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EXECUTIVE SUMMARY 
The Illinois Department of Transportation’s last major modification on full-depth asphalt pavement 
mechanistic-empirical (M-E) design procedures and policies was in 2008. Significant changes and 
improvements in hot-mix asphalt (HMA) and other material technologies have taken place since that 
date, including the widespread use of recycled materials (reclaimed asphalt pavement [RAP] and 
reclaimed asphalt shingles [RAS]) and modified asphalt binders. To address the need for reviewing 
the current design framework, two main concepts for standard full-depth and limiting strain criterion 
asphalt pavement design were revisited: the HMA dynamic modulus (|E*|) algorithm and the fatigue 
endurance limit (FEL) criteria. 

The initial tasks of this research were dedicated to updating IDOT’s current |E*| algorithm to account 
for the presence of recycled asphalt and binders modified with styrene-butadiene-styrene (SBS). |E*| 
tests were conducted for all combinations of four mix designs and seven asphalt binders with 
different performance grades (PGs). The |E*| values were compared to the outputs of different 
models: the current Illinois M-E design algorithm as well as the Witczak, Hirsch, and newly developed 
Illinois Center for Transportation (ICT) Bayesian neural network (BNN) |E*| models. Furthermore, an 
alternative method to measure modulus using the ultrasonic pulse velocity (UPV) nondestructive test 
was evaluated. This project also involved field modulus measurements to evaluate this property in 
practical field conditions. These measurements aimed to assess the tensile strain levels observed in 
real-world field scenarios, considering that these pavement sections were designed based on past 
versions of IDOT’s Bureau of Design and Environment (BDE) Manual, Chapter 54 (Pavement Design). 

Subsequent tasks reviewed the current pavement M-E design FEL criteria. An adapted protocol for 
the four-point bending beam fatigue (4PBBF) test (AASHTO T 321-22) was applied to an experimental 
matrix combining three mixes and seven asphalt binders. Two distinct rest period conditions were 
considered: a 1-second rest period and a 0-second rest period. The first condition mirrors traffic 
patterns typically observed in real-world field conditions, where longer rest periods exist between 
successive load applications. The second scenario, however, is more severe and can be linked to 
situations where platoonable roadway sections could experience short rest periods between 
successive load applications. Ideas are presented regarding the appropriateness of the existing tensile 
strain limit of 70 microstrain for limiting strain criterion pavement design. Furthermore, alternative 
approaches were explored to evaluate an “acceptable level of damage” that could be defined 
through a reduced and simplified protocol within the four-point bending beam machine. The 
significance of this activity is paramount, as the existing protocols for assessing the fatigue behavior 
of asphalt mixtures under low strain levels and rest periods longer than zero are impractical due to 
excessively long test durations. Finally, findings from various scales—spanning binder-level 
assessments to modulus, fracture, and fatigue laboratory tests on mixtures to field data—were 
combined and analyzed in depth. Relationships and trends within the compiled data were further 
explored. 

Overall, this study observed that typical HMA modulus values used in Illinois for asphalt mixes are 
underpredicted when compared to modern mixes incorporating recycled materials and modified 
binders. Assuming higher modulus values could yield cost and environmental savings by allowing for 
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reduced layer thicknesses in full-depth pavement design. However, the effects of climate change may 
also have substantial effect on decreasing the modulus, which needs to be studied further and 
integrated with changing climate models. Furthermore, low temperature PG of asphalt binders 
demonstrated a crucial role for modulus determination within the frequency and design temperature 
range of interest for the state of Illinois. The ICT BNN model outperformed the traditional and well-
known Witczak and Hirsch models in terms of modulus modeling. Another benefit of the BNN 
approach is its simplified application, relying solely on the PG label without the need for extensive 
binder testing. This research suggested this model holds potential as a supplement to the current 
IDOT modulus algorithm. On the nondestructive testing side, while the UPV test shows promise for 
quick screening of asphalt modulus, challenges arise from assumptions about Poisson’s ratio (PR) and 
shift factors (SF), leading to consistently higher predicted modulus values than those obtained from 
actual laboratory tests. 

Although the modulus study demonstrated potential for reducing flexible pavement design thickness, 
assessing the impact of recycled materials on mix stiffening and fatigue life is paramount. The 
ongoing stage of this research involved a comprehensive fatigue evaluation, refining approaches for 
the definition of a FEL analysis protocol that combined solid theoretical background and simplicity for 
practical application. Inspired by NCHRP report 9-44A (Witczak et al., 2013), this research proposed 
an adaptation to the 4PBBF test standard that accounted for varying strain levels and rest periods. 
However, defining a FEL value remains an open and ongoing research question, considering 
challenges in test geometry, loading characteristics, and the asphalt mix viscoelastic behavior. This 
project proposed, so far, an acceptable SR < 1 value for mixes instead of an FEL value. This condition 
would be achieved when a mix indicates an exceptionally long fatigue life as it exhibits an acceptable 
drop in SR within 10,000 cycles and a very stable (flat line) SR value within its final loading cycles. 
From the four scenarios of acceptable SR < 1, the most conservative estimated FEL converged to the 
current IDOT standard value of 70 microstrain, suggesting that this might be a conservative criterion. 
This case would correspond to a tensile strain value that would lead the mix to its peak SR under the 
critical 0-second rest period condition. On the less conservative side, considering a scenario where a 
10% drop in SR within 10,000 cycles was allowed, the acceptable SR < 1 could be increased to 
approximately 180 microstrain. However, the agency needs to consider relaxing such limits with great 
care, as the world is facing rapid changes in mobility trends, such as platooning and electric vehicles 
with heavy loads, as well as increasingly critical environmental stressors due to climate change. These 
combined factors demonstrate the need for further evaluation of the modulus criteria and 
comprehensive study of materials from various sources and including a wider range of mix design 
factors. 
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CHAPTER 1: INTRODUCTION 
It is important to continue to review and modify, as appropriate, IDOT’s mechanistic-empirical (M-E) 
flexible pavement design procedures and policies, as many significant factors continue to change. 
Hot-mix asphalt (HMA) modulus and fatigue data developed in ICT-IDOT project R27-161 (Lippert et 
al., 2017) show that the currently utilized modulus and fatigue algorithms do not adequately capture 
the impact of SBS-modified binders and recycled asphalt (reclaimed asphalt pavement [RAP] and 
reclaimed asphalt shingles [RAS]) on these inputs for flexible pavement thickness design. The last 
major modification to Chapter 54 (Pavement Design) in IDOT’s Bureau of Design and Environment 
(BDE) Manual was based on research conducted in 2008, and significant changes and improvements 
in HMA and pavement technology have been achieved since that date. To maximize the impact of 
IDOT’s M-E flexible pavement design procedures and maintain their applicability, current technology 
should be reflected (as applicable for IDOT conditions).  

The objective of the project is to conduct those activities relevant to establishing and utilizing the 
best demonstrated available technology as related to IDOT’s flexible pavement design procedures 
and policies. The main focus of this study was revising the current inputs used for modulus and 
fatigue endurance limit (FEL) in full-depth asphalt pavement design. The objectives are to update the 
modulus measurements and calculations to account for new materials in HMA mixes and apply this 
knowledge to fatigue-related asphalt layer thickness design to account for these updated material 
properties. In addition, the research team continued to monitor literature, structural testing data 
from the field, and ongoing projects to ensure the performance of full-depth asphalt and asphalt over 
rubblized concrete flexible pavements. 

RESEARCH OBJECTIVES 
The objectives of this research were as follows: 

• Use traditional techniques (dynamic modulus test) and novel methods (e.g., ultrasonic pulse 
velocity) to conduct a wide range of modulus measurements with field- and laboratory-
compacted mixes. 

• Determine the effectiveness of various predictive fatigue algorithms including binder and 
mixture-based predictive algorithms. 

• Explore the dependency of the fatigue endurance limit on different mix variables, including 
the use of RAP and polymer-modified binder. 

• Determine if a fundamental or empirical relationship can be established between the Illinois 
Flexibility Index Test (I-FIT) or other test methods and the fatigue endurance limit. 
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CHAPTER 2: THEORETICAL BACKGROUND AND LITERATURE 
REVIEW 

IDOT’S ASPHALT PAVEMENT M-E DESIGN PROCEDURE: CURRENT STATE AND 
CHALLENGES 
The Illinois Department of Transportation’s design of full-depth HMA pavement as well as HMA 
pavement placed on top of rubblized Portland cement concrete (PCC) is based on IDOT’s Bureau of 
Design and Environment Manual, Chapter 54. The latest version of this protocol was updated based 
on research completed in 2008. The design concept followed in this procedure is based on three main 
inputs: (i) a subgrade support ratio (SSR), ranging from poor (worst quality) to granular (best quality); 
(ii) a facility class, ranging from Class I (highest traffic volume) to Class IV (lowest traffic volume); and 
(iii) an HMA mixture design temperature, ranging from 73°F (northern Illinois) to 81°F (southern 
Illinois) based on mean monthly pavement temperature corrected for May–June for standard designs 
and July for limiting strain criterion designs. 

According to Chapter 54 of the BDE Manual, the definition of the SSR classification is based solely on 
the percentage of sand, silt, and clay fractions within the subgrade soil. The traffic factor is a function 
of the design period in years as well as the composition of the traffic for the design lane. When it 
comes to HMA characterization for design, the manual directly relates the asphalt binder Superpave 
PG to a theoretical HMA modulus considering a range of design temperatures (from 73°F to 81°F). 
This algorithm is divided into two groups: for PG 64-28 and PG 70-28, the HMA modulus is assumed 
to be lower, ranging from 400 to 600 ksi, whereas for PG 64-22, PG 70-22, PG 76-22, and PG 76-28, 
the HMA modulus is assumed to vary between 500 and 750 ksi. PG 58-28 was not considered in this 
algorithm because the algorithm does not factor in the use of recycled materials, which is the only 
case in which PG 58-28 is used, although most mixes use recycled materials today. The final design 
thickness is a function of a design strain directly related to the traffic factor. Once the assumed HMA 
modulus at the design temperature and the design strain are defined, the HMA design thickness is 
determined for each SSR type. For limiting strain criterion pavements (full-depth HMA and HMA 
placed on top of rubblized PCC), the HMA design thickness is determined assuming a design tensile 
strain of 70 microstrain, termed the “fatigue endurance limit” or “FEL.” 

One of the main inputs for M-E pavement design approaches is the asphalt mixture elastic modulus. 
The dynamic modulus (|E*|) is a measure of material stiffness, which increases as asphalt binder ages 
and recycled material content increases, as recycled materials are aged significantly. This results in a 
simple assumption that an increase in asphalt mixture modulus leads to a reduction in pavement 
critical responses when linear elastic analysis is considered within the asphalt layer. From one point 
of view, this appears beneficial for pavement performance. However, asphalt binders with increased 
stiffness resulting from a higher degree of aging are susceptible to cracking due to their increased 
brittleness. This is the case for asphalt mixtures using RAP and RAS (Al-Qadi et al., 2007; Ma et al., 
2022). Therefore, the future of any pavement design algorithm must consider the use of these 
materials from multiple perspectives. 
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The use of recycled materials (especially RAP) is already ubiquitous in asphalt mixtures in Illinois and 
around the world. This topic has gained momentum since the early 2000s, with several remaining 
challenges. The demand for recycling asphalt presents potential savings for contractors and agencies 
because reusing existing asphalt binder, generally the most expensive component of HMA, will 
reduce its demand. Over time, the composition of asphalt binder has become increasingly variable 
and complex. This is, in part, a function of the wider use of RAP and additives such as polymer 
modifiers and rejuvenators (termed softener modifiers in IDOT specifications). In summary, the final 
composite asphalt binder, made of recycled and virgin asphalt, tends to vary widely in terms of its 
chemical composition and performance, leading to variable performance of the corresponding mix. 
Therefore, the present study approaches the issues presented by recycled materials and new asphalt 
binder formulations by analyzing comprehensively both fatigue and modulus performance of mixes 
with varying mix design factors. 

HMA MODULUS MEASUREMENT AND MODELING 

Dynamic Modulus Concept 
Since the 1960s, the complex modulus (E*) has been researched as an alternative to the use of the 
resilient modulus for the characterization of asphalt mixture stiffness. Fundamental studies 
(Papazian, 1961; Witczak & Root, 1974; Bonnaure et al., 1977; Christensen, 1982; Daniel et al., 1998) 
demonstrated that applying sinusoidal loading to specimens at controlled temperatures and various 
frequencies, and measuring the respective displacements, enables the linear viscoelastic 
characterization of asphalt mixtures. The outcome of this process is the material stress–strain 
constitutive law under continuous sinusoidal loading (Witczak, 2002). The mathematical formulation 
of the complex and dynamic modulus is described in Figure 1 to Figure 7. 

 
Figure 1. Equation. Sinusoidal stress function. 

 
Figure 2. Equation. Angular frequency. 

 
Figure 3. Equation. Sinusoidal strain function. 

 
Figure 4. Equation. Dynamic modulus. 

𝜎𝜎 =  𝜎𝜎0 𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔) 

𝜔𝜔 = 2 𝜋𝜋 𝑓𝑓 

𝜀𝜀 =  𝜀𝜀0 𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔 −  𝛿𝛿) 

|𝐸𝐸∗| =  
𝜎𝜎0

𝜀𝜀0
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Figure 5. Equation. Storage modulus. 

 
Figure 6. Equation. Loss modulus. 

 
Figure 7. Equation. Complex modulus. 

Where:  σ = stress 

  ε = strain 

σ0 = stress amplitude 

  ω = angular frequency 

  f = frequency 

  ε0 = strain amplitude 

  δ = phase angle 

  E’ = storage modulus 

  E’’ = loss modulus 

  i = imaginary number (√−1) 

  |E*| = dynamic modulus 

The dynamic modulus (|E*|) is the stiffness property of asphalt mixtures and is most used as an input 
parameter in the M-E design of asphalt pavements. It is the primary input in all three hierarchical 
levels in AASHTO’s Mechanistic–Empirical Pavement Design Guide (MEPDG) (AASHTO, 1993). 
Mechanistic-empirical design frameworks involve applying transfer functions to relate critical 
pavement responses (a stress and strain determined as a function of the applied load, pavement 
geometry, and the material properties) to empirical measurements of distresses (mainly rutting and 
fatigue cracking) observed in the field (Witczak, 2002; AASHTO, 2008). Previous literature has shown 
|E*| to correlate consistently with pavement distresses (Witczak, 2002; Zhang et al., 2013; Bech & 
Vandenbossche, 2023). Dynamic modulus significance extends beyond direct pavement design 
applications to numerical simulations and the development of viscoelastic/viscoplastic constitutive 

𝐸𝐸′ =  
𝜎𝜎0  𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿)

𝜀𝜀0
 

𝐸𝐸′′ =  
𝜎𝜎0  𝑠𝑠𝑠𝑠𝑠𝑠(𝛿𝛿)

𝜀𝜀0
 

𝐸𝐸∗ =  𝐸𝐸′ + 𝑖𝑖 𝐸𝐸′′  
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relationships within HMA layers (Hernandez et al., 2016; Darabi et al., 2020). However, dynamic 
modulus measurement still presents a challenge due to its expensive and time-consuming testing 
procedures—namely, AASHTO T 342-22 (2022) and T 378-22 (2022). Nonetheless, accurate predictive 
modeling of |E*| is crucial for research, industry, and agencies. Consequently, numerous predictive 
models have emerged over the past few decades to address this concern. 

Dynamic Modulus Predictive Models 
In the context of M-E design, the accuracy of |E*| is crucial. Moreover, once a design framework 
relies on |E*| prediction, it becomes imperative to continuously update and refine the associated 
algorithms to consider the materials most widely used. This is especially true considering the 
widespread use of recycled asphalt and modified asphalt binders that have become commonplace in 
the last decades, which add more uncertainty to existing predictive models that did not consider 
these items. Several |E*| models are available in the literature. The original Witczak model (Witczak 
& Fonseca, 1996) and revisions (Bari & Witczak, 2005), used in the 1.0 version of AASHTO’s MEPDG 
software (Witczak et al., 2007), and Hirsch (Christensen Jr et al., 2003) models are the most widely 
known models. These models use empirical data to predict |E*| using binder properties and 
volumetric mix design parameters. Other models, such as the one proposed by Al-Khateeb et al. 
(2006), have the advantage of simplicity by considering fewer variables as inputs: asphalt binder 
complex shear modulus (G*) and voids in the mineral aggregate (VMA). Research conducted in Illinois 
showed agreement and similar accuracy between Witczak and Hirsch models while noting that the 
Hirsch model is simpler (Garcia & Thompson, 2007).  

Over time, an increase in available data and innovations in data science and machine learning have 
enabled the development of newer predictive models. To address some of the inconsistencies of |E*| 
predictions within empirical models, researchers try to calibrate these models for local materials and 
conditions (Birgisson et al., 2005; Bennert, 2009; Mohammad et al., 2014). Also, numerous machine 
learning–based models for |E*| prediction have been developed (Behnood & Daneshvar, 2020; 
Ceylan et al., 2008; Far et al., 2009; Singh et al., 2013). In this context, this research effort proposed a 
prediction model by means of the BNN approach (Asadi et al., 2023). The authors incorporated an 
extensive dataset and took into consideration model uncertainties using the BayesByBackprop 
algorithm (Blundell, 2015), which showed potential to outperform traditional and machine learning–
inspired models. It presented several advantages, including the replacement of binder linear 
viscoelastic parameters (binder complex shear modulus, G*, and phase angle, δ) by simple PG, as well 
as the consideration of RAP content. Chapter 3 presents more details about this model. 

Nondestructive Testing for Modulus Using the Ultrasonic Pulse Velocity Method 
Nondestructive techniques facilitate the characterization of materials, either in the field or in the 
laboratory. These techniques are beneficial in terms of their simplicity and cost-effectiveness. 
Ultrasonic pulse velocity is a nondestructive technique that can be applied to predict different 
material properties. Originally, UPV was utilized mainly to evaluate the material properties (mostly 
regarding stiffness) of HMA and PCC. In the laboratory, |E*| can be obtained from the application of 
standards AASHTO T 342-22 (2022) and T 378-22 (2022). In the field, the falling weight deflectometer 
(FWD) is the most widely known device for the determination of HMA, unbound aggregate base, and 
subgrade layer moduli. However, both tests can be time and resource intensive. 
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In the laboratory, portable devices such as UPV can be extremely useful. Birgisson et al. (2003) used 
UPV to investigate the impact of moisture on asphalt integrity. Arabani et al. (2009) evaluated filler 
content, binder content, and compaction level by applying the UPV technique. Material properties 
including strength (Mata et al., 2023), modulus (Van Velsor et al., 2011; Medina et al., 2018), and 
Poisson’s ratio (Pal, 2019) of construction materials have been measured, and these measurements 
have been validated using traditional techniques.  

ASTM C597-22 (2022) is the main reference for performing modulus tests using UPV. Although the 
standard method is specific for PCC, several authors have adapted this protocol for HMA (Tavassoti-
Kheiry et al., 2017; Medina et al., 2018). Although the application of UPV can be straightforward, the 
reliability of UPV for assessing HMA stiffness is limited because some parameters, most frequently 
the Poisson’s ratio (Jiang et al., 2006), must be assumed. Further complexity exists given that 
Poisson’s ratio is dynamic for viscoelastic materials and depends on the loading frequency (Di 
Benedetto et al., 2016; Nguyen et al., 2021). There are frameworks for Poisson’s ratio determination 
using direct and semi-direct wave speed measurement (Carrillo et al., 2019). However, these 
frameworks are suitable for concrete cubic samples and are not practical for cylindrical specimens, 
which are most commonly obtained in the lab using the Superpave gyratory compactor or from the 
field using coring systems. 

FATIGUE ENDURANCE LIMIT CONCEPT 
Bottom-up fatigue cracking is expected not to occur for limiting strain criterion asphalt pavement 
designs, either full-depth HMA or HMA placed over rubblized PCC. The rationale is that the asphalt 
thickness is high enough (full-depth asphalt) or the base layer is stiff enough (HMA over rubblized 
concrete) to reduce the tensile strain to a point that the HMA layer will recover fully after each load 
application. The concept of FEL was established based on this rationale. It is defined as the limiting 
strain criterion below which there is no cumulative damage in an indefinite number of loading cycles. 
IDOT uses 70 microstrain as the FEL for its limiting strain criterion design, which dates back to the 
earliest work on FEL in California (Monismith et al., 1961). However, this criterion is on the 
conservative end, as previous studies of Illinois materials have shown that the existence of a single 
endurance limit is not applicable for all mixes, and some show substantially higher FELs (Carpenter & 
Shen, 2006; Shen & Carpenter, 2005). Note that when it comes to highway construction costs, even a 
marginal increase in FEL criteria can represent substantial cost savings due to a reduction in total 
HMA thickness. 

Prowell et al. (2010) applied a protocol based on the four-point bending beam fatigue (4PBBF) testing 
scheme for 19.0 mm nominal maximum aggregate size (NMAS) mixtures made of four different 
asphalt binders at varying binder content designs. FEL determined using this methodology ranged 
from 75 to 200 microstrain. The presence of stiffer asphalt binders led to higher obtained FELs. Also, 
when the observed binder content was higher than the optimum binder content designs (lower air 
voids), FEL also increases. National Cooperative Highway Research Program (NCHRP) Project 9-44A 
(Witzcak et al., 2002) aimed to evaluate the relationship of FEL to asphalt binder rheology, air voids, 
asphalt content, temperature, strain level, number of load cycles, and rest period (RP) between load 
cycles. This research also observed that after the application of any number of load cycles, N, at the 
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FEL, the stiffness ratio (SR) would be a constant of 1, as shown in Figure 8. The authors also 
highlighted that rest periods would induce a Healing Index (HI), increasing the number of cycles to 
failure (SR = 0.5) (Witczak et al., 2013). They developed a model (Figure 9, R2 = 0.891) for the 
prediction of SR using several variables. The authors determined FEL values based on εt values that 
would result in a SR of 1 for different values of E0, N (later fixed as 200,000 load cycles), and rest 
period. 

 
Figure 8. Graph. Endurance limit concept. 

Source: Witczak et al. (2013) 

 
Figure 9. Equation. Stiffness ratio equation from NCHRP Report 9-44A. 

Source: Witczak et al. (2013) 

Where: E0 = Initial flexural stiffness (ksi) 

εt = Tensile strain (10−6 in/in) 

RP = Resting period(s) 

N = Number of loading cycles 

Isied and Souliman (2019) extracted the data points from the 4PBBF test matrix performed in the 
NCHRP 9-44A project to propose an artificial neural network (ANN) model for determining SR values. 
The trained ANN model was simplified into a stand-alone equation (Figure 10). By setting SR = 1 and 
Nf = 20,000, the endurance limit (EL) value could be determined (Figure 11). Note that these 
equations are based on data from the NCHRP 9-44A report, and local calibration would be required 
for their application to modern materials and those used in states outside the scope of the study.  
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Figure 10. Equation. ANN-derived stand-alone equation. 

Source: Isied & Souliman (2019) 

 
Figure 11. Equation. Endurance limit stand-alone equation. 

Source: Isied & Souliman (2019) 

Where: E0 = Initial flexural stiffness (ksi) 

ε = Applied strain (microstrain) 

RP = Resting period (s) 

Nf = Number of loading cycles to failure 

SR = Stiffness ratio 

Shen and Carpenter (2006) applied the concepts of healing and endurance limit to the analysis of the 
fatigue life of airport pavements. The theoretical background of this study involved the dissipated 
energy approach. The energy input by loading can be computed as the area under the stress–strain 
curve, and the sum of the energy of a loading/unloading cycle should be zero for purely elastic 
materials. However, when it comes to non-elastic materials, this sum is not zero, indicating that 
energy has been dissipated within the loading cycle. Fatigue damage mechanisms are associated with 
the energy dissipation phenomena. Note that the existence of dissipated energy in a system does not 
necessarily represent a damage-state cycle, given that not all dissipated energy can be translated into 
cracking. Previous studies indicated that non-deteriorating cycles will generate stable hysteresis loops 
(Schapery, 1984; Si et al., 2002). On the other hand, cycles with changing hysteresis loops are 
associated with ratios of dissipated energy change (RDEC). According to this concept, the energy loss 
that is not related to damage remains approximately constant; therefore, potential changes in 
dissipated energy are associated with damage development. Shen and Carpenter (2006) used the 
RDEC approach, meaning that a plateau value (PV) corresponding to a RDEC value at 50% initial 
stiffness reduction represents an energy plateau where an approximately constant rate of energy is 
converted into damage in each cycle. The authors observed the existence of a fundamental 
relationship between PV and fatigue life. Shen (2006) suggested the use of an energy-based FEL 
criterion, based on a plateau value (PVL) for which any PV below this level would represent a mixture 
having an “extraordinarily long” or “unlimited” fatigue life. A typical PVL for HMA mixtures was 6.74 × 
10-9. Still, the number of cycles within the 4PBBF test machine required to obtain such information 
could be considerably long. They stated that 8 million load repetitions at 10 Hz frequency were 
required, meaning the tests would need to be run for approximately 10 days. 

ε = 10−0.28256 log(E0) + 0.1058 tanh (RP) − 0.06934 log (Nf) − 0.11089 (SR) + 3.40365 

EL = 10−0.28256 log (E0) + 0.1058 tanh (RP) + 2.99452658 
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Fatigue tests are valuable for comparing and ranking different materials. However, several drawbacks 
have been identified, such as their prolonged duration and the fact that the mechanism and mode of 
fracture initiation and propagation are not often well-defined. Reaching load repetitions in the order 
of tens of millions becomes time-consuming, especially when dealing with low strain levels. Exploring 
alternatives to establish strain levels that will lead to prolonged fatigue life during the initial load 
application cycles would be highly beneficial for researchers and practitioners. Notably, NCHRP 9-44A 
did attempt this, proposing that FEL values can be estimated within a protocol that combines 
different strain levels, rest periods, and the reasonable range of 20,000 load application cycles. This 
will be explored further in Chapter 5 of this report. 
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CHAPTER 3: MATERIALS AND METHODS 

MATERIALS 

Asphalt Binders 
Seven asphalt binders were collected from a single source to ensure relative similarity in terms of 
composition. The binders differed in terms of the Superpave PG. Two out of seven were neat binders 
(PG 58-28 and PG 64-22), and five were binders modified with styrene-butadiene-styrene (SBS) (PG 
64-28, PG 70-22, PG 70-28, PG 76-22, PG 76-28) (Table 1). It is important to highlight that SBS is the 
only polymer currently used for modification of asphalt binders in the state of Illinois. As per a 2023 
IDOT special provision, ground tire rubber and softener modification are also allowed for asphalt 
binder modification, but these modifiers were outside the scope of the current project. 

Table 1. Asphalt Binders 

PG Polymer Modification 
58-28 None 
64-22 None 
64-28 SBS 
70-22 SBS 
70-28 SBS 
76-22 SBS 
76-28 SBS 

 

For quality control throughout this project, the asphalt binders were initially collected into 5-gallon 
metallic buckets and kept in cold storage to mitigate aging. Then, the asphalt binders were 
fractionated into quarter-gallon cans. For fractionation, the asphalt binders were heated to 140°C for 
at least 4 hours, with stirring performed after 2 hours. Stiffer asphalt binders required more heating 
time to flow and homogenize enough for fractionation. The quarter-gallon cans were sealed and 
stored on a shelf at room temperature in the lab. To ensure there was no significant aging during this 
storage process, all binders were tested for high and low PG after six months. The asphalt binder cans 
were discarded if they were stored for more than one year, and a new fractionation process was 
performed with the asphalt binders properly stored in the cooler. 

Mineral Aggregates, RAP, and RAS 
The mineral aggregates and recycled asphalt materials (RAP and RAS) were obtained from four 
asphalt mixture plants in Illinois. Each aggregate source was sampled based on mix designs approved 
by IDOT and which were to be replicated in the laboratory. For this report, the sources/mixes were 
named as follows based on nominal maximum aggregate size, asphalt binder replacement (ABR), and 
number of design gyrations in the Superpave gyratory compactor: 
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• Source 1 (District 1): 19.0 mm N90 high ABR mix with RAS 

• Source 2 (District 7): 19.0 mm N90 lower ABR mix 

• Source 3 (District 1): 19.0 mm N90 medium ABR mix 

• Source 4 (District 5): 19.0 mm N50 high ABR mix 

The aggregates were collected from each plant and transported to the Illinois Center for 
Transportation laboratory in Rantoul, Illinois. The mineral aggregates were dried at 110°C for 24 
hours. The recycled materials were dried at 50°C for 72 hours (with stirring performed every 24 
hours). Then, the aggregates were fractionated according to IDOT practices for each stockpile. For 
RAP and RAS, fractionation was adapted according to the apparent gradation to ensure better control 
during the batching procedures. Illinois State Geological Survey publications (Lasemi, 2015; Miao et 
al., 2016) were used for identifying the mineralogy of each aggregate type used in all four mixtures. In 
general, most mixes were comprised of limestone/dolomitic aggregates, as expected for Illinois lower 
binder, dense-graded mixes. 

Mix Design and Laboratory Mix Control 
The four mixes were originally designed by contractors and approved by IDOT sometime over the last 
decade. All mixes had similar NMAS (19.0 mm), design air voids (4%), and use (as a lower lift, binder 
course). Each mix had different contents of recycled material (RAP and RAS). Mix 1 had both RAP and 
RAS as constituents. Mixes 2 and 3 had only RAP (with mix 2 having the lowest RAP percentage). Mix 
4 had the highest RAP content, but this mix was designed at 50 gyrations and included in the study 
for local agency type applications. Mixes 1, 2, and 3 were designed at 90 gyrations and included in the 
study for interstate/higher traffic applications. Table 2 summarizes the mix design information. 

Table 2. Mix Designs 

Mix NMAS 
(mm) 

Number of 
Gyrations 

RAP 
(%) 

RAS 
(%) 

Binder 
Content 

(%) 

Virgin 
Binder 

(%) 

Recycled 
Binder 

(%) 

ABR 
(%) 

Air 
Voids 

(%) 
VMA 

1 19 90 22.0 2 5.4 3.66 1.63 30.3 4.0 13.7 
2 19 90 15.0 0 5.0 4.20 0.78 15.7 4.0 13.6 
3 19 90 25.0 0 5.2 4.15 1.04 20.0 4.0 14.2 
4 19 50 38.3 0 5.4 3.91 1.53 28.1 4.0 13.8 

 

IDOT’s approved mix designs were taken as a reference. To evaluate the effect of different asphalt 
binders for the experimental matrix of this research, the reference design was kept constant in terms 
of the proportions of materials for the seven asphalt binders analyzed. The control of the mix 
properties was based on gradation, binder content, bulk specific gravity (Gmb), and theoretical 
maximum specific gravity (Gmm) at the number of design gyrations (Ndesign) for the reference asphalt 
binder. Once the laboratory-prepared mixes based on the reference asphalt binder were accepted, 
Gmm was measured for all source and binder combinations (28 total). Then, the Gmm obtained for each 
specific combination of asphalt binder and aggregate source was used as a reference to produce all 
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specimens for the mechanical tests. Figure 12 presents the gradation curves for the field and 
laboratory gradations, showing the control of this property was acceptable for the mechanical tests 
performed later. 

 
(A) Mix 1 

 
(B) Mix 2 
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(C) Mix 3 

 
(D) Mix 4 

Figure 12. Graph. Design and laboratory gradations. 

To prepare the mixes, the aggregates were batched based on the proportions in the design for each 
fraction of each material (allowing a variation of no more than 1 g). The amount of material to be 
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compacted was calibrated for the specimens to meet the targeted air void content. The mixing, short-
term aging, and compaction processes were performed based on AASHTO specifications (AASHTO T 
312-22, AASHTO R 30-22, AASHTO R 83-22) and IDOT modifications (IDOT Manual of Test Procedures 
for Materials) (IDOT, 2021). The aggregates and asphalt binders were heated to a mixing temperature 
of 146°C for unmodified binders and 163°C for modified binders. All mixes were subjected to 1 hour 
of short-term aging at their compaction temperature (146°C for unmodified binders and 152°C for 
modified binders) before the manual separation for Gmm, the compaction of cylindrical specimens for 
mechanical testing using the Superpave gyratory compactor or beams using the rolling wheel 
compactor. Once the compacted specimens were obtained, volumetrics were checked, and the 
proper sawing protocols were applied for each test to be performed (dynamic modulus, Illinois 
Flexibility Index Test, and 4PPBF). 

ASPHALT BINDER TESTING 
All binders were tested in terms of frequency sweep for unaged, rolling thin film oven (RTFO), and 
pressure aging vessel (PAV) aged conditions. The multiple stress creep and recovery test was 
performed to get a sense of the nonlinear performance of the asphalt binder. To assess the nonlinear 
cracking potential of asphalt binders, the poker chip test was used to evaluate the tensile strength 
and ductility of the asphalt binder at room temperature. This test involves sandwiching the asphalt 
binder between two metal plates and pulling the top plate apart by means of a monotonic uniaxial 
loading rate of 2 N/s. Three spacers, 0.016 in diameter and spaced 120° apart, are used to control the 
film thickness, which in turn forces cohesive failure by fracture of the asphalt binder sample. Studies 
have shown that poker chip ductility of asphalt binder correlates well with cracking resistance of 
asphalt binders in the lab and field (Clark, 1958; Doyle, 1958; Glover et al., 2005; Mohanraj et al., 
2023). However, most traditional ductility tests put less importance on the critical stress state that 
the binder is subjected to within the asphalt mixture. The poker chip test measures ductility of the 
asphalt binder by subjecting it to a realistic stress state, with high shear and confinement. This better 
represents a thin film of asphalt binder confined between two aggregates. A stress–strain curve is 
derived after completion of the test. The tensile strength parameter is the peak stress in the curve, 
while the ductility parameter is the strain at 80% peak stress (20% reduction after peak), denoted as a 
percentage. More information about this test can be found in the existing and recent literature 
(Filonzi et al., 2022). 

DYNAMIC MODULUS TESTING AND MODELING 
Dynamic modulus tests were conducted per AASHTO standards T 342-11 (2022), T 378-17 (2022), and 
R 84-17 (2017). The AASHTO T 378-17 (2022) standard was the main reference for performing the 
|E*| test by means of the Asphalt Mixture Performance Tester (AMPT) for determination of stiffness 
and phase angle at different temperatures and frequencies. The test was carried out for each 
specimen at −10.0, 4.4, 21.1, 37.8, and 54.4°C, at six loading frequencies: 0.1, 0.5, 1.0, 5.0, 10.0, and 
25.0 Hz. Peak-to-peak strains were fixed between 75 and 150 microstrain to ensure that the mixes 
were evaluated within the linear viscoelastic region, and no damage was induced during testing. 
Master curves for each mix were built based on the time-temperature superposition principle. The 
sigmoidal function (Figure 13) was employed to fit the master curves at a reference temperature of 
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21.1°C. The Williams-Landel-Ferry (WLF) equation (Figure 14) (Williams et al., 1955) was employed to 
determine shift factors. 

 
Figure 13. Equation. Sigmoidal function. 

Where: fr: reduced frequency 

δ, α, β, γ: curve fitting coefficients 

 
Figure 14. Equation. Williams-Landel-Ferry (WLF) equation. 

Where: C1, C2 = fitting coefficients 

T0 = reference temperature (21.1°C) 

T = temperature to be shifted 

ICT Bayesian Neural Network Model 
An overview of previous machine learning (ML)-based approaches for |E*| prediction is detailed by 
Asadi et al. (2023). Note that most ML models often focus on a specific dataset, such as previous 
NCHRP project data or local databases, which may be outdated and lack recent mix design 
components such as polymer-modified binders and RAP. The application of these models to new 
data, especially from various labs or geographic locations, has infrequently been reported. 
Furthermore, the bulk of previous ML studies have presented deterministic models without 
addressing model uncertainty. Aleatoric uncertainties are inherent to the randomness in a system’s 
physical attributes, stochasticity in its input excitations, and high noise levels in the accompanying 
experimental data (Olivier et al., 2021). Variations in |E*| measurements may be attributed to factors 
such as testing equipment, specimen preparation, or operator influence. However, uncertainty 
quantification has been overlooked in most ML-based |E*| models.  

Kim et al. (2011) found that the average |E*| values obtained for the same HMA mixtures 
determined by AASHTO T 378 are systematically lower than those obtained using AASHTO T 342-11. 
The reported difference between the two procedures was approximately 13%. The significant 
variance in |E*| results for identical HMA mixtures tested in different laboratories has also been 
reported (Bennert et al., 2009). Developing neural network-based |E*| models also involves 
epistemic or model uncertainty, often stemming from a lack of training data or knowledge about the 
problem. To tackle this concern, this study established a probabilistic Bayesian deep neural network 
(BNN) using the BayesByBackprop algorithm to predict |E*| that incorporates aleatoric and epistemic 
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uncertainties for various HMA mixes, including those with RAP. A total of 9,017 data points were 
gathered from reports and studies in the existing literature spanning 18 states (Figure 15) to train the 
BNN, with more than one-third of the HMA mixes considered including RAP. All data were publicly 
available in the literature, except those inherent to Illinois Center for Transportation from previous 
IDOT studies. 

 
Figure 15. Map. Collected dataset from different states to deploy the BNN. 

To the best of our knowledge, this is the most extensive dataset on which an ML model for predicting 
|E*| has been trained. Table 3 presents the model inputs along with the summary statistics of the 
dataset. 

Table 3. Summary of BNN-Model Dataset Statistics 

Category Variable Symbol Mean Std. Dev. Min. Max. 
Gradation % retained in 3/4 in. (19.0 mm) sieve p3/4 0.74 1.94 0 16.00 
Gradation % retained in 3/8 in. (9.5 mm) sieve p3/8 17.02 8.67 1 55.30 
Gradation % retained in #4 sieve p4 40.69 12.13 0 78.00 
Gradation % passing #200 sieve p200 5.16 1.52 0 9.30 

Volumetrics Air voids (by volume of mix) (%) Va 4.77 1.61 2.6 15.20 
Volumetrics Effective asphalt content (by volume) (%) Vbeff 10.61 2.04 3.50 15.30 
Volumetrics Voids in mineral aggregate (%) VMA 15.62 2.41 11.90 27.23 

Asphalt Binder High-temperature PG (°C) PG-HT 64.99 6.26 52.00 82.00 
Asphalt Binder Low-temperature PG (°C) PG-LT -26.95 3.46 -34.00 -22.00 

RAP RAP content (by weight of mix) (%) RAP 9.59 15.08 0.00 53.00 
Testing Condition Test temperature (°C) T 21.72 20.89 -12.20 58.00 
Testing Condition Loading frequency (Hz) f 6.57 8.48 0.01 25.00 
Material Property Dynamic modulus of mixture (psi) |E*| 1.07E6 1.10E6 2531 6.21E6 
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While most previous research has considered binder shear modulus and phase angle (|G*| and δ, 
respectively) as inputs, this study used high and low PG of the asphalt binder. This was determined to 
reduce the need for conducting a time-consuming frequency sweep test using the dynamic shear 
rheometer and to allow for the consideration of asphalt binder substitutions, which commonly occur 
at the mix production stage and can include changing of producer source. This also enables more 
simplistic incorporation of the grade bumping concept, where a lower grade is used to compensate 
for recycled material content, into this predictive algorithm. 

Bayesian neural networks (BNNs) can be regarded as an extension of plain neural networks combined 
with Bayesian inference. Instead of optimal single values for the weights as in a standard neural net, 
weights in the BNN are assigned a probability distribution used to take the uncertainty introduced by 
the model (i.e., epistemic uncertainty) into account. In other words, training a BNN leads to learning 
the parameters of these probability distributions rather than the point estimate of the weights 
directly. A detailed mathematical explanation of this model and the selected hyperparameters are 
presented in Asadi et al. (2023). The primary advantage of this model lies in its capability to provide 
uncertainties concerning the predictions, while simultaneously enhancing accuracy in comparison to 
a standard neural network. Given the quantified model uncertainty and intrinsic variability in the 
|E*| test, the predictive BNN values are highly reliable. In practice, predicted moduli could be as 
accurate and effective as measured values. The results demonstrated that the developed BNN model 
performed exceptionally well in predicting |E*| for four unseen datasets outside of the training data, 
achieving an R2 greater than 0.93 and a Se/Sy (standard error over standard deviation of the 
residuals) less than 0.26. Furthermore, the BNN model outperformed all other empirical and available 
ML models in the literature. Finally, a web API was created, making the BNN accessible to anyone 
with mix design data. The tool can be found at https://dmict.herokuapp.com/. 

Modulus Nondestructive Testing—Ultrasonic Pulse Velocity  
All |E*| samples were tested using the UPV method with a Portable Ultrasonic Nondestructive Digital 
Indicating Tester (PUNDIT) equipment with flat transducers (Figure 16). Following the ASTM C597-22 
(2022) standard, five temperatures were applied (4.4, 21.1, 37.8, 54.4, and 60.0°C). Transducer 
frequency and signal width were fixed at 54 kHz and 9.3 µs, respectively. The average time mode was 
applied, given that the highest resolution is 0.1 µs, with this mode being suitable for shorter path 
measurements (PUNDIT LAB, 2017). The direct transducer arrangement was applied for all tests, after 
discussions that indicated that indirect measurements would not be reliable due to interference. As a 
first step, verification of the device calibration was conducted on a regular basis by comparing the 
expected transit time of a calibration rod and its measured transit time. Velocity accuracy within one 
decimal was considered valid. As per ASTM C597-22 (2022), the relation between pulse velocity, 
elastic modulus, and Poisson’s ratio (PR) is presented in Figure 17. In this equation, pulse velocity is 
the only known parameter, so the accuracy of modulus and PR prediction is interdependent. The 
direct form of modulus calculation for different test temperatures is shown in Figure 18, depending 
on the assumption of PR value. 

https://dmict.herokuapp.com/
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Figure 16. Photo. UPV device. 

 
Figure 17. Equation. Wave speed relationship with modulus, PR, and density. 

 
Figure 18. Equation. Modulus relationship with wave speed, PR, and density. 

Where:  E = modulus 

V = transmit speed of P-wave transmission across the sample 

μ = dynamic Poisson’s ratio 

ρ = bulk density 

ENDURANCE LIMIT ANALYSIS 

Four-Point Bending Beam Fatigue 
The procedure followed in this research for 4PPBF testing was based on both the AASHTO T 321-22 
standard and the protocol used in NCHRP Project 9-44A (Witczak, 2002). The protocol was conducted 
for a partial factorial matrix of materials from both field and lab mixes, as shown in Table 4. The field 
mixtures were collected from two sources (asphalt mixture producers of mix 1 and mix 2) and stored 
in a cooler at 10°C to prevent aging. For compaction, the loose mixes were heated to 140°C and 
homogenized using a splitter. The loose mixes were separated into 2.5 kg samples for a Gmm check 
(two replicates). The loose mixes were heated to the compaction temperature (152°C for mix 1 and 
146°C for mix 2) and compacted using the rolling wheel machine (Figure 19) at ICT. The beams were 
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sawed to the standard dimensions of AASHTO T 321-22 (Figure 20), and air voids were evaluated. Any 
specimen with air voids deviating by more than 1% from the target value of 7% was rejected. 
Laboratory mixtures were produced for the three N90 sources (mix 1, mix 2, and mix 3). The mixes 
were heated to mixing temperatures (146°C for unmodified and 163°C for modified binders) and 
short-term aged for 1 hour in a draft oven at compaction temperature. The same procedure in terms 
of sawing and air void evaluation was followed. 

Table 4. Beam Fatigue Test Matrix 

Mix PG 58-28 PG 64-22 PG 64-28 PG 70-22 PG 70-28 PG 76-22 PG 76-28 
1 X X   Field X X 
2 X Field X  X  X 
3 X X  X    

 

 
Figure 19. Photo. ICT rolling wheel compactor. 
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Figure 20. Photos. Examples of compacted and sawed beams. 

The temperature for the testing procedure was set to 20°C. The first part of the fatigue testing matrix 
was dedicated to a 1-second rest period, for which the strain levels of 70 and 100 microstrain were 
evaluated. These values were selected based on assumptions that the fatigue endurance limit final 
criterion will likely fall at or between these values. A 10-minute interval between the application of 
the different strain levels was ensured to allow for “full” healing. The second part of the fatigue 
testing was dedicated to a 0-second rest period, which is the more extreme condition in terms of 
fatigue (as it allows for no rest period for healing). The tests were run at 50, 70, 90, 100, 125, 150, 
175, 200, 250, and 500 microstrain. These strain values were related to tensile strain at the bottom of 
the beam; therefore, the input peak-to-peak strain was twice the value of the tensile strain, given the 
sinusoidal form of the loading stress wave (Witczak et al., 2013). For the calculation of SR, initial 
flexural stiffness (E0) was determined as an average of the first 100 cycles after the 100th cycle. SR 
was calculated for each new cycle until 10,000 cycles were reached. 

The strain level versus SR(10,000) data were plotted and analyzed. The test geometry, loading nature, and 
asphalt mixture viscoelastic behavior are unlikely to result in SR = 100%, specifically at 0-second rest 
periods. For instance, during the initial cycles, material consolidation can occur, causing stiffening (or 
strain hardening). The loading nut’s positioning also plays a role, as small displacements relative to the 
beam’s center can lead to asymmetrical loading. Additionally, the absence of confinement hinders 
healing and recovery compared to field conditions. In this context, four strain levels were identified for 
each mix, representing the threshold that results in an acceptable SR value after 10,000 cycles: 

• The acceptable tensile strain at 0-second RP would align with the minimum SR obtained for 1-
second RP, under the assumption that this represents a scenario where no damage 
accumulates during subsequent load applications in a stable state. 

• The acceptable tensile strain at 0-second RP would correspond to the strain level associated 
with the peak SR value among all levels tested at 0-second RP. 

• The acceptable tensile strain at 0-second RP would be identified as the strain level 
corresponding to an SR greater than 90%. 

• The acceptable tensile strain at 0-second RP would be determined based on the strain level 
corresponding to an SR greater than 95%. 
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Illinois Flexibility Index Test 
The I-FIT determined fracture energy, slope, and flexibility index (FI) for all combinations of mixes 1, 
2, and 3, and binders (seven binders), at aged and unaged conditions. I-FIT uses a semi-circular 
bending HMA specimen geometry, with a 50 mm thickness, 150 mm diameter, and 15 mm vertical 
notch at the center of the base. The procedure involves subjecting the semi-circular bending 
specimen to three-point bending by placing it symmetrically over two fixed rollers and applying a 
monotonic load along the vertical diameter of the specimen, at a load-line displacement control rate 
of 50 mm/min administered by a linear variable differential transformer. A vertical notch, created 
along the symmetric axis of the semi-circular HMA specimen, is critical for ensuring Mode I fracture. 
When evaluating the cracking potential of HMA at intermediate temperatures, fracture tests like I-FIT 
are useful because the notch limits the energy dissipation to the creation of new surfaces. In contrast, 
strength tests are useful for predicting the cracking potential of brittle HMA at low temperatures or 
with high RAP/RAS content (Al-Qadi et al., 2022). Some scholars have pointed out the variability 
(Batioja-Alvarez et al., 2019; Romero & VanFrank, 2019; Yan et al., 2020) in the results, which can 
cause trouble in terms of drawing conclusions. However, variability is inherent to HMA due to its 
heterogeneous nature. Hence, specimen preparation, variability, and non-repeatability in the test 
result often remain topics of debate among researchers. Other than that, I-FIT has proven to be a 
potential test to screen HMA mixes based on cracking resistance, especially mixes with high recycled 
material content.  

First, asphalt binders and aggregates were heated in an oven to the required mixing temperature as 
specified by IDOT. Using a mechanical stirrer, a loose HMA mix was prepared. The loose mixture was 
short-term aged (STA) by conditioning in the oven for 1 hour until it reached the required compaction 
temperature based on Illinois Modified AASHTO R 30-22 (IDOT, 2021). Using the Superpave gyratory 
compactor, the conditioned loose mixture was compacted into cylindrical specimens of 150 mm 
diameter and 160 mm height. Air voids of the specimens were computed, and the cylindrical 
specimens were cut into test specimens for I-FIT as specified by Illinois Modified AASHTO T 393-22. A 
long-term aging procedure was performed on I-FIT specimens as defined in Section 7.3 of Illinois-
modified AASHTO R 30-22. Some specimens within the required air void range of 7 ± 1% were aged in 
a forced-draft oven at 95°C for 3 days for long-term aging (LTA). After the LTA cycle, specimens were 
measured for thickness, notch depth, and ligament length, which were used in data analysis. 
Specimens that met dimension requirements in accordance with Illinois Modified AASHTO T 393-22 
were conditioned in a water bath for 2 hours at 25°C before the test was run. Please note that LTA is 
not required by IDOT specifications for IL-19.0 mixtures. This testing was completed during the 
research study to have additional data results for mixture comparison purposes. 

The specimens were tested within 10 minutes after the conditioning cycle was over. A vertical crack 
driven from the notch was formed in the specimen during testing. Load and displacement data were 
recorded and plotted to produce a load-displacement curve for each specimen. One output is the FI 
value, which is computed by first calculating fracture energy. According to the work of fracture 
method, fracture energy (in units of joules per square meter, J/m2), is defined as the area under the 
load-displacement curve until the material is damaged. The work of fracture is calculated as the area 
under the load-displacement curve using a numerical integration technique. The work of fracture is 
used to calculate fracture energy, which ultimately is used to compute the FI value, defined as the 
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fracture energy divided by the slope of the curve at the post-peak inflection point multiplied by a 
constant.  

Currently, IDOT specifies a minimum FI threshold of 8.0 for STA IL-19.0 mixes according to the 2022 
IDOT standard specifications. With aging, the FI value reduces drastically. Aging rate, a parameter 
that quantifies this decrease, was computed as per Zhu et al. (2020). For the lower-lift binder course, 
IDOT does not specify a threshold for FI. As demonstrated by Singhvi et al. (2022), this segment of the 
HMA layer does not undergo significant aging over time, particularly in the context of full-depth 
asphalt structures. However, this parameter was still assessed in this study to obtain more effective 
comprehensive data about the selected materials. 

FIELD MODULUS DATA COLLECTION USING FWD AND TSD 
Deflection testing has been conducted on in-service pavements over the last several decades to 
assess their structural health. Traditionally, nondestructive deflection testing is performed using a 
falling weight deflectometer (FWD). The FWD applies a short pulse load (approximately 10 
milliseconds in duration) which simulates the moving load of a tire passing over a pavement section. 
Deflections are measured based on surface accelerations at specified distances from the dropped 
weight, which typically range from 0 to 100 mils. These deflections form a deflection basin, which can 
in turn provide information about the structural integrity of the pavement. These include back-
calculated layer moduli and design coefficients as well as parameters related to the shape of the 
deflection basin, which correlate well to pavement critical strain levels. For example, the area under 
the pavement profile (AUPP) is correlated directly to the tensile strain at the bottom of the HMA 
layer (Alvarez & Thompson, 1998). 

Despite the benefits and reliability of FWD testing, a major drawback of FWD testing is that it is 
difficult to use at the network level because the test must be done in a stationary position, requiring 
traffic control in the testing lane. As an alternative, a range of devices have been developed that 
measure deflections due to moving loads at traffic speeds. These devices include the traffic speed 
deflectometer (TSD), rolling wheel deflectometer, airfield rolling wheel deflectometer, curviameter, 
and road deflection tester (Flintsch et al., 2012). Among these, the TSD is the most widely 
implemented and has been the only device to see adoption into potential pavement management 
schemes over the last 10 years (Katicha et al., 2022). The TSD applies the deflection load while 
moving at speeds up to 60 mph and measures the deflection basin using line laser velocities instead 
of deflections, which are then converted to deflections by integration. 

Recently, Illinois was one of 28 agencies participating in a pooled fund study focused on pavement 
structural evaluation using TSD. ARRB Systems collected TSD data on many interstates and state 
routes in Illinois over the last two years and has delivered much of this data to IDOT. As part of this 
ICT-IDOT project, the research team reviewed this data and analyzed sections for which structural 
information was known. In addition to the lab testing discussed above, Chapter 6 of this report 
provides analyses of this portion of the study.  
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CHAPTER 4: BINDER-SCALE ANALYSIS 

FREQUENCY SWEEP—COMPLEX MODULUS MASTER CURVES 
Temperature/frequency sweep tests were conducted using a dynamic shear rheometer. Complex 
modulus master curves (Figure 21) at three aging levels were constructed by shifting curves at each 
temperature to a reference temperature of 21.1°C. Testing was completed at six temperatures with 
variable strain levels and 16 frequencies ranging from 0.1 rad/sec to 100 rad/sec. An 8 mm diameter 
parallel plate geometry was used for temperatures 10°C, 22°C, and 34°C, while a 25 mm diameter 
plate was used for 46°C, 58°C, and 70°C. Peak strain levels were limited to the presumed linear 
viscoelastic range to ensure that no damage occurred in the asphalt binder. Master curves were 
constructed using a symmetrical sigmoidal model (Rowe et al., 2009). The WLF equation was used to 
obtain shift factors for each temperature. 

 
Figure 21. Graph. Binder master curves for unaged, rolling thin film oven (RTFO) aged, and pressure 

aging vessel (PAV) aged materials. 

Numerous observations about the behavior of asphalt binders with frequency of loading could be 
drawn from the master curves. Complex shear modulus is higher at higher frequencies and lower at 
lower frequencies, as expected. At high frequencies, all asphalt binders show approximately the same 
complex modulus values. However, as frequency of loading decreases, a clear distinction between 
polymer-modified asphalt binders and unmodified asphalt binders was observed. This depicts the 
ability of modified asphalt binders to show higher stiffness and superior performance against rutting. 
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This finding is consistent with previous studies, which showed that polymer modification helps to 
retain stiffness at lower frequencies and higher temperatures (Ferry, 1980; Airey, 2003; Sultana & 
Bhasin, 2014). Stiffness increases with aging, as is depicted by an increase in complex modulus. For 
unaged and RTFO-aged conditions, PG 58-28 and PG 76-28 had the lowest and highest complex 
modulus, respectively. For PAV aging, PG 76-22 had the highest and PG 58-28 had the lowest complex 
modulus values. High PG binders (PG 76-22, PG 76-28, PG 70-22, and PG 70-28) showed higher 
complex modulus and stiffness than other asphalt binders at all aging levels and frequencies.  

For RTFO-aged asphalt binders (21.1°C reference temperature), two clusters of asphalt binders were 
observed at the frequency range of interest for dynamic modulus in terms of the pavement design 
algorithm (10 Hz or 0.1-second loading time). Low PG -22 asphalt binders showed higher stiffness 
than low PG -28 asphalt binders. Among low PG -22 asphalt binders, PG 64-22 and PG 70-22 were 
slightly stiffer than PG 76-22, which could be a function of the base binder before modification or 
other factors used to obtain the PG 76-22 via modification. Figure 22 shows this trend. 

 
Figure 22. Graph. Binder master curves at 21.1°C and frequency range of 10 Hz. 

POKER CHIP—TENSILE STRENGTH AND DUCTILITY 
Forty-two poker chip tests on seven asphalt binders were conducted at room temperature. Using a 2 
N/s monotonic loading rate, two replicates were tested for each asphalt binder at each aging level, 
and variation in tensile strength and ductility values was evaluated. Stress–strain curves at unaged 
and RTFO-aged conditions consisted of a nonlinear ascending branch followed by a gradually 
developing descending branch. However, the descending branch is not always observed at PAV aging 
levels, and, instead, a sudden fracture is observed, which represents the loss of ductility and increase 
in brittleness with aging. The branches are separated by an ultimate stress point that depicts the 
cohesive failure of the asphalt binder specimen. The shape of the curve varies from asphalt binder to 
asphalt binder and is dependent on the properties of the asphalt binder and the loading rate at which 
the test is conducted. 
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Force-displacement data were recorded and used to construct stress–strain curves. Tensile strength 
(kPa), ductility (%), and delta ductility (%) parameters for each asphalt binder at three aging levels 
were computed (Figure 23). Note that delta ductility was defined herein as the percent drop in 
ductility between RTFO- and PAV-aged conditions for a single asphalt binder. Per Figure 23, tensile 
strength increased and ductility decreased with aging for all asphalt binders. No clear trend for the 
strength parameter was observed. The strength value of polymer-modified asphalt binders was in the 
same range as unmodified asphalt binders. However, a clear distinction in ductility values was 
observed. Polymer-modified asphalt binders showed significantly higher ductility values than 
unmodified asphalt binders at both unaged and RTFO levels. For example, PG 76-28 had almost 4.5 
times the ductility than that of PG 58-28. Based on this, polymer-modified binders are postulated to 
have superior cracking resistance at unaged and short-term aging conditions. This is mainly due to the 
polymer cross-linking phenomenon making them much more elastic and ductile than a neat asphalt 
binder, which in turn dissipates more energy into deformation. For long-term aged PAV levels, 
ductility values of polymer-modified asphalt binders decrease, approaching those of unmodified 
asphalt binders, but are still generally higher. 

 
Figure 23. Graph. Binder poker chip tensile strength and ductility. 

The ductility of the asphalt binders dropped with aging, with PG 70-22 and PG 58-28 showing the 
highest (79.0%) and lowest (21.1%) decrease, respectively. While unmodified asphalt binders showed 
a lower reduction, ductility of polymer-modified asphalt binders decreased significantly with long-
term aging. For PG 70-22, ductility decreased from 770% to 162% approximately, which is a 79.0% 
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drop. This is potentially due to the degradation of polymer with aging in polymer-modified asphalt 
binders. However, this is not necessarily a problem, as this asphalt binder still had higher ductility 
than PG 64-22 unmodified binder at PAV aging level. Furthermore, as mentioned above, aging is not a 
concern for bottom-up cracking of full-depth asphalt pavements. 
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CHAPTER 5: IDOT MODULUS ALGORITHM STUDY 

LABORATORY ANALYSIS OF IDOT MIXES 

Dynamic modulus tests were performed at five temperatures and six frequencies, as detailed in 
Chapter 3. Using the time-temperature superposition concept, the data points were shifted to the 
reference temperature of 21.1°C in master curves using the sigmodal and WLF functions. The 
frequency sweep and the master curve sigmoidal equation parameters for each mix are presented in 
Figures 24–27 and Tables 5–8. Phase angle master curves and black space diagram (|E*| vs. phase 
angle) curves can be found in the appendix. 

 
Figure 24. Graph. Master curves for mix 1 (reference temperature = 21.1°C). 

Table 5. Sigmoidal and WLF Equations Parameters for Mix 1 

Parameter PG 58-28 PG 64-22 PG 64-28 PG 70-22 PG 70-28 PG 76-22 PG 76-28 
α 3.330 3.401 3.222 4.529 3.967 3.468 3.081 
β -1.086 -1.360 -1.066 -1.593 -1.323 -1.290 -1.032 
δ 7.136 7.073 7.258 6.007 6.556 7.057 7.394 
γ 0.472 0.457 0.437 0.358 0.367 0.377 0.403 
C1 -20.0 -17.1 -23.8 -18.5 -22.4 -26.3 -26.1 
C2 182.0 150.1 209.1 161.2 201.2 222.2 224.7 
Tr 21.1 21.1 21.1 21.1 21.1 21.1 21.1 
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For mix 1 (ABR = 30.3%), the master curves show that, at low frequencies/high temperatures, the 
ranking of PGs in terms of stiffness follows an expected trend. Higher PG asphalt binders resulted in 
stiffer mixes in the low frequency zone (stiffness of PG 76-XX > PG 70-XX > PG 64-XX > PG 58-XX). At 
10 Hz frequency, |E*| values cluster together into two groups based on low PG: mixtures using 
asphalt binders with PG XX-22 were stiffer than ones using asphalt binders with PG XX-28. 

 
Figure 25. Graph. Master curves for mix 2 (reference temperature = 21.1°C). 

Table 6. Sigmoidal and WLF Equations Parameters for Mix 2 

Parameter PG 58-28 PG 64-22 PG 64-28 PG 70-22 PG 70-28 PG 76-22 PG 76-28 
α 3.007 3.137 2.840 2.893 2.740 2.706 2.587 
β -0.815 -1.121 -0.821 -1.140 -0.641 -0.889 -0.640 
δ 7.426 7.315 7.599 7.550 7.714 7.721 7.851 
γ 0.567 0.533 0.531 0.496 0.537 0.526 0.498 
C1 -21.0 -20.5 -20.2 -25.9 -33.3 -27.5 -29.8 
C2 189.9 180.7 180.0 221.8 291.9 237.4 247.5 
Tr 21.1 21.1 21.1 21.1 21.1 21.1 21.1 

 

For mix 2 (ABR = 15.7%), the master curves showed that binder PG 70-22 produces a stiffer mix. 
These results showed some slight inconsistencies but, in general, the trends are as expected. At the 
10 Hz frequency zone, |E*| values cluster together into two groups based on low PG, but PG 70-22 
was consistently the stiffest mix. Note that, in 19.0 mm NMAS mixes, |E*| can be affected by the 
positioning of gauge points. When these points adhere to larger aggregates only, they may 
experience reduced movement during loading cycles, potentially leading to an increase in the 
measured modulus, which can add variability and complexity to the results. 
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Figure 26. Graph. Master curves for mix 3 (reference temperature = 21.1°C). 

Table 7. Sigmoidal and WLF Equations Parameters for Mix 3 

Parameter PG 58-28 PG 64-22 PG 64-28 PG 70-22 PG 70-28 PG 76-22 PG 76-28 
α 2.977 2.968 2.782 2.914 2.776 2.875 2.748 
β -0.744 -1.070 -0.680 -0.925 -0.797 -0.942 -0.645 
δ 7.540 7.518 7.699 7.615 7.737 7.677 7.757 
γ 0.553 0.555 0.539 0.488 0.514 0.468 0.466 
C1 -25.8 -28.4 -23.2 -21.9 -27.3 -30.5 -37.7 
C2 230.4 249.5 207.9 190.4 245.6 256.8 316.6 
Tr 21.1 21.1 21.1 21.1 21.1 21.1 21.1 

 

The trends observed in the master curves for mix 3 (ABR of 20.0%) align with expectations. Notably, 
the use of PG 70-28 asphalt binder yielded mixes with higher stiffness compared to other asphalt 
binders with low PG -28. Within the 10 Hz frequency zone, |E*| values form two distinct groups 
based on low PG asphalt binder. However, PG 70-28 consistently exhibited higher stiffness values 
than mixes made of asphalt binders with low PG -28. 
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Figure 27. Graph. Master curves for mix 4 (reference temperature = 21.1°C). 

Table 8. Sigmoidal and WLF Equations Parameters for Mix 4 

Parameter PG 58-28 PG 64-22 PG 64-28 PG 70-22 PG 70-28 PG 76-22 PG 76-28 
α 2.899 3.077 3.172 3.354 2.872 2.971 3.114 
β -0.922 -1.172 -1.032 -1.295 -0.872 -1.116 -1.039 
δ 7.489 7.362 7.278 7.094 7.568 7.486 7.342 
γ 0.554 0.523 0.471 0.442 0.501 0.474 0.427 
C1 -39.6 -28.3 -26.2 -23.0 -22.2 -25.0 -21.4 
C2 347.6 234.6 227.8 188.1 181.2 198.2 171.4 
Tr 21.1 21.1 21.1 21.1 21.1 21.1 21.1 

 

The observed trends in the master curves for mix 4 (ABR of 28.1%) align with expectations. Notably, 
at the 10 Hz frequency zone, |E*| values exhibit a clear clustering into two groups based on low PG 
asphalt binder, just like the mixes above. This finding suggests a notable improvement in test 
repeatability for mix 4. The enhanced repeatability can be attributed to replicates being mixed and 
compacted on the same day, contrasting with mixes 1–3 where these processes occurred on different 
days. This improved repeatability underscores the importance of comparing results from these tests 
with the existing IDOT modulus algorithm. Such a comparison is crucial for guiding updates to design 
procedures, particularly in terms of incorporating considerations for the combined use of recycled 
asphalt and polymer-modified asphalt binders. 
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The existing IDOT modulus algorithm faces limitations concerning temperatures and frequencies. The 
algorithm is designed exclusively for a frequency of 10 Hz, corresponding to a vehicle speed of 70 
mph (common for interstates). As outlined in Chapter 54 of IDOT’s BDE Manual, the modulus 
algorithm focuses on this specific frequency over a restricted temperature range, aligning with the 
design temperatures for the state of Illinois. The designated design temperatures span from 73°F 
(north) to 81°F (south). Consequently, the following analysis is constrained to this frequency and 
temperature range. The design modulus is determined solely by the asphalt binder grade in the 
existing algorithm. This algorithm categorizes asphalt binders into two groups. For PG 64-28 and 70-
28, the assumed HMA modulus is lower, ranging from 405 ksi at 82°F to 600 ksi at 73°F. Conversely, 
for PG 64-22, 70-22, 76-22, and 76-28, the HMA modulus is assumed to vary between 510 ksi at 82°F 
and 750 ksi at 73°F. The governing equations for these specifications are detailed in Table 9. 

Table 9. IDOT Modulus Algorithm (IDOT BDE Chapter 54) 

Mix High PG Low PG Equation 
IDOT 64 -28 Log E (ksi) = 4.163 - 0.019 x T (F) 
IDOT 70 -28 Log E (ksi) = 4.163 - 0.019 x T (F) 
IDOT 64 -22 Log E (ksi) = 4.234 - 0.019 x T (F) 
IDOT 70 -22 Log E (ksi) = 4.234 - 0.019 x T (F) 
IDOT 76 -22 Log E (ksi) = 4.234 - 0.019 x T (F) 
IDOT 76 -28 Log E (ksi) = 4.234 - 0.019 x T (F) 

 

One important note is that temperature is expected to increase due to climate change, which is 
captured in the Federal Highway Administration (FHWA) LTPPBind database, which is part of FHWA’s 
Long-Term Pavement Performance Infopave database. Overall, increasing temperature is anticipated 
to have a small effect on the design of asphalt binder. However, it would have a significant effect on 
the modulus value used for pavement design based on the current algorithm. For example, a 3° 
increase from 73°F to 76°F represents a change of more than 100 ksi for a PG 64-22 binder-based mix. 
The overall potential effect of making changes to the design algorithm as a whole should consider 
climate-based changes as well as changes in materials. 

Figure 28 graphically represents the superposition of the experimental results derived from the four 
selected mixes in this study to the current IDOT modulus curves used as input for pavement design. 
Notably, within the specified temperature range and at a frequency of 10 Hz, the observed trend 
indicates that the “modern” mixes consistently have a higher stiffness when compared to the values 
that would be obtained from the BDE Manual. This observation highlights the potential for refining 
the existing IDOT algorithm to accurately capture and reflect the mechanical characteristics of 
contemporary asphalt mixes. Table 10 defines the functions which describe the modulus and 
temperature relationships. 

In summary, mix 1 had the highest stiffness values, which is likely due to the high ABR and presence 
of RAS. The design air void content is 4% for “typical mixes” in Illinois. However, previous studies 
(Carpenter, 2007) indicated that even specimens compacted to 7% air void content (with a 
corresponding average core air voids of 5.3%) had higher |E*| values than those currently used for 
design. It could also be argued that for limiting strain criterion pavements, 7% air void content should 
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be used as a more conservative estimate, because density can vary greatly and consolidation after 
construction can also vary. In general, low PG was the controlling differential factor for a given mix 
with different binders. For all binder-mix combinations, low PG -22 binders generated stiffer mixes 
than low PG -28 ones. This is not consistent with current design procedures in Illinois because: (i) PG 
58-28 is currently not considered within the state’s algorithm; instead, grade bumping is assumed to 
be equivalent to current PG, and (ii) PG 64-28 and PG 70-28 may originate mixes with a higher |E*| 
than ones originating from PG 76-28. PG 76-28 is currently considered to originate mixtures with |E*| 
closer to the low PG -22 range, according to Chapter 54 of the IDOT’s BDE Manual. It should be noted 
that currently IDOT considers PG 58-28 with RAP to be equivalent to PG 64-22 as used by design; 
however, it was shown to be substantially higher here. It is also notable that no effect was observed 
for the lower number of design gyrations or finer gradation of mix 4. This finding confirms the 
consistency of considering, for design purposes, IL-19.0 mixes to have similar and asphalt binder low 
PG-dependent modulus, as long as air void remains close to the design value. 

 
(A) Mix 1 (District 1): Current IDOT design curves are shown at the bottom of the graph 

 
(B) Mix 2 (District 7): Current IDOT design curves are shown at the bottom of the graph 
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(C) Mix 3 (District 1): Current IDOT design curves are shown at the bottom of the graph 

 
(D) Mix 4 (District 5): Current IDOT design curves are shown at the bottom of the graph) 

Figure 28. Graph. Comparison between modern mixes and the IDOT algorithm  
(based on IDOT BDE Chapter 54 revisions from 2008). 
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Table 10. Equations for Modern Mixes Tested in This Study 

Mix High PG Low PG Equations 
1 58 -28 Log E (ksi) = 4.104 - 0.015 x T (F) 
1 64 -22 Log E (ksi) = 4.061 - 0.013 x T (F) 
1 64 -28 Log E (ksi) = 3.998 - 0.013 x T (F) 
1 70 -22 Log E (ksi) = 3.974 - 0.012 x T (F) 
1 70 -28 Log E (ksi) = 3.951 - 0.013 x T (F) 

1* 70 -28 Log E (ksi) =  4.076 - 0.013 x T(F) 
1** 70 -28 Log E (ksi) =  4.004 - 0.013 x T (F) 

1 76 -22 Log E (ksi) = 4.006 - 0.012 x T (F) 
1 76 -28 Log E (ksi) = 3.979 - 0.013 x T (F) 
2 58 -28 Log E (ksi) = 4.280 - 0.018 x T (F) 
2 64 -22 Log E (ksi) = 4.217 - 0.016 x T (F) 

2* 64 -22 Log E (ksi) = 4.162 - 0.014 x T(F) 
2** 64 -22 Log E (ksi) = 4.166 -  0.016 x T(F) 

2 64 -28 Log E (ksi) = 4.182 - 0.017 x T (F) 
2 70 -22 Log E (ksi) = 4.126 - 0.014 x T (F) 
2 70 -28 Log E (ksi) = 4.252 - 0.018 x T (F) 
2 76 -22 Log E (ksi) = 4.176 - 0.016 x T (F) 
2 76 -28 Log E (ksi) = 4.165 - 0.017 x T (F) 
3 58 -28 Log E (ksi) = 4.362 - 0.019 x T (F) 
3 64 -22 Log E (ksi) = 4.295 - 0.016 x T (F) 
3 64 -28 Log E (ksi) = 4.248 - 0.018 x T (F) 
3 70 -22 Log E (ksi) = 4.207 - 0.016 x T (F) 
3 70 -28 Log E (ksi) = 4.209 - 0.016 x T (F) 
3 76 -22 Log E (ksi) = 4.225 - 0.015 x T (F) 
3 76 -28 Log E (ksi) = 4.174 - 0.017 x T (F) 
4 58 -28 Log E (ksi) = 4.227 - 0.017 x T (F) 
4 64 -22 Log E (ksi) = 4.245 - 0.016 x T (F) 
4 64 -28 Log E (ksi) = 4.126 - 0.016 x T (F) 
4 70 -22 Log E (ksi) = 4.100 - 0.014 x T (F) 
4 70 -28 Log E (ksi) = 4.225 - 0.017 x T (F) 
4 76 -22 Log E (ksi) = 4.194 - 0.015 x T (F) 
4 76 -28 Log E (ksi) = 4.096 - 0.015 x T (F) 

*Plant mix at 4% AV 

**Plant mix at 7% AV 
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LABORATORY ANALYSIS OF PLANT-PRODUCED MIXES 
The research team obtained plant mixes for mixes 1 and 2. Subsequently, the loose mixes were 
reheated and compacted for the analysis of |E*| under two conditions: (i) immediately post-
construction (with an air void content of 7%), and (ii) typical service life condition, after post-
compaction with traffic (with an air void content reduced to 4%). Mix 1 utilized an SBS-modified PG 
70-28 asphalt binder, while mix 2 utilized a PG 64-22 asphalt binder with no polymer modification. 
The binders for these mixes were sourced from a different supplier than those used in the laboratory 
mixes.  

Figure 29 illustrates the superimposed master curves for plant-produced mixes alongside laboratory 
specimens with different asphalt binders. The plant-produced mixes exhibit a master curve closer to 
the laboratory mixes produced with seven different binders. The plant-produced mix has slightly 
higher stiffness than the laboratory mix of the same PG (Figure 30). This disparity may be a result 
from the plant mix undergoing slightly more severe aging during the mixing process and the 
subsequent reheating for compaction. The extended exposure to heat in the plant may mobilize more 
aged and stiff asphalt binder within the mix. Additionally, the plant mixes had a slightly higher dust 
correction factor compared to the one obtained in the laboratory. Figure 31 depicts the master 
curves for both plant and laboratory mixes for source 2. Mixes 1 and 2 exhibit the same stiffness 
trends. When plotted together, the various mixes show stiffness values remarkably close to each 
other, with the plant-produced mixes showing slightly higher stiffness. This is reinforced by Figure 32, 
where the plant-produced mix with 4% air void content is stiffer than its laboratory counterpart. The 
considerations regarding aged binder mobilization and dust correction factor, previously mentioned 
for mix 1, are equally applicable to mix 2. 

 
Figure 29. Graph. Master curve comparison between plant-produced and laboratory mixes (mix 1).  
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Figure 30. Graph. Master curve comparison between plant-produced and laboratory mixes with the 

same PG binder (mix 1). 

 
Figure 31. Graph. Master curve comparison between plant-produced and laboratory mixes (mix 2). 
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Figure 32. Graph. Master curves comparison between plant-produced and laboratory mixes with 

the same PG binder (mix 2). 

DYNAMIC MODULUS MODELS 
All data points derived from dynamic modulus results for various temperatures, frequencies, 
replicates, and mix/asphalt binder combinations were systematically compared to the predictions 
generated by different |E*| models. The laboratory results were compared to Witczak and Hirsch 
models and subsequently evaluated against the ICT BNN model. The Witczak |E*| model showed a R² 
value of 0.570 and a root mean square error (RMSE) of 818 ksi, as shown in Figure 33. In general, 
better agreement between predicted and measured values is achieved for lower |E*| values, while 
the dispersion is higher for higher |E*| values. The Hirsch |E*| model showed a R² value of 0.433 and 
a RMSE of 940 ksi, as shown in Figure 33. In general, the model underpredicted the modulus values 
for all data points, as was also true for the current IDOT modulus algorithm. On the other hand, the 
ICT BNN model (Asadi et al., 2023) showed excellent fitting to the ground-truth data from the |E*| 
tests (Figure 34). The BNN model showed a R² value of 0.986 and RMSE of 150 ksi, indicating an 
excellent capacity to predict |E*| values accurately under a wide variety of temperatures, 
frequencies, asphalt binder PGs, volumetric properties, and other parameters. The data points 
obtained from the |E*| tests were used as completely unseen test data to assess the robustness of 
the model and, therefore, were not used as training data, demonstrating the model’s overall accuracy 
in capturing the |E*| of unseen mixes. 
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Figure 33. Graph. Measured versus predicted |E*| values for Witczak and Hirsch models. 

 

Figure 34. Graph. Measured versus predicted |E*| values for the ICT BNN model. 
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ULTRASONIC PULSE VELOCITY 
The researchers used an AMPT machine to measure |E*| for the four mixes and seven asphalt 
binders (28 combinations in total) at different temperatures and frequencies to build the respective 
master curves. At least two replicates were tested for each mixture. For modulus measurements 
using UPV, velocities were measured directly, while Poisson’s ratio (PR) was assumed from typical 
values for different temperatures (Medina et al., 2018). Table 11 summarizes the PR assumptions. 
Shift factors (aT) also need to be assumed to build master curves from UPV modulus measurements. 
Transducer frequency in UPV ranges from 9 kHz to 100 kHz, much higher than the mechanical loading 
frequency in |E*| tests. To address this issue, Far et al. (2009) proposed a shift factor prediction tool 
as an ANN model based on the FHWA LTPP database and shown in Figure 35. 

Table 11. Assumed PR Values 

Temperature (°C) 4.0 21.0 37.8 54.0 60 
PR 0.25 0.28 0.33 0.38 0.39 

 

 
Figure 35. Equation. Shift factor prediction tool proposed by Far et al. (2009). 

Where:  aT = average shift factor 

  T = test temperature (°C) 

The master curves for each mix and asphalt binder combination obtained from the UPV application are 
provided in the appendix. In the comparison between the modulus values obtained through the UPV 
application and the ground-truth data obtained from the AMPT, Figure 36 illustrates a consistent trend 
where UPV consistently overpredicts the modulus values. However, Poisson’s ratio and shift factors are 
inherent material-specific properties. Once each mix has an individual PR and aT, master curve 
prediction errors will ultimately stem from the assumptions for these two parameters. Given that each 
specimen with modulus measured using UPV had a corresponding actual |E*| test, the actual shift 
factors could be applied to evaluate the difference between the UPV-measured curves (with predicted 
and actual shift factors) and the ground-truth modulus. The observed trend is exemplified in Figure 37. 
For lower frequencies (high temperatures), this correction approximates the UPV-measured data to the 
ground-truth data, but the difference remains when it comes to higher frequencies. 

log aT = 0.0007 T2 + 0.1592 T + 2.9177 
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Figure 36. Graph. Comparison between UPV-predicted and measured |E*| results. 

 
Figure 37. Graph. Shift factor correction trend. 

In this context, it can be inferred that the PR assumptions continue to represent a significant source 
of error for the modulus values measured by UPV. Inhomogeneity can cause other errors, as is often 
observed for PCC (Saremi et al., 2023), but HMA has more aggregate by percent of total volume than 
PCC (around 85%), so this may not contribute as substantially to errors. This indicates that PR 
fluctuates under varying conditions, including temperature and frequency, along with other mix 
properties like PG, asphalt binder replacement (ABR) value, and air voids (AV). This study made an 
attempt to “back-calculate” PR using known AMPT |E*| as the elastic modulus in the UPV wave 
velocity equation with PR as an unknown. Figure 38 illustrates the results, which capture the 
sensitivity of PR across different mixes, with a comparison made using a no-RAP 19.0 mm NMAS mix 
with PG 64-22. 
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Figure 38. Graph. PR variation with different mixes, temperatures, binder PG, and air voids. 
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CHAPTER 6: FIELD MODULUS MEASUREMENTS AND 
STRUCTURAL HEALTH MONITORING BASED ON FWD AND TSD 
DATA 
Table 12 shows data collected during the traffic speed deflectometer (TSD) study for various 
pavement sections. The effect of temperature must be considered first. The first round of 
measurements were taken at temperatures colder than the design pavement temperatures in Illinois, 
while the second round of data were captured at very warm temperatures. Note that some 
coefficients of variation were very high, especially when the deflections were very low. This was 
especially critical during the second round of measurements, as it would be expected for deflections 
to be high at higher temperatures, so the results were counterintuitive. This includes measurements 
on similar sections of I-57, which were very close together despite the large temperature difference. 

Table 12. TSD Data and Analysis 

Route Pavement Structure 
Pavement 

Temperature (℉ 
@4.5 inches) 

D0 (mils) Coefficient of 
Variation (CoV) (%) 

I-55 Madison County 11.5 inches HMA 
over rubblized PCC 59 2.9 29% 

I-39 McLean County 8 inches HMA over 
rubblized PCC 57 3.4 30% 

US-36 Macomb 
Bypass 

10.75 inches full-
depth HMA 69 10.2 26% 

I-74 Tazewell/ 
Woodford County 

11.25 inches HMA 
over rubblized PCC 60 3.4 41% 

I-155 Logan County 15 inches full-depth 
HMA 69 6.3 25% 

I-57 Champaign 
County 

11.25 inches HMA 
over rubblized PCC 57 2.0 31% 

I-74 Champaign 
County 

16 inches full-depth 
HMA 48 3.0 58% 

I-70 Effingham 
County 

11.5 inches HMA 
over rubblized PCC  108 1.5 63% 

I-57 Champaign 
County 

11.25 inches HMA 
over rubblized PCC 83 1.5 50% 

 

Table 13 shows moduli back-calculated from each section. Algorithms for estimating moduli from TSD 
data were used to estimate tensile strain at the bottom of the HMA layer based on area under 
pavement profile (AUPP), the subgrade modulus, the known pavement structure, and the relevant 
temperatures based on the assumption of PG 64-22 asphalt binder. These inputs were placed into an 
ILLI-PAVE model to determine what modulus would be necessary to achieve that strain. Note that the 
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final two rows in Table 13 represent excessively high CoV and modulus values (based on the findings 
presented in Table 12) and were therefore not included as to not introduce results that did not make 
logical sense. For example, a value of modulus higher at temperature increases is not possible. 

Table 13. Back-Calculated Material Properties from TSD Testing 

Route Pavement 
Structure 

Pavement 
Temperature (℉ 

@4.5 inches) 

HMA Strain 
(micro-strain) 

HMA Back-
calculated 

Modulus (ksi) 

Subgrade 
Modulus (ERI) 

(ksi) 

I-55 Madison 
County 

11.5 inches HMA 
over rubblized 

PCC 
59 45 1541 17.5 

I-39 McLean 
County 

8 inches HMA 
over rubblized 

PCC 
57 35 1945 21 

US-36 Macomb 
Bypass 

10.75 inches full-
depth HMA 69 126 416 11.1 

I-74 Tazewell/ 
Woodford County 

11.25 inches HMA 
over rubblized 

PCC 
60 52 1365 16.6 

I-155 Logan 
County 

15 inches full-
depth HMA 69 56 526 11.4 

I-57 Champaign 
County 

11.25 inches HMA 
over rubblized 

PCC 
57 17 1882 18 

I-74 Champaign 
County 

16 inches full-
depth HMA 48 30 1420 17.1 

I-70 Effingham 
County 

11.5 inches HMA 
over rubblized 

PCC 
108 * * 17.6 

I-57 Champaign 
County 

11.25 inches HMA 
over rubblized 

PCC 
83 * * 18.3 

*TSD data for these projects was unrealistic and quite variable. As such, back-calculated modulus values were not realistic. 

Modulus was observed in two cases to be relatively low at the cold temperatures at which TSD 
measurements were performed. These measurements were in line with IDOT’s design moduli values 
but were measured at lower temperatures than the mean monthly pavement temperature used in 
Illinois for the design. The remaining measurements were all much higher than IDOT’s existing design 
moduli values, but this is not unexpected given the additional consolidation over a pavement’s 
lifetime, as well as aging and the already known low values used for design, which are consistent with 
the previous chapter of this report and previous work on IDOT mixes (Carpenter, 2007). However, 
overall conclusions are difficult to draw from this data, as the data seem to have high variability at 
times and are counterintuitive at others. It should be noted that coefficients of variation for 
deflection measurements were in some cases much higher than is presently acceptable for FWD 
measurements. Future protocols should also ensure that the temperature at which data are 
measured is consistent with Illinois design temperatures as much as possible. However, there is 
promise that this tool will be useful in developing future structural indices for network-level 
pavement management use on Illinois pavements. This should be pursued in future research.  
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CHAPTER 7: FATIGUE ANALYSIS 

FOUR-POINT BENDING BEAM FATIGUE TEST 

1-Second Rest Period Analysis 
An experimental matrix was developed to cover different combinations of mixes (1, 2, and 3) and 
asphalt binders. Each test was conducted first at two low strain levels (70 and 100 microstrain) and a 
1-second rest period. The premise assumed was that at 70 microstrain and a 1-second rest period, no 
damage would be accumulated as a function of load application in the field for 10,000 cycles. The 
stiffness ratio (SR) obtained for this condition can be assumed as a baseline for the analysis of 
acceptable SR levels to be considered as a “no damage” accumulation for 10,000 repetitions of load 
applications. Figure 39 shows the SR values at 70 and 100 microstrain levels. 

 
(A) Mix 1       (B) Mix 2 

 
(C) Mix 3 

Figure 39. Graph. SR variation from 70 to 100 microstrain strain levels for 1-second rest period.  
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The experimental results showed that mixes made of PG 58-28 asphalt binder exhibited a relative 
increase in SR from 70 to 100 microstrain. This phenomenon was particularly pronounced in mixes 1 
and 3. One test for mix 2 was excluded due to detected inconsistencies, as depicted in Figure 40. For 
the cases where a drop in SR was noted between 70 and 100 microstrain, as observed in mix 1 (PG 
64-22 and PG 76-28) and mix 2 (PG 76-28), a detailed examination of raw data was conducted to 
further examine the SR behavior to check for an actual SR drop during load applications. Figure 40 
illustrates the flexural stiffness behavior within the 5,000 to 10,000 cycle range for the mentioned 
samples. The flat linear trend in the graph indicates an absence of damage accumulation between 
cycles, suggesting that the observed SR decrease is likely due to test instabilities observed in the 
initial cycles rather than a very low FEL (Figure 41). 

 
Figure 40. Graph. Raw data analysis for specific cases of 4PBBF test at 1-second rest period. 

 
Figure 41. Graph. SR initial drop and subsequent stabilization at the second half 

 of the load application cycles. 
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0-Second Rest Period Analysis 
The experimental protocol for the 0-second rest period considered a range of strain levels spanning 
from 50 to 500 microstrain (specifically, 50, 70, 90, 100, 125, 150, 175, 200, 250, and 500 
microstrain). The purpose of this protocol was to analyze the variation of SR values in relation to the 
applied strain levels. Given that it is not possible to fundamentally define FEL in a scenario with a 
reduced number of cycles and 0-second rest period, FEL becomes an engineering concept for which a 
definition must be set. This concept could be taken as the strain level that would lead to an 
acceptable SR. Four potential approaches were initially examined (with results shown in Figure 42): 

• Acceptable tensile strain (0-second RP) = minimum SR (1-second RP). This represents a 
scenario where no damage accumulates during subsequent load applications in a stable state. 

• Acceptable tensile strain (0-second RP) = strain level that led to the peak SR value among all 
strain levels tested at 0-second RP. 

• Acceptable tensile strain (0-second RP) = strain level that led to SR greater than 90%. 

• Acceptable tensile strain (0-second RP) = strain level that led to SR greater than 95%. 

 
Figure 42. Graph. Analysis of different scenarios of strain levels obtained for acceptable SR values. 

Figures 43–45 provide a detailed depiction of the SR variation in relation to increasing strain levels, 
based on the results obtained for a 0-second rest period. As a general trend, SR tends to decrease as 
strain levels increase. Particularly at lower strain levels, below 180 microstrain, the SR points exhibit 
close proximity both to each other and to the 90% SR reference line. This observation aligns with the 
stiffness results obtained from the dynamic modulus, as follows: for some combinations of mixes and 
soft asphalt binders (especially ones with PG XX-28), softer mixtures were obtained. Softer mixes are 
less brittle, and therefore expected to have less damage accumulated in terms of cyclic loading 
(fatigue). In this regard, results showed that SR values > 90% could be obtained at higher strain levels 
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for certain combinations of mixes and binders with low PG -28 (e.g., mix 2 with PG 58-28, 64-28, and 
70-28, as well as mix 3 with PG 58-28). This was not the case for mix 1 (with 2% RAS) and binders with 
low PG -22 (generally stiffer at intermediate temperature, 20°C). The inclusion of RAS within the 
mixes is believed to compromise the potential benefits that could be achieved—specifically, the 
enhanced ability to retain higher SRs under cyclic loading at normal strain levels when employing 
softer asphalt binders.  

 
Figure 43. Graph. Stiffness ratio evolution with increasing strain level (mix 1). 

 
Figure 44. Graph. Stiffness ratio evolution with increasing strain level (mix 2). 
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Figure 45. Graph. Stiffness ratio evolution with increasing strain level (mix 3). 

Illinois Flexibility Index Test 
For the presentation of flexibility index results, the binder nomenclatures were organized in terms of 
high PG and stiffness, as shown in Table 14. Figure 46 shows the FI values of laboratory-prepared 
HMA mixtures along with their aging rates (%). The dotted red line indicates the short- and long-term 
aging FI thresholds of 8 and 5, respectively, that are used in Illinois. For each mixture type, four FI 
values were computed, and the average was plotted in a bar chart along with error bars. 

Table 14. Asphalt Binders’ Nomenclature 
Asphalt Binder PG Nomenclature 

PG 58-28 A 
PG 64-28 B 
PG 64-22 C 
PG 70-28 D 
PG 70-22 E 
PG 76-28 F 
PG 76-22 G 
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Figure 46. Graph. Flexibility index and aging rate results for mixes 1, 2, and 3. 

For source 1, the highest FI values of 8.5 and 3.4 were observed for mix 1A (prepared with PG 58-28 
asphalt binder) for STA and LTA, respectively. Mix 1D (PG 70-28) with a FI value of 2.2 in STA and mix 
1F with a FI value of 1.2 in LTA showed the lowest FI. This implies that the ranking of FI for LTA 
specimens did not necessarily agree with that of STA specimens, except for asphalt binder PG 58-28 
with the highest FI value in both aging conditions. All mixtures prepared from source 1 material 
except for mix 1A failed to meet the minimum STA threshold. For LTA, none of the mixes reached a 
value of 5. The presence of 22% RAP and 2% RAS content in HMA mixtures prepared from source 1 
increased the overall brittleness of the mix and, in turn, significantly reduced the FI values. A drop in 
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FI values with aging was observed and quantified using the aging rate. High sensitivity to aging was 
observed for mix 1F (PG 76-28) with a 77.2% drop in FI value compared to other mixtures. 

For source 2, all HMA mixtures except mix 2E (PG 70-22) satisfied the STA FI threshold. Mix 2F (FI = 
11.7) and mix 2E (FI = 6.3) showed the highest and lowest values for STA, respectively, while mix 2D 
(FI = 4.8) and mix 2G (FI = 2.2) showed the highest and lowest FI values for LTA. A more drastic drop in 
FI value (73.0%) with aging was observed for mix 2G compared to other mixtures. On average, 
mixtures prepared from source 2 had better FI values than those prepared from source 1. With a 15% 
RAP content and no RAS, source 2 had less recycled material content compared to source 1, resulting 
in better flexibility.  

All source 3 HMA mixtures except mix 3C and mix 3G, passed the STA threshold. High FI values of 12.9 
and 7.3 were observed for mix 3F in STA and mix 3D in LTA. Mix 3C with a FI value of 7.4 in STA and 
mix 3E with a FI value of 3 in LTA showed the least flexibility. On average, higher FI values were 
observed for source 3 HMA mixtures in LTA, compared to sources 1 and 2. Unexpectedly, source 2 
HMA mixtures with lesser RAP content and almost similar virgin binder content, as well as similar 
volumetrics, had lower FI values in LTA compared to source 3. This implies that apart from the 
recycled material content, the aggregate and RAP sources as well as other mix design parameters 
potentially contributed to the overall flexibility of the HMA mixture. 

To summarize, mixtures prepared from source 1 (22% RAP and 2% RAS) had lower FI values 
compared to source 2 (15% RAP and no RAS) and source 3 (25% RAP and no RAS). The presence of 
RAS, a highly oxidized material, is a major contributor to an increase in mix stiffness and reduction in 
FI values. The changes in the asphalt binder grade had a clear impact on FI values; however, no trend 
was observed. For example, mixes with the same ABR and the stiffer asphalt binder (mix 1G [N90, 
30.3% ABR with PG 76-22]) had significantly lower FI values compared to mixes with softer binder 
(mix 1A [N90, 30.3% ABR with PG 58-28]). Mixtures prepared from polymer-modified binders with 
high PG (mix 1F, mix 1G, mix 2F, mix 2G, mix 3E, and mix 3F) had the highest aging rates, reinforcing 
the findings from the poker chip binder test, although it was not always the case.  
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CHAPTER 8: CONCLUSIONS, RECOMMENDATIONS AND FUTURE 
WORK 
This research project aimed to address the need for reviewing and updating the Illinois Department 
of Transportation’s mechanistic-empirical flexible pavement design procedures for full-depth asphalt 
and asphalt over rubblized concrete pavements. The background for this study relates to the evolving 
hot-mix asphalt technology, for which the existing modulus and fatigue algorithms do not capture the 
impact of current modified asphalt binders and recycled asphalt on the composition and properties of 
asphalt mixes used for flexible pavement thickness design. The objectives of this research 
approached both modulus and fatigue algorithms and design criteria for HMA mixes. The initial focus 
was on enhancing IDOT’s |E*| prediction algorithm to incorporate modern mixes, with extensive 
testing and comparison against established models. This investigation extended to alternative 
methods such as ultrasonic pulse velocity nondestructive testing as well as the analysis of field data 
by means of the traffic speed deflectometer. 

This study also aimed to review the current fatigue endurance limit criterion used for design in the 
state, introducing an adapted four-point bending beam fatigue test protocol under varying rest 
periods. This criterion holds utmost importance because of its relevance for the final thickness 
design, which dictates the amount of material needed for construction. If relaxed, it would increase 
environmental benefits and reduce the overall cost for construction of asphalt pavements assuming 
that reduced pavement thickness does not lead to reduced performance over the lifespan of the 
pavement. The significance of this research is underscored by its multi-scale approach, encompassing 
asphalt binder-level assessments, laboratory tests on mixtures, and field data analysis. By 
consolidating findings and exploring relationships within this extensive dataset, the project provides 
valuable insights and recommendations to inform updates to IDOT’s pavement design procedures, 
ensuring they remain aligned with the current state of technology and industry best practices. 

Results from the analysis of RTFO-aged binders showed distinct clusters of asphalt binders at the 
interest frequency range of 10 Hz, demonstrating differences in stiffness among low PG labels of -22 
and -28°C. Additionally, the observed reduction in ductility with aging, especially in polymer-modified 
asphalt binders, underscores the importance of considering the specific characteristics of asphalt 
binders in pavement design. Given that lower levels of aging are expected to happen with the lower-
lift binder course layer, the use of high-ductility SBS-modified binders might result in better anti-
cracking performance. The stiffness trends identified in asphalt binders were similarly reflected in 
HMA samples across the dynamic modulus experimental matrix. Overall, the stiffness of the HMA 
mixes corresponds with the anticipated behavior based on the characteristics of the asphalt binders. 
Specifically, when considering the frequency of interest and IDOT’s design temperature range, a 
consistent clustering of mixes in terms of low PG is evident. In summary, the results obtained for the 
modulus analysis tasks are summarized as follows: 

• The typical |E*| values currently used in Illinois are low compared to modern asphalt mixes, 
which use recycled materials and modified asphalt binders. Increasing the assumed |E*| 
generally has the potential to result in cost and environmental savings due to decreasing 
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strains at the bottom of the asphalt layer, allowing for reduced layer thicknesses in full-depth 
pavement design. However, care should be taken to consider the effects of climate change 
and potential temperature rises in the state. 

• When different asphalt binders are used to produce the same mix, a low performance grade 
(PG) generally controls the modulus of the mix and is seen to be more critical than high PG or 
PG spread. 

• A BNN model was developed for modulus prediction that substantially outperformed both 
Witczak and Hirsch models. While Witczak and Hirsch models provided R2 values of 0.570 and 
0.433, respectively, for the ground-truth data, the BNN model provided a R2 of 0.986. The 
application of the BNN model is considerably simpler, because there is no need for asphalt 
binder testing from a specific source, only design PG label. Furthermore, this algorithm 
includes assessment of RAP content, which previous models did not. Given the good fit of the 
BNN model to typical modern mixes in Illinois, this can potentially supplement the current 
algorithm. 

• The ultrasonic pulse velocity test can be used for quick screening of HMA |E*|. However, the 
main drawback of the test is the need for assumptions of Poisson’s ratio and shift factors. In 
this research, the ultrasonic pulse velocity test consistently resulted in predicted |E*| values 
higher than the ones obtained from actual tests. It was also possible to back-calculate 
Poisson’s ratio based on known |E*| mixes using this technique, which could prove valuable 
in software like ILLI-PAVE, which requires Poisson’s ratio as an input for pavement analysis. 
Further testing of the ground truth and using field cores, especially where structural testing is 
performed, could help validate this technique further and provide a new research and 
investigation tool. 

While these findings hold the potential to reduce the design thickness of flexible pavements, it is 
crucial to assess the impact of recycled materials, which contribute to the stiffening of the mix, on 
fatigue life. Consequently, the subsequent phase of this study involved a comprehensive fatigue 
evaluation of the investigated mixes. The objective was to enhance the design of pavement sections 
by preventing fatigue and ultimately minimizing life cycle costs to only require routine and 
preventative maintenance. This ongoing task has been continuously refined to yield more reliable 
results by combining a robust theoretical foundation with simplified laboratory protocols for practical 
purposes. Inspired by the four-point bending beam fatigue protocol developed in NCHRP report 9-44, 
adaptations were proposed to the current test standard. These adaptations account for varying strain 
levels and rest periods within a reasonable test duration. However, the definition of a fatigue 
endurance limit remains a subject of ongoing research. Challenges on this task include test geometry, 
loading characteristics, and the viscoelastic behavior of asphalt mixtures, making it unlikely to achieve 
stiffness ratio (SR) values of 100% due to reduced rest periods and the absence of confinement 
during the test. 

In this context, the current research aims to establish an “acceptable SR < 1” for mixes. This implies 
that if a mix demonstrates an acceptable drop in SR within 10,000 cycles, with a stabilization trend 
(flat line) during the last few thousand cycles, it suggests an exceptionally long fatigue life. While this 
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concept approximates the fatigue endurance limit concept, it is important to note that further in-
depth analysis is required to enhance the foundation of these concepts. Among the examined 
scenarios, the current fatigue endurance limit of 70 microstrain represents the most conservative 
criterion. This average strain level corresponds to the peak SR value within tests conducted with a 0-
second rest period, a particularly critical condition. Realistically, even under platooning conditions, 
some rest period, even small, is expected to exist. Therefore, the current criteria appear to be 
conservative. On the other hand, consider a scenario where a 10% drop in SR within 10,000 cycles 
was considered acceptable (as long as the second half, from 5,000–10,000 cycles of the test protocol, 
maintains a slope of approximately 0). The allowable strain level could be increased up to 180 
microstrain, although this value is very high, and the actual increase should be below this level. 

At this time, it is not clear exactly what values should be used for design FEL and modulus. Part of this 
comes from a need to see more data from a more diverse set of materials, as well as considering 
shorter but nonzero rest periods to accommodate for truck platooning and other changing load 
patterns. In addition, modulus uncertainty must be checked and the current IDOT practice should be 
examined to ensure this approach will not lead to lower-than-expected values affecting the critical 
strain from a pavement design perspective. These issues will be the subject of future research and 
will inform a new limiting strain criterion and modulus inputs which can be implemented into IDOT’s 
M-E design methodology. 
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APPENDIX 

DYNAMIC MODULUS PHASE ANGLE CURVES 

 
Figure 47. Plot. Phase angle curves for mix 1 (reference temperature = 21.1°C). 

 
Figure 48. Plot. Phase angle curves for mix 2 (reference temperature = 21.1°C). 
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Figure 49. Plot. Phase angle curves for mix 3 (reference temperature = 21.1°C). 

 
Figure 50. Plot. Phase angle curves for mix 4 (reference temperature = 21.1°C). 
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DYNAMIC MODULUS BLACK-SPACE DIAGRAMS 

 
Figure 51. Plot. Black space diagram curves for mix 1 (reference temperature = 21.1°C). 

 
Figure 52. Plot. Black space diagram curves for mix 2 (reference temperature = 21.1°C). 
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Figure 53. Plot. Black space diagram curves for mix 3 (reference temperature = 21.1°C). 

 
Figure 54. Plot. Black space diagram curves for mix 4 (reference temperature = 21.1°C). 
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UPV MASTER CURVES 

 
Figure 55. Graph. AMPT and UPV-derived master curves for mix 1 (reference temperature = 21.1°C). 
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Figure 56. Graph. AMPT and UPV-derived master curves for mix 2 (reference temperature = 21.1°C). 
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Figure 57. Graph. AMPT and UPV-derived master curves for mix 3 (reference temperature = 21.1°C). 
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Figure 58. Graph. AMPT and UPV-derived master curves for mix 4 (reference temperature = 21.1°C). 
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STRAIN-LEVEL ANALYSIS FOR DIFFERENT ASSUMPTIONS REGARDING SR 

Table 15. Strain Levels Associated with a “No Damage” Baseline Scenario from the  
1-second Rest Period Analysis 

Mix Binder Minimum SR at 1-second RP (“no damage”) Correspondent strain level at 0-second RP 
1 58-28 90 160 
1 64-22 90 150 
1 76-22 97 50 
1 76-28 88 150 
2 58-28 87 250 
2 64-28 101 Min 
2 70-28 95 150 
2 76-28 91 150 
3 58-28 98 70 
3 64-22 98 Min 
3 70-22 97 50 

 

Table 16. Strain levels Associated with Different “Acceptable SR” Premises 

Mix Binder Strain level (0-s RP) at peak SR Strain level (0-s RP) at SR > 90% Strain level (0-s RP) at SR > 95% 
1 58-28 120 160 Min 
1 64-22 50 150 70 
1 76-22 50 175 100 
1 76-28 50 150 50 
2 58-28 90 200 125 
2 64-28 90 200 125 
2 70-28 100 250 150 
2 76-28 50 150 100 
3 58-28 70 200 125 
3 64-22 50 150 100 
3 70-22 50 175 90 
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