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1.0 RESEARCH OVERVIEW 

 

1.1 Introduction 

Background 

Traditionally, for most highway agencies, the hot mix asphalt (HMA) performance specification 
is associated with the measurement of volumetric properties of the HMA (typically air voids, 
asphalt content, and aggregate gradation) that are assumed to be related to an arbitrary level of 
performance through intuition, engineering judgment, or both. A Performance Related 
Specification (PRS) is one in which the Acceptance Quality Characteristics (AQCs) are tied to 
performance (distress) through fundamental (mechanistic) distress prediction models and 
laboratory measured fundamental engineering properties. Combining the state-of-the-art 
technologies of the Mechanistic-Empirical Pavement Design Guide (NCHRP 1-37A and NCHRP 
1-40) and the simple performance test HMA mix design (NCHRP 9-19), the ultimate goal of the 
probabilistic Specifications for Quality Assurance of HMA Construction is thought to be fully 
achievable (1, 2, 3).  NCHRP 9-22 project “Beta Testing and Validation of HMA PRS,” though 
initiated for the evaluation of the HMA Spec software, led to the development of a new program 
called Quality Related Specification Software (QRSS) that accommodated the latest 
advancement in the field including the MEPDG based distress prediction models (4). The QRSS 
software and methodology presented in this report are considered the most advanced and 
promising specification system for the asphalt pavement industry. 

 

For the very first time in the construction of HMA pavement systems, the quality control / 
assurance aspects of a project are directly linked to the actual expected performance of the as-
built structure. 

 

Objectives and Scope of Research 

The objectives of this research study are to evaluate the QRSS Version 1.0 with data obtained 
from samples taken during construction of several field projects and quality assurance (QA) 
data obtained from State Department of Transportation (DOT) agencies and compares the 
QRSS results obtained with various levels and types of measured mix volumetric and 
performance data. The scope of this research included the following work tasks that were 
identified to accomplish the objectives: 

 

Task   1 – Project Site Selection and State DOT Coordination 

Task   2 – Evaluate the QRSS with Mix Volumetric Data 

Task   3 – Material Sampling and Field Data Collection 

Task   4 – Material Testing 
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Task   5 – QRSS Predictions Based on Measured Performance Properties 

Task   6 – Final Report 

 

Task 1 – This task was intended to identify several completed HMA construction projects 
around the country, preferably one location from New England to consider AC permanent 
deformation, bottom-up fatigue cracking, and low temperature thermal cracking; and one 
location from the Southeast and one location from the Southwest, or both, to consider AC 
permanent deformation and bottom-up fatigue cracking. The projects were planned for 
construction during the 2010 and 2011 period, suitable for a rigorous evaluation of the QRSS 
version 1.0. It was insured that each State DOT agreed to provide information concerning the 
planning, design, and QA program data and actually measured / collected QA data; and to 
assist with the field sample collection on-site. 

 

Task 2 – The purpose of this task was to evaluate the performance, service life, and the life 
expectancy difference of the as-designed and as-built pavements, predicted from the QRSS 
program. This program, the major product of NCHRP 9-22, is based upon the asphalt mix 
volumetric properties that are routinely conducted / utilized in most QA/QC procedures. The 
reasonableness of the QRSS results including the sensitivity to the input variables and the 
comparison with the usual QA analysis conducted by the State DOT was evaluated. 

 

Task 3 – This task required the preparation and execution of a testing plan for materials 
sampling and QA data collection on the selected projects identified in Task 1. 

 

Task 4 – This task involved the preparation of all HMA test specimens to conduct the required 
E* and indirect tension testing on representative project materials utilized for each field site. It 
also included the determination of the volumetric mix properties of the prepared specimens. 

 

Task 5 – This task represents the major analysis of the report. The test results obtained in Task 
4 are analyzed. The volumetric-based dynamic modulus (E*) values are compared with those 
measured in the laboratory. The E* Master Curves obtained from both volumetric and lab-
measured are also compared. Accordingly, the predicted performance, service life, and life 
expectancy difference are also compared. The major objective is to compare the QRSS using 
standard volumetric QA/QC parameters to the direct use of the E* values. 

 

Task 6 – This task focuses upon the findings, conclusions, and recommendations for future 
research. Based on this study, appendices include electronic files of all test results obtained 
during the project. 
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1.2 Report Organization 

The report is organized as follows. Chapter 1 discusses the background, objectives, and the 
scope of this project. Chapter 2 presents the general information on the selected construction 
project sites where the actual materials including the as-designed mix (raw aggregates and 
asphalt binder) and the as-built mix were collected for testing. Chapter 3 describes the details of 
the laboratory testing including how the test specimens were prepared and how the dynamic 
modulus and indirect tension tests were conducted. Chapter 4 discusses the test results and the 
predicted distresses (asphalt layer permanent deformation, bottom-up fatigue cracking, and low 
temperature fracture) based on the test results, the predicted service life of both the as-
designed and as-built mixes, and the predicted life difference between the two mixes. In 
Chapter 5, the predicted distresses, service lives, and life expectancy differences obtained 
based on the lab-measured E* and creep compliance values are compared with those predicted 
from the volumetric asphalt mix properties (i.e., QRSS outputs). The report summarizes the 
findings, conclusions, and recommendations obtained from this research in Chapter 6. 
Appendices contain the laboratory test results database and the QRSS simulation outputs of the 
three construction sites investigated throughout the US. 
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2.0 PROJECT SELECTION AND MATERIAL DATA COLLECTION 

 

For a rigorous evaluation of the QRSS version 1.0, the project team identified three HMA 
construction projects that were planned for construction in the 2010 and 2011 period that would 
be suitable to analyze the major specific distresses generated by the new MEPDG (version 1.1). 
The locations selected for the HMA construction projects included sites in (1) New England (to 
consider AC permanent deformation, fatigue cracking, and low-temperature cracking), (2) the 
Southeast (to consider AC permanent deformation and fatigue cracking), and (3) the Southwest 
(to consider AC permanent deformation and fatigue cracking). The specific field sites 
investigated were found in Rhode Island, Utah, and Texas. The state DOTs provided (1) 
planning, design, and QA program data, (2) on-site assistance, and (3) both agency- and 
contractor-measured project QA data. 

 

It should be noted that the project selection criteria originally set up by the research team was 
that no modified asphalt binder and no reclaimed asphalt pavements (RAP) materials should be 
included. This restriction was because the performance models included in QRSS version 1.0 
did not incorporate these types of AC materials. In addition, only new construction sites, not 
pavement overlay projects, would be chosen to conduct the research tasks and achieve the 
research objectives. However, after searching for the ideal construction projects for quite some 
time, it was realized that finding pavement construction projects satisfying the criteria was nearly 
impossible to accomplish within the research duration given. The general information on the 
selected projects and specific materials information are described in the following sections. 

 

2.1 General Information on Selected Construction Projects 

Rhode Island Project 

A new construction HMA paving job that was scheduled to be built in Rhode Island was selected 
for the sampling in the Northeast region of the United States. The focal point of the New 
England operations was a full-depth reconstruction contract for a 1.2-mile section of RI-102 from 
Old Plainfield Pike to Briggs Road in Foster, RI.  Based on the job specifications, asphalt 
construction called for a full-depth reconstruction, resulting in a 10-inch in-place, reclaimed base 
with MS-2 emulsifier, a 2.5-inch PG 64-22 19.0 mm AC base course, and a 1.5-inch SBS-
modified PG 76-28 9.5 mm AC surface course. According to details from a pre-construction 
conference, the Contractor planned to pave 5,000 tons of HMA – 3,200 tons for the AC base lift 
and 1,800 tons for the AC surface lift.  However, based on QA data from RIDOT Materials, the 
Contractor actually paved 2,128 tons for the base layer and 1,927 tons for the surface layer.  
Lastly, the pavement structure features a 12-inch A-1-a classified soil, using the AASHTO 
Classification System, and an A-1-b of semi-infinite depth. The sampling of the materials was 
completed in 2010. 
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Utah Project 

The project team selected a construction site in the state of Utah as the source of the Southwest 
region that would be used for manufacturing test specimens for the evaluation of mix quality in 
this project. The Utah project was to improve the Interstate Highway, I-15, that had four travel 
lanes by widening it to six lanes in both directions. A new travel lane and shoulder was 
constructed for each direction. The existing shoulder paved with asphalt concrete was removed 
and replaced with a full depth (9-inch) asphalt layer with unmodified binder containing 15% of 
RAP which was placed on top of 8-inch untreated granular base and 12-inch untreated granular 
borrow subbase over natural subgrade for the construction of the new travel lane. 

 

The asphalt materials used in this new travel lane pavement were collected and analyzed for 
the research. The construction took place in September through November in 2011 and a field 
team of the AMEC Utah office collected the as-designed raw materials (aggregates and asphalt 
binder) as well as the as-constructed HMA during construction with the assistance of the Utah 
DOT personnel.  

 

Texas Project 

A new construction HMA paving job that was scheduled to be built in Texas was selected for the 
sampling in the Southern region of the United States. For the QRSS evaluation, an on-going 
new construction project on US 281 in the Corpus Christi district was identified by the team for 
sampling. The sampling location was near Falfurrias, TX.  This was a part of the expansion of 
the existing two lane divided roadway to add additional lanes and shoulders. The pavement 
structure consisted of 2 inches of HMA surface course and 6 inches of HMA base course over 
17 inches of Crushed Limestone Base Material over 8 inches of Lime Stabilized Subgrade 
(LSS) over natural clay subgrade. 

 

This project was performed intermittently with the base course constructed in November 2010 
and the surface course constructed in May 2011.  With the assistance of the TxDOT area 
supervisor, Fugro crews sampled the required quantity of surface course materials per the 
sampling plan (HMA mixture and the raw materials, binder and aggregates). Samples were 
shipped to the AMEC laboratory in Tempe, AZ for testing in July 2011. Although the intent was 
to select a project with a non-modified binder, it was found during the sampling process that the 
contractor used a PG 64-22 binder with latex to meet the PG 76-22 project requirements. The 
general project information including the pavement structure, mixture design, QA data, and cost 
information necessary for the analysis, was collected from the TxDOT Corpus Christi district 
office. 
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It is to be noted that the field material sampling was completed only for the AC surface mix, not 
including the AC base mix. For this reason, the structure was assumed to consist of only one 
AC layer (i.e., 8 inches of AC surface) instead of the original 2-inch AC surface and 6-inch AC 
base courses.  

 

Table 1 presents the summary of the general information on each of the selected project sites. 
The summary includes traffic information such as design speed of the project, design service 
life, daily Equivalent Single Axle Loads (ESALs), annual traffic growth rate, and the total number 
of ESALs estimated during the anticipated service life. The summary also includes major 
climatic characteristics such as mean annual air temperature, standard deviation of mean 
monthly air temperature, mean annual wind speed, and annual cumulative rainfall depth. It is 
important to note that this traffic and climatic information are used as critical input variables in 
the QRSS. The pavement structure of each of the sites is presented in Figure 1. 

 

Table 1. Summary of the General Information of the Selected Project Sites 
Item Rhode Island Utah Texas 

Agency RIDOT UDOT TxDOT 
Road RI-102 I-15 US-281 

Traffic  
Design Speed (mph) 35 70 70 

Design Life (year) 20 20 21 
Year 1 Daily ESALs 

(Design Lane) 602 2793 910 

Annual Growth Rate (%) 4.0 3.0 5.0 
Total ESALs 6,673,145 27,260,106 12,158,341 

Climate  
Location 

(weather station close to the project 
site) 

Providence, RI Ogden, UT Corpus Christi, 
TX 

Mean Annual Air Temp (°F) 51.63 52.01 74.60 
Standard Deviation of Mean Monthly 

Air Temp (°F) 15.51 17.58 9.48 

Mean Annual Wind Speed (mph) 7.78 6.06 9.56 
Mean Annual Sunshine (%) 41.92 69.99 53.19 

Annual Cumulative Rainfall Depth (in.) 45.98 16.03 54.67 
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Figure 1. Pavement Cross Sections for Each Project Site 

 

2.2 Pavement Materials Information on Selected Construction Projects 

The AMEC Phoenix Laboratory received samples collected from each of the selected projects 
(Rhode Island, Utah, and Texas). The samples were grouped into two categories: the Job Mix 
as-designed materials (aggregates and asphalt binder); and the as-constructed HMA samples 
collected during production and construction. Plastic and metal containers were used for 
transporting the samples from each of the job sites to the AMEC Laboratory.  

 

1.5” AC Surface 

2.5” AC Base 

10” Aggregate Base 

12” Subbase 

Subgrade 

9” AC Surface 

(Full Depth) 

8” Aggregate Base 

12” Subbase 

Subgrade 

8” AC Surface* 

(See note) 

17” Aggregate Base 

8” Subbase 

Subgrade 

Rhode Island Utah Texas 

Not Scaled 

*Note: The actual structure consisted of 2” AC Surface and 6” AC Base 

 



8 

 

As for the as-designed mix, the Job Mix Formula (JMF) from each site was received from the 
DOT and based upon the mix properties and proportions specified in the JMF, the loose as-
designed mix was re-produced in the laboratory in order to manufacture the test specimens. 
The major mix volumetric properties contained in the JMF of each construction site are 
summarized in Table 2.  

 

As for the as-built mix, the project team visited each of the construction sites to collect the loose 
HMA during production and construction. Since the quality of the as-built mix is to be separately 
evaluated for each lot based on the SPT results and accordingly the performance, the loose mix 
had to be collected on a lot and sublot basis. 

 

To collect the as-built loose mix in the field, a 5-gallon metal container (contained approximately 
60~80 lb loose mix) was used. For each lot, the loose mix was collected with four containers, 
each of which was used at an evenly distributed interval on the day of paving to best represent 
the quality of a given lot (daily production). In other words, each lot was assumed to have four 
sublots and one container would represent the mix quality for one sublot. The collected loose 
mix in containers was sent to the AMEC Laboratory, as shown in  Figure 2, to manufacture the 
test specimens for dynamic modulus (E*) testing. Note that, for the Rhode Island project, in 
particular, two additional containers per lot were added to collect more samples for the indirect 
tension (IDT) testing. Table 3 summarizes the number of containers used for each of the sites. 
 

Table 2. Summary of the Job Mix Volumetric Properties of Each Project Site 
Item Rhode Island Utah Texas 

Surface Base Surface Surface 
Mix Type 3/8” HMA ¾” HMA ¾” HMA 

w/ 15% RAP 
Type C 

w/ 20% RAP 

AC Binder PG 76-28 PG 64-28 PG 64-34 PG 64-22 
w/ Latex 

AC Content (%) 6.7 5.3 4.6 5.5 
Air Voids (%) 4.0 4.0 3.6 3.0 

VMA (%) 21.6 15.3 14.1 18.8 
VFA (%) 67.6 73.9 75.2 62.8 

Sp. Gr. Agg. (Gsb) 2.743 2.670 2.652 2.564 
Max. Sp. Gr. (Gmm) 2.479 2.487 2.465 2.368 
Sp. Gr. Binder (Gb) 1.023 1.030 1.011 1.026 
Anti-Stripping Agent N/A N/A N/A Lime (0.5%) 

Passing ¾” (%) 100 98 100 99 
Passing 3/8” (%) 99 64 79 82 
Passing #4 (%) 69 41 47 53 

Passing #200 (%) 4.5 3.0 5.4 3.7 
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Figure 2. Hot Mix Asphalt Samples Received from Selected Construction Sites 

 

Table 3. Sampling Plan for the As-Built Mix Collection 

Item Rhode Island Utah Texas 
E* IDT E* E* 

No. of Lot 5 5 10 6 
No. of Sublot / Lot 4 1 4 4 
No. of Container / 

Sublot 1 2 1 1 

Total No. of Containers 
Used 5×4×1 = 20 5×1×2 = 10 10×4×1 = 40 6×4×1 = 24 

Estimated Total Weight 
Collected 

60lb / 
container×20 = 

1800lb  

60lb / 
container×10 = 

600lb 

60lb / 
container×40 = 

2400lb 

60lb / 
container×24 = 

1440lb 
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3.0 LABORATORY TESTING 

 

There were two major Simple Performance Tests planned to be conducted in the laboratory for 
this research: dynamic modulus (E*) and indirect tension (IDT) testing. Each test was conducted 
with both the as-designed and as-built mix samples. This chapter begins with the test specimen 
geometry for each testing procedure and the description of how the test specimens were 
prepared for both tests, and how the tests were performed. The sequence of this chapter is as 
follows: 

 

- Test Specimen Geometry 
- Development of Mass-Air Voids Relationship for each HMA mixture 
- E* Test Specimen Preparation for the As-Designed Mix Evaluation 
- E* Test for As-Designed Mix and Test Results 
- E* Test Specimen Preparation for the As-Built Mix Evaluation 
- E* Test for As-Built Mix and Test Results 
- IDT Test Specimen Preparation for both As-Designed and As-Built Mixes Evaluation 
- IDT Test for both As-Designed and As-Built Mixes and Results 

 

3.1 Test Specimen Geometry 

The geometry of test specimens for each testing differed. For the E* testing, the specimen used 
was a 4.0-inch in diameter and 6.0-in in height in accordance with AASHTO TP62, Standard 
Method of Test for Determining Dynamic Modulus of Hot-Mix Asphalt Concrete Mixtures (5). 
The E* test specimen was cored from a 6.7-inch by 6.0 inch Superpave Gyratory plug. A disk-
type specimen was required for the IDT testing. Similarly to the E* specimen, the IDT 
specimens were obtained from a Superpave Gyratory plug in accordance with AASHTO T332, 
Determining the Creep Compliance and Strength of Hot Mix Asphalt Using the Indirect Tensile 
Test Device (6). The schematic diagram of both specimens out of a plug is illustrated in Figure 
3. 
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(b) 
Figure 3 (a). Graphical Illustration of Gyratory Plug and E* Test Specimen; (b) Graphical 

Illustration of Gyratory Plug and IDT Test Specimen 
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3.2 Development of the Mass-Air Voids Relationship 

One of the important initial steps necessary to prepare the test specimens was to estimate the 
mass of HMA, into the Gyratory mold, that requires the manufacture of an individual specimen 
at a desired air void content. The method for achieving the air void content is described in the 
Appendix of AASHTO PP 60 as non-mandatory information (7). The method described was 
originally developed by Arizona State University (ASU) under NCHRP 9-19 (3). 

 

From the samples collected, a mass - air void plot was developed (note: the mass in this context 
is defined as an amount of loose asphalt mix that is placed into the Superpave Gyratory mold). 
The project team followed the standard to develop an appropriate mass – air voids relationship. 
In essence, the method is to use a trial and error process by using several different weights of a 
HMA mass and measuring the air voids of each specimen. Once a mass - air void plot is 
developed, it is used for manufacturing a test specimen at a target air void content. 

 

Figure 4 shows a relationship between masses used in the Gyratory mold and measured air 
voids of cored E* specimens from the asphalt surface layer of the Rhode Island project. The 
actual weights of the asphalt mix into the mold at each binder content level used for the plot are 
presented in the table under the figure. Note that the air voids were measured from cores taken 
from plugs using a vacuum sealing method commonly known as the Core Lok method specified 
in AASHTO T331, Bulk Specific Gravity and Density of Compacted Hot Mix Asphalt (HMA) 
Using Automatic Vacuum Sealing Method (8). Also, note that three levels of asphalt content are 
used: Optimum Asphalt Content (OAC) and OAC±0.5%. The results show that the three curves 
cover air voids range from close to zero up to approximately 13%, which simply implies that one 
should be able to estimate the mass of HMA into the gyratory mold in order to manufacture a 
test specimen at any reasonably selected air void.  

 

A mass – air void plot and a table for the AC base layer of the Rhode Island project are 
presented in Figure 5. Although a similar set of asphalt mix weights for each AC level was used 
for the AC base layer, the measured air voids ranged from close to zero to approximately 6%. 
Since it is apparent that this range (0 ~ 6%) can not cover all possible air voids level, the team 
attempted to extend the curve by adding another point and measure the air voids with a lower 
amount of aggregate to cover up a wide range of air voids. The mass-air voids curves for the 
AC base layer of the Rhode Island project are presented in Figure 5.  

 

Similar to the Rhode Island approach, a mass-air void plot was developed for the Utah project 
as shown Figure 6. After developing the curves for the RI and UT project, it was thought that 
developing one curve at the optimum asphalt content (OAC) would be better, rather than 
developing three curves at three asphalt contents (OAC-0.5%, OAC, and OAC+0.5%), in terms 
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of saving materials, time, and effort. Therefore, it was decided to attempt to create and use only 
one mass-air voids curve at OAC for the TX project.  

 

It is important to recall that the air voids of the actual test specimens were targeted at the same 
air voids as the specified target in-place air voids of each of the projects. The amount of lab-
mixed loose asphalt concrete into Gyratory molds was estimated based upon these pre-
determined mass – air voids curves. It should be noted that the mass - air voids curves were 
also utilized for the same purpose for the as-built mix specimen preparation as described in the 
following sections. 

 

Core Air Voids and Mass Curve at Three AC Content Levels (RI, Surface) 

 

AC Content (%) Actual Mix Weight into Gyratory Mold (g) and Corresponding Air 
Voids (%) Measured from Each Core Specimen 

6.2 6513 (Va=13.1%) 6991 (Va=9.8%) 7512 (Va=3.0%) 
6.7 6488 (Va=10.8%) 6986 (Va=5.6%) 7465 (Va=0.2%) 
7.2 6495 (Va=9.9%) 6981 (Va=4.2%) 7478 (Va=0.3%) 

Figure 4. Mass – Air Void Plot for AC Surface Layer for the RI Samples 
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Core Air Voids and Mass Curve at Three AC Content Levels (RI, Base Layer) 

 
AC Content 

(%) 
Actual Mix Weight into Gyratory Mold (g) and Corresponding Air Voids 

(%) Measured from Each Core Specimen 
4.8 6023 (Va=15.0%) 6687 (Va=8.2%) 7260 (Va=2.3%) 7594 (Va=0.4%) 
5.3 6024 (Va=13.6%) 6765 (Va=7.4%) 7283 (Va=2.2%) 7590 (Va=0.5%) 
5.8 6023 (Va=11.7%) 6856 (Va=5.4%) 7268 (Va=1.5%) 7713 (Va=0.3%) 

Figure 5. Mass – Air Void Plot for AC Base Layer for the RI Samples 
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Core Air Voids and Mass Curve at Three AC Content Levels (Utah) 

 

 

AC Content (%) Actual Mix Weight into Gyratory Mold (g) and Corresponding Air 
Voids (%) Measured from Each Core Specimen 

4.1 6301 (Va=11.5%) 6550 (Va=8.1%) 6904 (Va=3.8%) 
4.6 6309 (Va=9.5%) 6553 (Va=7.1%) 6903 (Va=3.5%) 
5.1 6305 (Va=8.4%) 6550 (Va=6.9%) 6905 (Va=2.3%) 

Figure 6. Mass – Air Void Plot for AC Surface Layer for the UT Samples 
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AC Content (%) Actual Mix Weight into Gyratory Mold (g) and Corresponding Air 
Voids (%) Measured from Each Core Specimen 

5.5 6111 (Va=11.1%) 6400 (Va=7.2%) 6689 (Va=3.6%) 

Figure 7. Mass – Va Curve for the Texas Sample 

 

3.3 E* Test Specimen Preparation for As-Designed Mix Evaluation 

The test specimens for the as-designed mix evaluation were prepared in accordance with 
AASHTO PP 60 (7). Based on the Job Mix Formula, the raw materials (asphalt binder and 
aggregates) were blended and mixed in order to manufacture Gyratory plugs. Each plug was 
then sawed to obtain test specimens with the appropriate thickness as illustrated in Figure 3 (a). 

 

The air voids of the test specimens were targeted at the same air voids as the specified target 
in-place air voids of each of the three projects that were chosen as 6.0%, 5.0%, 6.5%, and 
7.0%, for the RI Surface, RI Base, UT Surface, and TX Surface layers, respectively. The 
amount of lab-mixed loose asphalt concrete to gyratory molds was estimated based upon the 
pre-developed mass – air voids curves for the E* testing as shown in Figures 4 to 7. Any 
specimens that contained air voids more than ±0.5% deviation were discarded according to the 
AASHTO standard. 
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The following steps summarize the procedure for preparing the Gyratory plug and test-ready E* 
specimen using the as-designed mix.  Figure 8 shows several pictures of the procedure. 

- Heat the aggregates and AC binder at the same temperature that has been 
established for the Job Mix Formula. 

- Mix the aggregates and AC binder following the JMF proportions received from each 
project. 

- Short-term age the loose mix at the desired mixing temperature for four hours in 
accordance with AASHTO R30, Mix Conditioning of Hot Mix Asphalt (9). 

- Place the loose mixture into the mold. 
- Use the pre-developed Va-Mass curve for determining loose mix amount into the 

mold. 
- Compact the mixture in accordance with PP 60 (7). 

(Note: this is a height-controlled compaction procedure; a height of 170.2 mm (6.7 
in.) is maintained during compaction. Hence, the number of gyrations change 
depending on mix volumetric property, especially target air voids.) 

- Extrude the Gyratory plug. 
- Cool down, drill the core, saw and trim. 
- Cap with Sulfate compound and place pins for attaching the transducers (LVDTs). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 (a). Gyratory Plugs, (b) After Coring and Trimming, (c) Before and After Capping, 
and (d) Gluing Pins 
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The actual volumetric information, for each test specimen replicate, along with the measured air 
voids of the prepared E* specimens was also measured / calculated as shown in Tables 4 and 
5. It includes Rice specific gravity, bulk specific gravity of the mix, air voids, voids in mineral 
aggregates, and voids filled with asphalt. In addition, the dimension of each specimen was 
measured to verify that the specimens conform to the requirements of the standard 
specification. The AASHTO standard requires the test specimens meet four major dimension 
items: height, diameter, end flatness, and end perpendicularity. The height of a specimen cored 
from a Gyratory plug was adjusted as it is cut by the saw machine to meet the specified height 
(between 147.5 and 152.5 mm). The specimen was then capped with sulfate compound to 
minimize the effect of the surface friction.  Because the cap thickness was thin, the height of the 
capped specimen was still within the specified range of height. Tables 6 and 7 summarize the 
test specimen dimension for each test specimen. Note that the measured height includes the 
cap thickness. 

 

Table 4. Test Specimen Volumetric Information for the Rhode Island Specimens 

 
AC Surface Course (RI) AC Base Course (RI) 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Rice Sp. Gr. (Gmm) 2.524 2.524 2.529 2.529 

Bulk Sp. Gr. (Gmb) 2.370 2.369 2.399 2.402 

Air Voids (%) 6.1 6.1 5.1 5.0 

AC Content (%) 6.7 6.7 5.3 5.3 

Eff. Sp. Gr. of Agg. (Gse) 2.821 2.821 2.752 2.752 
Eff. Binder Content by 

Volume (Vbeff) 
13.3 13.3 12.0 12.1 

VMA (%) 19.4 19.4 17.2 17.1 

VFA (%) 68.5 68.4 70.1 70.6 
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Table 5. Test Specimen Volumetric Information for the Utah and Texas Specimens 

 
AC Surface Course (UT) AC Surface Course (TX) 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Rice Sp. Gr. (Gmm) 2.452 2.452 2.384 2.384 

Bulk Sp. Gr. (Gmb) 2.292 2.290 2.217 2.209 

Air Voids (%) 6.5 6.6 7.0 7.3 

AC Content (%) 4.6 4.6 5.5 5.5 

Eff. Sp. Gr. of Agg. (Gse) 2.633 2.633 2.583 2.583 
Eff. Binder Content by 

Volume (Vbeff) 
11.0 11.0 11.3 11.2 

VMA (%) 17.6 17.6 18.3 18.6 

VFA (%) 62.8 62.5 61.7 60.5 

 

Table 6. Test Specimen Dimension for the Rhode Island Specimens 

 
AC Surface Course (RI) AC Base Course (RI) 

Specification 
Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Height (mm) 150.4 152.3 151.5 150.8 147.5 ≤ h ≤ 152.5 

Diameter (mm) 101.0 101.0 101.1 101.1 100 ≤ d ≤ 104 

Top Flatness (mm) 0.08 0.10 0.06 0.07 ≤ 0.5 

Bottom Flatness (mm) 0.08 0.08 0.05 0.06 ≤ 0.5 

Top Perpendicularity 
(mm) 0.34 0.43 0.13 0.45 ≤ 1.0 

Bottom 
Perpendicularity (mm) 0.39 0.20 0.24 0.24 ≤ 1.0 

 
  



20 

 

Table 7. Test Specimen Dimension for the Utah and Texas Specimens 

 
AC Surface Course (UT) AC Surface Course (TX) 

Specification 
Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Height (mm) 150.4 152.3 152.5 152.4 147.5 ≤ h ≤ 152.5 

Diameter (mm) 101.0 101.0 101.3 101.3 100 ≤ d ≤ 104 

Top Flatness (mm) 0.08 0.10 0.07 0.08 ≤ 0.5 

Bottom Flatness (mm) 0.08 0.08 0.06 0.07 ≤ 0.5 

Top Perpendicularity 
(mm) 0.34 0.43 0.25 0.29 ≤ 1.0 

Bottom 
Perpendicularity (mm) 0.39 0.20 0.29 0.27 ≤ 1.0 

 

To accurately mount the glued gage points to the specimen at 120-degree intervals for three 
LVDTs, a gluing apparatus was used as shown in Figure 9. After a half an hour of the glue 
curing time, the specimen was detached from the apparatus and the second glue was applied to 
each gage point to ensure that they will not come off the specimen while testing. The glued 
gauge points were then cured at a room temperature for at least 4 hours before the specimen 
was used for the actual E* testing procedure. Examples of the prepared E* test-ready 
specimens are shown in Figure 10. 
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Figure 9. Gluing Apparatus  

 

Figure 10. Prepared E* Test-Ready Specimens 
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3.4 Dynamic Modulus Test for As-Designed Mix and Test Results 

Dynamic modulus (E*) tests for the as-designed mix were performed using the as-designed 
materials received from each of the projects. The test was in accordance with the recommended 
test sequence specified in AASHTO TP 62 (5). This test protocol uses a minimum of two 
replicate specimens at five temperatures (14, 40, 70, 100, and 130°F) and six loading 
frequencies (25, 10, 5, 1, 0.5, and 0.1 Hz) for each temperature. Therefore, a total of 30 data 
points is produced through a full E* test. These results, in turn, allow for the accurate estimate of 
the HMA “Master Curve.” 

 

Dynamic Modulus Testing System 

With the onset of the project, AMEC procured an advanced asphalt mix testing system from 
Geotechnical Consulting & Testing Systems (GCTS) to conduct the SPT testing properly. It is to 
be noted that the GCTS equipment being used on the project is not the Asphalt Mixture 
Performance Tester (AMPT) equipment, but rather dynamic equipment capable of generating a 
full E* master curve as used in the MEPDG. The GCTS dynamic testing system is shown in 
Figure 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. GCTS Dynamic Equipment 
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The specification and capacity of the testing device is compared with the AASHTO TP 62 
requirements in Table 8. It shows that the GCTS testing device complies with the requirements 
specified in the standard for the major items: temperature, dynamic load, and LVDT. Note that 
the load cell accuracy is not correctly specified in the AASHTO standard. The accuracy in the 
AASHTO standard requires “Error ≤ 0.0 percent” which is believed to be a typo error or misprint. 

 

Table 8. Comparison of Specifications and Requirements 

Major Item AASHTO TP 62 Requirement GCTS E* Testing Device 

Temperature Range -10 to 60°C (14 to 140°F) -20 to 80°C (-4 to 176°F) 
Temperature Control ±0.5°C (±1.0°F) ±0.5°C (±1.0°F) 

Dynamic Load Capacity 22.5 kN (5.0 kips) 25.0 kN (5.6 kips) 
Loading Rates 0.1 to 25 Hz 0.1 to 60 Hz 

Load Cell Accuracy Not Specified Error ≤ 0.1% 
LVDT Accuracy ≤ 0.0025 mm Max Error = 0.0009 mm 

 

Through initial assessments of the hardware and software testing system, the research team 
found out that several deficiencies existed within the testing equipment. Each of the problems 
was thoroughly examined; the source of the errors was indentified; and all deficiencies were 
able to be resolved. In addition, the LVDT transducers, the load cell, and the temperature 
sensors were fully calibrated prior to final project testing. 

 

After finishing / checking all required calibrations for the testing device, a comprehensive E* 
comparison study between AMEC (GCTS) and the ASU (IPC) was performed to validate the 
GCTS dynamic testing equipment. Four Gyratory plugs (replicates) were prepared and test 
specimens were cored out of the plugs. The test specimens were manufactured by the ASU lab. 
A full E* testing specified in the standard (5 temp. and 6 freq.) was then conducted at both 
AMEC and ASU laboratories using the same specimens. 

 

The measured E* values were then compared. It was found that there was no significant 
difference in the E* values at the low temperature range (14 and 40°F), whereas there was a 
noticeable discrepancy measured at the high temperature range (100 and 130°F). The E* 
values from the ASU (IPC) system were significantly higher than those from the AMEC (GCTS) 
system at the 100 and 130°F temperatures. The problem was thoroughly investigated by the 
research team; and it was found that the IPC system overly utilizes the seating (contact) load. 
This causes unintended vertical confinement while testing. As a result, it underestimates the 
true recoverable strain; and subsequently overestimates the dynamic modulus. In general, the 
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recoverable strain is influenced by the seating load at high temperatures when the seating load 
is overly used.  

 

The IPC system was then properly adjusted to decrease the seating load; and another E* 
comparison study was followed with a reduced number of test specimens (two specimens were 
used for this additional comparison testing). 

 

The final E* comparison result is presented in Figure 12. Each data point represents an average 
E* value of two replicates at one temperature and one frequency. Hence, a total of 30 data 
points are plotted. The E* comparison plot clearly show that the measured E* values from both 
testing system closely fall on the equality line at all temperatures. 

 

 

Figure 12. Dynamic Modulus Data Comparison between AMEC and ASU 

 

Dynamic Modulus Test and Master Curve Development 

A full factorial (5 temp: 14, 40, 70, 100, and 130°F. and 6 freq: 25, 10, 5, 1, 0.5, and 0.1 Hz.) 
dynamic modulus test was conducted for the as-designed mix of each of the construction sites 
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using two replicates. The detailed test results including specimen dimension, volumetric, 
dynamic modulus, phase angle, strain, applied stress, recoverable strain, standard errors of the 
stress and the strain, uniformity coefficients, are presented in the Appendix A in accordance 
with AASHTO Standards PP 60, TP 62, and PP 62.  

 

After obtaining the individual E* data points at the specified temperatures and frequencies, the 
E* master curves for each mix type were developed based on two different recommended 
methods. One approach is based upon AASHTO PP 62, Developing Dynamic Modulus Master 
Curves for Hot Mix Asphalt (10). The second approach utilizes the approach used in the 
MEPDG and QRSS methodologies (1, 4). The AASHTO PP 62 procedure requires developing a 
master curve as a function of the actual frequency, while the MEPDG and QRSS utilize the 
reduced time (tr) which is assumed to be equal to the reciprocal of the reduced frequency (1/fr). 
Equations 1a and 1b are the general forms of the dynamic modulus master curve and the 
reduced frequency used in the PP 62 standard. Equations 2a and 2b are the forms of the 
master curve and the reduced time used in the MEPDG and QRSS. Note that both methods use 
a second-order polynomial time-temperature shift function. 

 

rfe
E log1

*log γβ

α
δ ++

+=          (1a) 

2
21 )()(loglog TTaTTaff RRr −+−+=        (1b) 

 

where, 

 |E*|   = the dynamic modulus, psi; 

 α, β, γ, and δ  = the fitting parameters; and 

 fr   = the reduced frequency at the reference temperature, Hz. 

 f  = the loading frequency at the test temperature; 

 a1 and a2 = the fitting coefficients; 

 TR  = the reference temperature, °F (70°F); and 

 T  = the test temperature, °F. 

 

rte
E log1

*log γβ

α
δ ++

+=          (2a) 

( )cbTaTttr ++−= 2loglog          (2b) 

 



26 

 

where, 

 tr   = the reduced time at the reference temperature, sec; 

 t  = the loading time at the test temperature, sec; 

 a, b, and c = the fitting coefficients; 

 

Shown in Figure 13 are the master curves developed for the RI surface and base mixtures, from 
both methodologies. It should be noted that, theoretically, the master curve parameters to 
determine the minimum and maximum values of log E* (Alpha and Delta) and to determine the 
horizontal location of the curve (Beta) are identical in both methods; and the parameter to 
determine the slope of the sigmoidal curve (Gamma) has the opposite sign (i.e., negative to 
positive or vice versa). However, depending on the characteristic of the Solver function and 
spreadsheet used (e.g., precision), the parameters may show a slight difference which in reality 
affects neither the shape of the curve nor the statistics, such as Se/Sy and R2. Table 9 clearly 
shows that the Alpha, Beta, Delta values; and the absolute value of Gamma from both methods 
are almost identical. The goodness-of-fit values are the same for both methods. 

 

The data quality of the master curves is quite good as shown in the goodness of fit statistic. It 
needs to be recognized that the data points used for developing the master curve embrace 
individual E* results from two replicates (i.e., 60 data points), not averaged E* values (i.e., 30 
data points). Although it is common that the use of the average E* values of specimens, it was 
decided that this research would use all individual E* data points in developing the master 
curves, in order to eliminate the possibility of significant differences in lab-measured E* between 
specimens. 
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Figure 13. E* Master Curve Development for As-Designed Mix of (a) RI AC Surface 
Material and (b) RI AC Base Material 

 

Table 9. Master Curve Parameters and Goodness of Fit for AASHTO PP 62 and MEPDG / 
QRSS for As-Designed Mix of RI Surface Material 

 
AC Surface Course (RI) AC Base Course (RI) 

AASHTO PP 62 MEPDG / QRSS AASHTO PP 62 MEPDG / QRSS 

Delta (δ) 1.150 1.150 1.001 1.001 

Alpha (α) 2.261 2.261 2.488 2.488 

Beta (β) -0.305 -0.305 -0.677 -0.677 

Gamma (γ) -0.553 0.552 -0.567 0.567 

Se / Sy 0.056 0.056 0.046 0.046 

R2 0.997 0.997 0.998 0.998 
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It is very important to recall that these master curves will be used to determine a single effective 
E* at a critical asphalt pavement condition for a particular distress type. The critical condition is 
expressed by a combination of the effective temperature and frequency. This as-designed 
effective E* (E*eff) will then be compared with the as-built E*eff to evaluate the field mix quality. 
The as-built E*eff will be determined in the lab at a single SPT recommended temperature and 
frequency condition, using the pre-mixed loose mix collected from the plant on the day of 
production. 

 

As the RI design mix, two E* master curves were developed for the UT and TX materials in 
accordance with the AASHTO standard TP 62 which uses the reduced frequency as x-axis; and 
the other in accordance with the MEPDG and QRSS methodology which uses the reduced time 
as x-axis. Figures 14 and 15 show the two developed master curves; and their parameters are 
presented in Table 10. 

 

Figure 14. Master Curve Development for As-Designed Mix of UT Project Material 

 

Figure 15. Master Curve Development for As-Designed Mix of TX Project Material 
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Table 10. Master Curve Parameters and Goodness of Fit for AASHTO PP 62 and MEPDG / 
QRSS for As-Designed Mix of Utah and Texas Materials 

 
AC Course (UT) AC Course (TX) 

AASHTO PP 62 MEPDG / QRSS AASHTO PP 62 MEPDG / QRSS 

Delta (δ) 1.038 1.038 0.259 0.261 

Alpha (α) 2.445 2.445 3.231 3.236 

Beta (β) -0.312 -0.312 -1.404 -1.390 

Gamma (γ) -0.606 0.606 -0.440 0.439 

Se / Sy 0.038 0.039 0.029 0.030 

R2 0.999 0.999 0.999 0.999 

 

3.5 E* Test Specimen Preparation for As-Built Mix 

Estimation of the Mean and Standard Deviation of Effective Dynamic Modulus  

To simulate the genuine quality of the as-built mix actually laid down in the field, it would be the 
best option to use the same air voids for the as-built E* test specimen as the in-place voids 
measured in the field, assuming the in-place air voids are correctly measured after compaction. 
It would be then possible to directly compare the E* values between the as-designed and as-
built mixes. However, it is always inevitable that the in-situ air voids have variation having mean 
and standard deviation; and the degree of variation differs lot by lot. Therefore, to evaluate the 
as-built mix quality at the field condition; and to simulate the field condition for the E* lab testing, 
it was necessary, when test specimens are manufactured in the lab, to use a wide range of air 
voids that cover the probable air voids actually existing in the field. This assumption is 
necessary to make for the use of the E* test, due to the minimum geometry (height/diameter) 
ratio that must be used. In most practical cases, the actual HMA lift thickness may be less than 
the minimum. 

 

In this research, a decision was initially made to use two air voids levels for the E* test 
specimens: 1) one low air voids level which is lower than 3 times the standard deviation of the 
actual in-place air voids, and 2) one high air voids level which is higher than 3 times the 
standard deviation of the in-place air voids, per lot. With these two specimens, each of which 
has the low air voids level and the high air voids level, respectively, the range between the 
corresponding single E* values (E*eff) determined in the lab testing at each air voids level should 
be able to cover the actual in-situ dynamic modulus.  

 

Figure 17 shows an example of the effective E* and specimen air voids relationship. Two data 
points of each linear line are high and low E*eff values at low and high air voids levels, 
respectively. One linear relationship is established for one sublot within a given lot. In this 
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example, four linear lines are drawn and each line represents a sublot within a given lot. The 
frequency distribution shown at the bottom of the figure represents a frequency distribution of 
the in-place air voids based on the air voids data measured in the field after completion of the 
compaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Example of Effective Dynamic Modulus – Air Voids Relationship 

 

By using the linear relationship assumption between Va-E*eff, it is possible to estimate the in-
place E*eff values at each air void condition which would cover the true E*eff in the field. Since 
the mean and variance of the in-place air voids is known, the mean and variance of the in-place 
E*eff can also be estimated (i.e., the frequency distribution of E*eff) with the following simple 
calculations (Equations 3a to 3d): 
 

Let each linear curve be: 

11
*

1 bVaaEeff +=  for Sublot #1       (3a) 

22
*

2 bVaaEeff +=  for Sublot #2       (3b) 

33
*

3 bVaaEeff +=  for Sublot #3       (3c) 

44
*

4 bVaaEeff +=  for Sublot #4       (3d) 



31 

 

0.00

0.01

0.01

0.02

0.02

0.03

200 300 400 500

f(x
)

Effective Dynamic Modulus (ksi)

Estimated Effective E* of As-Built Mix

Then, the estimated average E*eff can be simply expressed by: 

 

 ( ) ( )43214321
*

4
1

4
1 bbbbVaaaaaEeff +++++++=

     (3e)
 

 

Since Equation 3e is a multivariate function having two variables, Taylor’s series can be applied 
to find the mean and variance of the dependent variable, E*eff. By using the first moment of 
Taylor’s series, the mean and variance are obtained by Equations 4a and 4b: 
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Once the mean and standard deviation are calculated, a normal distribution curve can be drawn 
as shown in Figure 17. In this example, the mean of the effective E* was found to be 331.4 ksi. 
This computed average E*eff value with the mean E*eff can be visually estimated from Figure 16. 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Example of an Estimated Effective E* Using the Air Voids and Effective E* 
Relationship 
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During this portion of the study, a minor problem was discovered that necessitated some 
revision to the methodology that was originally developed by Jeong (11). This problem 
developed because the mean in-place air voids in a few lots of the RI project were extremely 
low. This fact subsequently caused the target low air voids (µ - 3σ) to be unrealistically low. In 
this range of the air voids, the linear assumption between Va and E*eff may not be guaranteed. 
As a result, another approach had to be used specially for these lots. 

 

The approach is that, instead of using the two-point linear curve from each sublot, a four-point 
curve (three low air voids and one high air voids) are used. The three low air voids were 
arbitrarily selected as 1.0%, 2.0%, and 3.5% in order to cover the µ - 3σ air voids as well as 
identify the Va-E*eff relationship at the low air voids range. The reason the lowest air voids was 
1.0% was due to a practical difficulty in manufacturing a specimen less than 1.0% air voids 
using the Gyratory compactor.  

 

Figure 18 illustrates an example of the Va-E*eff relationship (RI Base course, LOT #1 when the 
four points measurements are used. Note that two sublots in this case had to be combined to 
produce four Gyratory plugs due to the shortage of the amount of loose mix in the buckets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Estimation of In-Place Effective E* with Four-Point Method 
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Since the Va-E*eff relationship is not linear for the case within lower air voids range, the use of 
Taylor’s series for the E*eff estimation was found to be quite complicated. Hence, instead of a 
Taylor’s series, the Monte Carlo approach had to be applied. The following steps illustrate the 
approach: 

 

- Develop a set of random values based on a normal distribution having the mean of 
zero and standard deviation of 1. 

- Multiply each random value to the standard deviation of the actual in-place air voids 
and add it to the mean of the actual in-place air voids (i.e., σµ )( eRandomValu+ ). 

- Each one of the calculated value is a random in-place air voids based on a normal 
distribution of the air voids.  

- For a random value, find two E*eff from two corresponding lines of the Va-E*eff plot: 
one from the Sublot #AB curve and the other from the Sublot #CD curve shown in 
Figure 19. 

- Repeat until finding enough E*eff data points. 
- Create a database from the E*eff data found. 
- Calculate the mean and standard deviation of E*eff from the database. 

 

As-Built Test Specimen Preparation 

Plant-produced HMA materials were collected from each of the aforementioned construction 
sites and sent to the AMEC laboratory for E* testing. The E* specimen from the as-built mix was 
prepared by using the Gyratory compactor in accordance with AASHTO PP 60 (7). Since the 
pre-mixed field loose sample was delivered in metal buckets, the material was placed and 
heated in the oven at a temperature of approximately 275°F to soften for approximately one 
hour. The most delicate part in this procedure was to place the precise amount of the loose mix 
into the Gyratory mold, in order to achieve the target air voids of the core. The procedure was 
identical to the as-designed mix specimen preparation procedure. The mass-Va curves pre-
developed with the as-designed mix were re-used to minimize the trial-error effort to obtain the 
target air voids. A height of 6.7 inches (170.2 mm) was set as a constant value for plugs 
compacted, i.e., the number of gyrations per specimen was variable, primarily depending on a 
target air voids level of each specimen. The following steps summarize the procedure for 
preparing E* of the field test specimens: 

 

- Heat the metal buckets at 275°F for one hour. 
- Place the loose mix into the mold. 
- Use the mass-Va curves for determining loose mix amount into the mold. 
- Compact the mixture in accordance with AASHTO PP 60 (7). 
- Extrude the Gyratory plug. 
- Cool down, drill the core, saw and trim. 
- Cap and put pins. 
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A pair of Gyratory plugs from each container (i.e., per sublot) was fabricated and a pair of 4-inch 
by 6-inch cylindrical specimens was retrieved out of the plugs. As described earlier, one core 
specimen target is at a low level of air voids (which is lower than three times the standard 
deviation minus the average of the actual in-place air voids (i.e., µ-3σ) of a given lot) to be 
analyzed. The other core target is at a high level of air voids, which is higher than three times 
the standard deviation, plus the average of the actual in-place air voids (i.e., µ+3σ).  

 

As noted in Paragraph 1 of Section 3.5, the purpose of having this pair of cores is to simulate 
the field condition and accordingly to cover the range of actual in-place air voids, so that the 
dynamic modulus measured from the pair of cores will also cover the range of the actual in-
place dynamic modulus. The actual mean (µ) and standard deviation (σ) of the in-place air voids 
measured from the RI project site are presented in Tables 11 and 12 for the AC surface and 
base layers, respectively, along with the low and high air voids levels (µ ± 3σ), and the actual 
specimen air voids used for the as-built E* test specimens. 

 

As described in the previous section, it was found that the measured in-place air voids in a few 
lots (Lot #4 for the surface course, and Lot #1, 4, 5 for the base course) was extremely low. In 
this low air voids range, the assumption that there is a linear relationship between pavement air 
voids and dynamic modulus appeared not to be met. Therefore, instead of using linear lines with 
two points of Va-E*, four points approach was employed. For example, for Lot #4 of the surface 
layer, instead of preparing two core specimens per sublot, four specimens with three low air 
voids levels (approximately 1.0, 2.0, and 3.5% target air voids) and one high air voids level 
(6.5% target air voids level) were prepared. Note that, to manufacture these four specimens, it 
was necessary to combine two sublots into one. The actual core specimen air voids prepared 
for this type of lots are presented in Table 13. In the same way, the test specimens for the Utah 
and Texas materials were prepared. The air void information for both project sites is presented 
in Tables 14 and 15. 
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Table 11. In-Place Air Voids and Actual Core Specimen Air Voids for RI Surface Course 

Lot Sublot 

Measured In-Place Va 
(%) 

Low and High Va Levels 
(%) Actual Specimen Va (%) 

Mean  
(Std. Dev.) 

Low 
(µ-3σ) 

High 
(µ+3σ) Low High 

1 

1 
6.1 

(0.6) 4.2 8.0 

3.8 9.1 
2 3.6 9.2 
3 3.5 9.3 
4 3.3 9.2 

2 

1 
6.5 

(0.9) 3.9 9.0 

3.6 9.1 
2 3.7 9.3 
3 3.8 9.5 
4 3.7 9.4 

3 

1 
6.0 

(1.0) 3.0 8.9 

2.7 9.1 
2 2.7 9.1 
3 2.7 9.1 
4 2.7 9.3 

4 

1 
3.3 

(0.9) 0.7 5.8 
N/A 
(See  

Table 13Table 13) 

2 
3 
4 

5 

1 
3.9 

(0.3) 2.9 4.9 

2.6 6.0 
2 2.5 6.0 
3 2.4 6.1 
4 2.5 5.9 
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Table 12. In-Place Air Voids and Actual Core Specimen Air Voids for RI Base Course 

Lot Sublot 

Measured In-Place Va 
(%) 

Low and High Va Levels 
(%) Actual Specimen Va (%) 

Mean  
(Std. Dev.) 

Low 
(µ-3σ) 

High 
(µ+3σ) Low High 

1 

1 
4.3 

(0.7)* 2.2 6.4 
N/A 
(See  

Table 13Table 13) 

2 
3 
4 

2 

1 
6.5 

(0.7)* 4.4 8.6 

3.5 9.4 
2 3.8 9.4 
3 3.6 9.3 
4 3.6 9.5 

3 

1 
6.1 

(0.7)* 4.0 8.2 

3.4 9.6 
2 3.4 9.4 
3 3.4 9.7 
4 3.5 9.4 

4 
 

1 
2.7 

(0.7)* 0.6 4.8 
N/A 
(See  

Table 13) 

2 
3 
4 

5 

1 
3.2 

(0.7)* 1.1 5.3 
N/A 
(See  

Table 13Table 13) 

2 
3 
4 

* Historical design mix standard deviation of 0.7% is applied, because there was only one in-
place air voids measurement. 
 

Table 13. In-Place Air Voids range and Target Air Voids for Test Specimens (Four Points) 

AC 
Layer 
Type 

LOT Sublot 

Low and High Va 
Levels (%) Actual Specimens Va (%) 

Low 
(µ - 3σ) 

High 
(µ + 3σ) Low 1 Low 2 Low 3 HIGH 

Surface 4 
AB 

0.7 5.8 
1.1 2.1 3.3 6.4 

CD 1.0 2.2 3.3 6.4 

Base 

1 
AB 

2.2 6.4 
0.8 1.8 3.3 7.1 

CD 0.8 1.8 3.6 7.2 

4 
AB 

0.6 4.8 
1.0 2.0 3.4 6.3 

CD 0.7 1.9 3.7 6.6 

5 
AB 

1.1 5.3 
1.1 2.2 3.5 6.7 

CD 0.8 1.9 3.3 6.7 
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Table 14. In-Place Air Voids and Actual Core Specimen Air Voids (Utah) 

Lot Sublot 

Measured In-Place Va 
(%) 

Low and High Va Levels 
(%) Actual Specimen Va (%) 

Mean  
(Std. Dev.) 

Low 
(µ-3σ) 

High 
(µ+3σ) Low High 

29 

1 
6.9  

(0.826) 4.0 9.5 

4.1 9.4 
2 4.1 9.3 
3 3.9 9.3 
4 3.9 9.4 

30 

1 
7.6 

(1.201) 3.5 11.5 

3.4 11.3 
2 3.6 11.7 
3 3.6 11.3 
4 3.4 11.3 

31 

1 
6.9 

(0.990) 3.5 10.0 

3.4 10.1 
2 3.4 9.8 
3 3.6 10.1 
4 3.3 9.7 

32 

1 
6.6 

(1.060) 3.0 10.0 

3.2 10.2 
2 3.2 9.8 
3 3.2 9.8 
4 3.1 9.9 

33 

1 
7.3 

(1.050) 3.5 10.5 

3.5 10.7 
2 3.3 10.4 
3 3.6 10.7 
4 3.4 10.5 

34 

1 
7.5 

(1.087) 4.0 11.0 

4.3 11.1 
2 4.1 11.0 
3 4.2 11.2 
4 3.7 10.9 

35 
1 

7.8 
(1.132) 4.0 11.5 

4.3 11.2 
2 4.2 11.6 
3 4.2 11.3 

36 

1 
7.6 

(1.116) 4.0 11.0 

4.2 11.0 
2 4.1 10.8 
3 4.2 11.1 
4 4.3 11.0 

37 

1 
7.7 

(0.965) 4.5 11.0 

4.7 11.2 
2 4.4 10.9 
3 4.7 10.7 
4 4.5 10.8 

38 

1 
7.3 

(0.845) 4.5 10.0 

4.5 10.2 
2 4.5 10.2 
3 4.7 10.0 
4 4.7 10.2 
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Table 15. In-Place Air Voids and Target / Actual Core Specimen Air Voids (Texas) 

Lot Sublot 

Measured In-Place Va 
(%) 

Low and High Va Levels 
(%) Actual Specimen Va (%) 

Mean  
(Std. Dev.) 

Low 
(µ-3σ) 

High 
(µ+3σ) Low High 

6 

1 
7.3  

(0.881) 4.0 10.0 

3.7 10.0 
2 N/A N/A 
3 4.1 9.9 
4 4.4 9.8 

7 

1 
7.4 

(0.974) 4.0 10.5 

N/A N/A 
2 4.4 9.7 
3 3.8 9.6 
4 4.3 10.8 

8 

1 
7.3 

(0.637) 5.0 9.5 

4.9 10.3 
2 5.1 10.6 
3 4.5 10.3 
4 4.9 9.7 

9 

1 
7.4 

(0.934) 4.0 10.5 

4.2 10.2 
2 3.8 9.9 
3 4.0 10.1 
4 3.9 10.0 

10 

1 
7.4 

(0.570) 5.0 9.5 

4.7 9.4 
2 4.7 9.4 
3 4.8 9.5 
4 4.7 9.2 

11 

1 
7.4 

(0.287) 5.0 9.0 

4.7 9.3 
2 4.7 9.4 
3 5.1 9.3 
4 N/A N/A 

* Because of material shortage, a few sublots were excluded from analysis. 

 

3.6 E* Test for As-Built Mix and Test Results 

With all of the specimens prepared, the E* testing for the as-built (field) mix was conducted in 
order to evaluate the mix quality associated with AC rutting and fatigue cracking. This then 
allowed the comparison of the mix quality between the as-designed and as-built mix. It is 
important to understand that the as-designed mix requires a full set of E* testing including 5 
temperatures and 6 loading frequencies, while the as-built mix requires a single E* test at a 
single combination of one temperature and one frequency which is commonly known as the 
“SPT effective temperature and frequency” condition. Hence, it was necessary to compute the 
unique effective condition for each distress type (fatigue and rutting separately) and for each of 
the project site locations, prior to conducting the E* testing for the as-built mix. The following 
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shows the sequence of the as-built mix quality evaluation; and the subsequent sections will 
describe each step: 

 

Step 1: Calculation of the effective condition (SPT effective temperature and frequency) 
for distress type and location in question. 
Step 2: E* testing at the effective condition for each of the field lots with the prepared 
specimens in the proceeding section 
Step 3: Estimation of the frequency distribution (mean and standard deviation) of field 
E*eff for each lot. 

 

As noted in earlier in Section 3.5, with the estimated average and standard deviation of the as-
built mix E*eff, the as-built mix quality is evaluated in terms of the predicted amount of distresses 
on a lot basis. The service life of each lot is predicted accordingly. This will be explained in 
Chapter 4. 

 

Effective Conditions  

The determination of the critical effective temperature and loading frequency to specify the 
precise test conditions in measuring the effective modulus, E*eff, is one of the critical steps in the 
as-built mix quality evaluation. Unlike the as-designed mix, where the development of a full 
dynamic modulus master curve is required, the field mix is only tested at one temperature and 
one loading frequency for each major distress. This combination is considered a critical and 
unique condition for a particular distress type at a location to be analyzed. 

 

The two effective temperature equations developed, under NCHRP 9-22, for AC rutting 
(Equation 5a) and fatigue cracking (Equation 5b) are as follows (4,12): 

 

)(08.0)(333.0
)(431.0)(718.1)(121.1)(940.10)(361.362.14

RainSunshine
WindMMATMAATzfLnT effeff

+

+−++−−= σ
(5a) 

 

)(071.0)(549.0
)(186.1)(876.0)(006.1)(332.2995.13 5.0

RainSunshine
WindMMATMAATfT effeff

+

+−++−−= σ
     (5b) 

 

)886.4(2
6.17

z
vf eff +

=            (5c) 
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where, feff  = Loading Frequency (Hz) 

 z  = Critical Depth (in.) 

 MAAT  = Mean Annual Average Temperature (°F) 

 σMMAT = Standard Deviation of the Mean Monthly Air Temperature (°F) 

 Wind  = Mean Annual Wind Speed (mph) 

 Sunshine = Mean Annual Percentage Sunshine (%) 

 Rain  = Annual Cumulative Rainfall Depth (in.) 

 v  = Traffic Speed (mph) 

 

In Equation 5c, the critical depth (z) is defined as a mid-point of each sublayer AC thickness 
associated with rutting, while the depth is defined as the thickness of the entire AC layer. The 
corresponding loading frequency calculated at the same depth is the effective frequency, which 
is obtained from Equation 5c. The rest of the variables in the equation are representative 
climate parameters for a given location. They are summarized in Table 16. 

 
Table 16. Climate Parameters Used for Effective Temperatures 

Parameters Province, RI Ogden, UT Corpus Christi, TX 
MAAT (°F) 51.63 52.01 74.60 
σMMAT (°F) 15.51 17.58 9.48 
Wind (mph) 7.78 6.06 9.56 

Sunshine (%) 41.92 69.99 53.19 
Rain (in.) 45.98 16.03 54.67 

 

For fatigue cracking, the calculation is very simple and straightforward. As mentioned, the 
critical location of this type of distress is assumed to be the bottom of all AC layers, no matter 
how many AC layers exist. This implies only one combination of the effective values are 
calculated at the location. Using Equation 5c, the fatigue-related effective frequency is 
calculated and the value placed into Equation 5b with the climatic parameters of a given location 
to compute the effective temperature. The calculated effective frequency and temperature 
values for the RI project, for example, are presented in Figure 19. 
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Figure 19. Effective Temperature and Frequency of Fatigue Distress for Rhode Island 

 

For rutting, the calculation becomes more complicated, mainly because the rutting prediction 
module utilizes a sublayering system within AC layers where the effective values for each 
sublayer need to be calculated. The detailed information as to how the rutting effective 
temperature and frequency is obtained can be found in the final report of the NCHRP 9-22 
project (4). The individually calculated effective temperature-frequency combinations for each 
sublayer are shown in the right and left-hand sides of Figure 20, as an example for the RI 
project, is then combined into one representative effective value which represent the critical 
condition of each AC layer. The final values are also presented in the middle diagram of Figure 
20. 
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Figure 20. Effective Temperature and Frequency of Rutting Distress for Rhode Island 

 

The effective temperature and frequency can be converted into any combination as long as they 
provide the same E*eff value for a given mixture. For example, the E*eff for the AC surface 
course for Rhode Island was found to be approximately 372 ksi at the effective condition (90.2°F 
and 34.3Hz) from the as-designed mix E* master curve. If one would like to change the 
frequency of 34.3Hz to 10Hz (which is a more realistic and usable frequency for most dynamic 
load systems for actual E* testing in the lab), the original effective temperature of 90.2°F should 
be changed to have the same effective E*, 372 ksi, (in this example, 90.2 à 80.6°F). This 
converted test condition is called a Simple Performance Test (SPT) condition. 

 

Therefore, with the SPT effective frequency and temperature, a corresponding E* (i.e., the 
effective dynamic modulus - E*eff) is determined based upon the E* master curve of the as-
designed mix which is developed through a full E* lab testing. Accordingly, these three effective 
values are established at this point: effective temperature, frequency, and dynamic modulus. 

 

Table 17 summarizes the (SPT) effective values for the RI, UT, and TX samples including 
temperature, frequency, and dynamic modulus. 
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Table 17. Effective Temperature, Frequency, and Dynamic Modulus for the (a) RI, (b) UT, 
and (c) TX Projects 

(a) 
Parameters Rutting (AC 1) Rutting (AC 2) Fatigue (AC 2) 

Effective Frequency (Hz) 34.3 21.9 35.2 

Effective Temp. (°F) 90.2 78.0 54.7 

SPT Effective Freq. (Hz) 10.0 10.0 10.0 
SPT Effective Temp. (°F) 80.6 72.0 46.2 

Effective E* (ksi) 371.9 803.4 1642.4 

(b) 
Parameters AC Rutting Fatigue 

Effective Frequency (Hz) 51.2 44.4 

Effective Temperature (°F) 89.5 70.5 

SPT Effective Freq. (Hz) 10.0 10.0 
SPT Effective Temp. (°F) 76.0 59.3 

Effective E* (ksi) 479.2 902.2 

(c) 
Parameters AC Rutting Fatigue 

Effective Frequency (Hz) 50.0 47.8 

Effective Temperature (°F) 97.9 74.9 

SPT Effective Freq. (Hz) 10.0 10.0 
SPT Effective Temp. (°F) 86.0 64.2 

Effective E* (ksi) 715.8 1287.0 

 

E* Testing for As-Built Mix 

It is very important to understand the underlying theory in using the single E* value for the 
evaluation of the field mix quality. If the quality of the field mix is exactly the same as the quality 
of the designed mix in terms of its mix properties such as binder characteristic, air voids, 
aggregate gradation, binder content, etc, then the E*eff of the field mix measured at the same 
effective condition (e.g., environmental and traffic condition) should be the same as the quality 
of the as-designed mix. Thus, the difference in E*eff between the as-designed and as-built mixes 
will be an important indicator in evaluating the field mix quality which is directly associated with 
pavement performance.  
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The SPT temperature and frequency for each AC layer and distress shown in Table 17 was 
used to conduct the single-point E* testing. Since the fatigue SPT temperature is generally 
lower than the rutting SPT temperature, the fatigue E* testing was conducted prior to the rutting 
E* testing with the same specimen. A loading frequency of 10Hz was constantly used for both 
distresses for all project sites. 

 

The single E* values measured in the laboratory with the condition uniquely specified for each 
distress and project location are presented in Tables 18 through 22. For the RI project, the 
pavement structure has two AC layers: surface and base; and the E* tests associated with 
rutting was conducted for the surface layer only, while the E* tests associated with both rutting 
and fatigue distresses were conducted for both surface and base layers. Since the pavement 
structure of the UT project included only one full-depth AC layer, the E* tests were completed 
for both rutting and fatigue distresses. For the TX project, although the structure consists of two 
AC layers, only the surface course materials were sampled and shipped to the AMEC laboratory 
due to unexpected sampling problems. Thus, it was decided to assume that the TX structure 
had one full-depth AC layer similar to the UT structure. 

 

As mentioned in Section 3.6, a few field lots in the RI project had very low in-place air voids of 
the compacted AC pavement. Therefore, the four-point E* measurements (four specimens with 
three low air voids such as 1.0%, 2.0%, and 3.5%, and one high air voids)  were made instead 
of the two-point E* measurements (low and high air voids). These E* test results are presented 
in Table 20. For the UT and TX projects, only two-point E* testing was performed and the test 
results are presented in Tables 21 and 22, respectively. 

 

With the measurements of E*eff at two air voids levels, the linear E*eff – air voids plots was 
developed for each lot in order to estimate the in-place E*eff. Based on the E*eff – Va relationship, 
the mean and standard deviation of the in-place E*eff was able to be estimated following the 
methodologies described in Section 3.6. The estimated mean and standard deviation of the as-
built mix E*eff values for each of the project sites are presented in Appendix B. In Chapter 4.0, 
the estimated E* values for the as-built mix is compared with those for the as-designed mix, 
followed by discussion. 
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Table 18. Effective Dynamic Modulus Measured at Low- and High Air Void Levels (RI, 
Surface Course for the Two-Point Method E* Estimation) 

Lot Sublot 
Actual Core Va (%) E*eff Rutting (ksi) E*eff Fatigue (ksi) 
Low High High Low High Low 

1 

1 3.8 9.1 369.1 237.0 N/A* N/A 
2 3.6 9.2 404.2 259.9 N/A N/A 
3 3.5 9.3 402.6 237.2 N/A N/A 
4 3.3 9.2 429.1 259.8 N/A N/A 

2 

1 3.6 9.1 372.0 242.9 N/A N/A 
2 3.7 9.3 406.0 234.9 N/A N/A 
3 3.8 9.5 421.7 241.5 N/A N/A 
4 3.7 9.4 435.3 241.1 N/A N/A 

3 

1 2.7 9.1 464.2 263.0 N/A N/A 
2 2.7 9.1 506.6 320.3 N/A N/A 
3 2.7 9.1 433.8 265.9 N/A N/A 
4 2.7 9.3 464.2 265.2 N/A N/A 

4 See Table 20 

5 

1 2.6 6.0 406.7 306.2 N/A N/A 
2 2.5 6.0 406.6 311.3 N/A N/A 
3 2.4 6.1 421.5 327.4 N/A N/A 
4 2.5 5.9 443.4 342.6 N/A N/A 

* The as-built mix E* associated with fatigue distress is only estimated for the bottom AC layer, if 
a pavement structure has multiple AC layers. 
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Table 19. Effective Dynamic Modulus Measured at Low- and High Air Void Levels (RI, 
Base Course for the Two-Point Method E* Estimation) 

Lot Sublot 
Actual Core Va (%) E*eff Rutting (ksi) E*eff Fatigue (ksi) 
Low High High Low High Low 

1 See Table 20 

2 

1 3.5 9.4 924.1 573.8 1663.4 1067.4 
2 3.8 9.4 842.6 467.1 1519.3 944.1 
3 3.6 9.3 855.9 564.0 1465.3 1035.6 
4 3.6 9.5 1044.1 552.9 1678.2 1034.0 

3 

1 3.4 9.6 832.0 448.6 1469.6 863.1 
2 3.4 9.4 842.4 416.8 1537.7 854.4 
3 3.4 9.7 897.9 449.2 1543.6 1007.6 
4 3.5 9.4 841.8 462.5 1467.9 991.2 

4 See Table 20 

5 See Table 20 
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Table 20. Effective Dynamic Modulus Measured at Low- and High Air Void Levels (RI, 
Surface and Base Courses for the Four-Point Method E* Estimation) 

Lot Sublot 
(Actual Core Va) 
E*eff Rutting (ksi) 

Low 1 Low 2 Low 3 High 

Surface 
Lot 4 

AB (1.1%) 
476.6 

(2.1%) 
502.5 

(3.3%) 
472.8 

(6.4%) 
294.3 

CD (1.0%) 
487.5 

(2.2%) 
472.1 

(3.3%) 
419.6 

(6.4%) 
301.3 

Lot Sublot 

(Actual Core Va) 
E*eff Rutting (ksi) 
E*eff Fatigue (ksi) 

Low 1 Low 2 Low 3 High 

Base 
Lot 1 

AB 
(0.8%) 
1161.7 
1911.1 

(1.8%) 
1100.7 
1852.1 

(3.3%) 
925.3 

1684.5 

(7.1%) 
651.0 
1148.4 

CD 
(0.8%) 
1089.7 
1839.8 

(1.8%) 
1056.3 
1774.4 

(3.6%) 
918.5 

1621.5 

(7.2%) 
574.6 
1163.3 

Base 
Lot 4 

AB 
(1.0%) 
1091.9 
1701.3 

(2.0%) 
1044.0 
1813.3 

(3.4%) 
742.1 

1466.5 

(6.3%) 
608.0 
1244.3 

CD 
(0.7%) 
1084.5 
1790.5 

(1.9%) 
1230.9 
1951.9 

(3.7%) 
844.8 

1556.3 

(6.6%) 
588.0 
1317.6 

Base 
Lot 5 

AB 
(1.1%) 
1166.7 
1996.4 

(2.2%) 
876.4 
1616.7 

(3.5%) 
833.7 

1478.6 

(6.7%) 
671.8 
1307.2 

CD 
(0.8%) 
1107.8 
1945.1 

(1.9%) 
868.9 
1607.2 

(3.3%) 
813.5 

1527.6 

(6.7%) 
646.6 
1252.9 
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Table 21. Effective Dynamic Modulus Measured at Low- and High Air Void Levels (UT, 
Surface Course for the Two-Point Method E* Estimation) 

Lot Sublot Actual Core Va (%) E*eff Rutting (ksi) E*eff Fatigue (ksi) 
Low High High Low High Low 

29 

1 4.1 9.4 398.1 236.4 767.2 463.4 
2 4.1 9.3 558.5 345.7 958.3 624.9 
3 3.9 9.3 556.5 397.2 963.5 727.4 
4 3.9 9.4 574.0 424.1 1013.7 721.4 

30 

1 3.4 11.3 605.2 342.1 1004.9 578.2 
2 3.6 11.7 502.1 249.8 882.4 462.2 
3 3.6 11.3 551.1 280.5 974.5 524.8 
4 3.4 11.3 625.5 277.3 1022.3 521.0 

31 

1 3.4 10.1 500.8 296.6 833.9 519.9 
2 3.4 9.8 470.8 307.3 810.4 557.0 
3 3.6 10.1 516.4 291.2 800.4 519.5 
4 3.3 9.7 536.7 371.7 941.2 661.8 

32 

1 3.2 10.2 528.9 378.6 954.2 625.9 
2 3.2 9.8 644.9 341.0 1025.4 577.1 
3 3.2 9.8 674.3 360.8 1072.4 625.4 
4 3.1 9.9 558.1 389.5 909.5 670.7 

33 

1 3.5 10.7 542.9 307.9 909.6 513.2 
2 3.3 10.4 448.4 281.6 809.4 481.7 
3 3.6 10.7 487.0 319.8 818.1 621.1 
4 3.4 10.5 496.3 284.6 890.5 562.4 

34 

1 4.3 11.1 526.6 314.3 900.9 580.4 
2 4.1 11.0 479.7 343.5 835.9 643.7 
3 4.2 11.2 469.3 267.3 884.6 498.7 
4 3.7 10.9 546.3 274.4 932.2 524.1 

35 
1 4.3 11.2 696.2 565.3 1113.6 893.0 
2 4.2 11.6 557.9 357.4 883.6 628.4 
3 4.2 11.3 529.1 316.3 925.6 603.7 

36 

1 4.2 11.0 517.2 301.8 903.4 547.4 
2 4.1 10.8 520.6 303.4 929.6 539.3 
3 4.2 11.1 918.4 585.0 1399.0 956.2 
4 4.3 11.0 607.9 357.6 1034.4 617.9 

37 

1 4.7 11.2 567.2 357.0 934.6 606.4 
2 4.4 10.9 595.4 345.9 972.2 591.4 
3 4.7 10.7 566.4 306.0 937.8 547.4 
4 4.5 10.8 575.2 283.7 938.7 516.9 

38 

1 4.5 10.2 888.0 560.4 1398.9 870.0 
2 4.5 10.2 649.4 334.7 982.1 593.2 
3 4.7 10.0 579.2 334.6 967.6 603.5 
4 4.7 10.2 586.1 354.5 944.2 635.4 
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Table 22. Effective Dynamic Modulus Measured at Low- and High Air Void Levels (TX, 
Surface Course for the Two-Point Method E* Estimation) 

Lot Sublot 
Actual Core Va (%) E*eff Rutting (ksi) E*eff Fatigue (ksi) 
Low High High Low High Low 

6 

1 3.7 10.0 693.0 361.0 1260.8 670.3 
2 NA NA NA NA NA NA 
3 4.1 9.9 674.7 324.7 1193.3 617.0 
4 4.4 9.8 600.1 319.7 1095.9 609.9 

7 

1 NA NA NA NA NA NA 
2 4.3 9.6 596.0 310.9 1071.2 634.0 
3 3.9 9.7 604.4 293.1 1134.4 605.8 
4 4.2 10.7 600.2 321.2 1087.1 623.9 

8 

1 4.7 10.0 611.0 319.7 1102.7 617.1 
2 4.8 10.3 586.8 339.2 1045.5 655.4 
3 4.7 10.5 593.6 330.9 1074.7 665.3 
4 5.3 10.0 607.5 360.8 1074.0 616.0 

9 

1 4.2 10.2 627.6 347.1 1127.5 686.8 
2 3.8 9.9 653.9 328.6 1050.0 653.9 
3 4.0 10.1 588.9 335.5 1108.1 642.2 
4 3.9 10.0 645.3 304.8 1136.5 610.9 

10 

1 4.7 9.5 581.6 325.6 1151.7 657.2 
2 4.7 9.4 567.7 313.6 1110.8 558.2 
3 4.8 9.5 654.1 344.8 1214.6 652.7 

4 4.7 9.2 650.4 354.5 1164.5 715.2 

11 

1 4.7 9.3 530.4 328.3 999.5 631.9 

2 4.7 9.4 595.6 382.4 1093.2 722.2 
3 5.1 9.3 527.3 332.2 999.7 671.3 
4 NA NA NA NA NA NA 

 

3.7 IDT Test Specimen Preparation for As-Designed Mix and Test Results 

Creep compliance and indirect strength (D/St) tests for the RI samples were completed to 
evaluate the as-designed mix quality associated with thermal (low temperature) cracking. The 
test protocol, AASHTO T322-07, Standard Method of Test for Determining the Creep 
Compliance and Strength of Hot-Mix Asphalt (HMA) Using the Indirect Tensile Test Device (6), 
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was used for the sample testing with three replicates at three temperatures (-20, -10, and 0°C) 
for creep compliance and a single temperature (-10°C) for indirect strength. The following 
sections summarize the specimen preparation procedure, the test procedure, and test results. 

 

The test specimens for the as-designed mix evaluation were prepared in accordance with 
AASHTO PP 60 (7). Based on the Job Mix Formula provided by Rhode Island DOT, the raw 
materials (asphalt binder and aggregates) were blended and mixed in order to manufacture 
Gyratory plugs. Each plug was then sawed to obtain test specimens with the appropriate 
thickness (38 - 50 mm) specified in the AASHTO standard. Three test specimens can be 
obtained from one gyratory plug. An illustration of a plug and specimens was presented in 
Figure 3 (b), in Section 3.1, and the actual sawn specimens are shown in Figure 22. 

 

The air voids of the test specimens were targeted at the same air voids as the specified target 
in-place air voids of the RI project surface layer (which were chosen to be 6.0%). The amount of 
lab-mixed loose asphalt concrete to gyratory molds was estimated with assistance of the pre-
developed mass – air voids curves in the dynamic modulus test specimen procedure as shown 
in Figure 4, in Section 3.2. 

 

A total of nine cylindrical specimens out of three gyratory plugs were produced and only three 
specimens close to the target air voids of 6.0% were chosen for actual IDT creep compliance 
testing. The actual volumetric properties of the prepared specimen was measured / calculated 
and these are presented in Table 23.  

 

In addition, the dimension of each specimen was measured to verify that the specimens 
conform to the requirements of the standard specification. 

 

 

 

 

 

 

 

 

Figure 21. Sawn Specimens for Indirect Tension Creep Test 
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Table 23. Test Specimen Volumetric and Dimension Information for the RI Materials 

 
IDT Specimens 

Replicate 1 Replicate 2 Replicate 3 

Rice Sp. Gr. (Gmm) 2.524 

Bulk Sp. Gr. (Gmb) 2.382 2.378 2.381 

Agg. Bulk Sp. Gr. (Gsb) 2.743 

Air Voids (%) 5.6 5.8 5.7 

Binder Type and Grade PG 76-28 

AC Content (%) 6.7 

Eff. Sp. Gr. of Agg. (Gse) 2.759 
Eff. Binder Content by 

Volume (Vbeff) 
13.2 13.2 13.2 

VMA (%) 19.0 19.1 19.0 

VFA (%) 70.4 69.7 70.2 

Height (mm) 49.1 46.8 46.3 

Diameter (mm) 150.0 150.0 150.0 

 

Each specimen was tested, under creep conditions, at three low temperatures (-20, -10, and 
0°C) for 100 seconds, in order to measure horizontal and vertical deformations near the center 
of the specimen. The temperature of the environmental chamber was lowered to maintain each 
of the specified low temperatures until achieving the test temperature within ±0.5°C. Two LVDTs 
per each side of the cylindrical specimen (i.e., total of four LVDTs for each specimen) were 
mounted. Figure 23 shows the indirect tension testing set up. 

 

A load was selected to keep the horizontal strains in the linear viscoelastic range (less than 500 
micro strains). Several trial tests were made to determine the static load at each temperature 
that was found to be 20.0 kN (4500 lbs), 9.8 kN (2200 lbs), and 2.2 kN (500 lbs) for -20, -10, 
and 0°C, respectively. 
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Figure 22. Indirect Tension Testing Set Up 

 

The deformation data was collected by the data acquisition system during testing and the 
resulting horizontal and vertical deformations for both front and back sides of each specimen 
were read at 1, 2, 5, 10, 20, 50, and 100 seconds (i.e., six horizontal and vertical deformation 
values were obtained at each designated time at each temperature: 2 sides * 3 specimens). The 
lowest and highest deformation values were excluded and the remaining four measurements 
were averaged to obtain the trimmed mean of the deformations. The creep compliance at each 
time, D(t), was calculated by Equation 6a: 
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where, 

 D(t)  = creep compliance at time t (1/GPa), 

 ΔXtm,t  = trimmed horizontal deformation mean at time t (mm), 

Davg = average diameter (mm), 



53 

 

bavg = average thickness (mm), 

Pavg = average static load (kN), 

GL  = gauge length (mm, normally 38.0 mm for 150 mm diameter specimens), 

 Ccmpl  = correction factor, and 

 332.06354.0
1

−
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−

Y
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       (6b)
 

 X, Y  = horizontal and vertical trimmed means, respectively (mm). 

 

The strength test was conducted after completion of the creep tests. The strength test was 
conducted at -10°C (14°F). For the strength test, no LVDTs were mounted on the specimen 
and, hence, no deformation (strain) values were measured. Figure 24 shows the fractured 
specimens after the strength test. The strength was calculated by the following equation: 
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where, 

 St,n = tensile strength of specimen, n, (Pa), 

 Pf,n = maximum load observed for specimen, n, (N), 

 bn = thickness of specimen, n, (mm), and 

 Dn = diameter of specimen, n, (mm). 

 

The resulting creep compliance values, at each time, of the RI samples are presented in Table 
24. These creep compliance data at each low temperature and strength data were then utilized 
to develop a creep compliance master curve. The two mathematical models for representing the 
creep compliance master curve are the power function and Prony series (also known as 
Maxwell model). The thermal fracture module implemented in the MEPDG utilizes these two 
models to predict thermal cracking. The forms of the power model and Prony series are as 
follows, respectively: 

 

0 1( ) mD t D D t= +          (8) 

where, 

D0 = instantaneous creep compliance, 

D(t) = total creep compliance at any time, 
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t = loading time, and 

D1, m = materials regression coefficients. 

 

The regression coefficients D1 and m are commonly referred to as the compliance parameters. 
The compliance value increases as either the D1 or m-value increases. 

 

The other popular method used to represent the creep compliance is the Prony series. This 
approach uses the generalized Maxwell model analogy to represent the viscoelastic properties 
of the asphalt concrete mixture in relaxation. The Prony series is defined by the following 
equation: 
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where, 

D(tr) = creep compliance at reduced time tr, 

0
lim ( )
r

g rt
D D t

→
= = equilibrium (glassy) creep compliance, 

tr = reduced time (t/aT), 

aT = temperature shift factor, and 

Di, iτ  = Prony series parameters. 

 

Figure 24 shows the creep compliance master curve developed using the lab-measured creep 
data obtained from the as-designed mix. Detailed test results including the mathematical model 
parameters are presented in Appendix C. 

 

The master curves were in turn utilized to evaluate the quality of the RI as-designed mix in 
terms of low temperature (thermal) cracking. This predicted as-designed mix quality was then 
compared with the quality of the as-built mix to determine the quality difference between the two 
mixes. The thermal fracture predicted with these creep compliance are presented and 
discussed in Chapter 4. 
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Figure 23. Specimens after Indirect Tensile Strength Test  
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Table 24. Creep Compliance of the RI As-Design Mix 
Items Low Temp. Mid Temp. High Temp. 

No. of Replicates 3 3 3 

Test Temperature (°C) -20.0 -10.0 0.0 

Average Static Load Applied (N) 20017 9786 2224 

Creep Comp. (D) at 1 sec. (1/GPa) 0.0722 0.1473 0.3322 

D at 2 sec. (1/GPa) 0.1027 0.1611 0.3551 

D at 5 sec. (1/GPa) 0.1171 0.1822 0.4041 

D at 10 sec. (1/GPa) 0.1258 0.2047 0.4646 

D at 20 sec. (1/GPa) 0.1367 0.2326 0.5544 

D at 50 sec. (1/GPa) 0.1528 0.2835 0.7404 

D at 100 sec. (1/GPa) 0.1691 0.3379 0.9396 

Strength (kPa) 4,353 5,460 6,115 

 

 

\ 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Creep Compliance Master Curves using Prony Series and Power Model (Rhode 
Island, Surface Design Mix) 
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3.8 IDT Test Specimen Preparation for As-Built Mix and Test Results 

Test Specimen Preparation 

Creep compliance / strength tests for the RI as-built samples were also completed to evaluate 
the as-built mix quality. The RI projects had five lots in the surface course, and from each lot, 
the as-built samples were collected and sent to the AMEC lab in Tempe, Arizona and the test 
specimens were manufactured. The following sections summarize the sample preparation, the 
test procedure, and the test results for the as-built mix IDT testing. 

 

Note that, unlike the dynamic modulus test, this low temperature distress evaluation was 
conducted only by lot, not by sublot. In other words, the quality of the field mix in terms of 
thermal fracture resistance is evaluated on a lot basis. This experimental plan was established, 
through a project team meeting, and the main reason for this decision was to effectively run the 
experiments in a timely manner and minimize the lab effort when it is actually implemented as a 
routine practice. 

 

The pre-mixed loose samples transported with metal containers were heated in the oven for 
Gyratory compaction to manufacture IDT test specimens. The amount of sample mass placed 
into the Gyratory mold was determined in the same way as the as-designed samples were 
prepared (shown in the previous section). After several trials, it was realized that the variation of 
air voids within a 170-mm height plug (i.e., top, middle, and bottom portion of a gyratory plug) 
may be quite significant within a plug and consequently it was very difficult to select the precise 
amount of loose mix into the mold, in order to obtain cylindrical specimens having a targeted air 
voids. Therefore, it was decided that, instead of using a 170-mm height plug, a 120-mm height 
plug was prepared and out of this shorter height plug, two cylindrical specimens were obtained. 
In fact, this procedure using a 120-mm height plug is specified in another standard procedure: 
AASHTO T 312-09, Standard Method of Test for Preparing and determining the density of HMA 
Specimens by Means of the Superpave Gyratory Compactor (13). The 120-mm height plug and 
two sawn specimens are shown in Figure 26. 

 

With the actual in-place air void values measured for the construction job site, the average and 
standard deviations were calculated for each lot. Based on the in-place air voids information, 
three different levels of target air voids were set up to manufacture three replicates for each air 
voids level (i.e., total nine cylindrical specimens per lot: three replicates for each air voids level). 
The first air voids level is a low level that is targeted slightly lower than the actual mean air voids 
minus 1.2 times the standard deviation (i.e., µ-1.2σ). The second level is a medium target air 
voids that is targeted at the mean in-place air voids. The third level is a high level that is 
targeted slightly higher than the actual mean air voids plus 1.2 times the standard deviation (i.e., 
µ+1.2σ). For each lot, this method was applied and at each air voids level, three replicates were 
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manufactured. Any specimens deviated more than ± 0.2% from the target air voids were 
discarded.  

 

Table 25 summarizes the in-place air voids measured and target air voids for test specimens. 
Note that for each air voids level, three replicates were manufactured. Hence, a total of nine 
specimens per lot were prepared. 

 

 

 

 

 

 

 

 

 

 

Figure 25. A 120 mm Height Plug and Sawn Specimens for Indirect Tension Test 

 

Table 25 In-Place Air Voids Measured and Target Air Voids for Test Specimens 

Lot 
 

Actual In-Place 
Va (%) Target Specimen Va (%) Actual Specimen Va (%) 

(3 replicates per each Va level) 
Mean 

(Std. Dev.) 
Low 

(<µ-1.2σ) 
Medium 

(µ) 
High 

(>µ+1.2σ) Low Medium High 

1 6.1 (0.6) 5.2 6.1 7.1 
5.19 
5.25 
5.37 

6.26 
6.26 
6.33 

6.92 
6.95 
7.07 

2 6.5 (0.9) 5.2 6.5 7.7 
5.09 
5.11 
5.38 

6.31 
6.31 
6.53 

7.52 
7.57 
7.62 

3 6.0 (1.0) 4.5 6.0 7.4 
4.40 
4.64 
4.67 

6.12 
6.18 
6.18 

7.22 
7.34 
7.34 

4 3.3 (0.9) 2.0 3.3 4.5 
1.91 
2.13 
2.14 

3.19 
3.37 
3.46 

4.32 
4.35 
4.36 

5 3.9 (0.3) 3.4 3.9 4.4 
3.25 
3.43 
3.44 

3.73 
3.76 
3.89 

4.51 
4.52 
4.55 
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IDT Test Results 

The ultimate purpose of conducting this simple performance test (SPT) at these three different 
air voids levels is to estimate the mean and standard deviation of the predicted thermal cracking 
for the as-built mix. Since TC is a multivariate function, the Rosenblueth approach was used to 
estimate the mean and variance of the dependent variable (TC) which is a function of creep 
compliance / strength and AC thickness. Note that these IDT properties (creep and strength) 
implicitly contain the mix volumetric characteristics such as gradation, asphalt content, binder 
properties, and air voids. It is assumed that the test specimen manufactured from the as-built 
mix represents these field mix properties with the exception of in-place air voids. Therefore, it is 
necessary to account for the actual in-place air voids variation within the specimens. 

 

As a major footnote in the project development for thermal cracking, it is felt that future projects 
may possibly shorten the laboratory time for the in-place (in-site) condition; by simply taking 
cores from the surface layer that have already been completed in the field. This will eliminate 
the need to lab manufacture specimens having a low and high air voids lot range. 

 

To utilize the 2-point Rosenblueth method (i.e., with two independent variables: air voids and 
AC thickness), it was required to obtain the thermal cracking prediction with the following 
combinational condition in Table 26. 

 

Table 26 Rosenblueth Matrix Condition  
Rosenblueth 

Variables Description 

TC++ 
Estimated from creep compliance measured at a high air voids level 
(μ+1.2σ) and a medium air voids level (μ); and with AC Thickness (μ+σ) 

TC+- 
Estimated from creep compliance measured at a high air voids level 
(μ+1.2σ) and a medium air voids level (μ); and with AC Thickness (μ-σ) 

TC-+ 
Estimated from creep compliance measured at a low air voids level (μ-
1.2σ) and a medium air voids level (μ); and with AC Thickness (μ+σ) 

TC-- 
Estimated from creep compliance measured at a low air voids level (μ-
1.2σ) and a medium air voids level (μ); and with AC Thickness (μ-σ) 
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The mean and standard deviation of TC are then estimated using the following equations: 
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Note that the mean and variance of the AC layer thickness can be obtained either by actually 
measuring the thickness in the field and computing the variance or by using historical local or 
national records of statistical variation. 

 

The same standard test procedure as the as-designed mix was used for the as-built mix creep 
compliance and strength test. Each of three replicates (cylindrical specimens) were tested at 
three low temperatures (-20, -10, and 0°C) in compliance with the AASHTO standard. 
Immediately after finishing the creep compliance testing at all three temperatures, each 
specimen was fractured to measure the strength at a temperature of -10°C. The creep 
compliance and strength test results of each lot are presented in Appendix D. The detailed data 
analysis including thermal cracking prediction, the service life, and incentive / disincentive 
calculation is discussed in Chapter 4. 

 
  



61 

 

4.0 DATA ANALYSIS AND DISCUSSION 

 

4.1 Comparison of E*eff between As-Designed and As-Built mixes 

After completion of the effective E* tests for the as-built mix of each of the sites, the mean and 
standard deviation of the E* values were estimated using either the two-point or four-point E* 
estimation method, described in Section 3.5. It is important to recall that the difference in the 
E*eff values between the as-designed and as-built mixes is a key indicator for practitioners to 
quickly evaluate the relative quality of the field mix to the design mix.  By comparison of the two 
E* values, it can be postulated that any field lots having higher E*eff than the design mix, would 
be more resistant to the associated distresses and serve longer than the design service life (i.e., 
the better quality mix in the field will have a longer service life.). 

 

The mean and standard deviations of the estimated E*eff of both the as-designed and as-built 
mixes for the RI project are summarized Table 27. A general trend can be found from the table 
where any lots having relatively lower air voids show higher E*eff. In addition, it is interesting to 
compare the two E*eff values from both mixes. To quickly see the difference, Figures 26 and 27 
visually illustrate the E*eff values between the as-designed and as-built mixes of the RI mixes. 
The dotted lines indicate a single E*eff value from the as-designed mix acting as if it is a 
standard or guideline to quickly compare the as-built mix E*eff values. From these figures, one 
can easily estimate the relative quality of individual lots in terms of E*eff.  

 

It was found in the figures that the Lot #1 and #2 have a little lower mix quality relatively 
compared to the other three lots in terms of rutting of the surface course. For the base course, 
Lot #2 and #3 seems to have fairly lower quality than the other three lots in terms of both rutting 
and fatigue distresses. This will affect the performance of the lot associated with the relevant 
distress type. As will be described in the next section, the more amount of distress was 
generally predicted in the field lots having higher E* than the design mix. For example, the E* 
value associated with fatigue in Lot #2 (1303.1 ksi) is significantly lower than that of the design 
mix (1642.3 ksi). In this lot, it is anticipated that the lot would result in more fatigue distress than 
the standard specified, and accordingly the lot may be penalized. 
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Table 27. Comparison of E*eff between As-Designed and As-Built Mixes for RI Samples 

AC 
Layer 
Type 

LOT 
Mean In-
Place Va 

(%) 

As-Designed Mix E*eff Estimated As-Built Mix E*eff 

Mean 
(ksi) 

Std. Dev. 
(ksi) 

Mean 
(ksi) 

Std. Dev. 
(ksi) C.V. (%) 

Surface 
(Rutting) 

1 6.1 

371.9 78.9 
(CV: 21.2%) 

331.4 16.9 5.1 
2 6.5 327.0 26.0 8.0 
3 6.0 372.3 29.0 7.8 
4 3.3 443.6 38.9 8.8 
5 3.9 380.4 9.7 2.6 

Base 
(Rutting) 

1 4.3 

803.4 85.4 
(CV: 10.6%) 

853.5 58.5 6.9 
2 6.5 729.7 45.2 6.2 
3 6.1 675.6 47.0 7.0 
4 2.7 968.2 140.0 14.5 
5 3.2 831.8 40.4 4.9 

Base 
(Fatigue) 

1 4.3 

1642.3 176.5 
(CV: 10.7%) 

1538.9 90.6 5.9 
2 6.5 1303.1 67.2 5.2 
3 6.1 1254.1 66.1 5.3 
4 2.7 1694.9 139.4 8.2 
5 3.2 1527.4 64.9 4.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Comparison of E*eff between As-Designed and As-Built Mix (RI Surface) 
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Figure 27. Comparison of E*eff between As-Designed and As-Built Mix (RI Base) 

 

For the Utah material, the as-built mix E* values of each lot were also compared with the as-
designed E* value. The in-place air voids measured for all lots, unlike the RI as-built mix, were 
relatively consistent and they range from 6.6% to 7.8%. The estimated as-built E* values were 
also relatively consistent (i.e., no significant difference was observed between lots). The E* 
range was from 390 ksi to 540 ksi and 690 ksi to 860 ksi in terms of rutting and fatigue, 
respectively. Notice that the design mix E* is higher than any of the as-built E* values with 
regard to the fatigue cracking. Based on these observations, it may be quickly captured by the 
practitioners that the predicted distress condition would also follow the similar trend. 

 
  



64 

 

Table 28. Comparison of E*eff between As-Designed and As-Built Mixes for UT Samples 

AC 
Layer 
Type 

LOT 
Mean In-
Place Va 

(%) 

As-Designed Mix E*eff Estimated As-Built Mix E*eff 

Mean 
(ksi) 

Std. Dev. 
(ksi) 

Mean 
(ksi) 

Std. Dev. 
(ksi) C.V. (%) 

Surface 
(Rutting) 

29 6.9 

479.2 63.8 
(CV: 13.3%) 

428.9 26.6 6.2 
30 7.6 425.6 43.1 10.1 
31 6.9 405.3 28.9 7.1 
32 6.6 481.1 36.5 7.6 
33 7.3 390.0 28.9 7.4 
34 7.5 406.5 31.9 7.9 
35 7.8 503.2 28.5 5.7 
36 7.6 512.5 41.7 8.1 
37 7.7 450.0 38.7 8.6 
38 7.3 539.4 42.2 7.8 

Surface 
(Fatigue) 

29 6.9 

902.2 108.1 
(CV: 11.9%) 

767.3 45.4 5.9 
30 7.6 740.6 68.3 9.2 
31 6.9 696.4 43.0 6.2 
32 6.6 802.2 57.0 7.1 
33 7.3 691.1 46.2 6.7 
34 7.5 731.1 50.7 6.9 
35 7.8 840.6 41.8 5.0 
36 7.6 863.5 65.9 7.6 
37 7.7 756.3 58.3 7.7 
38 7.3 879.3 60.0 6.8 
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Figure 28. Comparison of E*eff between As-Designed and As-Built Mix (Utah) 

 

In regard to the estimated as-built E* values measured in the lab using the Texas materials, 
Table 29 summarizes the values for both as-designed and as-built mixes. It was found that all 
as-built E* values are significantly lower than the design E* for both distress types. The design 
E* for rutting was 716 ksi, whereas the field mix E* ranged approximately from 431 ksi to 478 
ksi. For fatigue, the similar pattern was observed; the design E* was noticeably higher than the 
field mix E*. 

 

It should be recalled that the as-designed mix E* is obtained from an E* master curve that is 
constructed with 30 E* values through a standard set of temperatures and frequencies. The 
design E* at the SPT condition is then calculated using the seven master curve parameters, 
rather than directly measured at that condition. On the other hand, the as-built mix E* is directly 
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measured at the SPT condition. This fact led the authors to a decision that an extra effort is 
required to verify the validity of the E* master curve.  

 

The extra effort was simply to re-test the design mix at the SPT condition (i.e., a single 
combination of SPT temperature and frequency) which was exactly the same procedure as the 
as-built mix. Two specimens were re-manufactured using the Texas materials (aggregate and 
binder) for the additional E* testing. The E* testing was conducted with the lower temperature 
first for fatigue followed by the higher temperature E* testing for rutting and the results are: 

 

• Average E* at the Rutting SPT condition (86.0°F at 10Hz): 772 ksi 
• Average E* at the Fatigue SPT condition (64.2°F at 10Hz): 1182 ksi 

 

These results verified that the E* master curve developed with the design mix was valid, as the 
directly measured E* values (772 ksi and 1182 ksi) were found to be reasonably close to the 
estimated E* values (716 ksi and 1287 ksi). In addition, the results led to a conclusion that the 
field mix quality, in terms of E*, is lower than the design mix quality. 

 

Table 29. Comparison of E*eff between As-Designed and As-Built Mixes for TX Samples 

AC 
Layer 
Type 

LOT 
Mean In-
Place Va 

(%) 

As-Designed Mix E*eff Estimated As-Built Mix E*eff 

Mean 
(ksi) 

Std. Dev. 
(ksi) 

Mean 
(ksi) 

Std. Dev. 
(ksi) C.V. (%) 

Surface 
(Rutting) 

6 7.3 

715.8 92.6 
(CV: 12.8%) 

478.3 48.3 10.1 
7 7.4 436.0 48.7 11.2 
8 7.4 478.6 31.3 6.5 
9 7.3 459.2 46.3 10.1 

10 7.4 452.3 34.1 7.5 
11 7.4 431.2 11.1 2.6 

Surface 
(Fatigue) 

6 7.3 

1287.0 165.7 
(CV: 12.9%) 

878.2 82.9 9.4 
7 7.4 829.4 79.4 9.6 
8 7.4 873.3 52.3 6.0 
9 7.3 846.2 70.1 8.3 

10 7.4 862.9 62.8 7.3 
11 7.4 821.2 19.4 2.4 
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Figure 29. Comparison of E*eff between As-Designed and As-Built Mix (Texas) 

 

Figures 30 through 33 suggest another way of E* representation for a rapid comparison 
between the two mixes. The single effective E* values measured in the lab for each lot and for 
each distress SPT condition are plotted over the design E* master curve. The SPT 
temperatures used for each project site and distress type were shifted to the reference 
temperature (70°F) and the reduced times (tr) were recalculated by the time-temperature 
superposition principle. Note that, in the series of the figures, the second plot of each figure 
magnifies the portion of the first plot where the as-built mix E* values are congested on top of 
the design E* master curve. Also, note that a group of data within a plot represents E* 
associated with a particular distress type (rutting or fatigue).  
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Figure 30 E.* Comparison between As-Designed and As-Built Mixes for the Rhode Island 
(Surface Mix) Project 



69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31 E.* Comparison between As-Designed and As-Built Mixes for the Rhode Island 
(Base Mix) Project 
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Figure 32. Comparison between As-Designed and As-Built Mixes for the Utah Project 
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Figure 33. Comparison between As-Designed and As-Built Mixes for the Texas Project 
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4.2 Distress, Service Life, and Incentive/Disincentive Prediction 

With the estimated mean and standard deviation of the E*eff presented in the previous section, 
the rutting and fatigue distress, along with corresponding service life, and life expectancy 
difference for each lot mix quality of the three project sites, was then predicted. The predicted 
distresses and corresponding service life are expressed as a stochastic solution having a mean 
and standard deviation because they are obtained from 1000 Monte Carlo simulations, while the 
life difference between the as-designed and as-built mixes is expressed as a single number 
which is an average difference of two cumulative frequency distresses at all probability levels 
with respect to the predicted service life of each mix. This Predicted Life Difference (PLD) is the 
key indicator of the relative quality in the actual pavement associated with a particular distress 
type. An example of this PLD concept is shown in Figure 33. The cumulative frequency curve 
shown in the left of the plot is from the as-built mix, while the curve shown in the right side is 
from the as-designed mix. It is obvious from the figure that the predicted life of the as-built mix is 
inferior to that of the as-designed mix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. Example of Cumulative Frequency Distributions of As-Built and As-Designed 
Mixes for Predicted Service Life Associated with Fatigue Distress 
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It is important to understand that the “service life” of the as-built mix used in the QRSS does not 
necessarily address the “actual” life anticipated for a given pavement in the field; rather it should 
be considered as a relative number (life) compared to the originally designed or planned service 
life of the pavement. For example, the service life predicted for the as-built mix in Lot No. 1 of 
the UT project associated with the fatigue distress was found to be 12.9 years. This does not 
mean its actual service life ends at 12.9 years; rather it means that the as-built mix is anticipated 
to reach the same amount of the fatigue distress in 12.9 years predicted for the designed mix, 
which is, in this example, 3.3% fatigue cracking. This is conceptually illustrated in Figure 35. 
Note that the fatigue amount of that lot is predicted to be 6.0% over the designed life of 20 
years. A 6% fatigue cracking amount over 20 years is normally considered acceptable in most 
pavement projects. This clearly emphasizes that importance of using the MEPDG design 
methodology to originally determine the “most precise” as design performance as 
possible, related to common, practical failure distress levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. Graphical Illustration of the Service Life Concept used in the QRSS 

 

The as-built mix quality for all lots of each project sites were analyzed and are presented for the 
following sections of the Rhode Island, Utah, and Texas projects. The amount of rutting and 
fatigue distresses, predicted service life (PLD), and the incentive / disincentive amount are also 
presented. 
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Rhode Island 

For the rutting distress of the surface mix of the RI project, it was concluded that there was 
almost no quality difference between the as-designed and as-built mixes, as shown in Table 30. 
The rutting predicted from each lot (0.03 – 0.05 in.) was very close to that predicted from the as-
designed mix (0.04 in.). Thus, it caused the service life predicted from each lot close to the 
originally designed service year (20 years), and subsequently, the PLD for all lots turned out to 
be nearly zero. For the rutting of the base mix, similar results were also concluded, i.e., no 
noticeable quality difference existed and the biggest PLD was found to be, at most, 2 years for 
Lot No. 4. 

 

These results are very interesting with regard to comparing the E* values between the designed 
and field mixes. The maximum difference in E*eff was 20% for the surface rutting E*eff occurring 
in Lot No. 4 between the as-built (443.6 ksi) and the as-designed (371.9 ksi) where the PLD was 
found only -0.2 years. For the base rutting, the maximum difference in E*eff was also 
approximately 20% in the same lot (Lot No. 4) and the PLD was found +1.9 years with which it 
fell on the no incentive/disincentive category. This implies that the rutting prediction model has 
the greatest sensitivity to the E* values of mixture within a 3 to 6-inch depth. This is the area 
where the greatest percentage of AC rutting will occur. 

 

For fatigue distress, Lot #2 and #3 resulted in a very high level of fatigue cracking. There were 
two noticeable mix properties compared to the other lots: E*eff and in-place air voids. The 
maximum E*eff difference occurred in Lot No. 2 and No. 3 where the E* differences, in percent, 
was 20.7% and 23.6%, respectively, between the as-designed (1642.3 ksi) and the as-built 
(1303.1 and 1254.1 ksi) which is a similar degree of difference with the rutting. However, in 
these two lots, the amount of the fatigue distress of the as-built mix (21.7 and 17.8%) predicted 
was significantly higher than the fatigue cracking predicted from the designed mix (4.1%). 

 

The reason for this can be explained by the contribution of the higher fatigue cracking in Lot No. 
2 and 3 is due to not only E*, but also air voids. This is because the fatigue damage prediction 
model developed under the MEPDG project is a function of several volumetric properties 
including E* (4, 15). The in-place air voids measured in those field lots were reported as 6.5% 
and 6.1%. These air voids are somewhat higher compared to other in the rest of the lots, where 
the in-place air voids were found to range from 2.7% to 4.3%. 

 

To see the effect of E* on the fatigue distress, a sensitivity analysis was conducted for these two 
lots (Lot #2 and #3). By leaving the same E* values (1302 and 1254 ksi), the in-place air voids 
intentionally changed from the original conditions (6.5% and 6.1%) to the Lot #1 air voids 
condition (4.3%). This change resulted in a dramatic change of the fatigue cracking from 21.7% 
and 17.8%, for Lot #2 and #3, respectively, to approximately 6.0%. However, the effect of E* on 
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fatigue cracking was nowhere near as much as the air voids. Leaving the air void level as the 
original conditions (6.5% and 6.1%) and changing the E* value to the same as the Lot #1 E* 
affected the fatigue cracking, but not as much as the air voids effect. Even after modifying the 
air voids level, the fatigue cracking levels were still much higher. These results are summarized 
in Table 31. 

 

The PLDs were found to be -16.7 and -15.3 years, respectively. As a result, the two lots would 
be penalized severely in the QRSS approach. It should be again recalled that the PLD is, in 
reality, determined based on two cumulative probability curves: one from the design mix and the 
other from the as-built mix. The average difference between the two curves at any probability 
levels is actually the PLD; and it is determined not just based on the mean (E*eff, distress, and 
service life) values, but also their variability (standard deviation). 

 

Table 30. Summary of Effective E*, Predicted Distress, Service Life, and Predicted Life 
Difference for Each Lot (Rhode Island) 

AC 
Layer 
Type 

LOT 
As-Design Mix As-Built Mix 

E*eff 
(ksi) Distress E*eff 

(ksi) Distress Service 
Life (yr) 

PLD 
(yr) 

Incentive / 
Disincentive 

(%) 

Surface 
(Rutting) 

1 

371.9 0.04 in. 
(20.0 yr) 

331.4 0.05 in. 20.1 +0.1 100.0 
2 327.0 0.05 in. 20.1 +0.1 100.0 
3 372.3 0.04 in. 20.0 0.0 100.0 
4 443.6 0.03 in. 19.8 -0.2 100.0 
5 380.4 0.04 in. 20.0 0.0 100.0 

Binder 
(Rutting) 

1 

803.4 0.19 in. 
(20.0 yr) 

853.5 0.19 in. 20.6 +0.6 100.0 
2 729.7 0.21 in. 19.0 -1.0 100.0 
3 675.6 0.22 in. 18.2 -1.8 100.0 
4 968.2 0.17 in. 21.9 +1.9 100.0 
5 831.8 0.19 in. 20.4 +0.4 100.0 

Binder 
(Fatigue) 

1 

1642.3 4.1% 
(23.8 yr) 

1538.9 3.3% 24.9 +1.1 100.0 
2 1303.1 21.7% 7.2 -16.7 R/R* 
3 1254.1 17.8% 8.6 -15.3 R/R 
4 1694.9 1.2% 39.5 +15.7 110.0 
5 1527.4 2.6% 28.4 +4.6 106.4 

*Remove and Replace 
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Table 31 (a). Air Voids and (b) E* Sensitivity of Fatigue Cracking (RI Project, Lot #2 and 
#3) 

(a) 

 Original 
Condition 

Modified 
Condition 

Fatigue Cracking 
with original 

condition 

Fatigue Cracking 
with modified 

condition 

LOT #2 E* = 1303.1 ksi 
Va = 6.5% 

E* = 1303.1 ksi 
Va = 4.3% 21.7% 6.0% 

LOT #3 E* = 1254.1 ksi 
Va = 6.1% 

E* = 1254.1 ksi 
Va = 4.3% 17.8% 6.0% 

(b) 

 Original 
Condition 

Modified 
Condition 

Fatigue Cracking 
with original 

condition 

Fatigue Cracking 
with modified 

condition 

LOT #2 E* = 1303.1 ksi 
Va = 6.5% 

E* = 1538.9 ksi 
Va = 6.5% 21.7% 19.6% 

LOT #3 E* = 1254.1 ksi 
Va = 6.1% 

E* = 1538.9 ksi 
Va = 6.1% 17.8% 15.7% 

 

Utah Project 
The predicted distresses, service life, PLD, and incentive / disincentive determined for the field 
lots of the Utah project are presented in Table 32. 

 

For the rutting distress, it was found that there was minimal quality difference between the as-
designed and as-built mixes. The as-design mix rutting was predicted to be about 0.38 inches 
over the design period of 20 years. The rutting predicted from each lot was close to that 
predicted from the as-designed mix. The range of the predicted rutting was found to vary from 
0.34 to 0.45 inches. Thus, it caused the service life predicted from each lot to be close to the 
originally designed service year (20 years), and subsequently, the PLD for all lots turned out to 
be anywhere between zero and ±1 (i.e., close to zero). 

 

For the Utah fatigue distress, the as-built E* values are generally less than the 902.2 ksi of the 
as-designed mix. Thus, it can be foreseen that the predicted distress of the field lots would be 
greater than that of the as-designed mix. The predicted fatigue cracking of all field lots 
examined were estimated to be approximately twice the fatigue cracking predicted from the as-
designed mix. Subsequently, this causes the predicted service of the as-built mix found to be 
about half of the design mix service life, which was 20 years. Recall that this predicted service 
life implies a time (year) when a particular lot reached the same amount of distress as the “as-
designed” value (in this case, 3.3%). 
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Table 32. Summary of Effective E*, Predicted Distress, Service Life, and Predicted Life 
Difference for Each Lot (Utah) 

Distress 
Type LOT 

As-Design Mix As-Built Mix 

E*eff 
(ksi) 

Distress 
(Service 

Life) 

E*eff 
(ksi) Distress Service 

Life (yr) 
PLD 
(yr) 

Incentive / 
Disincentive 

(%) 

Rutting 

29 

479.2 0.38 in. 
(20.0 yr) 

428.9 0.41 in. 19.5 -0.5 100.0 
30 425.6 0.42 in. 19.4 -0.6 100.0 
31 405.3 0.44 in. 19.2 -0.8 100.0 
32 481.1 0.38 in. 20.0 0.0 100.0 
33 390.0 0.45 in. 19.1 -0.9 100.0 
34 406.5 0.43 in. 19.2 -0.8 100.0 
35 503.2 0.36 in. 20.2 +0.2 100.0 
36 512.5 0.36 in. 20.3 +0.3 100.0 
37 450.0 0.40 in. 19.7 -0.3 100.0 
38 539.4 0.34 in. 20.5 +0.5 100.0 

Fatigue 

29 

902.2 3.3 % 
(20.6 yr) 

767.3 6.0 % 12.9 -7.7 70.0 
30 740.6 7.8 % 10.9 -9.8 70.0 
31 696.4 6.3 % 12.7 -7.9 70.2 
32 802.2 5.0 % 15.6 -5.0 70.0 
33 691.1 7.6 % 10.9 -9.7 70.0 
34 731.1 7.8 % 10.7 -9.9 70.0 
35 840.6 8.0 % 10.5 -10.1 R/R 
36 863.5 7.3 % 11.3 -9.3 70.0 
37 756.3 8.3 % 9.8 -10.8 R/R 
38 879.3 6.4 % 12.1 -8.5 70.0 

 

Texas Project 

In the Texas project analysis, it should be noted that the as-built E* was significantly lower than 
the design E* (approximately 30% - 40% lower) associated with both distress types. The 
predicted rutting in the field lots reflects the low E* of the as-built mix. The rut depths in the field 
(0.31 – 0.33 in.) are approximately 36% larger than the predicted rut depths of the design mix 
(0.21 in.).  

 

For fatigue distress, a similar pattern is also observed as the rutting results. The design fatigue 
was about 0.9%, whereas, due to the lower E* condition in the field, the as-built fatigue was 
found to be about 1.5 – 2.0%. As noticed in the RI analysis, the effect of E* appears not to be 
strong on the fatigue cracking. 
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The PLD values were found to have a range of -5 to -9 years. However, it is again noted that the 
“fatigue condition” for failure (using the actual pavement structure constructed) were only about 
1% cracking. This finding again strongly emphasizes the conclusion that the QRSS approach 
methodology must only be used to compare performance between the as-designed and as-built 
condition by using the same MEPDG models. These results are summarized in Table 33. 

 

Table 33. Summary of Effective E*, Predicted Distress, Service Life, and Predicted Life 
Difference for Each Lot (Texas) 

Distress 
Type LOT 

As-Design Mix As-Built Mix 

E*eff 
(ksi) 

Distress 
(Serv. 
Life) 

E*eff 
(ksi) Distress Serv. 

Life (yr) 
PLD 
(yr) 

Incentive / 
Disincentive 

(%) 

Rutting 

6 

715.8 0.21 in. 
(21.0 yr) 

476.5 0.31 in. 19.3 -1.7 100.0 
7 437.0 0.33 in. 19.0 -2.0 100.0 
8 478.6 0.31 in. 19.3 -1.6 100.0 
9 458.7 0.32 in. 19.2 -1.8 100.0 

10 450.3 0.32 in. 19.1 -1.9 100.0 
11 432.0 0.33 in. 19.0 -2.0 100.0 

Fatigue 

6 

1287.0 0.9 % 
(21.3 yr) 

875.2 1.5 % 15.9 -5.4 70.0 
7 831.1 1.6 % 15.1 -6.2 70.0 
8 872.8 1.7 % 14.0 -7.3 R/R 
9 844.6 1.7 % 14.7 -6.6 70.0 

10 859.3 1.7 % 14.3 -7.0 R/R 
11 822.6 2.0 % 12.5 -8.8 R/R 
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5.0 COMPARISON OF THE RESULTS BETWEEN QRSS AND SPT 

 

This chapter discusses the results obtained from the lab-measured properties (SPT procedure) 
and the results from the QRSS (volumetric-based procedure). The E* values predicted from the 
Witczak Predictive Equation (1999 version) were compared with the values directly measured in 
the lab. In addition, the predicted distresses (AC rutting, fatigue cracking, and thermal fracture) 
from both QRSS and SPT procedures were also compared. Lastly, the incentive / disincentive 
determination was compared. A series of these comparisons for each of the three sites studied 
provides a sense of the relative difference between the two procedures; and at the same time, 
evaluates the validity of the SPT procedure. 

 

5.1 Dynamic Modulus Test Results 

One of the initial, and quite important comparisons that needs to be completed, involves a 
comparison of the lab-measured E* values with those predicted from the predictive model. It 
should be again recalled that the as-designed mix was tested for the E* response with a full 
combination of temperatures and frequencies specified in the standard (i.e., 30 data points per 
specimen were produced), whereas the as-built mix was tested at a single SPT condition for 
each distress type and for each lot. In Figure 36, two groups of E* data are presented for the RI 
surface mix. Since two specimens for the design mix were used to create the E* master curve, a 
total of 60 E* data points are plotted over a range of approximately 30 ksi to 2,000 ksi. Each 
data point represents an individual E* measured at each combination of test condition. The 
other group of data placed in the middle portion of the figure represents the as-built E* values 
for each lot at different air void levels (i.e., specimens with low or high air voids levels explained 
in Chapter 3). 

  

From Figure 36, it can be seen that the predictive equation consistently badly over-predicts the 
measured E* for the RI surface mix. This is because the database used for the development of 
the Witczak Predictive Equation did not include any asphalt mixes having modified binders. 
Figure 36 is the Rhode Island surface mixture, which is an SBS, modified asphalt material. As a 
consequence, it is very important to note that the discrepancy between measured and predicted 
E* is a direct result of the Witczak Predictive Equation to adequately model the SBS modified 
AC binders / mixtures. As has been noted repeatedly in the literature over the last several 
decades, the Witczak Predictive Equation should not be used with modified mixtures. 

 

It is interesting to observe, from the figure, that the great majority of the as-built E* values fall on 
top of the design E*. This simply implies that the E* values of the as-designed mix are, in 
general, not significantly different from the E* values of the as-built mix, as presented in Table 
30 of Chapter 4. 
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For the RI base mix, the E* comparison shows a much stronger correlation than the surface mix 
between measured and predicted moduli. This is clearly shown in Figure 37 E* Comparison 
between Measured In the Laboratory and Predicted from Predictive Equation (Base Mix, RI). In 
Figure 38, three E* groups are presented in the plot: the design E*, the as-built E* associated 
with rutting, and the as-built E* associated with fatigue cracking. The E* group with higher E* 
values were obtained at the fatigue SPT condition (because the fatigue SPT temperature 
condition is normally lower than the rutting SPT temperature). 

 

Similar E* comparison plots are shown for the UT and TX materials in Figures 38 and 39, 
respectively. Although these two projects utilized 15% and 20% of RAP for each project, the E* 
values, especially for the Utah project, were quite reasonably predicted for both as-designed 
and as-built mixes. In addition, it can be also observed that the Texas AC mixture contains latex 
and it does have a greater difference in measured and predicted E*. Based on these results, it 
was concluded that the predictive model would work well even for mix with RAP, while the user 
should be cautious if latex is introduced into the mix. 

 

Figure 36 E.* Comparison between Measured in the Laboratory and Predicted from 
Predictive Equation (Surface Mix, RI) 
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Figure 37 E.* Comparison between Measured in the Laboratory and Predicted from 
Predictive Equation (Base Mix, RI) 
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Figure 38 E*. Comparison between Measured in the Laboratory and Predicted from 
Predictive Equation (Utah) 
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Figure 39 E*. Comparison between Measured in the Laboratory and Predicted from 
Predictive Equation (Texas) 

 

Figure 40 combines all E* data measured and predicted from the three project sites including 
the as-designed and as-built mix. The statistics Table 30 is embedded in the figure. Overall, it 
shows a fair to good quality. As noted, the actual fit is highly influenced by the SBS modified AC 
surface for the RI mix. However, baring the SBS modified surface mixture; the data clearly 
indicates that the volumetric-based procedure (QRSS) can be a reasonable alternative for the 
performance-related specification, in case the agencies do not have capability of directly 
measuring the SPT properties. The major advantage of the QRSS methodology is that it can 
save a tremendous amount of laboratory effort. With the absence of the SBS modified mix (RI 
surface), the rest of the mixes are re-plotted in terms of the predicted and measured E* values. 
This result yields a much better prediction capacity of the predictive model as shown in Figure 
41. The R2 value of 0.93, coupled with the Se/Sy statistic of 0.262, is indicative of an excellent 
statistical relationship. 
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Figure 40 E*. Comparison between Measured in the Laboratory and Predicted from 
Predictive Equation (All Project Sites) 
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Figure 41 E*. Comparison between Measured in the Laboratory and Predicted from 
Predictive Equation (All Projects excluding the RI Surface Mix) 

 

5.2 Predicted Distresses 

The following section presents the distress comparison between the QRSS and SPT for the 
three major distress type evaluated. The discussion for each distress type follows. 

 

Fatigue Cracking 

The fatigue cracking comparison was found to be very consistent for the as-built mix of all three 
project sites between the QRSS and SPT procedures. The comparison plot is presented in 
Figure 42. Each point on the curve represents the analysis of a specific lot for the as-built 
condition. It can be readily observed that the relative prediction of fatigue cracking appear, in 
general, to be independent of the methodology used to establish the project – lot E* value 
(predicted by volumetrics compared to direct measurement). 
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Figure 42. Fatigue Cracking Comparison between QRSS and Lab-Measured Properties 
for As-Built conditions 

Rutting 

This section discusses the distress comparison between the QRSS and SPT for the AC rutting 
distress. Figure 43 shows a comparison of the as-built mix rut prediction between the QRSS 
and SPT procedures. It was found that the QRSS consistently over-predicted the rutting distress 
as compared to the predicted rutting from the lab-measured E* properties. The rutting in the UT 
field lots, predicted from the QRSS procedure, was found to be much larger than that from the 
SPT procedure. At first, the reason behind this discrepancy was quite puzzling, especially as 
there was not a very significant difference in the volumetric predicted E* and the lab-measured 
E*. This was carefully reviewed. It was discovered that this over-prediction was due to the 
fundamental difference in the mathematical prediction methodology used between the QRSS 
and the SPT methodology, in particular, during the Monte Carlo Simulation. Table 34 shows the 
difference in rutting of the as-designed and as-built mixes between the QRSS and SPT 
methods. The difference of the as-designed mix rutting between the two methods was found to 
be 0.18 inches. This difference was simply caused by the E* difference predicted by the 
volumetric basis (i.e., Witczak Predictive Equation) and the lab measurement (i.e, SPT). Since 
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the lab-measured E* values were a little higher than those predicted by the predictive model, the 
deterministic results were reasonable. 

 

However, it was observed that, after the Monte Carlo Simulation, the mean rutting value 
estimated (0.73 in.) for the as-designed mix becomes significantly higher in the QRSS as 
opposed to the rutting estimated (0.38 in.) in the SPT method. This occurs due to the Monte 
Carlo Simulation as it is used to compute the mean and variance of rut depth for each sublayer. 
The variability of the representative sublayer (the largest rutting sublayer, typically the second 
sublayer) is only considered for the entire layer and applied to all sublayers (i.e., the same E* 
value of the representative sublayer is applied for not only the representative sublayer, but all 
other sublayers). This causes an over prediction of the rutting because the effective E* value at 
the lower sublayers is relatively higher and, in general, very little rutting occurs. 

 

It is normal to observe that the E* increases as one moves down to the bottom sublayer (i.e., 
E*1 < E*2 < E*3 <…<E*n). Since a critical (representative) E* is typically found in the second or 
third sublayer, if the critical E*eff (i.e., E*2 or E*3) is applied to calculate rutting for each sublayer, 
it would produce overestimated rutting due to the relatively lower E*eff. This ends up causing the 
sum of the entire layer rutting to be higher than reality (i.e., over estimate of rut depth). Figure 
44 illustrates how the rutting stochastic solution operates to obtain the mean and standard 
deviations of rutting for each sublayer. 

 

In the original development of the QRSS, the main reason for using this method was directly 
due to a computation difficulty, originally discovered in the development of the Excel 
spreadsheet (14). In the Monte Carlo simulation, when E* of one sublayer is changed by its 
variables (such as gradation, air voids, etc), it affects the rutting calculation of the next sublayer. 
Since the Witczak E* predictive equation is a function of effective length, temperature, and 
frequency, these effective values are supposed to be changed in the upper sublayers’ E*. In 
other words, a multi-sequential series of optimizations would be required to solve this circular 
equation to complete the simulation. Consequently, this solution technically would require a 
tremendous amount of time for the completion of the entire MCS for each sublayer. In order to 
reduce the optimization time in solving the circular equation, the method using the 
representative E* of the critical sublayer for all sublayers was chosen. 

 

In fact, a similar computation difficulty was initially confronted in the development of the SPT 
(lab-measured) method. To avoid this complex computational process and yet obtain an 
accurate prediction result, the SPT method developed at Arizona State University utilized an 
enhanced approach with a single power relationship between E*eff and a total rut depth. It was 
originally developed through Jeong’s PhD study (11) and is presented in Appendix G. As shown 
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In Table 34, the SPT method shows little to no difference in rutting between the deterministic 
and stochastic solutions. 

 

Based upon the results of this study, it is apparent that some minor computational revisions 
should be completed within the QRSS rutting model. It is also clear that the current difference in 
rutting between the QRSS and SPT approaches is clearly a function of the AC layer thickness. 
As the total AC layer thickness becomes larger, the difference in AC rut depth should also 
increase. 
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Figure 43. Rutting Comparison between QRSS and Lab-Measured Properties 

 

Table 34. Predicted Rutting of the As-Designed and As-Built mixes between the QRSS 
and SPT methods 

 QRSS Method SPT Method Difference 
As-Design Rutting (in.) 
- Deterministic Solution 0.56 0.38 0.18 

Mean As-Design Rutting (in.) 
- After Monte Carlo Simulation 0.73 0.38 0.35 

Average Mean As-Built Rutting (in.) 
- After Monte Carlo Simulation 0.75 0.40 0.35 
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Sublayer#2 
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ΔRD1=a1(E*1)b1 
 

ΔRD2=a2(E*2)b2 
 

ΔRD3=a3(E*3)b3 
 

ΔRD4=a4(E*4)b4 
 

Suppose Sublayer#2 is found to be the 
representative sublayer where the 
biggest rutting occurs. In this case, E*2 
becomes the representative E* for the 
entire structure. 
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Figure 44. Method of Rutting Stochastic Solution using the Monte Carlo Simulation 

 

Thermal Fracture 

It was the original research plan for thermal fracture to be evaluated by comparison between the 
volumetric-based prediction in the QRSS and the prediction based on the lab-measured creep 
compliance / strength (SPT) data. After running the QRSS and SPT with the thermal fracture 
related data, it was realized that the mix used for the RI project did not produce any thermal 
cracking (i.e., zero cracking from the QRSS and SPT). To verify this result, the MEPDG was 
operated with Level 1 option where the lab-measured creep compliance and strength data was 
required to be inputted. The MEPDG result also produced zero cracking for the mix and 
structure used for the RI project site. 
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It is recommended as one of the future studies that a pavement site located in a severe 
environmental region be selected and evaluated with regard to the thermal fracture module of 
the QRSS. 

 

5.3 Incentive / Disincentive Results 

One of the main tasks of the project was to compare the QRSS results from volumetric data to 
the SPT results from actual lab measured E*. Tables 35 to 37 summarize the comparison 
between the two procedures (QRSS and SPT) for all three sites relative to the incentive / 
disincentive (contractor pay percentage) as well as the key PLD values (predicted life 
difference). The payment schedule to determine the incentive/disincentive to the contractors 
was arbitrarily determined by the research team and the same schedule was used for all 
distress type and all project sites. The schedule is shown in Figure 45. In reality, when the 
approach is implemented, each agency will have its own payment schedule and distress 
weighting factors for their projects. 

 

As a general statement, the incentive/disincentive evaluation was found to be very close 
between the two comparisons. It can be observed that there is perfect agreement between the 
“Incentive / disincentive” percentage for all lots and all distresses for the Rhode Island site. 
Similarly, the Utah project shown is almost perfect comparison for all lots, except for extremely 
minor PDL difference in fatigue for lots 8 and 10. Finally, the Texas comparison only results in 
reasonably minor differences in the PLD for the fatigue lots of 6 and 7. In summary, the overall 
comparison of the PLD lot values between the QRSS and E* methodologies are excellent as 
illustrated in Figure 46. 

 

As a final summary conclusion, it can be observed that an excellent comparison between the 
incentive / disincentive and predicted life difference was found. A review of Tables 35 to 37 and 
Figure 46 clearly confirm this conclusion. 
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Table 35. Incentive / Disincentive Estimation for the Rhode Island Project (SPT and 
QRSS) 

AC 
Layer 
Type 

LOT 
SPT QRSS 

Pred. Life Diff. 
(yr) 

Incentive / 
Disincentive (%) 

Pred. Life Diff. 
(yr) 

Incentive / 
Disincentive (%) 

Surface 
(Rutting) 

1 +0.1 100.0 -0.2 100.0 
2 +0.1 100.0 -0.1 100.0 
3 0.0 100.0 -0.1 100.0 
4 -0.2 100.0 -0.8 100.0 
5 0.0 100.0 -0.8 100.0 

Binder 
(Rutting) 

1 +0.6 100.0 +2.1 100.2 
2 -1.0 100.0 +0.6 100.0 
3 -1.8 100.0 +0.6 100.0 
4 +1.9 100.0 +2.3 100.9 
5 +0.4 100.0 +3.4 103.4 

Binder 
(Fatigue) 

1 +1.1 100.0 +1.1 100.0 
2 -16.7 R/R* -14.6 R/R 
3 -15.3 R/R -13.5 R/R 
4 +15.7 110.0 +14.1 110.0 
5 +4.6 106.4 +5.3 108.6 

*R/R: Remove and Replace  
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Table 36. Incentive / Disincentive Estimation for the Utah Project (SPT and QRSS) 

Distress 
Type LOT 

SPT QRSS 

Pred. Life Diff. 
(yr) 

Incentive / 
Disincentive (%) 

Pred. Life Diff. 
(yr) 

Incentive / 
Disincentive (%) 

Rutting 

1 -0.5 100.0 0.1 100.0 
2 -0.5 100.0 -0.2 100.0 
3 -0.7 100.0 0.0 100.0 
4 0.0 100.0 0.1 100.0 
5 -0.9 100.0 -0.1 100.0 
6 -0.7 100.0 -0.1 100.0 
7 +0.3 100.0 -0.2 100.0 
8 +0.3 100.0 -0.1 100.0 
9 -0.3 100.0 -0.2 100.0 

10 +0.6 100.0 -0.1 100.0 

Fatigue 

1 -7.7 70.0 -7.5 70.0 
2 -9.8 70.0 -9.9 70.0 
3 -7.9 70.0 -6.7 70.0 
4 -5.0 70.2 -4.9 71.0 
5 -9.7 70.0 -9.1 70.0 
6 -9.9 70.0 -9.8 70.0 
7 -10.1 R/R -11.6 R/R 
8 -9.3 70.0 -10.9 R/R 
9 -10.8 R/R -11.6 R/R 

10 -8.5 70.0 -10.4 R/R 
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Table 37. Incentive / Disincentive Estimation for the Texas Project (SPT and QRSS) 

Distress 
Type LOT 

SPT QRSS 

Pred. Life Diff. 
(yr) 

Incentive / 
Disincentive (%) 

Pred. Life Diff. 
(yr) 

Incentive / 
Disincentive (%) 

Rutting 

6 -1.7 100.0 -0.2 100.0 
7 -2.0 100.0 -0.3 100.0 
8 -1.6 100.0 -0.2 100.0 
9 -1.8 100.0 -0.4 100.0 

10 -1.9 100.0 -0.3 100.0 
11 -2.0 100.0 -0.3 100.0 

Fatigue 

6 -5.4 70.0 -3.4 86.4 
7 -6.2 70.0 -4.1 78.5 
8 -7.3 70.0 -5.8 70.0 
9 -6.6 70.0 -4.9 70.9 

10 -7.0 70.0 -5.5 70.0 
11 -8.8 70.0 -7.3 70.0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46. Predicted Life Difference between QRSS and SPT 
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6.0 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Summary 

This study was conducted to evaluate the Quality Related Specification Software version 1.0, 
which was developed under NCHRP Project 9-22, Performance-Related Specification for HMA. 
The QRSS methodology combines the MEPDG technology and Simple Performance Tests 
(SPT) in conjunction with the PRS system. Since the QRSS methodology essentially utilizes the 
similar characteristics of the level 3 option in the MEPDG where volumetric properties serve as 
major variables to assess the design mix quality and the structure adequacy of a given 
pavement, it was necessary to evaluate the validity of the QRSS by using actual asphalt 
material SPT properties from actual pavement construction sites. 

 

Three differing environmental regions across the country were selected. The field locations 
selected, for the HMA construction projects, included sites in (1) Rhode Island (to consider AC 
permanent deformation, fatigue cracking, and low-temperature cracking), (2) Texas (to consider 
AC permanent deformation and fatigue cracking), and (3) Utah (to consider AC permanent 
deformation and fatigue cracking). Project materials were collected from each site and included 
the design Job Mix materials (aggregates and AC binder) and the as-built materials, obtained 
from actual project lots, and sent to the laboratory of AMEC in Arizona. They were then tested to 
obtain the SPT properties: dynamic modulus and creep compliance / strength. Three distress 
types were considered for this evaluation: AC permanent deformation, load-related bottom-up 
fatigue cracking, and thermal fracture. 

 

It was the original intent of the project team that only new pavement construction sites, having 
neither modified binder nor RAP, would be considered. However, it was realized that finding that 
type of projects in the specified regions within a given project period was challenging. As a 
result, two of the projects sites selected contained RAP material in the design mix (Utah and 
Texas), one project site selected from the New England region contained an SBS modified 
binder, and in addition, the Texas project contained latex. 

 

The lab-measured dynamic modulus and creep compliance / tensile strength values measured 
for both as-designed and as-built mixes were then used as the primary input into both PRS 
methodologies using QRSS and SPT procedures to compare the results and verify the QRSS 
version 1.0 developed under NCHRP 9-22. 

  

6.2 Conclusions 

The overall methodology implemented in the current version of the QRSS was validated by 
comparison with the SPT procedure using a set of SPT properties directly measured from the 
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three pavement construction sites throughout the US, used in the study. The comparison 
studies were achieved by examining the relationships of the following parameters (noted below) 
predicted by the QRSS (volumetric) methodology and the E* (SPT) methodology. 

 

The parameters evaluated were: 

 

• E* Dynamic Modulus (Rhode Island, Utah, and Texas) 
• Distress Prediction 

a. Thermal Fracture (Rhode Island only) 
b. Fatigue Cracking (Rhode Island, Utah, and Texas) 
c. AC Permanent Deformation (Rhode Island, Utah, and Texas) 

• Performance / Pay Factor 
a. PLD – Predicted Life Difference 
b. Incentive / Disincentive Pay Factors 

 

Based upon the study presented in this report, the following conclusions have been developed. 

 

Validity of the QRSS: Dynamic Modulus 

• As a general conclusion, it can be stated that the E* predicted by mix volumetrics from the 
Witczak Predictive Equation (QRSS methodology) resulted in very good to excellent 
comparisons to E* measured directly in the laboratory. This finding was true for all mixture 
evaluated with the exception of the Rhode Island surface course. It is to be noted that this 
mixture is an SBS modified asphalt. As such, this finding merely confirms conclusions and 
limitations that have been noted over the last several decades, by Dr. Witczak, that the E* 
predictive equation should not be applied to highly modified asphalts. 

 

Even with the Rhode Island modified surface course included; the R2 value for the E* 
comparison of all asphalt mixtures, for all three project sites, was found to be 0.88. If the 
SBS modified Rhode Island surface course is excluded; all of the other remaining asphalt 
mixtures, from all three sites, yield an R2 = 0.92 with a Se/Sy = 0.262. These statistics are 
applicable to an excellent statistical correlation. 

 

In general summary, the user can be extremely comfortable in assuming that the QRSS 
volumetric approach yields equivalent E* compared to the SPT direct measurement 
approach. However, the use of the QRSS volumetric approach should not be applied to 
highly modified asphalt binders.  
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• The E* values for the as-designed mix master curve are measured with a full factorial 
combination of temperature and frequency. This approach is the only true way to generate 
E* master curves with the precise time-temperature shift. The individual E* values from the 
as-built mix, measured at a single (critical, effective) combination of temperature and 
frequency condition are directly and effectively compared with the design E* obtained from 
the master curve. 
 

• The method developed for the estimation of the in-place dynamic modulus was generally 
validated. While a linear E*-air voids relationship was initially utilized to estimate the mean 
and standard deviation of the in-place E* based on the measured in-place air voids, a non-
linear E*-air voids relationship was more accurate in the low air void range (approximately 
less than 3%). A revised method was developed to accurately estimate the stochastic 
solution of the in-place E* for this range of air voids by using Taylor series. These two 
methods need to be implemented in the next version of the QRSS as they may enhance the 
methodology, particularly if very low air voids are encountered.  

 

• When preparing E* test specimens, the air voids – mass relationship used for manufacturing 
test specimens was found to be an effective and accurate way of estimating the amount of 
loose asphalt mix placed into a gyratory mold in order to obtain a target level of specimen air 
voids. This procedure was found to reduce the trial and error effort to reach a target level of 
air voids of a test specimen. 

 

Validity of the QRSS: Distress Prediction 

• The AC rutting prediction comparison between the QRSS volumetric and SPT – E* 
measured methodology was found to exhibit major differences in prediction. This predictive 
difference was found to apparently increase as the thickness of the total AC layer increased. 

 

After much investigation, the true reason for this discrepancy was found to be due to a 
subtle difference in the mathematical layered rutting algorithm used between the QRSS 
volumetric and SPT- E*approach, with the Monte Carlo approach. In the QRSS, a 
“simplified” method had to be chosen to reduce the rutting calculation time of each sublayer. 

 

A detailed approach of the reasons, and subsequent solution, is provided in Chapter 5 of 
this report. This mathematical difference in the solution methodology for the QRSS 
volumetric approach should be modified to conform to the same solution technique that was 
developed for the SPT – E* (QRSS) methodology. 
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• The AC fatigue prediction comparison between the QRSS volumetric and SPT – E* 
measured methodology was found to be of an excellent agreement, for all three sites 
studied in the US. 
 

• The thermal fracture module in the QRSS was “validated” in a very limited manner in this 
study. Only the Rhode Island section was possible to be subjected to thermal fracture. 
Based upon conversations with Rhode Island DOT personnel; they acknowledged that the 
SBS modified surface mixture was quite effective in eliminating thermal cracking in Rhode 
Island. 
 
The QRSS volumetric and the SPT (Creep compliance test methodology) were conducted 
for the Rhode Island section. It is interesting to note that three approaches were used: 1) the 
direct use of the MEPDG solution, 2) the QRSS volumetric approach, and 3) the SPT – 
direct lab measurement of the creep compliance properties of the polymer modified AC 
surface. In all cases, the prediction of thermal cracking was found to be zero for the Rhode 
Island site. These results appear to justify (confirm) the limited historical experience of the 
Rhode Island DOT. 
 

Validity of the QRSS: Predicted Life Difference Prediction and Payment System 

• The mix quality of the as-built lots, for all three project sites, was evaluated in terms of their 
life expectancy and “incentive / disincentive” contractor pay. This study clearly showed that 
the QRSS accurately predicts the life expectancy (as measured by the PLD – predicted life 
difference) for each distress type. The results show an excellent agreement with those 
obtained from the SPT procedure. 
 
An identical comparison finding was also found for the “incentive / disincentive” pay factors. 
Comparisons between the QRSS and SPT E* measured methodologies resulted in very 
excellent correlations. 
 

Conclusions 

• As a final conclusion, it can be stated that the use of the QRSS methodology, based upon 
the volumetrics of the mixture, will yield a very excellent agreement to the SPT methodology, 
based upon direct test measurements of the E* and D(t) – compliance properties of the mix. 
 

• The QRSS methodology should not be used if highly modified AC mixtures are used in the 
structure. 
 

• More rational and practical results will always be obtained if the MEPDG is used to “design” 
the initial pavement structure for realistic failure distress levels. If this occurs, the PLD 
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(predicted life difference), estimates for the “as-designed” and “as-built” structures will take 
on a more meaningful and reasonable perspective on the constructed project. 

 

6.3 Recommendations 

Based upon the results of this provisional pilot implementation project, the following key 
recommendations are strongly urged to be followed up as soon as possible to maintain and 
enhance the implementation momentum gained to date with the NCHRP 9-22 QRSS. 

 

1. It is strongly recommended that the next implementation phase of field projects be 
undertaken as soon as practical. This new phase must be more comprehensive and 
detailed than the effect taken by the consultant team in the project. It is suggested that 
the next phase consists of 5 field sites, throughout the US, per year and for a period of 3 
years. 
 
These new projects and overall implementation study must have state DOT agencies, 
construction companies, and field engineers of the Asphalt Institute play an important 
and key role in the overall study. 
 
In this project, the primary role of the consultant team would be to train DOT / 
contractors to conduct the QRSS and SPT revisions of the implementation scheme; 
work along with the consultant team in analyzing the results of the project field site, and 
play the chief responsible role of eventually making a final implementation decision in 3 
years, based upon the results of the 3-year study. 

 

It will be important that the DOT / contractor will work closely with the consultant team to: 
• select highly qualified field sites 
• select their own distress weighting factor 
• select their own unique incentive / disincentive relationships 
• assist in the collection of appropriate QA/QC data 

 

While final details of the project sites to be evaluated can be developed in the future, it is 
highly recommended that each field site: 

• be a new construction site, if at all possible 
• not employ modified asphalts 
• utilize the MEPDG to design the pavement system 
• use a maximum of 10 lots in the QRSS / SPT field analysis 
• incorporate IRI as an additional distress - pay factor item 
• undergo a real contractor penalty / bonus analysis based upon the current 

QA/QC methodology used by the DOT agency 
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2. All future field implementation projects should, if possible, utilize the MEPDG as the 

design tool so that realistic and reasonable distress failure criteria can be compared in 
the QRSS / SPT process. If ultra conservative designs are used by a DOT, that result in 
(for example) a 3% fatigue cracking distress magnitude after 25 years; is it reasonable to 
penalize a contractor that builds an “inferior” product having 6% fatigue cracking after 25 
years? The “as-built” cracking level by 6% would still be far below the failure distress 
level and even though the contractor placed a product that was of “poorer quality” than 
the “as-design” product; it would still be a very satisfactory performing pavement. 
 

3. Future projects should start incorporating the collection and synthesis of detailed cost 
data necessary to perform each major type of QA/QC methodology. These costs should 
relate the agency’s present QA/QC approach: the NCHRP 9-22 QRSS (volumetric) and 
NCHRP 9-22 SPT approach. This cost data should be used to start gaining some 
preliminary assessments of how much potential savings may occur, if the QRSS or SPT 
approach is employed in practice. 
 

4. Future projects should focus further research analysis to provide an enhanced, simplified 
implementation methodology that specifically relates to the actual number of mass-Va 
relationships that should be used; the specific number of E* tests-Va relationships that 
are used for the as-design process and attempt to improve the accuracy (while reducing 
test time and cost) for assessing the proper mass (weight) to be used to simulate a 
realistic range of project in-situ air voids that are to be used to measure the field (lot) E* 
values for each sublot. In addition, further work / analysis should be conducted to 
confirm / modify the assessed linear relationships between Va and E*. 
 

5. It is important to understand that this pilot field implementation has found several minor 
technical aspects of the QRSS code and / or QRSS mathematical approach used in the 
solution methodology that should be corrected for the next “go around” of field 
implementation efforts. Several of the issues are: 

 

a. The methodology used in the QRSS (volumetric) asphalt layer rutting solution 
should be changed so that it is more consistent with the mathematical approach 
used in the SPT solution code. This code modification is necessary to have the 
AC rutting production for the QRSS and SPT approach be as comparable as 
possible. 

b. At present, the SPT approach is a stand-alone computer code that utilizes lab-
measured E* value for the QRSS approach. It is recommended that the SPT 
(measured E*) approach be fully integrated with the QRSS volumetric version to 
greatly enhance the computational and analytical efficiency of both programs. 

c. It is vitally important for the user to recognize that the QRSS methodology, based 
upon MEPDG principles, is not meant as an alternate performance specification 
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for asphalt pavements. Quite contrary, it is vital that the decades of experience 
and knowledge gained from enhancing our current AC mixture specification must 
be integrated directly with the QRSS – MEPDG results. A very pronounced (and 
preliminary) approach to combining both of these approaches has already been 
accomplished through NCHRP 9-33. It is highly recommended that the 9-33 
aspects of mix design specifications be directly added to the QRSS code to make 
it the most powerful QRSS / PRS code available in the world today. 

d. The thermal fracture module currently implemented in the QRSS was coded with 
the FORTRAN computer language. This system acts as a stand-alone, 
independent program for the main QRSS code. Depending upon the user’s 
computer configuration, the module may sometimes crash because of 
incompatibility between the user’s computer system and the out-dated 
FORTRAN code. It is highly recommended that the thermal fracture module be 
re-programmed with the same source code used in the QRSS. 

 

6. Finally, while this recommendation is outside the scope of the QRSS methodology, it is 
critical to recognize that a new focused effort and study needs to be addressed to 
determine a set of national calibration factors for the MEPDG that predicts the 
performance of a wide array of non-conventional asphalt mixtures. Examples of the most 
important “modified” mixtures would be: 

 

• RAP 
• Warm Mix 
• Asphalt Rubber 
• Trinidad Lake Asphalt 
• SBS, SBR, Elvaloy 
• ETC 

 

Once this is accomplished, these distress prediction modules should then be 
incorporated into the QRSS. It is recommended that the best approach to integrate these 
results should be made with the QRSS – SPT methodology. 
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