG.  It may be that the models themselves need to be changed.

Chapter 5


Conclusions and Recommendations

5.1 Summary

  In this study the M-E PDG version 0.900 was used to determine the effect of asphalt binder PG grade uniformity on pavement performance.  Depending upon the extent of the effect, UDOT engineers wanted to limit the amount of PG grade variation of the asphalt binder supply during construction.  Two existing pavement structures (weak and strong) were selected by UDOT for this study. Original asphalt binder grades for each structure were recreated along with additional formulations that simulated variation in PG grades. Two suppliers were asked to formulate six PG grades each (three each for strong and weak structures) giving a total of 12 asphalt binders. Aggregates from the same quarry as the original aggregates were collected and hot-mix samples were compacted in the gyratory compactor using the appropriate mix designs.  From these compacted samples, smaller SPT specimens were cored and tested to obtain dynamic modulus, E*, values needed for the M-E PDG analysis.  Binder properties required for the M-E PDG were also determined in the laboratory.  Traffic and climate data was obtained from UDOT.  A total of 366 different designs were analyzed to complete the M-E PDG portion of this study.  All levels of the M-E PDG (Level 1, Level 2, and Level 3) were used in the analysis.

5.2 Principal Findings


· The within grade variation (within 6°C) of the PG grade of asphalt binder supply during construction does not significantly (more than 3 years difference in service life) affect the performance predicted by M-E PDG (version 0.900).  This includes all distresses analyzed by the M-E PDG.

· Value engineering practice is defined as a method of pavement design where the HMA layer thickness is reduced for ultra high modulus hot-mix asphalt.  It was found from this study that the within grade variation (within 6°C) of the PG grade of asphalt binder supply during construction of value engineered projects does not significantly (more than 3 years difference in service life) affect the performance predicted by M-E PDG (version 0.900).  This includes all distresses analyzed by the M-E PDG.  Ultra high modulus hot-mix asphalt was not used in this study.  The finding is based on normal PG graded binders that were used in this analysis.


· The M-E PDG version used in this study significantly under predicted rutting service life of pavements analyzed.  This was theorized to be due to inability of the performance models used in the M-E PDG to correctly predict performance of polymer modified asphalts (PMAs) that were used in this study.  UDOT extensively uses PMAs in its flexible pavement construction. 


· The M-E PDG version used in this study significantly over predicted fatigue service life of pavements analyzed.  This was theorized to be due to inability of the performance models used in the M-E PDG to correctly predict performance of polymer modified asphalts (PMAs) that were used in this study.  UDOT extensively uses PMAs in its flexible pavement construction. 


· It is possible to use slivers of hot-mix asphalt (either from pavement cores or gyratory compacted samples) to determine low temperature creep compliance properties required by the M-E PDG.  In this study the Bending Beam Rheometer (BBR), normally used to characterize asphalt binder, was used except the specimen were made out of hot-mix slivers of the same dimensions as the binder specimen (5 in X 0.5 in X 0.25 in). The compliance values determined on the slivers of hot-mix were found to agree within experimental variation with the default level 3 creep compliance values used by the M-E PDG (built in values). 

· In this study strength values were also measured on sliver specimen of hot-mix asphalt.  The testing was conducted using a screw type universal testing machine using the same test conditions as used by the Indirect Tensile Strength test (IDT) method.  The strength values were found to be significantly lower than those used in default level 3 analyses by the M-E PDG (built in values).


· Statistical analysis of UDOT binder supply PG grading database revealed that the underlying distribution is not Normal as is usually assumed.  It was found that the PG grade supply at UDOT followed a double Weibull distribution.


5.3 Recommendations


Based on the results of this study the following recommendations are made:

1. Need local calibration values for Utah pavements.  Also need to revise performance models in the M-E PDG (not just new calibration constants) to be of significance to UDOT. 


2. Rerun the 366 M-E PDG files that were created in this project at a later date when new updated M-E PDG versions are available.  More detailed traffic information may be helpful in improving predictive capability of the M-E PDG in Utah.


3. The hot-mix sliver test method used in this study should be researched further to see if it can be used in routine acceptance testing of hot-mix pavements.  The small specimen size and use of existing testing equipment increases its implementation success potential


4. There is no justification to trigger new HMA mix-design or limit the within grade variation of asphalt binder supply based on results of this study and statistical analysis of UDOT binder supply data in the past four years
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Appendix A

This appendix contains database tables of MEPDG analysis results and E* results from SPT testing.


Table A 1[image: image52.emf]Rutting  Alligator ft/500 ft Thermal cracks/500 ft IRI


0.4 in 30.00 200.00 600.00 100.00 20.00 130.00


Sinclair PG64.1-28 Strong_1


Meas 1


0.1 S1


5.9 URS1_WS1 0.84 20.00 20.00 20.00 20.00 5.29 0.68


Sinclair PG67-28 Strong_1


Meas 1


2.9 S2


5.9 URS1_WS2 1.84 20.00 20.00 20.00 20.00 5.30 0.77


Sinclair PG69.9-28 Strong_1


Meas 1


5.8 S3


5.9 URS1_WS3 2.68 20.00 20.00 20.00 20.00 0.19 0.22


SEM PG64.1-28 Strong_1


Meas 1


0.1 M1


5.9 URS1_WM1 0.86 20.00 20.00 20.00 20.00 1.10 0.65


SEM PG67-28 Strong_1


Meas 1


2.9 M2


5.9 URS1_WM2 1.66 20.00 20.00 20.00 20.00 12.35 0.73


SEM PG69.9-28 Strong_1


Meas 1


5.8 M3


5.9 URS1_WM3 1.60 20.00 20.00 20.00 20.00 5.34 0.74


Sinclair PG64.1-28 Strong_1


Meas+11% 1


0.1 S1


5.9 URS1_WS1+11% 0.90 20.00 20.00 20.00 20.00 20.00 0.70


Sinclair PG67-28 Strong_1


Meas+11% 1


2.9 S2


5.9 URS1_WS2+11% 2.42 20.00 20.00 20.00 20.00 20.00 0.79


Sinclair PG69.9-28 Strong_1


Meas+11% 1


5.8 S3


5.9 URS1_WS3+11% 2.84 20.00 20.00 20.00 20.00 20.00 0.82


SEM PG64.1-28 Strong_1


Meas+11% 1


0.1 M1


5.9 URS1_WM1+11% 0.92 20.00 20.00 20.00 20.00 20.00 0.73


SEM PG67-28 Strong_1


Meas+11% 1


2.9 M2


5.9 URS1_WM2+11% 1.74 20.00 20.00 20.00 20.00 20.00 0.75


SEM PG69.9-28 Strong_1


Meas+11% 1


5.8 M3


5.9 URS1_WM3+11% 1.67 20.00 20.00 20.00 20.00 20.00 0.75


Sinclair PG64.1-28 Strong_1


Meas-11% 1


0.1 S1


5.9 URS1_WS1_(-11%) 0.81 19.00 20.00 20.00 20.00 20.00 0.66


Sinclair PG67-28 Strong_1


Meas-11% 1


2.9 S2


5.9 URS1_WS2_(-11%) 1.77 20.00 20.00 20.00 20.00 20.00 0.75


Sinclair PG69.9-28 Strong_1


Meas-11% 1


5.8 S3


5.9 URS1_WS3_(-11%) 1.85 20.00 20.00 20.00 20.00 20.00 0.77


SEM PG64.1-28 Strong_1


Meas-11% 1


0.1 M1


5.9 URS1_WM1_(-11%) 0.83 20.00 20.00 20.00 20.00 20.00 0.69


SEM PG67-28 Strong_1


Meas-11% 1


2.9 M2


5.9 URS1_WM2_(-11%) 0.91 20.00 20.00 20.00 20.00 20.00 0.71


SEM PG69.9-28 Strong_1


Meas-11% 1


5.8 M3


5.9 URS1_WM3_(-11%) 0.89 20.00 20.00 20.00 20.00 20.00 0.72


Sinclair PG64.1-28 Strong_1


Meas 1


0.1 S1


4.9 URS1_WS1_4p9 0.83 20.00 20.00 20.00 20.00 20.00 0.68


Sinclair PG67-28 Strong_1


Meas 1


2.9 S2


4.9 URS1_WS2_4p9 1.83 20.00 20.00 20.00 20.00 20.00 0.76


Sinclair PG69.9-28 Strong_1


Meas 1


5.8 S3


4.9 URS1_WS3_4p9 2.60 20.00 20.00 20.00 20.00 20.00 0.78


SEM PG64.1-28 Strong_1


Meas 1


0.1 M1


4.9 URS1_WM1_4p9 0.85 20.00 20.00 20.00 20.00 20.00 0.70


SEM PG67-28 Strong_1


Meas 1


2.9 M2


4.9 URS1_WM2_4p9 1.58 20.00 20.00 20.00 20.00 20.00 0.73


SEM PG69.9-28 Strong_1


Meas 1


5.8 M3


4.9 URS1_WM3_4p9 1.08 20.00 20.00 20.00 20.00 20.00 0.73


Sinclair PG64.1-28 Strong_1


Meas 1


0.1 S1


3.9 URS1_WS1_3p9 0.83 18.85 20.00 20.00 20.00 20.00 0.66


Sinclair PG67-28 Strong_1


Meas 1


2.9 S2


3.9 URS1_WS2_3p9 1.81 20.00 20.00 20.00 20.00 20.00 0.75


Sinclair PG69.9-28 Strong_1


Meas 1


5.8 S3


3.9 URS1_WS3_3p9 1.95 20.00 20.00 20.00 20.00 20.00 0.77


SEM PG64.1-28 Strong_1


Meas 1


0.1 M1


3.9 URS1_WM1_3p9 0.85 20.00 20.00 20.00 20.00 20.00 0.69


SEM PG67-28 Strong_1


Meas 1


2.9 M2


3.9 URS1_WM2_3p9 1.17 20.00 20.00 20.00 20.00 20.00 0.71


SEM PG69.9-28 Strong_1


Meas 1


5.8 M3


3.9 URS1_WM3_3p9 0.98 20.00 20.00 20.00 20.00 20.00 0.72


Sinclair PG64.1-28 Strong_1


Meas 1


0.1 S1


2.9 URS1_WS1_2p9 0.85 0.84 2.81 8.66 20.00 20.00 0.64


Sinclair PG67-28 Strong_1


Meas 1


2.9 S2


2.9 URS1_WS2_2p9 1.81 1.84 6.67 17.80 20.00 20.00 0.74


Sinclair PG69.9-28 Strong_1


Meas 1


5.8 S3


2.9 URS1_WS3_2p9 1.96 1.98 8.00 19.65 20.00 20.00 0.75


SEM PG64.1-28 Strong_1


Meas 1


0.1 M1


2.9 URS1_WM1_2p9 0.86 0.95 3.73 10.74 20.00 20.00 0.68


SEM PG67-28 Strong_1


Meas 1


2.9 M2


2.9 URS1_WM2_2p9 1.53 1.60 4.62 12.75 20.00 20.00 0.70


SEM PG69.9-28 Strong_1


Meas 1


5.8 M3


2.9 URS1_WM3_2p9 1.00 1.66 4.75 12.84 20.00 20.00 0.71


Sinclair PG64.1-28 Strong_1


Meas 2


0.1 S1


5.9 URS1_WS1_L2 0.82 20.00 20.00 20.00 20.00 20.00 0.68


Sinclair PG67-28 Strong_1


Meas 2


2.9 S2


5.9 URS1_WS2_L2 0.84 20.00 20.00 20.00 20.00 20.00 0.68


Sinclair PG69.9-28 Strong_1


Meas 2


5.8 S3


5.9 URS1_WS3_L2 0.89 20.00 20.00 20.00 20.00 20.00 0.69


SEM PG64.1-28 Strong_1


Meas 2


0.1 M1


5.9 URS1_WM1_L2 0.80 17.82 20.00 20.00 20.00 20.00 0.67


SEM PG67-28 Strong_1


Meas 2


2.9 M2


5.9 URS1_WM2_L2 0.82 20.00 20.00 20.00 20.00 20.00 0.68


SEM PG69.9-28 Strong_1


Meas 2


5.8 M3


5.9 URS1_WM3_L2 0.83 20.00 20.00 20.00 20.00 20.00 0.68


MEPDG PG58-28 Strong_1


N/A 3


-6


N/A


5.9


URS1_PG58-28_L3 0.76 5.88 20.00 20.00 20.00 20.00 0.62


MEPDG PG64-28 Strong_1


N/A 3


0


N/A


5.9


URS1_PG64-28_L3 0.79 13.89 20.00 20.00 20.00 20.00 0.67


MEPDG PG70-28 Strong_1


N/A 3


6


N/A


5.9


URS1_PG70-28_L3 0.83 20.00 20.00 20.00 20.00 20.00 0.68


Asphalt 


Supplier


Years to (Service Life)


Fatigue Long. Cracks/500 ft


Weak 


Asphalt ID PG Grade


Pavement 


Structure Type of E*


MEPDG 


Level #


PG Temp 


Diff. °C File ID


HMA Thk  


in


.  MEPDG Analysis Results Database for Strong Structure No. 1 for Binder PG64-34

Table A 2[image: image53.emf]Rutting  Alligator ft/500 ft


Thermal cracks/500 ft


IRI


0.4 in 30.00 200.00 600.00 100.00 20.00 130.00


Sinclair PG64.1-34 Strong_1


Meas 1


0.1 S4


5.9 URS1_SS4 0.91 20.00 20.00 20.00 20.00 20.00 0.72


Sinclair PG67-34 Strong_1


Meas 1


2.9 S5


5.9 URS1_SS5 1.62 20.00 20.00 20.00 20.00 20.00 0.74


Sinclair PG69.9-34 Strong_1


Meas 1


5.8 S6


5.9 URS1_SS6 0.86 20.00 20.00 20.00 20.00 20.00 0.70


SEM PG64.1-34 Strong_1


Meas 1


0.1 M4


5.9 URS1_SM4 0.82 20.00 20.00 20.00 20.00 20.00 0.70


SEM PG67-34 Strong_1


Meas 1


2.9 M5


5.9 URS1_SM5 0.79 20.00 20.00 20.00 20.00 20.00 0.68


SEM PG69.9-34 Strong_1


Meas 1


5.8 M6


5.9 URS1_SM6 0.81 20.00 20.00 20.00 20.00 20.00 0.69


Sinclair PG64.1-34 Strong_1


Meas+11% 1


0.1 S4


5.9 URS1_SS4+11% 1.62 20.00 20.00 20.00 20.00 20.00 0.74


Sinclair PG67-34 Strong_1


Meas+11% 1


2.9 S5


5.9 URS1_SS5+11% 1.72 20.00 20.00 20.00 20.00 20.00 0.72


Sinclair PG69.9-34 Strong_1


Meas+11% 1


5.8 S6


5.9 URS1_SS6+11% 0.92 20.00 20.00 20.00 20.00 20.00 0.72


SEM PG64.1-34 Strong_1


Meas+11% 1


0.1 M4


5.9 URS1_SM4+11% 0.86 20.00 20.00 20.00 20.00 20.00 0.71


SEM PG67-34 Strong_1


Meas+11% 1


2.9 M5


5.9 URS1_SM5+11% 0.81 20.00 20.00 20.00 20.00 20.00 0.69


SEM PG69.9-34 Strong_1


Meas+11% 1


5.8 M6


5.9 URS1_SM6+11% 0.83 20.00 20.00 20.00 20.00 20.00 0.70


Sinclair PG64.1-34 Strong_1


Meas-11% 1


0.1 S4


5.9 URS1_SS4_(-11%) 0.85 20.00 20.00 20.00 20.00 20.00 0.70


Sinclair PG67-34 Strong_1


Meas-11% 1


2.9 S5


5.9 URS1_SS5_(-11%) 1.03 20.00 20.00 20.00 20.00 20.00 0.72


Sinclair PG69.9-34 Strong_1


Meas-11% 1


5.8 S6


5.9 URS1_SS6_(-11%) 0.82 20.00 20.00 20.00 20.00 20.00 0.68


SEM PG64.1-34 Strong_1


Meas-11% 1


0.1 M4


5.9 URS1_SM4_(-11%) 0.80 20.00 20.00 20.00 20.00 20.00 0.68


SEM PG67-34 Strong_1


Meas-11% 1


2.9 M5


5.9 URS1_SM5_(-11%) 0.79 20.00 20.00 20.00 20.00 20.00 0.67


SEM PG69.9-34 Strong_1


Meas-11% 1


5.8 M6


5.9 URS1_SM6_(-11%) 0.80 20.00 20.00 20.00 20.00 20.00 0.68


Sinclair PG64.1-34 Strong_1


Meas 1


0.1 S4


4.9 URS1_SS4_4p9 0.90 20.00 20.00 20.00 20.00 20.00 0.71


Sinclair PG67-34 Strong_1


Meas 1


2.9 S5


4.9 URS1_SS5_4p9 1.71 20.00 20.00 20.00 20.00 20.00 0.74


Sinclair PG69.9-34 Strong_1


Meas 1


5.8 S6


4.9 URS1_SS6_4p9 0.85 20.00 20.00 20.00 20.00 20.00 0.69


SEM PG64.1-34 Strong_1


Meas 1


0.1 M4


4.9 URS1_SM4_4p9 0.81 20.00 20.00 20.00 20.00 20.00 0.69


SEM PG67-34 Strong_1


Meas 1


2.9 M5


4.9 URS1_SM5_4p9 0.79 20.00 20.00 20.00 20.00 20.00 0.68


SEM PG69.9-34 Strong_1


Meas 1


5.8 M6


4.9 URS1_SM6_4p9 0.80 20.00 20.00 20.00 20.00 20.00 0.68


Sinclair PG64.1-34 Strong_1


Meas 1


0.1 S4


3.9 URS1_SS4_3p9 0.89 20.00 20.00 20.00 20.00 20.00 0.70


Sinclair PG67-34 Strong_1


Meas 1


2.9 S5


3.9 URS1_SS5_3p9 1.69 20.00 20.00 20.00 20.00 20.00 0.72


Sinclair PG69.9-34 Strong_1


Meas 1


5.8 S6


3.9 URS1_SS6_3p9 0.84 18.89 20.00 20.00 20.00 20.00 0.68


SEM PG64.1-34 Strong_1


Meas 1


0.1 M4


3.9 URS1_SM4_3p9 0.81 16.84 20.00 20.00 20.00 20.00 0.68


SEM PG67-34 Strong_1


Meas 1


2.9 M5


3.9 URS1_SM5_3p9 0.79 11.71 20.00 20.00 20.00 20.00 0.67


SEM PG69.9-34 Strong_1


Meas 1


5.8 M6


3.9 URS1_SM6_3p9 0.80 13.91 20.00 20.00 20.00 20.00 0.68


Sinclair PG64.1-34 Strong_1


Meas 1


0.1 S4


2.9 URS1_SS4_2p9 0.91 1.03 3.80 10.93 20.00 20.00 0.69


Sinclair PG67-34 Strong_1


Meas 1


2.9 S5


2.9 URS1_SS5_2p9 1.71 1.70 4.81 13.84 20.00 20.00 0.71


Sinclair PG69.9-34 Strong_1


Meas 1


5.8 S6


2.9 URS1_SS6_2p9 0.87 0.91 3.51 9.75 20.00 20.00 0.68


SEM PG64.1-34 Strong_1


Meas 1


0.1 M4


2.9 URS1_SM4_2p9 0.82 0.91 3.06 9.80 20.00 20.00 0.68


SEM PG67-34 Strong_1


Meas 1


2.9 M5


2.9 URS1_SM5_2p9 0.80 0.85 2.80 8.60 20.00 20.00 0.66


SEM PG69.9-34 Strong_1


Meas 1


5.8 M6


2.9 URS1_SM6_2p9 0.81 0.88 2.89 8.89 20.00 20.00 0.67


Sinclair PG64.1-34 Strong_1


Meas 2


0.1 S4


5.9 URS1_SS4_L2 0.82 20.00 20.00 20.00 20.00 20.00 0.68


Sinclair PG67-34 Strong_1


Meas 2


2.9 S5


5.9 URS1_SS5_L2 0.84 20.00 20.00 20.00 20.00 20.00 0.69


Sinclair PG69.9-34 Strong_1


Meas 2


5.8 S6


5.9 URS1_SS6_L2 0.86 20.00 20.00 20.00 20.00 20.00 0.70


SEM PG64.1-34 Strong_1


Meas 2


0.1 M4


5.9 URS1_SM4_L2 0.80 16.80 20.00 20.00 20.00 20.00 0.67


SEM PG67-34 Strong_1


Meas 2


2.9 M5


5.9 URS1_SM5_L2 0.81 20.00 20.00 20.00 20.00 20.00 0.68


SEM PG69.9-34 Strong_1


Meas 2


5.8 M6


5.9 URS1_SM6_L2 0.85 20.00 20.00 20.00 20.00 20.00 0.69


MEPDG PG58-34 Strong_1


N/A 3


-6 N/A


5.9 URS1_PG58-34_L3 0.76 5.88 20.00 20.00 20.00 20.00 0.62


MEPDG PG64-34 Strong_1


N/A 3


0 N/A


5.9 URS1_PG64-34_L3 0.79 13.89 20.00 20.00 20.00 20.00 0.67


MEPDG PG70-34 Strong_1


N/A 3


6 N/A


5.9 URS1_PG70-34_L3 0.83 20.00 20.00 20.00 20.00 20.00 0.68


File ID


HMA Thk, 


in


Pavement 


Structure Type of E*


PG Temp Diff. 


C


MEPDG 


Level #


Asphalt 


Supplier


Years to


Fatigue Long. Cracks/500 ft


Strong 


Asphalt ID PG Grade


.  MEPDG Analysis Results Database for Strong Structure No. 2 for Binder PG64-34

Table A 3.  MEPDG Analysis Results Database for Strong Structure No. 1 for Binder PG64-28

[image: image54.emf]Rutting  Alligator ft/500 ft


Thermal cracks/500 ft


IRI


0.4 in 30.00 200.00 600.00 100.00 20.00 130.00


Sinclair PG64.1-34 Strong_2


Meas 1


0.1 S4


5.9 URS2_SS4 0.96 20.00 20.00 20.00 20.00 20.00 0.73


Sinclair PG67-34 Strong_2


Meas 1


2.9 S5


5.9 URS2_SS5 1.76 20.00 20.00 20.00 20.00 20.00 0.75


Sinclair PG69.9-34 Strong_2


Meas 1


5.8 S6


5.9 URS2_SS6 0.88 20.00 20.00 20.00 20.00 20.00 0.71


SEM PG64.1-34 Strong_2


Meas 1


0.1 M4


5.9 URS2_SM4 0.83 20.00 20.00 20.00 20.00 20.00 0.71


SEM PG67-34 Strong_2


Meas 1


2.9 M5


5.9 URS2_SM5 0.80 20.00 20.00 20.00 20.00 20.00 0.69


SEM PG69.9-34 Strong_2


Meas 1


5.8 M6


5.9 URS2_SM6 0.83 20.00 20.00 20.00 20.00 20.00 0.70


Sinclair PG64.1-34 Strong_2


Meas+11% 1


0.1 S4


5.9 URS2_SS4+11% 1.69 20.00 20.00 20.00 20.00 20.00 0.75


Sinclair PG67-34 Strong_2


Meas+11% 1


2.9 S5


5.9 URS2_SS5+11% 1.63 20.00 20.00 20.00 20.00 20.00 0.73


Sinclair PG69.9-34 Strong_2


Meas+11% 1


5.8 S6


5.9 URS2_SS6+11% 0.97 20.00 20.00 20.00 20.00 20.00 0.73


SEM PG64.1-34 Strong_2


Meas+11% 1


0.1 M4


5.9 URS2_SM4+11% 0.87 20.00 20.00 20.00 20.00 20.00 0.72


SEM PG67-34 Strong_2


Meas+11% 1


2.9 M5


5.9 URS2_SM5+11% 0.82 17.80 20.00 20.00 20.00 20.00 0.70


SEM PG69.9-34 Strong_2


Meas+11% 1


5.8 M6


5.9 URS2_SM6+11% 0.87 20.00 20.00 20.00 20.00 20.00 0.72


Sinclair PG64.1-34 Strong_2


Meas-11% 1


0.1 S4


5.9 URS2_SS4_(-11%) 0.87 20.00 20.00 20.00 20.00 20.00 0.71


Sinclair PG67-34 Strong_2


Meas-11% 1


2.9 S5


5.9 URS2_SS5_(-11%) 1.63 20.00 20.00 20.00 20.00 20.00 0.73


Sinclair PG69.9-34 Strong_2


Meas-11% 1


5.8 S6


5.9 URS2_SS6_(-11%) 0.82 20.00 20.00 20.00 20.00 20.00 0.69


SEM PG64.1-34 Strong_2


Meas-11% 1


0.1 M4


5.9 URS2_SM4_(-11%) 0.80 20.00 20.00 20.00 20.00 20.00 0.69


SEM PG67-34 Strong_2


Meas-11% 1


2.9 M5


5.9 URS2_SM5_(-11%) 0.78 20.00 20.00 20.00 20.00 20.00 0.68


SEM PG69.9-34 Strong_2


Meas-11% 1


5.8 M6


5.9 URS2_SM6_(-11%) 0.81 20.00 20.00 20.00 20.00 20.00 0.69


Sinclair PG64.1-34 Strong_2


Meas 1


0.1 S4


4.9 URS2_SS4_4p9 0.92 20.00 20.00 20.00 20.00 20.00 0.72


Sinclair PG67-34 Strong_2


Meas 1


2.9 S5


4.9 URS2_SS5_4p9 1.74 20.00 20.00 20.00 20.00 20.00 0.75


Sinclair PG69.9-34 Strong_2


Meas 1


5.8 S6


4.9 URS2_SS6_4p9 0.86 20.00 20.00 20.00 20.00 20.00 0.70


SEM PG64.1-34 Strong_2


Meas 1


0.1 M4


4.9 URS2_SM4_4p9 0.82 20.00 20.00 20.00 20.00 20.00 0.70


SEM PG67-34 Strong_2


Meas 1


2.9 M5


4.9 URS2_SM5_4p9 0.80 20.00 20.00 20.00 20.00 20.00 0.69


SEM PG69.9-34 Strong_2


Meas 1


5.8 M6


4.9 URS2_SM6_4p9 0.82 20.00 20.00 20.00 20.00 20.00 0.69


Sinclair PG64.1-34 Strong_2


Meas 1


0.1 S4


3.9 URS2_SS4_3p9 0.91 20.00 20.00 20.00 20.00 20.00 0.71


Sinclair PG67-34 Strong_2


Meas 1


2.9 S5


3.9 URS2_SS5_3p9 1.73 20.00 20.00 20.00 20.00 20.00 0.74


Sinclair PG69.9-34 Strong_2


Meas 1


5.8 S6


3.9 URS2_SS6_3p9 0.86 18.72 20.00 20.00 20.00 20.00 0.70


SEM PG64.1-34 Strong_2


Meas 1


0.1 M4


3.9 URS2_SM4_3p9 0.82 16.69 20.00 20.00 20.00 20.00 0.69


SEM PG67-34 Strong_2


Meas 1


2.9 M5


3.9 URS2_SM5_3p9 0.79 10.81 20.00 20.00 20.00 20.00 0.68


SEM PG69.9-34 Strong_2


Meas 1


5.8 M6


3.9 URS2_SM6_3p9 0.82 13.76 20.00 20.00 20.00 20.00 0.69


Sinclair PG64.1-34 Strong_2


Meas 1


0.1 S4


2.9 URS2_SS4_2p9 0.99 0.95 3.71 10.52 20.00 20.00 0.71


Sinclair PG67-34 Strong_2


Meas 1


2.9 S5


2.9 URS2_SS5_2p9 1.74 1.65 4.71 12.81 20.00 20.00 0.73


Sinclair PG69.9-34 Strong_2


Meas 1


5.8 S6


2.9 URS2_SS6_2p9 0.89 2.19 2.90 8.82 20.00 20.00 0.69


SEM PG64.1-34 Strong_2


Meas 1


0.1 M4


2.9 URS2_SM4_2p9 0.83 0.88 2.90 8.88 20.00 20.00 0.69


SEM PG67-34 Strong_2


Meas 1


2.9 M5


2.9 URS2_SM5_2p9 0.80 0.83 2.73 7.75 20.00 20.00 0.68


SEM PG69.9-34 Strong_2


Meas 1


5.8 M6


2.9 URS2_SM6_2p9 0.82 0.86 2.82 8.56 20.00 20.00 0.69


Sinclair PG64.1-34 Strong_2


Meas 2


0.1 S4


5.9 URS2_SS4_L2 0.96 20.00 20.00 20.00 20.00 20.00 0.73


Sinclair PG67-34 Strong_2


Meas 2


2.9 S5


5.9 URS2_SS5_L2 0.86 20.00 20.00 20.00 20.00 20.00 0.70


Sinclair PG69.9-34 Strong_2


Meas 2


5.8 S6


5.9 URS2_SS6_L2 0.88 20.00 20.00 20.00 20.00 20.00 0.71


SEM PG64.1-34 Strong_2


Meas 2


0.1 M4


5.9 URS2_SM4_L2 0.81 16.76 20.00 20.00 20.00 20.00 0.68


SEM PG67-34 Strong_2


Meas 2


2.9 M5


5.9 URS2_SM5_L2 0.82 20.00 20.00 20.00 20.00 20.00 0.68


SEM PG69.9-34 Strong_2


Meas 2


5.8 M6


5.9 URS2_SM6_L2 0.86 20.00 20.00 20.00 20.00 20.00 0.70


MEPDG PG58-34 Strong_2


N/A 3


-6 N/A


5.9 URS2_PG58-34_L3 0.76 5.88 20.00 20.00 20.00 20.00 0.64


MEPDG PG64-34 Strong_2


N/A 3


0 N/A


5.9 URS2_PG64-34_L3 0.80 13.83 20.00 20.00 20.00 20.00 0.68


MEPDG PG70-34 Strong_2


N/A 3


6 N/A


5.9 URS2_PG70-34_L3 0.83 20.00 20.00 20.00 20.00 20.00 0.69


Years to


Asphalt 


Supplier PG Grade


Strong 


Asphalt ID


Fatigue Long. Cracks/500 ft


Pavement 


Structure Type of E*


MEPDG 


Level #


PG Temp Diff. 


C


HMA Thk, 


in File ID




Table A 4[image: image55.emf]Rutting  Alligator ft/500 ft Thermal cracks/500 ft IRI


0.4 in 30.00 200.00 600.00 100.00 20.00 130.00


Sinclair PG64.1-28 Strong_2


Meas 1


0.1 S1


5.9 URS2_WS1 0.86 20.00 20.00 20.00 20.00 5.29 0.69


Sinclair PG67-28 Strong_2


Meas 1


2.9 S2


5.9 URS2_WS2 1.88 20.00 20.00 20.00 20.00 5.29 0.78


Sinclair PG69.9-28 Strong_2


Meas 1


5.8 S3


5.9 URS2_WS3 2.75 20.00 20.00 20.00 20.00 0.19 0.22


SEM PG64.1-28 Strong_2


Meas 1


0.1 M1


5.9 URS2_WM1 0.89 20.00 20.00 20.00 20.00 0.25 0.67


SEM PG67-28 Strong_2


Meas 1


2.9 M2


5.9 URS2_WM2 1.71 20.00 20.00 20.00 20.00 12.35 0.75


SEM PG69.9-28 Strong_2


Meas 1


5.8 M3


5.9 URS2_WM3 1.67 20.00 20.00 20.00 20.00 5.34 0.75


Sinclair PG64.1-28 Strong_2


Meas+11% 1


0.1 S1


5.9 URS2_WS1+11% 0.91 20.00 20.00 20.00 20.00 20.00 0.71


Sinclair PG67-28 Strong_2


Meas+11% 1


2.9 S2


5.9 URS2_WS2+11% 2.70 20.00 20.00 20.00 20.00 20.00 0.81


Sinclair PG69.9-28 Strong_2


Meas+11% 1


5.8 S3


5.9 URS2_WS3+11% 2.90 20.00 20.00 20.00 20.00 20.00 0.83


SEM PG64.1-28 Strong_2


Meas+11% 1


0.1 M1


5.9 URS2_WM1+11% 1.50 20.00 20.00 20.00 20.00 20.00 0.74


SEM PG67-28 Strong_2


Meas+11% 1


2.9 M2


5.9 URS2_WM2+11% 1.77 20.00 20.00 20.00 20.00 20.00 0.76


SEM PG69.9-28 Strong_2


Meas+11% 1


5.8 M3


5.9 URS2_WM3+11% 1.76 20.00 20.00 20.00 20.00 20.00 0.76


Sinclair PG64.1-28 Strong_2


Meas-11% 1


0.1 S1


5.9 URS2_WS1_(-11%) 0.82 18.89 20.00 20.00 20.00 20.00 0.67


Sinclair PG67-28 Strong_2


Meas-11% 1


2.9 S2


5.9 URS2_WS2_(-11%) 1.79 20.00 20.00 20.00 20.00 20.00 0.76


Sinclair PG69.9-28 Strong_2


Meas-11% 1


5.8 S3


5.9 URS2_WS3_(-11%) 1.88 20.00 20.00 20.00 20.00 20.00 0.78


SEM PG64.1-28 Strong_2


Meas-11% 1


0.1 M1


5.9 URS2_WM1_(-11%) 0.84 20.00 20.00 20.00 20.00 20.00 0.70


SEM PG67-28 Strong_2


Meas-11% 1


2.9 M2


5.9 URS2_WM2_(-11%) 0.97 20.00 20.00 20.00 20.00 20.00 0.72


SEM PG69.9-28 Strong_2


Meas-11% 1


5.8 M3


5.9 URS2_WM3_(-11%) 0.92 20.00 20.00 20.00 20.00 20.00 0.73


Sinclair PG64.1-28 Strong_2


Meas 1


0.1 S1


4.9 URS2_WS1_4p9 0.84 20.00 20.00 20.00 20.00 20.00 0.69


Sinclair PG67-28 Strong_2


Meas 1


2.9 S2


4.9 URS2_WS2_4p9 1.85 20.00 20.00 20.00 20.00 20.00 0.78


Sinclair PG69.9-28 Strong_2


Meas 1


5.8 S3


4.9 URS2_WS3_4p9 2.70 20.00 20.00 20.00 20.00 20.00 0.80


SEM PG64.1-28 Strong_2


Meas 1


0.1 M1


4.9 URS2_WM1_4p9 0.88 20.00 20.00 20.00 20.00 20.00 0.71


SEM PG67-28 Strong_2


Meas 1


2.9 M2


4.9 URS2_WM2_4p9 1.69 20.00 20.00 20.00 20.00 20.00 0.74


SEM PG69.9-28 Strong_2


Meas 1


5.8 M3


4.9 URS2_WM3_4p9 1.61 20.00 20.00 20.00 20.00 20.00 0.74


Sinclair PG64.1-28 Strong_2


Meas 1


0.1 S1


3.9 URS2_WS1_3p9 0.84 17.89 20.00 20.00 20.00 20.00 0.68


Sinclair PG67-28 Strong_2


Meas 1


2.9 S2


3.9 URS2_WS2_3p9 1.83 20.00 20.00 20.00 20.00 20.00 0.77


Sinclair PG69.9-28 Strong_2


Meas 1


5.8 S3


3.9 URS2_WS3_3p9 2.61 20.00 20.00 20.00 20.00 20.00 0.78


SEM PG64.1-28 Strong_2


Meas 1


0.1 M1


3.9 URS2_WM1_3p9 0.88 20.00 20.00 20.00 20.00 20.00 0.70


SEM PG67-28 Strong_2


Meas 1


2.9 M2


3.9 URS2_WM2_3p9 1.67 20.00 20.00 20.00 20.00 20.00 0.73


SEM PG69.9-28 Strong_2


Meas 1


5.8 M3


3.9 URS2_WM3_3p9 1.50 20.00 20.00 20.00 20.00 20.00 0.73


Sinclair PG64.1-28 Strong_2


Meas 1


0.1 S1


2.9 URS2_WS1_2p9 0.87 0.82 2.72 7.75 20.00 20.00 0.68


Sinclair PG67-28 Strong_2


Meas 1


2.9 S2


2.9 URS2_WS2_2p9 1.84 1.80 5.84 16.78 20.00 20.00 0.76


Sinclair PG69.9-28 Strong_2


Meas 1


5.8 S3


2.9 URS2_WS3_2p9 2.63 1.89 6.84 17.31 20.00 20.00 0.77


SEM PG64.1-28 Strong_2


Meas 1


0.1 M1


2.9 URS2_WM1_2p9 0.89 0.90 3.13 9.79 20.00 20.00 0.70


SEM PG67-28 Strong_2


Meas 1


2.9 M2


2.9 URS2_WM2_2p9 1.69 1.26 3.90 11.79 20.00 20.00 0.72


SEM PG69.9-28 Strong_2


Meas 1


5.8 M3


2.9 URS2_WM3_2p9 1.67 1.54 3.95 11.86 20.00 20.00 0.72


Sinclair PG64.1-28 Strong_2


Meas 2


0.1 S1


5.9 URS2_WS1_L2 0.83 20.00 20.00 20.00 20.00 20.00 0.69


Sinclair PG67-28 Strong_2


Meas 2


2.9 S2


5.9 URS2_WS2_L2 0.85 20.00 20.00 20.00 20.00 20.00 0.69


Sinclair PG69.9-28 Strong_2


Meas 2


5.8 S3


5.9 URS2_WS3_L2 0.90 20.00 20.00 20.00 20.00 20.00 0.70


SEM PG64.1-28 Strong_2


Meas 2


0.1 M1


5.9 URS2_WM1_L2 0.81 17.81 20.00 20.00 20.00 20.00 0.68


SEM PG67-28 Strong_2


Meas 2


2.9 M2


5.9 URS2_WM2_L2 0.83 20.00 20.00 20.00 20.00 20.00 0.69


SEM PG69.9-28 Strong_2


Meas 2


5.8 M3


5.9 URS2_WM3_L2 0.83 20.00 20.00 20.00 20.00 20.00 0.69


MEPDG PG58-28 Strong_2


N/A 3


-6 N/A 5.9


URS2_PG58-28_L3 0.76 5.88 20.00 20.00 20.00 20.00 0.64


MEPDG PG64-28 Strong_2


N/A 3


0 N/A 5.9


URS2_PG64-28_L3 0.80 13.83 20.00 20.00 20.00 20.00 0.68


MEPDG PG70-28 Strong_2


N/A 3


6 N/A 5.9


URS2_PG70-28_L3 0.83 20.00 20.00 20.00 20.00 20.00 0.69


MEPDG 


Level #


PG Temp 


Diff. °C


Asphalt 


Supplier PG Grade


Pavement 


Structure Type of E*


Weak 


Asphalt ID


HMA Thk  


in


Years to (Service Life)


File ID


Fatigue Long. Cracks/500 ft


.  MEPDG Analysis Results Database for Strong Structure No. 2 for Binder PG64-28

[image: image56.emf]Strong  


10% RAP


  Weak    


15 % RAP


25 100.0 100.0


19 100.0 100.0


12.5 88.0 91.0


9.5 75.0 78.0


6.3 58.0 55.0


4.75 47.0 45.0


2.36 25.0 28.0


1.18 20.0 18.0


0.3 11.0 10.0


0.075 5 6


Percent Passing


Seive 


Size, mm


Table A 5.   MEPDG Analysis Results Database for Weak Structure No. 1 for Binder PG64-28

Table A 6.  MEPDG Analysis Results Database for Weak Structure No. 2 for Binder PG64-28

[image: image57.emf]SM4-1 4.4 0.01 267.9 30.2 106.1 2.3 5.8 8.9 0.7


SM4-1 4.4 0.1 553.7 25.3 103.3 1.7 2.9 11.5 0.7


SM4-1 4.4 1 954.5 19.1 101.7 0.4 2.2 13.8 1.0


SM4-1 4.4 10 1416.3 14.6 86.9 2.2 3.1 13.9 0.7


SM4-1 21.1 0.01 41.7 28.9 116.7 2.5 5.0 11.0 0.6


SM4-1 21.1 0.1 103.8 30.5 118.6 2.4 4.9 4.4 1.4


SM4-1 21.1 1 265.9 28.3 106.8 1.3 3.5 3.4 1.8


SM4-1 21.1 10 581.8 26.1 101.7 3.5 4.5 8.1 1.4


SM4-1 35.0 0.01 18.5 18.6 105.4 6.1 6.6 20.5 2.2


SM4-1 35.0 0.1 29.6 24.7 112.0 8.8 8.2 10.6 3.4


SM4-1 35.0 1 64.3 28.6 120.4 5.3 8.0 2.6 3.0


SM4-1 35.0 10 170.6 31.8 109.8 3.7 5.0 2.5 3.2


SM4-1 46.1 0.01 14.6 13.6 100.1 9.2 8.5 42.4 2.4


SM4-1 46.1 0.1 18.9 18.0 97.4 15.7 13.8 36.5 2.4


SM4-1 46.1 1 29.7 22.4 102.9 13.0 9.6 30.9 1.9


SM4-1 46.1 10 76.0 27.4 121.6 19.5 13.5 17.7 1.8


SM4-2 4.4 0.01 360.4 31.3 90.3 1.3 5.0 26.6 1.9


SM4-2 4.4 0.1 700.2 26.6 93.2 1.3 3.1 26.8 0.8


SM4-2 4.4 1 1195.1 19.6 101.1 0.3 2.7 25.6 0.4


SM4-2 4.4 10 1861.2 15.4 104.5 2.6 4.2 27.9 0.2


SM4-2 21.1 0.01 68.9 28.5 118.2 1.9 5.7 8.3 1.9


SM4-2 21.1 0.1 162.0 30.8 101.2 2.0 4.2 0.5 2.3


SM4-2 21.1 1 370.7 28.7 89.4 4.2 4.4 9.1 1.3


SM4-2 21.1 10 751.0 24.5 88.2 3.4 4.0 12.4 0.8


SM4-2 35.0 0.01 23.2 21.9 105.3 4.0 6.1 16.6 4.0


SM4-2 35.0 0.1 42.5 26.7 116.3 5.1 6.4 6.0 4.0


SM4-2 35.0 1 102.9 28.2 121.2 3.8 6.5 4.5 3.1


SM4-2 35.0 10 243.1 30.9 101.7 3.2 4.4 10.1 2.5


SM4-2 46.1 0.01 16.2 14.8 106.2 7.6 7.6 42.1 4.0


SM4-2 46.1 0.1 22.7 20.1 100.0 12.1 9.5 35.4 4.0


SM4-2 46.1 1 40.6 24.9 115.3 8.6 8.1 17.1 4.7


SM4-2 46.1 10 102.2 29.3 124.7 7.8 6.2 0.1 4.2


Temp °C Specimen


Strain 


micro 


in/in


Phase 


deg.


Modulus 


ksi


Freq Hz


Phase 


Uniformity 


deg


Def 


Uniformity 


%


Avg Def 


Se %


Load Se 


%





Table A 7.  MEPDG Analysis Results Database for Weak Structure No. 1 for Binder PG64-34

[image: image58.emf]SM5-1 4.4 0.01 256.8 29.7 95.2 3.0 6.3 20.0 3.7


SM5-1 4.4 0.1 551.1 25.5 103.8 1.4 3.8 11.6 1.9


SM5-1 4.4 1 971.7 19.5 99.8 0.4 2.0 8.5 1.5


SM5-1 4.4 10 1415.4 14.5 116.6 2.3 2.7 7.1 1.2


SM5-1 21.1 0.01 45.8 27.6 106.5 3.5 6.0 37.2 2.0


SM5-1 21.1 0.1 110.6 29.3 104.0 2.5 5.1 23.0 2.4


SM5-1 21.1 1 272.6 28.3 89.4 1.8 3.5 14.2 1.7


SM5-1 21.1 10 585.4 26.2 97.9 4.0 4.0 10.5 1.3


SM5-1 35.0 0.01 21.2 18.5 103.3 5.3 6.5 36.8 0.4


SM5-1 35.0 0.1 33.7 23.9 99.3 9.5 8.1 30.1 3.1


SM5-1 35.0 1 73.3 27.4 106.0 5.8 8.2 15.2 2.9


SM5-1 35.0 10 179.7 29.9 94.5 4.1 4.5 9.0 2.4


SM5-1 46.1 0.01 12.9 15.5 108.8 7.3 8.7 53.2 2.8


SM5-1 46.1 0.1 17.5 19.1 95.0 19.1 17.6 49.3 3.6


SM5-1 46.1 1 29.0 22.4 102.4 15.1 11.2 43.3 2.5


SM5-1 46.1 10 74.1 28.8 102.3 16.0 12.1 31.3 2.0


SM5-2 4.4 0.01 284.0 30.3 86.0 1.8 6.5 3.9 1.5


SM5-2 4.4 0.1 578.4 25.7 99.3 2.1 3.5 3.1 1.0


SM5-2 4.4 1 1006.6 18.7 96.7 0.8 2.4 2.3 0.9


SM5-2 4.4 10 1472.9 14.4 111.2 2.3 3.3 3.0 0.9


SM5-2 21.1 0.01 47.4 28.4 103.0 2.5 5.2 28.8 3.6


SM5-2 21.1 0.1 113.8 30.1 101.1 2.8 4.2 14.4 2.0


SM5-2 21.1 1 275.5 29.1 88.5 2.2 3.7 8.8 0.9


SM5-2 21.1 10 604.6 24.9 85.1 3.7 4.5 8.6 0.9


SM5-2 35.0 0.01 19.0 17.4 103.0 5.9 6.7 29.4 0.6


SM5-2 35.0 0.1 30.8 24.9 108.4 8.4 7.0 21.1 4.0


SM5-2 35.0 1 68.6 28.1 113.2 5.4 8.0 9.5 2.5


SM5-2 35.0 10 170.9 30.1 101.3 3.8 4.7 3.0 1.6


SM5-2 46.1 0.01 14.6 14.4 112.2 7.3 8.1 55.6 2.8


SM5-2 46.1 0.1 19.2 18.0 95.5 14.3 13.4 52.4 4.0


SM5-2 46.1 1 31.5 22.6 106.4 10.8 7.8 41.4 3.9


SM5-2 46.1 10 77.5 30.8 99.3 16.9 13.7 28.6 3.6


Phase 


Uniformity 


deg


Specimen


Strain 


micro 


in/in


Load Se 


%


Avg Def 


Se %


Def 


Uniformity 


%


Temp °C Freq Hz


Modulus 


ksi


Phase 


deg.





Table A 8.  MEPDG Analysis Results Database for Weak Structure No. 2 for Binder PG64-28

[image: image59.emf]Rutting  Alligator ft/500 ft Thermal cracks/500 ft IRI


0.4 in 30.00 200.00 600.00 100.00 20.00 130.00


Sinclair PG64.1-28 Weak_2


Meas 1


0.1 S1


8 UW2_WS1 0.37 20.00 20.00 20.00 20.00 3.33 1.83


Sinclair PG67-28 Weak_2


Meas 1


2.9 S2


8 UW2_WS2 0.15 20.00 20.00 20.00 20.00 3.31 0.88


Sinclair PG69.9-28 Weak_2


Meas 1


5.8 S3


8 UW2_WS3 0.58 20.00 20.00 20.00 20.00 20.00 3.53


SEM PG64.1-28 Weak_2


Meas 1


0.1 M1


8 UW2_WM1 0.45 20.00 20.00 20.00 20.00 0.23 1.73


SEM PG67-28 Weak_2


Meas 1


2.9 M2


8 UW2_WM2 0.49 20.00 20.00 20.00 20.00 7.22 2.52


SEM PG69.9-28 Weak_2


Meas 1


5.8 M3


8 UW2_WM3 0.53 20.00 20.00 20.00 20.00 3.35 2.37


Sinclair PG64.1-28 Weak_2


Meas+11% 1


0.1 S1


8 UW2_WS1+11% 0.41 20.00 20.00 20.00 20.00 20.00 1.98


Sinclair PG67-28 Weak_2


Meas+11% 1


2.9 S2


8 UW2_WS2+11% 0.62 20.00 20.00 20.00 20.00 20.00 3.53


Sinclair PG69.9-28 Weak_2


Meas+11% 1


5.8 S3


8 UW2_WS3+11% 0.64 20.00 20.00 20.00 20.00 20.00 3.77


SEM PG64.1-28 Weak_2


Meas+11% 1


0.1 M1


8 UW2_WM1+11% 0.49 20.00 20.00 20.00 20.00 20.00 2.28


SEM PG67-28 Weak_2


Meas+11% 1


2.9 M2


8 UW2_WM2+11% 0.54 20.00 20.00 20.00 20.00 20.00 2.75


SEM PG69.9-28 Weak_2


Meas+11% 1


5.8 M3


8 UW2_WM3+11% 0.58 20.00 20.00 20.00 20.00 20.00 2.74


Sinclair PG64.1-28 Weak_2


Meas-11% 1


0.1 S1


8 UW2_WS1_(-11%) 0.32 20.00 20.00 20.00 20.00 20.00 1.76


Sinclair PG67-28 Weak_2


Meas-11% 1


2.9 S2


8 UW2_WS2_(-11%) 0.52 20.00 20.00 20.00 20.00 20.00 2.81


Sinclair PG69.9-28 Weak_2


Meas-11% 1


5.8 S3


8 UW2_WS3_(-11%) 0.52 20.00 20.00 20.00 20.00 20.00 3.70


SEM PG64.1-28 Weak_2


Meas-11% 1


0.1 M1


8 UW2_WM1_(-11%) 0.41 20.00 20.00 20.00 20.00 20.00 1.81


SEM PG67-28 Weak_2


Meas-11% 1


2.9 M2


8 UW2_WM2_(-11%) 0.44 20.00 20.00 20.00 20.00 20.00 1.98


SEM PG69.9-28 Weak_2


Meas-11% 1


5.8 M3


8 UW2_WM3_(-11%) 0.48 20.00 20.00 20.00 20.00 20.00 1.94


Sinclair PG64.1-28 Weak_2


Meas 1


0.1 S1


7 UW2_WS1_7p0 0.26 20.00 20.00 20.00 20.00 20.00 1.71


Sinclair PG67-28 Weak_2


Meas 1


2.9 S2


7 UW2_WS2_7p0 0.39 20.00 20.00 20.00 20.00 20.00 2.66


Sinclair PG69.9-28 Weak_2


Meas 1


5.8 S3


7 UW2_WS3_7p0 0.39 20.00 20.00 20.00 20.00 20.00 2.80


SEM PG64.1-28 Weak_2


Meas 1


0.1 M1


7 UW2_WM1_7p0 0.32 20.00 20.00 20.00 20.00 20.00 1.77


SEM PG67-28 Weak_2


Meas 1


2.9 M2


7 UW2_WM2_7p0 0.33 20.00 20.00 20.00 20.00 20.00 1.87


SEM PG69.9-28 Weak_2


Meas 1


5.8 M3


7 UW2_WM3_7p0 0.36 20.00 20.00 20.00 20.00 20.00 1.86


Sinclair PG64.1-28 Weak_2


Meas 1


0.1 S1


6 UW2_WS1_6p0 0.19 20.00 20.00 20.00 20.00 20.00 1.23


Sinclair PG67-28 Weak_2


Meas 1


2.9 S2


6 UW2_WS2_6p0 0.27 20.00 20.00 20.00 20.00 20.00 1.90


Sinclair PG69.9-28 Weak_2


Meas 1


5.8 S3


6 UW2_WS3_6p0 0.27 20.00 20.00 20.00 20.00 20.00 2.12


SEM PG64.1-28 Weak_2


Meas 1


0.1 M1


6 UW2_WM1_6p0 0.22 20.00 20.00 20.00 20.00 20.00 1.49


SEM PG67-28 Weak_2


Meas 1


2.9 M2


6 UW2_WM2_6p0 0.24 20.00 20.00 20.00 20.00 20.00 1.71


SEM PG69.9-28 Weak_2


Meas 1


5.8 M3


6 UW2_WM3_6p0 0.25 20.00 20.00 20.00 20.00 20.00 1.72


Sinclair PG64.1-28 Weak_2


Meas 1


0.1 S1


4 UW2_WS1_4p0 0.08 20.00 20.00 20.00 10.50 20.00 0.75


Sinclair PG67-28 Weak_2


Meas 1


2.9 S2


4 UW2_WS2_4p0 0.12 20.00 20.00 20.00 13.89 20.00 0.90


Sinclair PG69.9-28 Weak_2


Meas 1


5.8 S3


4 UW2_WS3_4p0 0.12 20.00 20.00 20.00 14.29 20.00 0.96


SEM PG64.1-28 Weak_2


Meas 1


0.1 M1


4 UW2_WM1_4p0 0.10 20.00 20.00 20.00 11.79 20.00 0.78


SEM PG67-28 Weak_2


Meas 1


2.9 M2


4 UW2_WM2_4p0 0.11 20.00 20.00 20.00 12.38 20.00 0.81


SEM PG69.9-28 Weak_2


Meas 1


5.8 M3


4 UW2_WM3_4p0 0.11 20.00 20.00 20.00 12.79 20.00 0.82


Sinclair PG64.1-28 Weak_2


Meas 2


0.1 S1


8 UW2_WS1_L2 0.40 20.00 20.00 20.00 20.00 20.00 1.80


Sinclair PG67-28 Weak_2


Meas 2


2.9 S2


8 UW2_WS2_L2 0.41 20.00 20.00 20.00 20.00 20.00 1.85


Sinclair PG69.9-28 Weak_2


Meas 2


5.8 S3


8 UW2_WS3_L2 0.23 20.00 20.00 20.00 20.00 20.00 2.73


SEM PG64.1-28 Weak_2


Meas 2


0.1 M1


8 UW2_WM1_L2 0.39 20.00 20.00 20.00 20.00 20.00 1.77


SEM PG67-28 Weak_2


Meas 2


2.9 M2


8 UW2_WM2_L2 0.40 20.00 20.00 20.00 20.00 20.00 1.80


SEM PG69.9-28 Weak_2


Meas 2


5.8 M3


8 UW2_WM3_L2 0.40 20.00 20.00 20.00 20.00 20.00 1.82


N/A PG58-28 Weak_2


N/A 3


-6 N/A


8 UW2_PG58-28_L3 0.43 20.00 20.00 20.00 20.00 20.00 1.71


N/A PG64-28 Weak_2


N/A 3


0 N/A


8 UW2_PG64-28_L3 0.46 20.00 20.00 20.00 20.00 20.00 1.81


N/A PG70-28 Weak_2


N/A 3


6 N/A


8 UW2_PG70-28_L3 0.47 20.00 20.00 20.00 20.00 20.00 1.97


File ID


Fatigue Long. Cracks/500 ft


Years to (Service Life)


Asphalt 


Supplier PG Grade


Pavement 


Structure Type of E*


MEPDG 


Level #


PG Temp 


Diff. °C Asphalt ID


HMA Thk  


in




Table A 9[image: image60.emf]Rutting  Alligator ft/500 ft Thermal cracks/500 ft IRI


0.4 in 30.00 200.00 600.00 100.00 20.00 130.00


Sinclair PG64.1-34 Weak_1


Meas 1


0.1 S4


8 UW1_SS4 0.91 20.00 20.00 20.00 20.00 20.00 4.54


Sinclair PG67-34 Weak_1


Meas 1


2.9 S5


8 UW1_SS5 1.53 20.00 20.00 20.00 20.00 20.00 5.13


Sinclair PG69.9-34 Weak_1


Meas 1


5.8 S6


8 UW1_SS6 0.87 20.00 20.00 20.00 20.00 20.00 3.89


SEM PG64.1-34 Weak_1


Meas 1


0.1 M4


8 UW1_SM4 0.83 20.00 20.00 20.00 20.00 20.00 3.73


SEM PG67-34 Weak_1


Meas 1


2.9 M5


8 UW1_SM5 1.05 20.00 20.00 20.00 20.00 0.18 2.93


SEM PG69.9-34 Weak_1


Meas 1


5.8 M6


8 UW1_SM6 0.82 20.00 20.00 20.00 20.00 20.00 3.67


Sinclair PG64.1-34 Weak_1


Meas+11% 1


0.1 S4


8 UW1_SS4+11% 1.11 20.00 20.00 20.00 20.00 20.00 4.80


Sinclair PG67-34 Weak_1


Meas+11% 1


2.9 S5


8 UW1_SS5+11% 1.02 20.00 20.00 20.00 20.00 20.00 4.78


Sinclair PG69.9-34 Weak_1


Meas+11% 1


5.8 S6


8 UW1_SS6+11% 0.93 20.00 20.00 20.00 20.00 20.00 4.65


SEM PG64.1-34 Weak_1


Meas+11% 1


0.1 M4


8 UW1_SM4+11% 0.88 20.00 20.00 20.00 20.00 20.00 3.83


SEM PG67-34 Weak_1


Meas+11% 1


2.9 M5


8 UW1_SM5+11% 0.82 20.00 20.00 20.00 20.00 20.00 3.60


SEM PG69.9-34 Weak_1


Meas+11% 1


5.8 M6


8 UW1_SM6+11% 0.86 20.00 20.00 20.00 20.00 20.00 3.79


Sinclair PG64.1-34 Weak_1


Meas-11% 1


0.1 S4


8 UW1_SS4_(-11%) 0.85 20.00 20.00 20.00 20.00 20.00 3.82


Sinclair PG67-34 Weak_1


Meas-11% 1


2.9 S5


8 UW1_SS5_(-11%) 1.02 20.00 20.00 20.00 20.00 20.00 4.78


Sinclair PG69.9-34 Weak_1


Meas-11% 1


5.8 S6


8 UW1_SS6_(-11%) 0.82 20.00 20.00 20.00 20.00 20.00 3.72


SEM PG64.1-34 Weak_1


Meas-11% 1


0.1 M4


8 UW1_SM4_(-11%) 0.81 20.00 20.00 20.00 20.00 20.00 2.98


SEM PG67-34 Weak_1


Meas-11% 1


2.9 M5


8 UW1_SM5_(-11%) 0.78 20.00 20.00 20.00 20.00 20.00 2.76


SEM PG69.9-34 Weak_1


Meas-11% 1


5.8 M6


8 UW1_SM6_(-11%) 0.80 20.00 20.00 20.00 20.00 20.00 2.89


Sinclair PG64.1-34 Weak_1


Meas 1


0.1 S4


7 UW1_SS4_7p0 0.82 20.00 20.00 20.00 20.00 20.00 3.80


Sinclair PG67-34 Weak_1


Meas 1


2.9 S5


7 UW1_SS5_7p0 0.91 20.00 20.00 20.00 20.00 20.00 4.74


Sinclair PG69.9-34 Weak_1


Meas 1


5.8 S6


7 UW1_SS6_7p0 0.80 20.00 20.00 20.00 20.00 20.00 3.68


SEM PG64.1-34 Weak_1


Meas 1


0.1 M4


7 UW1_SM4_7p0 0.79 20.00 20.00 20.00 20.00 20.00 2.93


SEM PG67-34 Weak_1


Meas 1


2.9 M5


7 UW1_SM5_7p0 0.77 20.00 20.00 20.00 20.00 20.00 2.75


SEM PG69.9-34 Weak_1


Meas 1


5.8 M6


7 UW1_SM6_7p0 0.78 20.00 20.00 20.00 20.00 20.00 2.87


Sinclair PG64.1-34 Weak_1


Meas 1


0.1 S4


6 UW1_SS4_6p0 0.77 20.00 20.00 20.00 20.00 20.00 3.22


Sinclair PG67-34 Weak_1


Meas 1


2.9 S5


6 UW1_SS5_6p0 0.80 20.00 20.00 20.00 20.00 20.00 3.83


Sinclair PG69.9-34 Weak_1


Meas 1


5.8 S6


6 UW1_SS6_6p0 0.75 20.00 20.00 20.00 20.00 20.00 2.88


SEM PG64.1-34 Weak_1


Meas 1


0.1 M4


6 UW1_SM4_6p0 0.74 20.00 20.00 20.00 20.00 20.00 2.73


SEM PG67-34 Weak_1


Meas 1


2.9 M5


6 UW1_SM5_6p0 0.72 20.00 20.00 20.00 20.00 20.00 2.09


SEM PG69.9-34 Weak_1


Meas 1


5.8 M6


6 UW1_SM6_6p0 0.73 20.00 20.00 20.00 20.00 20.00 2.68


Sinclair PG64.1-34 Weak_1


Meas 1


0.1 S4


4 UW1_SS4_4p0 0.46 20.00 20.00 20.00 17.92 20.00 1.81


Sinclair PG67-34 Weak_1


Meas 1


2.9 S5


4 UW1_SS5_4p0 0.50 20.00 20.00 20.00 20.16 20.00 2.02


Sinclair PG69.9-34 Weak_1


Meas 1


5.8 S6


4 UW1_SS6_4p0 0.45 20.00 20.00 20.00 15.42 20.00 1.76


SEM PG64.1-34 Weak_1


Meas 1


0.1 M4


4 UW1_SM4_4p0 0.46 20.00 20.00 20.00 16.99 20.00 1.72


SEM PG67-34 Weak_1


Meas 1


2.9 M5


4 UW1_SM5_4p0 0.44 20.00 20.00 20.00 16.13 20.00 1.59


SEM PG69.9-34 Weak_1


Meas 1


5.8 M6


4 UW1_SM6_4p0 0.73 20.00 20.00 20.00 20.00 20.00 2.68


Sinclair PG64.1-34 Weak_1


Meas 2


0.1 S4


8 UW1_SS4_L2 0.83 20.00 20.00 20.00 20.00 20.00 3.79


Sinclair PG67-34 Weak_1


Meas 2


2.9 S5


8 UW1_SS5_L2 0.85 20.00 20.00 20.00 20.00 20.00 3.86


Sinclair PG69.9-34 Weak_1


Meas 2


5.8 S6


8 UW1_SS6_L2 0.88 20.00 20.00 20.00 20.00 20.00 3.98


SEM PG64.1-34 Weak_1


Meas 2


0.1 M4


8 UW1_SM4_L2 0.80 20.00 20.00 20.00 20.00 20.00 3.54


SEM PG67-34 Weak_1


Meas 2


2.9 M5


8 UW1_SM5_L2 0.82 20.00 20.00 20.00 20.00 20.00 3.74


SEM PG69.9-34 Weak_1


Meas 2


5.8 M6


8 UW1_SM6_L2 0.86 20.00 20.00 20.00 20.00 20.00 3.90


N/A PG58-28 Weak_1


N/A 3


-6 N/A


8 UW1_PG58-28_L3 0.68 20.00 20.00 20.00 20.00 20.00 2.13


N/A PG64-28 Weak_1


N/A 3


0 N/A


8 UW1_PG64-28_L3 0.83 20.00 20.00 20.00 20.00 20.00 3.77


N/A PG70-28 Weak_1


N/A 3


6 N/A


8 UW1_PG70-28_L3 0.90 20.00 20.00 20.00 20.00 20.00 4.34


HMA Thk  


in File ID


Fatigue Long. Cracks/500 ft


Years to (Service Life)


Asphalt 


Supplier PG Grade


Pavement 


Structure Type of E*


MEPDG Level 


#


PG Temp Diff. 


°C Asphalt ID


.  SPT test Results for Strong Structure Mix

Table A 10.  SPT test Results for Strong Structure Mix

[image: image61.emf]Rutting  Alligator ft/500 ft Thermal cracks/500 ft IRI


0.4 in 30.00 200.00 600.00 100.00 20.00 130.00


Sinclair PG64.1-34 Weak_2


Meas 1


0.1 S4


8 UW2_SS4 0.47 20.00 20.00 20.00 20.00 5.38 1.99


Sinclair PG67-34 Weak_2


Meas 1


2.9 S5


8 UW2_SS5 0.53 20.00 20.00 20.00 20.00 0.42 2.44


Sinclair PG69.9-34 Weak_2


Meas 1


5.8 S6


8 UW2_SS6 0.45 20.00 20.00 20.00 20.00 5.34 1.87


SEM PG64.1-34 Weak_2


Meas 1


0.1 M4


8 UW2_SM4 0.46 20.00 20.00 20.00 20.00 20.00 1.43


SEM PG67-34 Weak_2


Meas 1


2.9 M5


8 UW2_SM5 0.30 20.00 20.00 20.00 20.00 20.00 1.73


SEM PG69.9-34 Weak_2


Meas 1


5.8 M6


8 UW2_SM6 0.45 20.00 20.00 20.00 20.00 20.00 1.78


Sinclair PG64.1-34 Weak_2


Meas+11% 1


0.1 S4


8 UW2_SS4+11% 0.51 20.00 20.00 20.00 20.00 20.00 2.50


Sinclair PG67-34 Weak_2


Meas+11% 1


2.9 S5


8 UW2_SS5+11% 0.48 20.00 20.00 20.00 20.00 20.00 2.43


Sinclair PG69.9-34 Weak_2


Meas+11% 1


5.8 S6


8 UW2_SS6+11% 0.49 20.00 20.00 20.00 20.00 20.00 2.15


SEM PG64.1-34 Weak_2


Meas+11% 1


0.1 M4


8 UW2_SM4+11% 0.51 20.00 20.00 20.00 20.00 20.00 1.85


SEM PG67-34 Weak_2


Meas+11% 1


2.9 M5


8 UW2_SM5+11% 0.48 20.00 20.00 20.00 20.00 20.00 1.78


SEM PG69.9-34 Weak_2


Meas+11% 1


5.8 M6


8 UW2_SM6+11% 0.50 20.00 20.00 20.00 20.00 20.00 1.84


Sinclair PG64.1-34 Weak_2


Meas-11% 1


0.1 S4


8 UW2_SS4_(-11%) 0.42 20.00 20.00 20.00 20.00 20.00 1.84


Sinclair PG67-34 Weak_2


Meas-11% 1


2.9 S5


8 UW2_SS5_(-11%) 0.48 20.00 20.00 20.00 20.00 20.00 2.43


Sinclair PG69.9-34 Weak_2


Meas-11% 1


5.8 S6


8 UW2_SS6_(-11%) 0.41 20.00 20.00 20.00 20.00 20.00 1.79


SEM PG64.1-34 Weak_2


Meas-11% 1


0.1 M4


8 UW2_SM4_(-11%) 0.41 20.00 20.00 20.00 20.00 20.00 1.73


SEM PG67-34 Weak_2


Meas-11% 1


2.9 M5


8 UW2_SM5_(-11%) 0.39 20.00 20.00 20.00 20.00 20.00 1.59


SEM PG69.9-34 Weak_2


Meas-11% 1


5.8 M6


8 UW2_SM6_(-11%) 0.40 20.00 20.00 20.00 20.00 20.00 1.72


Sinclair PG64.1-34 Weak_2


Meas 1


0.1 S4


7 UW2_SS4_7p0 0.32 20.00 20.00 20.00 20.00 20.00 1.80


Sinclair PG67-34 Weak_2


Meas 1


2.9 S5


7 UW2_SS5_7p0 0.36 20.00 20.00 20.00 20.00 20.00 2.04


Sinclair PG69.9-34 Weak_2


Meas 1


5.8 S6


7 UW2_SS6_7p0 0.31 20.00 20.00 20.00 20.00 20.00 1.75


SEM PG64.1-34 Weak_2


Meas 1


0.1 M4


7 UW2_SM4_7p0 0.31 20.00 20.00 20.00 20.00 20.00 1.66


SEM PG67-34 Weak_2


Meas 1


2.9 M5


7 UW2_SM5_7p0 0.29 20.00 20.00 20.00 20.00 20.00 1.42


SEM PG69.9-34 Weak_2


Meas 1


5.8 M6


7 UW2_SM6_7p0 0.30 20.00 20.00 20.00 20.00 20.00 1.65


Sinclair PG64.1-34 Weak_2


Meas 1


0.1 S4


6 UW2_SS4_6p0 0.23 20.00 20.00 20.00 20.00 20.00 1.59


Sinclair PG67-34 Weak_2


Meas 1


2.9 S5


6 UW2_SS5_6p0 0.25 20.00 20.00 20.00 20.00 20.00 1.77


Sinclair PG69.9-34 Weak_2


Meas 1


5.8 S6


6 UW2_SS6_6p0 0.22 20.00 20.00 20.00 20.00 20.00 1.38


SEM PG64.1-34 Weak_2


Meas 1


0.1 M4


6 UW2_SM4_6p0 0.22 20.00 20.00 20.00 20.00 20.00 1.10


SEM PG67-34 Weak_2


Meas 1


2.9 M5


6 UW2_SM5_6p0 0.21 20.00 20.00 20.00 20.00 20.00 0.91


SEM PG69.9-34 Weak_2


Meas 1


5.8 M6


6 UW2_SM6_6p0 0.21 20.00 20.00 20.00 20.00 20.00 1.05


Sinclair PG64.1-34 Weak_2


Meas 1


0.1 S4


4 UW2_SS4_4p0 0.10 20.00 20.00 20.00 12.08 20.00 0.79


Sinclair PG67-34 Weak_2


Meas 1


2.9 S5


4 UW2_SS5_4p0 0.11 20.00 20.00 20.00 20.19 20.00 0.84


Sinclair PG69.9-34 Weak_2


Meas 1


5.8 S6


4 UW2_SS6_4p0 0.09 20.00 20.00 20.00 11.79 20.00 0.78


SEM PG64.1-34 Weak_2


Meas 1


0.1 M4


4 UW2_SM4_4p0 0.09 20.00 20.00 20.00 11.88 20.00 0.77


SEM PG67-34 Weak_2


Meas 1


2.9 M5


4 UW2_SM5_4p0 0.09 20.00 20.00 20.00 11.63 20.00 0.75


SEM PG69.9-34 Weak_2


Meas 1


5.8 M6


4 UW2_SM6_4p0 0.09 20.00 20.00 20.00 11.71 20.00 0.76


Sinclair PG64.1-34 Weak_2


Meas 2


0.1 S4


8 UW2_SS4_L2 0.42 20.00 20.00 20.00 20.00 20.00 1.82


Sinclair PG67-34 Weak_2


Meas 2


2.9 S5


8 UW2_SS5_L2 0.43 20.00 20.00 20.00 20.00 20.00 1.86


Sinclair PG69.9-34 Weak_2


Meas 2


5.8 S6


8 UW2_SS6_L2 0.47 20.00 20.00 20.00 20.00 20.00 1.91


SEM PG64.1-34 Weak_2


Meas 2


0.1 M4


8 UW2_SM4_L2 0.39 20.00 20.00 20.00 20.00 20.00 1.76


SEM PG67-34 Weak_2


Meas 2


2.9 M5


8 UW2_SM5_L2 0.39 20.00 20.00 20.00 20.00 20.00 1.80


SEM PG69.9-34 Weak_2


Meas 2


5.8 M6


8 UW2_SM6_L2 0.41 20.00 20.00 20.00 20.00 20.00 1.87


N/A PG58-28 Weak_2


N/A 3


-6 N/A


8 UW2_PG58-28_L3 0.43 20.00 20.00 20.00 20.00 20.00 1.71


N/A PG64-28 Weak_2


N/A 3


0 N/A


8 UW2_PG64-28_L3 0.46 20.00 20.00 20.00 20.00 20.00 1.81


N/A PG70-28 Weak_2


N/A 3


6 N/A


8 UW2_PG70-28_L3 0.47 20.00 20.00 20.00 20.00 20.00 1.97


MEPDG Level 


#


PG Temp Diff. 


°C Asphalt ID


HMA Thk  


in


Asphalt 


Supplier PG Grade


Pavement 


Structure Type of E*


Years to (Service Life)


File ID


Fatigue Long. Cracks/500 ft




Table A 11.  SPT test Results for Strong Structure Mix

[image: image62.emf]SM6-1 4.4 0.01 297.8 29.9 109.2 3.0 5.7 15.1 0.2


SM6-1 4.4 0.1 603.5 24.7 94.9 1.7 2.7 14.2 1.6


SM6-1 4.4 1 1033.8 18.0 93.8 0.4 2.3 11.9 2.0


SM6-1 4.4 10 1540.9 14.4 106.5 2.6 4.0 11.2 1.5


SM6-1 21.1 0.01 53.0 30.3 92.3 3.3 6.1 3.7 0.2


SM6-1 21.1 0.1 125.1 31.0 98.4 2.4 4.2 17.6 0.2


SM6-1 21.1 1 301.7 27.4 94.3 1.8 3.2 15.2 1.3


SM6-1 21.1 10 611.8 24.0 97.2 3.3 3.8 10.5 1.5


SM6-1 35.0 0.01 24.7 19.0 98.7 5.3 7.0 17.0 1.5


SM6-1 35.0 0.1 40.3 23.6 102.6 7.4 7.5 17.7 1.6


SM6-1 35.0 1 85.3 26.9 99.8 4.9 8.0 18.8 2.0


SM6-1 35.0 10 203.7 29.9 101.9 3.5 4.8 15.4 2.0


SM6-1 46.1 0.01 17.1 15.1 113.6 6.4 9.6 7.0 2.0


SM6-1 46.1 0.1 23.3 19.0 106.9 9.9 10.3 10.2 1.8


SM6-1 46.1 1 39.9 22.3 113.4 7.1 7.3 13.2 1.2


SM6-1 46.1 10 94.0 28.4 96.8 21.4 17.4 17.1 0.3


SM6-2 4.4 0.01 294.3 28.4 96.8 1.4 6.0 25.6 0.4


SM6-2 4.4 0.1 569.4 24.1 93.4 1.4 3.5 25.1 0.2


SM6-2 4.4 1 958.5 18.4 101.1 0.4 2.3 23.9 0.0


SM6-2 4.4 10 1386.1 14.3 95.1 2.3 3.1 24.3 0.2


SM6-2 21.1 0.01 49.3 29.2 99.1 2.6 5.4 22.6 3.8


SM6-2 21.1 0.1 125.5 29.9 104.9 2.6 5.0 20.3 2.0


SM6-2 21.1 1 305.3 26.9 92.9 1.6 3.3 20.7 1.0


SM6-2 21.1 10 628.5 23.8 93.0 3.5 4.7 21.8 0.2


SM6-2 35.0 0.01 23.0 20.0 106.7 5.8 7.4 5.9 5.0


SM6-2 35.0 0.1 39.1 24.9 105.6 6.1 7.4 0.3 5.0


SM6-2 35.0 1 83.4 28.6 102.2 4.7 7.2 8.2 3.8


SM6-2 35.0 10 204.2 29.6 101.9 3.2 4.5 12.9 2.1


SM6-2 46.1 0.01 15.4 13.6 105.9 7.1 8.7 36.7 3.9


SM6-2 46.1 0.1 20.7 18.2 97.4 15.8 12.1 29.7 5.3


SM6-2 46.1 1 34.6 22.6 109.2 10.8 7.8 19.8 5.1


SM6-2 46.1 10 86.6 27.3 110.6 19.1 13.3 9.7 4.4


Def 


Uniformity 


%


Phase 


Uniformity 


deg


Phase 


deg.


Strain 


micro 


in/in


Load Se 


%


Avg 


Def Se 


%


Specimen Temp °C Freq Hz


Modulus 


ksi




Table A 12[image: image63.emf]SS4-1 4.4 0.01 473.3 27.3 94.8 1.2 4.9 38.2 1.3


SS4-1 4.4 0.1 780.2 23.4 104.4 1.2 4.2 35.1 1.9


SS4-1 4.4 1 1217.7 17.4 105.9 2.6 4.3 30.8 1.2


SS4-1 4.4 10 1863.1 14.1 100.7 2.4 4.9 27.6 1.0


SS4-1 21.1 0.01 86.5 30.1 94.3 2.0 4.7 37.3 5.2


SS4-1 21.1 0.1 190.9 29.8 107.1 1.6 3.5 33.8 2.3


SS4-1 21.1 1 399.5 26.4 103.8 2.0 3.2 33.6 0.5


SS4-1 21.1 10 746.2 22.4 101.8 2.9 3.6 30.8 0.5


SS4-1 35.0 0.01 31.3 24.4 104.0 3.0 5.4 24.9 6.7


SS4-1 35.0 0.1 56.9 27.6 104.1 4.0 5.4 30.7 5.3


SS4-1 35.0 1 128.6 28.4 102.6 3.7 5.7 30.1 2.9


SS4-1 35.0 10 287.1 27.1 103.6 2.2 4.0 30.8 1.6


SS4-1 46.1 0.01 22.5 19.0 108.6 5.8 7.2 5.0 7.0


SS4-1 46.1 0.1 34.1 23.8 97.4 7.8 7.5 20.1 8.3


SS4-1 46.1 1 61.7 26.9 102.0 5.9 7.9 31.5 7.4


SS4-1 46.1 10 140.3 30.2 98.0 7.2 7.0 29.2 7.3


SS4-2 4.4 0.01 393.9 25.1 103.3 1.2 3.9 23.8 0.4


SS4-2 4.4 0.1 674.7 21.1 96.8 1.7 3.1 24.1 0.3


SS4-2 4.4 1 1054.0 16.4 91.9 0.4 2.4 22.6 0.3


SS4-2 4.4 10 1487.5 12.7 100.5 1.4 2.4 20.3 0.4


SS4-2 21.1 0.01 87.7 28.4 92.5 2.1 4.7 18.4 3.1


SS4-2 21.1 0.1 193.7 27.7 105.5 2.0 4.3 21.0 2.2


SS4-2 21.1 1 389.9 24.4 105.8 1.9 3.0 24.2 1.0


SS4-2 21.1 10 702.5 22.2 94.2 3.3 3.9 23.6 0.4


SS4-2 35.0 0.01 33.8 24.4 96.3 4.4 6.4 13.5 1.3


SS4-2 35.0 0.1 59.4 26.8 99.9 4.8 5.6 5.5 1.1


SS4-2 35.0 1 132.2 25.6 100.5 3.7 6.2 4.6 1.0


SS4-2 35.0 10 269.9 26.2 107.6 3.1 4.0 10.8 0.9


SS4-2 46.1 0.01 24.3 19.2 100.5 5.8 7.3 13.2 0.7


SS4-2 46.1 0.1 36.6 22.4 90.8 8.1 7.8 9.2 1.4


SS4-2 46.1 1 64.3 25.0 98.0 4.8 6.7 0.2 0.8


SS4-2 46.1 10 142.4 26.6 95.0 5.2 5.1 7.1 1.5


Def 


Uniformity 


%


Phase 


Uniformity 


deg


Phase 


deg.


Strain 


micro 


in/in


Load Se 


%


Avg Def 


Se %


Specimen Temp °C Freq Hz


Modulus 


ksi


.  SPT test Results for Strong Structure Mix

Table A 13.  SPT test Results for Strong Structure Mix

[image: image64.emf]SS5-1 4.4 0.01 562.7 24.0 86.9 1.4 5.3 11.1 0.8


SS5-1 4.4 0.1 898.6 20.1 90.9 1.2 3.7 3.6 0.1


SS5-1 4.4 1 1321.7 15.1 91.4 0.4 3.1 1.6 0.1


SS5-1 4.4 10 1806.2 11.8 115.0 1.5 3.7 4.8 0.2


SS5-1 21.1 0.01 120.2 28.6 94.7 1.6 6.1 2.2 0.9


SS5-1 21.1 0.1 236.9 27.9 86.4 1.7 3.8 4.0 0.1


SS5-1 21.1 1 457.3 23.5 90.7 3.1 3.8 4.9 0.3


SS5-1 21.1 10 767.6 20.4 108.1 3.3 3.3 4.2 0.5


SS5-1 35.0 0.01 41.8 25.1 97.4 2.6 6.3 9.9 0.3


SS5-1 35.0 0.1 80.9 26.2 102.0 3.4 4.9 7.7 0.4


SS5-1 35.0 1 172.2 25.4 95.6 3.1 5.2 2.9 0.6


SS5-1 35.0 10 342.6 24.8 85.6 2.3 3.8 0.9 1.0


SS5-1 46.1 0.01 23.0 20.3 106.2 4.5 6.9 23.1 3.2


SS5-1 46.1 0.1 37.3 23.8 110.7 6.5 7.6 16.1 3.2


SS5-1 46.1 1 75.3 25.3 112.8 5.6 8.6 5.6 2.1


SS5-1 46.1 10 162.9 26.7 102.2 3.5 4.8 0.9 1.5


SS5-2 4.4 0.01 608.0 26.2 93.6 1.1 5.3 11.7 1.7


SS5-2 4.4 0.1 1029.7 21.8 94.9 1.6 3.4 11.6 1.1


SS5-2 4.4 1 1571.5 16.7 102.4 0.3 2.7 10.2 1.0


SS5-2 4.4 10 2258.3 13.2 89.5 2.8 4.2 10.8 0.6


SS5-2 21.1 0.01 137.5 29.5 106.4 1.3 4.9 12.0 1.6


SS5-2 21.1 0.1 284.6 29.1 100.6 1.5 3.4 10.9 1.4


SS5-2 21.1 1 545.0 25.1 106.8 1.2 3.2 7.0 0.6


SS5-2 21.1 10 968.3 21.8 102.6 3.3 4.9 7.8 0.7


SS5-2 35.0 0.01 44.6 27.2 109.5 2.6 5.1 2.8 3.2


SS5-2 35.0 0.1 90.5 28.7 109.2 3.3 4.0 2.2 2.8


SS5-2 35.0 1 193.6 27.4 105.6 2.8 4.0 4.0 1.8


SS5-2 35.0 10 391.1 27.3 90.1 5.3 6.4 1.6 1.2


SS5-2 46.1 0.01 23.6 21.3 110.6 5.0 5.6 27.4 5.1


SS5-2 46.1 0.1 41.5 25.5 107.5 6.1 6.2 16.2 7.3


SS5-2 46.1 1 88.6 27.0 113.8 5.3 7.6 4.5 6.1


SS5-2 46.1 10 187.3 27.8 113.6 3.8 6.2 1.4 4.1


Def 


Uniformity 


%


Phase 


Uniformity 


deg


Phase 


deg.


Strain 


micro 


in/in


Load Se 


%


Avg 


Def Se 


%


Specimen Temp °C Freq Hz


Modulus 
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Table A 14.  SPT test Results for Strong Structure Mix

[image: image65.emf]SS6-1 4.4 0.01 520.4 26.0 93.8 1.2 3.5 16.7 0.3


SS6-1 4.4 0.1 865.7 21.9 94.2 1.6 3.4 12.3 0.1


SS6-1 4.4 1 1296.4 16.1 111.9 0.4 3.2 11.0 0.8


SS6-1 4.4 10 1878.2 12.1 109.8 1.5 4.7 11.4 0.6


SS6-1 21.1 0.01 103.7 30.2 94.1 2.3 4.7 16.4 1.5


SS6-1 21.1 0.1 231.5 29.2 106.0 1.6 3.4 10.8 1.0


SS6-1 21.1 1 467.4 24.9 106.3 2.9 3.7 9.4 1.1


SS6-1 21.1 10 826.2 21.9 99.6 3.3 4.6 9.0 0.9


SS6-1 35.0 0.01 37.1 25.7 92.5 3.8 4.8 17.6 1.3


SS6-1 35.0 0.1 73.3 27.5 101.0 3.6 4.0 17.5 1.2


SS6-1 35.0 1 161.0 27.5 102.0 3.2 4.4 12.5 1.1


SS6-1 35.0 10 328.5 26.9 101.5 2.9 3.4 6.8 1.1


SS6-1 46.1 0.01 21.1 19.3 104.5 6.1 6.3 27.4 1.4


SS6-1 46.1 0.1 33.1 24.1 100.6 7.9 6.7 27.6 1.5


SS6-1 46.1 1 65.4 26.7 106.9 5.3 6.9 24.4 2.1


SS6-1 46.1 10 156.4 29.2 106.2 4.0 5.1 18.9 2.3


SS6-2 4.4 0.01 282.1 24.9 86.7 1.5 4.3 2.3 1.1


SS6-2 4.4 0.1 492.0 20.3 100.2 1.7 3.5 3.5 0.9


SS6-2 4.4 1 764.0 15.2 105.7 0.4 2.1 3.6 1.1


SS6-2 4.4 10 1043.5 12.5 115.3 2.6 3.1 3.8 0.9


SS6-2 21.1 0.01 62.9 29.3 93.3 2.2 6.3 22.8 2.3


SS6-2 21.1 0.1 136.9 27.9 90.2 2.5 4.9 14.1 2.6


SS6-2 21.1 1 288.5 23.2 84.6 2.1 4.0 8.8 1.8


SS6-2 21.1 10 502.8 19.8 100.8 3.3 3.7 5.7 1.4


SS6-2 35.0 0.01 26.5 24.1 92.5 5.9 6.3 44.7 1.7


SS6-2 35.0 0.1 49.7 26.5 99.6 4.9 6.2 36.2 1.8


SS6-2 35.0 1 107.2 26.2 94.0 5.0 7.5 24.8 1.5


SS6-2 35.0 10 230.0 24.7 90.7 3.2 4.5 15.0 1.7


SS6-2 46.1 0.01 18.1 17.5 107.9 6.4 7.2 42.8 4.2


SS6-2 46.1 0.1 28.1 21.3 97.9 8.3 7.5 35.8 4.2


SS6-2 46.1 1 52.0 23.9 102.5 5.0 6.6 24.3 2.7


SS6-2 46.1 10 114.8 26.1 90.5 7.3 5.1 14.6 3.0
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Table A 15[image: image66.emf]WM1-1 4.4 0.01 388.2 23.1 83.7 1.8 6.1 1.3 0.6


WM1-1 4.4 0.1 637.8 19.2 102.6 1.3 3.2 5.8 0.2


WM1-1 4.4 1 960.6 14.5 100.7 2.6 3.4 7.7 0.4


WM1-1 4.4 10 1264.0 11.4 103.0 2.5 3.2 7.9 0.4


WM1-1 21.1 0.01 93.5 27.1 104.4 1.8 6.2 11.0 2.2


WM1-1 21.1 0.1 191.9 26.5 106.6 1.7 5.2 12.5 1.5


WM1-1 21.1 1 383.0 22.6 108.7 2.2 3.6 10.3 0.5


WM1-1 21.1 10 635.4 20.0 104.9 3.6 3.7 10.6 0.3


WM1-1 35.0 0.01 39.7 22.8 92.3 3.8 5.7 34.8 2.8


WM1-1 35.0 0.1 69.2 25.0 95.1 4.1 5.4 26.5 2.6


WM1-1 35.0 1 147.1 24.2 100.9 3.3 6.0 20.1 1.8


WM1-1 35.0 10 290.0 23.9 102.6 2.5 4.2 16.6 1.5


WM1-1 46.1 0.01 26.8 17.2 100.2 4.8 9.4 37.4 3.1


WM1-1 46.1 0.1 38.5 20.7 96.7 7.2 8.1 24.4 3.5


WM1-1 46.1 1 67.7 23.7 102.5 5.0 8.1 17.1 2.8


WM1-1 46.1 10 148.9 25.5 103.3 7.5 7.3 15.9 2.7


WM1-2 4.4 0.01 433.7 27.7 93.8 1.9 4.7 10.9 1.0


WM1-2 4.4 0.1 800.5 22.9 102.0 1.2 3.5 14.6 0.3


WM1-2 4.4 1 1306.8 16.7 92.4 0.4 2.2 16.2 0.3


WM1-2 4.4 10 1842.6 12.1 113.0 1.4 3.0 16.8 0.1


WM1-2 21.1 0.01 77.5 27.6 104.8 1.9 5.0 20.8 2.5


WM1-2 21.1 0.1 165.7 28.5 98.9 2.3 4.2 9.7 2.2


WM1-2 21.1 1 366.7 26.2 112.9 2.4 3.2 1.0 1.5


WM1-2 21.1 10 704.1 23.6 117.9 3.3 3.4 5.1 0.9


WM1-2 35.0 0.01 31.7 20.7 102.8 3.4 6.7 24.3 1.8


WM1-2 35.0 0.1 53.3 24.2 108.2 4.2 6.3 14.1 0.0


WM1-2 35.0 1 117.0 26.5 106.1 3.8 6.5 3.2 2.6


WM1-2 35.0 10 266.5 28.2 94.8 2.4 4.3 6.2 2.3


WM1-2 46.1 0.01 21.0 16.8 105.0 5.3 7.8 26.0 3.1


WM1-2 46.1 0.1 29.2 20.5 103.1 9.2 9.6 18.8 4.4


WM1-2 46.1 1 48.2 24.4 112.6 6.1 7.3 7.0 5.6


WM1-2 46.1 10 115.8 26.8 111.1 3.7 5.7 0.1 4.1
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.  SPT test Results for Weak Structure Mix

Table A 16.  SPT test Results for Weak Structure Mix

[image: image67.emf]WM2-1 4.4 0.01 564.7 28.2 86.4 1.8 6.3 39.9 1.8


WM2-1 4.4 0.1 1015.4 23.0 96.2 1.5 4.5 32.8 1.0


WM2-1 4.4 1 1612.9 17.2 99.6 0.4 3.1 32.1 0.8


WM2-1 4.4 10 2267.7 13.1 107.0 2.5 4.7 32.8 0.7


WM2-1 21.1 0.01 121.8 26.7 100.2 1.5 5.3 8.6 2.4


WM2-1 21.1 0.1 254.3 28.5 96.4 1.5 4.4 12.5 1.8


WM2-1 21.1 1 531.1 26.1 93.7 1.4 3.3 18.5 0.8


WM2-1 21.1 10 1014.5 21.5 100.3 2.4 4.1 17.2 0.7


WM2-1 35.0 0.01 44.3 21.6 99.3 2.4 7.6 24.5 3.2


WM2-1 35.0 0.1 74.8 24.5 98.8 3.1 5.3 26.1 2.4


WM2-1 35.0 1 159.0 26.3 103.2 3.2 5.5 28.5 2.1


WM2-1 35.0 10 346.8 26.6 109.5 1.8 4.0 28.3 1.8


WM2-1 46.1 0.01 31.7 19.2 102.6 3.4 8.8 36.4 1.5


WM2-1 46.1 0.1 42.8 22.0 96.9 7.0 8.6 25.6 1.5


WM2-1 46.1 1 76.9 24.4 110.9 5.2 8.9 8.1 1.7


WM2-1 46.1 10 165.2 28.1 100.4 4.0 5.8 2.1 3.0


WM2-2 4.4 0.01 289.8 23.9 98.5 2.6 6.8 12.4 0.0


WM2-2 4.4 0.1 519.1 21.0 85.0 39.2 49.6 14.5 0.0


WM2-2 4.4 1 828.5 13.4 97.5 0.4 3.3 14.8 0.0


WM2-2 4.4 10 1061.9 10.3 108.2 2.6 3.9 13.4 0.0


WM2-2 21.1 0.01 75.7 26.5 107.4 2.0 7.3 9.4 0.1


WM2-2 21.1 0.1 185.6 26.4 99.2 2.0 6.8 17.1 1.5


WM2-2 21.1 1 390.5 23.0 95.5 3.2 4.6 20.5 0.2


WM2-2 21.1 10 657.8 19.2 89.7 3.6 4.8 17.9 0.5


WM2-2 35.0 0.01 30.8 22.9 106.1 3.7 7.6 14.5 3.6


WM2-2 35.0 0.1 59.5 25.4 111.1 4.4 8.1 8.1 3.5


WM2-2 35.0 1 137.9 25.9 96.3 3.8 8.1 1.8 2.2


WM2-2 35.0 10 290.0 25.4 85.3 3.3 5.5 5.5 0.7


WM2-2 46.1 0.01 22.5 17.5 108.9 5.2 8.5 35.4 2.3


WM2-2 46.1 0.1 33.2 21.1 100.3 8.5 9.5 28.0 3.8


WM2-2 46.1 1 63.9 24.4 109.3 6.0 10.1 8.9 4.0


WM2-2 46.1 10 141.8 26.2 97.5 9.2 6.8 4.0 3.8
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Table A 17.  SPT test Results for Weak Structure Mix

[image: image68.emf]WM3-1 4.4 0.01 420.8 26.7 96.6 1.2 7.5 9.3 0.9


WM3-1 4.4 0.1 764.1 21.5 106.9 1.3 3.5 0.3 0.6


WM3-1 4.4 1 1174.5 15.5 103.3 2.6 3.4 3.0 0.8


WM3-1 4.4 10 1617.8 11.8 101.0 2.3 3.2 1.3 0.5


WM3-1 21.1 0.01 80.7 29.1 100.8 2.2 6.5 6.4 3.4


WM3-1 21.1 0.1 176.1 29.0 93.1 1.8 4.8 17.2 3.1


WM3-1 21.1 1 395.5 24.7 104.9 2.3 3.4 15.9 1.5


WM3-1 21.1 10 718.8 21.7 92.2 3.9 4.5 14.2 1.0


WM3-1 35.0 0.01 31.4 22.9 104.0 3.2 6.4 4.8 3.2


WM3-1 35.0 0.1 55.7 26.1 106.7 4.6 6.8 7.3 3.9


WM3-1 35.0 1 126.4 26.8 104.8 3.7 6.6 9.4 3.2


WM3-1 35.0 10 282.6 26.5 105.2 2.3 4.2 7.6 2.4


WM3-1 46.1 0.01 17.6 18.1 111.2 8.1 7.0 41.9 3.2


WM3-1 46.1 0.1 25.8 21.5 107.0 8.8 7.3 41.8 2.9


WM3-1 46.1 1 46.8 25.0 115.5 5.4 6.2 39.9 3.0


WM3-1 46.1 10 117.3 28.1 104.4 16.3 12.2 34.8 1.3


WM3-2 4.4 0.01 650.8 25.2 99.9 1.2 4.9 7.9 1.5


WM3-2 4.4 0.1 1085.0 21.3 90.1 1.2 4.3 7.3 1.5


WM3-2 4.4 1 1618.9 15.7 99.3 0.4 3.0 5.3 1.7


WM3-2 4.4 10 2309.8 11.8 106.5 1.6 4.1 4.3 1.3


WM3-2 21.1 0.01 130.4 28.8 93.5 2.0 5.4 15.0 0.6


WM3-2 21.1 0.1 266.3 28.5 92.1 1.8 3.5 12.5 0.4


WM3-2 21.1 1 526.4 24.1 110.0 1.0 2.6 6.1 0.4


WM3-2 21.1 10 1009.1 20.7 99.9 2.5 3.9 6.6 0.3


WM3-2 35.0 0.01 44.1 24.0 99.8 3.4 8.4 34.1 7.7


WM3-2 35.0 0.1 78.7 26.6 104.2 3.2 7.4 17.3 6.0


WM3-2 35.0 1 166.8 26.6 98.1 3.4 6.8 5.5 2.9


WM3-2 35.0 10 349.2 25.9 123.8 5.1 5.2 0.3 1.2


WM3-2 46.1 0.01 25.3 18.4 115.5 4.5 7.6 2.3 6.7


WM3-2 46.1 0.1 37.3 22.3 110.5 7.1 8.6 3.0 7.2


WM3-2 46.1 1 69.8 25.0 111.1 5.2 10.0 8.1 6.1


WM3-2 46.1 10 154.6 26.3 112.2 5.9 6.8 2.8 2.8
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Table A 18.  SPT test Results for Weak Structure Mix

[image: image69.emf]WS1-1 4.4 0.01 294.5 24.1 96.6 1.1 5.0 32.3 0.1


WS1-1 4.4 0.1 496.5 20.3 99.1 1.8 3.3 32.8 0.3


WS1-1 4.4 1 775.9 15.1 104.0 0.4 2.5 35.9 0.6


WS1-1 4.4 10 1025.9 12.2 102.9 2.6 3.6 38.0 0.5


WS1-1 21.1 0.01 73.7 28.8 110.5 2.5 7.8 9.1 1.1


WS1-1 21.1 0.1 159.9 27.8 102.4 1.8 5.4 14.1 1.4


WS1-1 21.1 1 331.3 23.6 100.1 3.3 4.3 19.2 1.7


WS1-1 21.1 10 547.8 20.1 92.0 3.3 4.1 23.8 1.3


WS1-1 35.0 0.01 29.0 23.7 100.9 4.2 6.2 3.0 3.4


WS1-1 35.0 0.1 52.8 26.4 109.3 4.4 6.3 6.7 2.6


WS1-1 35.0 1 118.8 25.9 104.5 3.7 7.2 10.3 2.3


WS1-1 35.0 10 248.8 25.3 99.1 3.2 4.6 15.8 2.4


WS1-1 46.1 0.01 21.8 17.7 100.8 4.6 7.4 29.6 3.2


WS1-1 46.1 0.1 31.5 21.8 95.3 7.9 8.7 19.8 3.2


WS1-1 46.1 1 55.6 24.1 95.9 5.7 6.7 9.7 3.2


WS1-1 46.1 10 124.6 27.6 101.8 13.2 10.5 4.6 4.0


WS1-2 4.4 0.01 395.6 21.7 102.9 1.8 5.8 2.2 0.9


WS1-2 4.4 0.1 622.1 17.4 105.0 1.7 3.3 0.5 0.9


WS1-2 4.4 1 886.7 12.6 109.6 0.3 2.0 2.0 0.9


WS1-2 4.4 10 1114.4 10.0 109.1 2.6 3.0 3.5 0.4


WS1-2 21.1 0.01 102.2 28.3 95.7 1.6 6.6 7.4 1.2


WS1-2 21.1 0.1 215.1 26.6 95.1 1.6 5.0 6.1 1.4


WS1-2 21.1 1 422.2 21.9 98.0 2.1 3.1 2.3 1.7


WS1-2 21.1 10 672.9 18.0 101.1 4.0 4.6 2.7 1.3


WS1-2 35.0 0.01 39.7 24.5 92.2 3.8 8.9 9.4 2.2


WS1-2 35.0 0.1 73.9 26.1 89.3 4.3 7.8 14.8 2.2


WS1-2 35.0 1 166.7 24.6 89.3 3.3 6.6 17.6 2.2


WS1-2 35.0 10 322.1 23.7 92.7 2.4 4.4 11.8 1.3


WS1-2 46.1 0.01 26.8 19.3 100.5 4.6 7.9 25.5 2.0


WS1-2 46.1 0.1 41.1 22.8 90.8 7.2 8.3 22.7 3.0


WS1-2 46.1 1 76.5 24.9 90.5 6.1 9.0 21.8 2.7


WS1-2 46.1 10 173.3 25.0 87.5 3.6 5.6 19.4 2.7
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Table A 19[image: image70.emf]WS2-1 4.4 0.01 703.3 23.3 98.3 1.1 4.4 0.6 0.0


WS2-1 4.4 0.1 1092.8 18.7 111.7 1.6 4.0 0.4 0.5


WS2-1 4.4 1 1586.7 13.5 101.7 0.3 3.4 1.1 1.1


WS2-1 4.4 10 2116.6 10.6 117.6 1.5 4.6 1.5 1.2


WS2-1 21.1 0.01 156.8 29.5 93.3 1.5 4.8 0.4 1.9


WS2-1 21.1 0.1 311.8 27.5 91.8 1.5 3.6 1.8 2.1


WS2-1 21.1 1 572.5 23.3 87.0 1.3 3.2 3.8 1.9


WS2-1 21.1 10 941.3 19.6 104.4 3.1 4.5 4.3 1.3


WS2-1 35.0 0.01 53.4 25.8 91.5 2.3 5.7 15.9 0.8


WS2-1 35.0 0.1 104.3 27.0 94.7 3.0 4.8 16.1 1.1


WS2-1 35.0 1 216.4 25.3 94.4 2.7 4.0 11.1 0.8


WS2-1 35.0 10 412.4 24.6 104.8 3.8 4.2 5.9 0.2


WS2-1 46.1 0.01 30.8 20.9 105.9 3.9 6.4 5.9 1.3


WS2-1 46.1 0.1 49.9 24.2 99.6 5.4 6.2 10.7 1.9


WS2-1 46.1 1 100.0 25.2 100.6 4.6 7.1 9.5 1.5


WS2-1 46.1 10 207.5 26.7 99.9 3.4 4.5 4.0 1.1


WS2-2 4.4 0.01 786.7 23.2 103.3 1.1 4.8 2.5 2.0


WS2-2 4.4 0.1 1202.6 18.7 108.2 1.6 4.1 5.2 1.7


WS2-2 4.4 1 1695.1 13.2 118.6 0.4 4.0 9.4 1.6


WS2-2 4.4 10 2492.9 9.5 99.6 1.6 6.3 18.5 1.1


WS2-2 21.1 0.01 169.6 31.9 95.9 1.2 6.0 13.7 2.6


WS2-2 21.1 0.1 339.1 28.2 96.2 1.7 3.8 7.2 2.7


WS2-2 21.1 1 611.1 22.5 108.4 0.9 2.9 3.0 2.1


WS2-2 21.1 10 973.5 18.1 103.2 2.9 4.0 0.9 1.5


WS2-2 35.0 0.01 62.4 30.0 93.8 3.2 7.1 28.4 3.8


WS2-2 35.0 0.1 126.1 29.3 97.9 2.4 4.5 22.3 3.7


WS2-2 35.0 1 261.3 26.1 93.4 2.1 4.2 13.6 2.8


WS2-2 35.0 10 479.1 24.4 106.1 4.0 4.8 6.7 2.2


WS2-2 46.1 0.01 35.7 23.4 96.0 3.6 6.9 25.9 2.9


WS2-2 46.1 0.1 60.4 26.3 98.3 4.7 5.8 25.1 3.0


WS2-2 46.1 1 128.5 26.0 96.9 4.0 6.9 18.8 2.1


WS2-2 46.1 10 250.2 25.9 99.0 3.0 4.2 12.7 2.0
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.  SPT test Results for Weak Structure Mix

Table A 20[image: image71.emf]WS3-1 4.4 0.01 800.0 19.8 101.6 1.1 3.1 13.1 1.2


WS3-1 4.4 0.1 1175.3 16.3 103.9 1.2 2.3 16.1 0.3


WS3-1 4.4 1 1608.9 11.8 100.0 0.4 2.3 17.2 0.4


WS3-1 4.4 10 2031.5 9.5 99.8 2.7 3.5 17.0 0.8


WS3-1 21.1 0.01 215.9 27.7 94.1 1.8 6.2 0.5 0.6


WS3-1 21.1 0.1 405.8 25.2 90.5 1.3 3.6 5.2 0.7


WS3-1 21.1 1 709.1 20.3 93.2 0.9 2.4 7.6 0.6


WS3-1 21.1 10 1122.7 17.3 89.4 3.1 4.3 7.5 0.9


WS3-1 35.0 0.01 70.5 26.2 92.4 1.8 5.9 10.4 2.3


WS3-1 35.0 0.1 138.5 27.1 88.9 2.7 4.8 13.8 1.7


WS3-1 35.0 1 286.6 24.5 85.3 3.3 4.4 15.3 0.8


WS3-1 35.0 10 525.3 22.3 96.0 4.2 3.9 13.3 0.3


WS3-1 46.1 0.01 36.5 21.7 93.7 5.0 6.0 3.2 6.4


WS3-1 46.1 0.1 61.5 25.1 96.4 4.7 6.1 5.1 5.7


WS3-1 46.1 1 126.7 25.2 98.5 3.8 6.6 6.0 4.0


WS3-1 46.1 10 267.0 24.1 95.1 2.4 3.9 6.0 2.4


WS3-2 4.4 0.01 907.3 20.1 89.7 1.1 3.9 1.8 0.8


WS3-2 4.4 0.1 1348.0 16.4 90.6 1.5 3.5 2.8 1.2


WS3-2 4.4 1 1841.8 12.0 87.4 0.4 3.2 2.0 1.3


WS3-2 4.4 10 2347.0 9.4 104.0 2.3 4.6 2.2 1.4


WS3-2 21.1 0.01 221.3 28.1 91.8 1.1 5.1 22.3 0.7


WS3-2 21.1 0.1 411.7 25.8 99.6 2.2 3.4 17.9 1.0


WS3-2 21.1 1 728.2 20.6 113.2 0.7 2.4 13.4 1.1


WS3-2 21.1 10 1151.2 17.4 107.6 2.7 4.1 12.0 1.3


WS3-2 35.0 0.01 76.4 25.8 95.7 2.1 4.9 25.2 2.3


WS3-2 35.0 0.1 150.9 26.6 95.2 2.2 4.3 21.0 1.7


WS3-2 35.0 1 302.6 24.3 93.9 3.0 4.0 15.0 1.5


WS3-2 35.0 10 562.3 23.3 104.1 3.5 4.2 8.9 1.2


WS3-2 46.1 0.01 40.3 20.7 101.0 2.7 6.2 37.1 4.8


WS3-2 46.1 0.1 68.7 23.9 95.9 4.4 5.4 31.3 5.0


WS3-2 46.1 1 141.2 24.6 102.4 3.4 5.8 21.7 3.7


WS3-2 46.1 10 283.6 24.9 102.3 3.0 4.1 15.4 2.6
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.  SPT test Results for Weak Structure Mix

Appendix B


B-1 Glossary  

(some definitions adopted from NCHRP reports and M-E PDG glossary)

A  


A, Intercept on the viscosity versus temperature plot (Also see VTS).

AASHTO, American Association of State Highway and Transportation Officials.

AASHTO 1993 Guide, American Association of State Highway and Transportation Officials Approved Existing Pavement Design Guide.

asphalt concrete (AC)   


alligator cracking - Interconnected or interlaced cracks forming a pattern that resembles an alligator's skin.  


annual average daily truck traffic (AADTT) - The estimate of typical truck traffic on a road segment for all days of the week over the period of a year.


average annual daily traffic (AADT) - The estimate of typical traffic on a road segment for all days of the week over the period of a year.

B


base - The layer or layers of specified or select material of designed thickness placed on a subbase or subgrade to support a surface course.  

BBR – Bending beam Rheometer, a testing device normally used to measure creep compliance (stiffness) of asphalt binders

C 

calibration factor - Factor used to adjust a model to fit measured performance data.

cement-treated base (CTB)  - A base course consisting of mineral aggregates blended in place or through a pugmill with a small percentage of portland cement to provide cementitious properties and strengthening.

D  


deflection - Vertical deformation of a pavement under an applied load.


design life - The length of time for which a‌ pavement structure is being designed, including the time from construction until major programmed rehabilitation.  Also, called service life.


dynamic modulus (E*‌) - The relationship between stress and strain under continuous sinusoidal loading used to evaluate the elastic-viscoelastic response parameters of a material.  The dynamic modulus of a material is typically defined as the absolute value of the complex modulus E*.


E  


elastic layer theory - A mathematical process wherein the layers of a pavement structure are all assumed to behave elastically.


equivalent single axle load (ESAL) - A numerical factor that expresses the relationship of a given axle load to another axle load in terms of the relative effects of the two loads on the serviceability of a pavement structure. Often expressed in terms of 18,000-pound single axle loads.


F  


fatigue cracking - Cracking of the pavement surface as a result of repetitive loading; may be manifested as longitudinal or alligator cracking in the wheel paths for flexible pavement and transverse cracking (and sometimes longitudinal cracking) for jointed concrete pavement.


flexible pavement - A pavement structure that maintains intimate contact with and distributes loads to the subgrade and depends on aggregate interlock, particle friction, and cohesion for stability.


G


complex modulus (G*) - The relationship between stress and strain under continuous sinusoidal loading used to evaluate the elastic-viscoelastic response parameters of a material in shear.  

H


HMA – Hot-mix asphalt

I


international roughness index (IRI) - A pavement roughness index computed from a longitudinal profile measurement using a quarter-car simulation at a simulation speed of 50 mph (80 km/h).


L  


LTPP – Long Term Pavement Performance – An FHWA program that monitors pavement performance over long term.


LEA - Layered Elastic Analysis  

Level 1 – Most sophisticated level of analysis available in the M-E PDG.  Requires lab determined properties for the layer being analyzed.


Level 2 – The next sophisticated level of analysis after level 1 available in the M-E PDG.  Predicts modulus values using models and uses it in-lieu of lab determined properties.


Level 3 – The least sophisticated level of analysis available in the M-E PDG.  Uses default values for properties of the layer being analyzed.


ln - logarithm to base e (natural logarithm)  

log - logarithm to base 10  

M  


Mastercurve – a curve created by using time-temperature equivalence of properties of viscoelastic materials.  Multiple curves at various times and temperatures are used to create one mastercurve at a given reference temperature.

M-E PDG - Mechanistic-Empirical Pavement Design Guide  


N  


NCHRP – National Cooperative Highway Research Program


NCHRP 1-37A Design Guide (NCHRP 2004) - see M-E PDG. 

NMAS - Nominal Maximum Size (of aggregate) - In specifications for and descriptions of aggregate, the smallest  sieve opening through which the entire amount of the aggregate  is permitted to pass; sometimes referred to as “maximum size (of  aggregate).” 


P  


PG Grade – Performance grade of asphalt binder used under the Superpave asphalt binder grading system.


PMA or PMB -  Polymer modified asphalt binder  

pavement performance - Measure of accumulated service provided by a pavement (i.e., the adequacy with which it fulfills it purpose).  Often referred to the record of pavement condition or serviceability over time or with accumulated traffic.


pavement structure - A combination of subbase, base course, and surface course placed on a subgrade to support the traffic load and distribute it to the roadbed.


performance period - The period of time that an initially constructed or rehabilitated pavement structure will last (perform) before reaching its terminal condition when rehabilitation is performed.  This is also referred to as the design period.


phase angle – time lag between load and deformation signals for a viscoelastic material tested using a sinusoidal loading spectrum.


R  


RTFO – Rolling Thin Film Oven Test conducted on asphalt binders to simulate plant aging of asphalt binders during hot-mix production.

resilient modulus (Mr) - A standardized measurement of the modulus of elasticity of roadbed soil or other pavement material. 


resilient strain - Recoverable strain in a material when a load is removed.


rideability - A subjective judgment of the comparative discomfort induced by traveling over a specific section of highway pavement in a vehicle.


S


SPT – Simple Performance Test – A test method used to determine E* values of hot-mix asphalt samples in a laboratory.  

subbase - The layer or layers of specified or selected materials of designed thickness placed on a subgrade to support a base course.  Note that the layer directly below the PCC slab is now called a base layer, not a subbase layer. 


subgrade - The top surface of a roadbed upon which the pavement structure and shoulders are constructed.


subgrade, improved - Any course or courses of select or improved materials between the subgrade soil and the pavement structure.


surface course - One or more layers of a pavement structure designed to accommodate the traffic load, the top layer of which resists skidding, traffic abrasion, and the disintegrating effects of climate. The top layer of flexible pavements is sometimes called the "wearing" course.


T


thermal cracking - Cracks in an asphalt pavement surface, usually full width transverse, as a result of seasonal or diurnal volume changes of the pavement restrained by friction with an underlying layer.


U  


UDOT – Utah Department of Transportation  

V


VTS – viscosity – temperature susceptibility parameter – calculated by determining the slope of viscosity versus temperature plot.  See also intercept A.


viscoelastic - Used to describe asphalt and many polymers that exhibit both viscous and elastic properties when deformed.


B-2 List of Units  


°C, degree Celcius, centigrade  


cm, centimeter (0.001 m)  


cPoise, centi Poise (0.1 Pa sec)  


g/cm3, gram per cubic cm  


Hz or Hertz, oscillations per second  


°K, degree Kelvin (as °C but counted from absolute zero)  


km/h, kilometer per hour  


kN, kilo Newton (1,000 N)  


kPa, kilo Pascal (1,000 Pa)  


MPa, Mega Pascal (one million Pa)  


msec, millisecond  


N, Newton  


°R degree Rankine (as Fahrenheit but counted from absolute zero)  

s, second  
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G* (Pa) Delta (Degrees)
10 1.53E+08 21.75358
40 10646883 41.54833
70 1432658 53.6721
95 97800 59



115 21800 60.9
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