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ABSTRACT

Several ways exist to improve pavement performance over time. One suggestion is to
tailor the asphalt pavement mix design according to certain specified specifications, set
up by each state agency. Another option suggests the addition of modifiers that are
known to improve pavement performance, such as crumb rubber and fibers. Nowadays,
improving asphalt pavement structures to meet specific climate conditions is a must. In
addition, time and cost are two crucial settings and are very important to consider; these
factors sometimes play a huge role in modifying the asphalt mix design needed to be set
into place, and therefore alter the desired pavement performance over the expected life
span of the structure. In recent studies, some methods refer to predicting pavement

performance based on the asphalt mixtures volumetric properties.

In this research, an effort was undertaken to gather and collect most recent asphalt
mixtures’ design data and compare it to historical data such as those available in the
Long-Term Pavement Performance (LTPP), maintained by the Federal Highway
Administration (FHWA). The new asphalt mixture design data was collected from 25
states within the United States and separated according to the four suggested climatic
regions. The previously designed asphalt mixture designs in the 1960’s present in the
LTPP Database implemented for the test sections were compared with the recently
designed pavement mixtures gathered, and pavement performance was assessed using

predictive models.

Three predictive models were studied in this research. The models were related to

three major asphalt pavement distresses: Rutting, Fatigue Cracking and Thermal
i



Cracking. Once the performance of the asphalt mixtures was assessed, four ranking
criteria were developed to support the assessment of the mix designs quality at hand;
namely, Low, Satisfactory, Good or Excellent. The evaluation results were reasonable
and deemed acceptable. Out of the 48 asphalt mixtures design evaluated, the majority

were between Satisfactory and Good.

The evaluation methodology and criteria developed are helpful tools in
determining the quality of asphalt mixtures produced by the different agencies. They
provide a quick insight on the needed improvement/modification against the potential

development of distress during the lifespan of the pavement structure.
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CHAPTER 1

1 INTRODUCTION

1.1 Background

Pavement performance is the most important criteria when designing a pavement
mixture. It is defined as the ability of the pavement to hold traffic loads in a safely manner.
Although progress has been made in improving the overall condition of the pavement
structures, a huge need still exist to continue improve the overall quality of the materials
against pavement distresses.

Generally, pavement structures suffer from the development of distresses due to
different factors. These factors are mainly the following: traffic loading, subgrade support,
materials used for construction, structural characteristics, maintenance variation and
rehabilitation programs, and environment (temperature and moisture).

There are several indicators that show how well the pavement is performing; on top
of this list are safety and the smoothness of the road for the users. The pavement
performance is also measured by distresses (based on the type, severity and extent), the
structural response, surface friction and roughness.

For Hot Mix Asphalt (HMA) pavements, distresses refer to the different
deterioration types that the pavement structure will encounter during its life span while
being exposed to traffic and the environment. The types include longitudinal and transverse
cracking, alligator cracking, block cracking, raveling and rutting.

As for the structural response, it refers to the response recorded by the structure
with respect to the application of a wheel load. For surface friction, the concern is the skid
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resistance during wet seasons while the pavement’s surface is subjected to traffic and
surface wear. Roughness and serviceability are the measurement of ride quality of the
pavement structure.

Each layer of the pavement structure has a specific and important role. Beginning
with the surface layer, it is exposed to the traffic volume and must resist the distortion, as
well as provide a smooth surface. It also needs to able to resist water penetration or shed
the water to the roadside. It protects the entire pavement structure and avoid the excessive
wetting of the subgrade soil. Underneath this layer, the base (bound or unbound) along
with the subbase, add to the structural support of the pavement. The load distribution on
the subgrade depends on those two layers. They must be constructed with material of
quality, as they improve the load distribution, structure capacity and moisture
susceptibility. Finally, the natural soil, or subgrade, provide the platform for which the
pavement structure is built on, but it is, generally, the weakest in strength and most
susceptible for moisture effects.

Rutting, fatigue cracking, and thermal cracking are the major distresses classically
observed on the asphalt pavement structures. While rutting and fatigue are both caused by
traffic loading, thermal cracking depends on the environment and temperature fluctuation.
All those three distresses affect the pavement performance and the safety of the pavement
structure. Assessing the potential development and severity of these distresses will provide
insights on improving materials quality, pavement design and will greatly improve the
overall pavement performance with less need for frequent maintenance and rehabilitation

programs.



1.2 Study Objective

The main objective of this study is to outline a process to assess the potential performance
of HMA pavement structures in terms of Rutting, Fatigue and Thermal cracking using only
the asphalt mix design information and volumetric data. This assessment will provide
insight on the quality of the asphalt mixture and suggest the need for further adjustment or
modification. In this process, three predictive models were investigated, and their
reliability was assessed based on existing pavement structures performance using LTPP
(Long Term Pavement Performance) data. These models were also used to assess the
quality of the asphalt mixtures for 48 current asphalt mixture designs collected from 25
States.

1.3 Scope of Work

In order to carry on this study, a plan was proposed and implemented. A literature review
concerning the three asphalt pavement distresses was conducted, followed by an extensive
study of the three pavement performance predictive models proposed. Asphalt mixtures
designs were gathered from 25 States within the United States,; these asphalt mixture
designs were the latest implemented by highway agencies in their respective location, and
sometimes in various climate zones within the State itself.

Three pavement performance predictive models were evaluated for their use of
basic asphalt mixtures design and volumetric data; the pavement performance of interest
were: rutting depth, fatigue life as well as tensile strength and effective fracture energy for
thermal cracking evaluation. In order to be able to assess the reliability of the predictive

models used, asphalt mixtures and pavement performance data were also collected from



the LTPP Database for the same States under consideration. Each state was assessed with
respect to the mix design used in the past, and pavement performance (distresses) measured
from various test sections. Therefore, the mix design volumetric data of the previous mix
designs were gathered, and the predictive models were tested against pavement
performance data. The results are compared, and thus giving us how reliable the models
are. Having the measured and the predicted distresses at hand, the models were validated
based on their accuracy and reliability.

Next, the predictive models were used on the new gathered asphalt mix designs to provide
insight on how the States are addressing the potential development of these distresses. This
approach resulted in general criteria categorizing each asphalt mixture, and how most likely
it will perform in the future in terms of Rutting, Fatigue and Thermal Cracking.

The following flow chart outlines the work process included in this thesis:



Literature Review: Rutting, Fatique and
Thermal Cracking

» Choice of the Three Predictive Models
+ Background Study

Data Collecion from the 25 Sates Establishment of the Climatic Required Data If||ter|ng and
Zones under study Gathering
Model Predictons Imolementafion Required Data Filtering and Choice of the LTPP Sections on
P Gathering Location and Data Availability

» Evaluation of the New and Old Development of a Rating Criterion
Mixtures for the Mixes Corresponding to
+ Evaluation of the Models Each Distress

Comparing Measured vs. Predicted
values

Conclusion and Recommendations

Figure 1- Outline flowchart



1.4 Organization of the Thesis

This thesis is divided into 7 chapters. The first chapter includes the background, the study
objective and the scope of work. The second chapter provides the literature review on
asphalt pavement distresses and pavement performance models. The third chapter contains
the background information and application of the pavement performance predictive
models chosen, as well as a sensitivity and statistical analysis. The fourth chapter includes
information on the sections chosen from the LTPP Database and the application of the
models for these sections. The fifth chapter provides a description of the data collected
from the 25 States, as well as the application of the predictive models on the data gathered.
The sixth chapter presents the analysis and comparison of the results, the final assessment
concerning the reliability and accuracy of the models, and the final criteria assessed based
on the analysis. The seventh and final chapter includes a summary of the work, conclusions

and final recommendations of this study.



CHAPTER 2

2 LITERATURE REVIEW

2.1 Distress Types

The distresses considered in this study are Rutting, Fatigue and Thermal Cracking. In this
section, they are described extensively to understand their importance as well as their
effects on pavement performance. Moreover, each distress is affected by different factors.

These factors are emphasized in the section that follow.

2.1.a Rutting

Rutting, also referred as Permanent Deformation, refers to the accumulation of deformation
due to wheel load repetition. The permanent deformation happening in one or more layer
will lead in a significant depression in the surface layer of the pavement. It happens
essentially in the wheel paths of the roadway. This permanent deformation is related to the
Flow Number (FN), which is the number of repetitions of the wheel load until failure (or
permanent deformation). The main problem associated with rutting happens during wet
seasons: the presence of water in the ruts will cause hydroplaning. It is mainly defined as
a thin water film building between the surface layer and the wheel of the vehicle. It will
lead to a loss of traction and will cause the vehicle to lose control. Rutting occurring in the
surface layer may be due to multiple factors: overloading of the surface layer, extreme
loading during a hot weather where the HMA layer could have softened, instability of the
pavement mixture and finally temperature susceptibility of the asphalt binder used.

In other terms, permanent deformation is mainly a densification of the layer. It is also

caused by the settlement of some materials.



If rutting happens in other layers, such as base/subbase, it may be due to a too thin surface
layer, as well as an inadequate mix design and poor construction methods. Moisture can
also be a factor inducing rutting in these layers.

Finally, if rutting occurs within the entire pavement structure, this means that the structure
is weak (too thin) for the loads applied, or that the natural soil beneath it is too weak (can
also be possibly contaminated by moisture).

In the following Figure 2 (2), are the main stresses/strains that may cause the permanent
deformation in the pavement structure. Noticeably, 1,3 and 4 are the vertical compressive
stresses on the HMA Surface, Base and Subgrade. Number 2 represents the tensile stresses
at the bottom of the HMA Layer to be discussed in the following sections. It should be
noted that to reduce the effect of rutting, a stiffer asphalt binder should be chosen when

designing, to reduce the softening effect at high temperatures or hot climates.

Wheel load

Granular base

Granular subbase J
&=

>ff/.»>¥1rém¢\L\%lllféﬂ%{“w Pl ﬁ/\" %‘“k\\‘/‘/”,

Q HMA surface <«
g_

=

Subgrade Soil
Figure 2- Stresses and Strains within the HMA Structure causing Rutting (46)

The amount of rutting is influenced by other factors, such as Temperature, Traffic Volume,

Tire Pressure, Environmental conditions as well as Mixture Properties. The mixture
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properties include the type of binder and its consistency, the binder content as well as the
air void level within the mixture.

Many studies have taken the initiative of studying the mechanisms behind the
rutting distress. Also, several predictive models have been developed for the sole purpose

of estimating the rutting behavior of a pavement structure, based on several inputs.

2.1.a.1 Rutting Depth Calculation

In 1975, Akili (1) studied the strength properties of asphalt mixtures using the
conventional triaxial setup. He found out that asphalt content and confining pressures affect
the dynamic modulus and the shear strength of the mixture greatly. A decrease in the
asphalt content following with an increase in confinement will lead to an increase in the
modulus and shear strength.

In 2015, an ASU research associate studied the effect of maximum temperature
change on asphalt pavement using LTPP sections. Also, the rutting behavior due to the
temperature change was studied. It was found that rutting is generally affected by the
increasing maximum temperature. However, the layer thicknesses of the asphalt layers
played a great deal in the analysis. As thicker layers are observed in some states (i.e.,
Arizona), the rutting values with increase of temperature remained the same.

In addition, the asphalt film thickness plays a great deal in terms of durability of the mix.
The film thickness is commonly known as the interface of the aggregates coated by the
asphalt. A thick film thickness is characterized by a high fine aggregate content covered
by asphalt. This theory resulting from the gradation of the mix may justify the performance

levels of each section.



A rutting depth model was also developed, in terms of the pavement structure’s
characteristics as follows by Baker et al (2011) (2):
Log RD = —1.6 + 0.06 * V, — 1.4 x log(hy¢) + 0.07 * T,y — 0.000434 * 7, + 0.15

* log(ESAL) — 0.4 xlog(Mg) — 0.50 * log(Eggase) + 0.1 * log(8,)
+ 0.01 * log(e,) — 0.7 * log(h) + 0.09 * log (50 — hy¢ + hgc)

Where,

RD is the rut depth, in

ESAL is the number of 80 KN (18 kip) ESAL corresponding to the rut depth

Tavg IS the average annual temperature, °F

hac is the equivalent thickness of base material, in

Enase IS the effective resilient modulus of base materials, psi (effective means it is influenced

by the freezing index and seasonal variations)

do is the surface deflection, in

V, are the air voids (% in mix)

Mg is the effective resilient modulus of subgrade, psi 40

€y is the compressive strain at the bottom of the asphalt mix layer, in./in.

I« is the kinematic viscosity of the asphalt binder at 135 °C (275 °F), ¢St
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Based on this model, a rutting predictive model based on the LTPP input has been
developed:
RD = 5.211835 + (—0.0453 xY) + (0.000323 x TI) + ( 6.872935 X SN)
+(—1.3E=506 X |[E*|)+ (=3.90563 x HAC)
+ (3.400868 x Tmax) + (0.001749 x Fave.)
+ 6 (—1.25546 x Hbase) + (—0.00438 x Pave.)
Where,
RD is the rut depth,
Y is the design year
Tl is the accumulated average annual daily truck traffic
SN is the structural Number
Hac is the thickness of asphalt layer, in.
Tmax IS the maximum temperature in the year, °F
Fave is the annual freezing index
Hbase is the thickness of the base, in.
Pave is the average annual precipitation
This model is based on a linear regression model. It was determined that the rutting depth
increases with an increase of the dynamic modulus, traffic loads, and precipitation levels.
It was also depicted that the rutting depth is greatly affected by the base layer thickness,
which suggests that at high temperature, having a thicker base would potentially provide

more resistance to rutting.
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Another study was conducted by Fwa et al in 2004 (3) used the ¢ and ¢ parameters,
which are co-related with the strength of a mix obtained during the triaxial testing, in a
rutting prediction model. This model is a power-based model that considers the
accumulated rutting with the number of load repetitions. All in all, the suggested model
depends on the duration of each load application, the load bearing capacity (the maximum
load applied that an asphalt layer can withstand before shear failure), the ¢ and ¢
parameters, as well as the Ep (Elastic Modulus) of the underlying layers.
Having introduced the ¢ and ¢ parameters, it is important to understand the nature of the
Mohr-Coulomb failure criterion. This criterion states that the shear stress is a function of
the normal stress on the plane of failure.
The plane of failure is determined by the following equation:

Tsr = € + 05 x tang

Where,
¢ = shear stress at failure on failure plane
off = normal stress at failure on failure plane
c = intercept of the failure envelope, cohesion13
tan ¢ = slope of the failure envelope (¢ is the angle of internal friction)
This is represented graphically, by plotting several Mohr’s Circles together. These circles
represent the different stress states applied under different confinement levels during
triaxial testing. The tangent line to those circles is called the Mohr-Coulomb failure

envelope and is shown in the Figure 3 below.
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Figure 3- Mohr-Coulomb Failure Criterion (46)

This notion is important in order to understand the stress state that the pavement structure
is subjected to whenever a wheel load is applied to it.

This theory is represented mathematically in the equation below:

0, = 03 *tan2(450+%)+2*c*tan(450+%)

Where

o1 is the major principal stress applied

o3 is the minor principal stress applied and confinement level

c is the cohesion and intercept of the failure envelope

¢ is the internal angle of friction

Referring to this figure, p and g, which are the coordinates of the maximum shear stress,
represent the average normal stress and maximum shear stress applied respectively.

This concept is shown in the following formulas:

o1+03

p=—andqg=—"-
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Now that the stress conditions can be determined and evaluated theoretically and
experimentally, this concept can be implemented in the Flow Number analysis, explained
in the following section 2.1.a.2

2.1.a.2 Repeated Load Permanent Deformation Test

This test, also known as the flow number test, consists of the application of a dynamic load
for several repetitions. The accumulated permanent deformation caused by the load
repetition is recorded in terms of the number of cycles. The load is characterized by a 0.1s
loading time followed by 0.9s of resting period.

The cumulative permanent strain versus the number of cycles denotes three different and
major zones. As shown in the following Figure 4, the three zones are represented as

primary, secondary and tertiary.

oo A AV >0 AV =0

Secondary _/\Te tary

FN Defines Cycles When
Shear Deformation Begins

Primary

-
N

Figure 4- Flow Number according to (46)

In the primary zone, the strain rate decreases. As the secondary zones follows, the

permanent strain rate remains constant. Finally, in the tertiary zone, the permanent strain
14



rate increases rapidly, ending the material rupture or failure. The beginning of this zone is
denoted by the Flow Number, or the number of repetitions until failure of the sample is
reached.
At low stress levels, the material will exhibit the primary and secondary permanent strain.
The strain rate approaches zero as total strain reaches a certain value. However, this
indicates that the tertiary flow/zone may never appear before a considerably large amount
of time. It also refers to the value when shear deformation, under constant volume, begins.
Many studies have reported the flow number with respect to the permanent strain
accumulated. These studies included material characterization, traffic distribution,
temperature within the pavement and many others.
Several models have been developed to predict permanent deformation. However, they are
mostly empirical. Fully mechanistic models are almost non-existent. These models are not
accepted universally, and must be tailored to each state’s climatic condition, history,
construction techniques as well as materials used.
A model developed by Brown and Bell (4), compared predicted rutting theoretically
used a layer-strain approach with measured values. The model has shown good assessment,
as the predicted and measure values agree. The model is terms of permanent strain, deviator

stress, number of load applications, and two regression constants.

b

o=@

Where
gp IS the permanent strain

q is the deviator stress
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N is the number of load applications
And a and b are the constants

Another rutting model was developed by Francken in 1977 (5) based on the triaxial
repeated load test. This test is run for different temperatures, load frequencies and stress
levels. The model goes as follows:

g, (t) = At + C(eP'- 1)

Where
gp(t) = relative permanent deformation
t = time (t=N/f) expressed in 1000 seconds time units, and where
N = the number of loading cycles and f is the loading frequency
A, B, C, D = constants adjust to the specific material. The constant C defines if tertiary
failure would occur or not. Therefore, it is very significant for this model.
The Francken Model has been recommended since it considers all the three stages of
permanent deformation. These stages are characterized by a power model for the primary
and secondary stages, as well as an exponential model for the tertiary stage (Biligiri et al)
(6).

Khedr (7) from Ohio State University developed a relationship to calculate the
permanent strain in terms of Number of Load Cycles and Material Properties function of

Resilient Modulus and Applied stress. The mode goes as follows:
&
ﬁp =A,*N™

Where

gp IS the permanent strain

16



N is the number of load cycles
Aa reflects the material properties in function of the resilient modulus and applied stresses
And m is a material parameter.

Similar to this study, the most common model that relates permanent strain to the
number of load repetition is the one evaluating the secondary phase of the permanent
deformation curved, developed by Witczak et al. (8) It is a power model in the following
form:

e (N) =axNP

Where
gp IS the permanent strain
N is the number of load cycles
And a and b are regression coefficients based on the material test conditions.
This model, not representing the three stages, was further modified by Zhou et al. (9). It
was separated into three parts, where each stage has its own respective model:
For the Primary Stage, considering N<Nps
&, =axNP
For the Secondary stage, for Nps <N<Njt

Ep =eps+c*(N—Nps)
Finally, for the Tertiary stage, where N>Nst

g, = g5 +d ¥ (efWN-Nst) _ 1)

p

Where

gp IS the permanent strain
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€ps IS the permanent strain related to the beginning of the secondary stage

&st IS the permanent strain related to the beginning of the tertiary stage

N is the number of load cycles

Nps is the number of load repetitions related to the beginning of the secondary stage

Nst is the number of load repetitions related to the beginning of the tertiary stage

And a, b, ¢, d, e and f are material constants.

An algorithm is presented for identifying the transition points between the stages,
especially the flow number, that indicates the beginning of the tertiary flow.

A conceptual relationship was developed by Kaloush (10), relating the flow number
to the measured rut depth in field based on different traffic levels. The number of repetitions
till failure (Nrequired) is determined in the lab, compared to the Nmix, the number of cycles to
repetition to failure for the mix. The criteria are set in such a way that if Nmix is greater than
Nrequired, the mixture is accepted and will behave good in terms of rutting.

Other studies, such as the NCHRP Report 580 (11), explored the relationship
between FN and rutting measured in the field at different traffic levels.

The measured flow number in the lab was used to predict the field rutting depth (Rq)
following this model, where i1, mz, my and |, are constants.

Ry =iy *x N2« FN™M1+log(N)-1,
However, this model was used to predict the field rutting depth for a certain traffic load

and reduced flow number, using shift factors for each individual site.
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2.1.a.3 Flow Number Prediction
Several attempts have been carried in order to predict the Flow Number values,

based on solely volumetric values from the different mix designs. Kaloush (10) first
attempted to predict the flow number based on the equation below.

FN = (20408400) * T—2.0799 * 50.368 * ViSC0'368 * Vbeff—2.7175 * Va‘0'1658
Where
FN is the flow number
T is the test temperature, °F
S is the deviatory stress level, psi
Visc is the viscosity of the binder at 70°F, 10 Poise
Vbeff is the effective binder content in % volume
And Va is the air void %
However, since the stress level was not rational, it showed an increase in the flow number
value whenever it increased. Therefore, another attempt was made with regards to this
model. The newer version is the following:

FN = (432367000) * T~2215 x Visc0321 x Vhef f~2:6604 4 Y q~0-1525

This time, this model only worked for a certain range for each of the input variables:

e Test Temperatures, T: 100-130°F

Confined Stress Level, S: 20 psi

Binder Viscosity, Visc: 0.92x106-26.7x10° poise at 70°F

Effective Asphalt Content, Vbeff: 7.4-14%

Air Voids, Va: 2.5-12%
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e Nominal Aggregate Size: 12.5-37.5mm

Kvasnak et al. (12) presented a flow number predictive model using the aggregate
gradation, volumetrics and binder properties. The model had constant deviatory stress

testing conditions of 87 psi, and having the following ranges for the input variables:

e Binder Viscosity: 0.020x10°-0.286x10° Poise at testing temperature
e Asphalt content, 4.2-6%

e Nominal maximum aggregate size: 12.5-19mm

e Voids in the mineral aggregate: 12.4-21.4%

e Percentage passing sieve

e No0.4:52.7-76.5

e No0.16:29.1-47.9

e NO0.200: 3.0-6.0

PG Grading: PG-58-34- PG64-28

The suggested model is the following:
logFN = 2.866 + 0.00613 * Gyr + 3.86 x Visc — 0.072 *x VMA + 0.0282 = P,
— 0.051 * Pjg + 0.075P,,
However, this model was specifically made for dense graded mixtures only, and for certain
ranges taking into consideration that the number of gyrations has the higher impact on the

model.
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2.1.a.4 MEPDG Rutting Depth Analysis and Prediction

One main objective of this study is to show what additional contribution it provides to the
world of asphalt pavement distresses and predictions.

Studying how the MEPDG predicts permanent deformation is an important step to
understand the whole purpose of the study.

The MEPDG models study both the primary and secondary stages of permanent
deformation. An extrapolation of the secondary stage trend is used in the modeling of the
primary stage. Finally, the third and tertiary stage is not considered.

The main concept behind the MEPDG predictions is based on Incremental Damage. The
rutting is estimated at the mid-depth of each sub-layer within the pavement structure.

The system verifies the type of layer and applies the respective model based on the material
type of the layer and calculates the plastic strain at the end of the sub-season. Finally, the

permanent deformation is the sum of all the permanent deformations of each layer:

n,sublayers

PD = Z b x h!

i=1
Where:
PD =pavement permanent deformation
nsublayers =number of sublayers
gp =total plastic strain in sublayer i
hi=thickness of sublayer i
The process is then repeated for each load level selected, sub-season, and month of the

analysis period.
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2.1.b Fatigue

Fatigue is generally defined as the phenomenon of fracture caused by load repetition or
stress having a value less than the tensile strength of the material. The HMA Pavement
structure undergoes many road repetitions, leading to its cracking. The tensile strength of
the layer is not reached at once, but the stress accumulation over time is enough to cause
fatigue. The stress in question is nothing but the tensile stress accumulated at the bottom
of the HMA Surface layer. The repeated application of this stress will cause initial cracks
in the pavement, at the bottom of the surface layer. Continued repetition will cause the
crack to evolve and reach the surface (the top) of the layer. This phenomenon indicates a
loss of structural capacity (or load carrying capacity). Once the cracks are initiated, the
amount of fatigue cracks will increase at an exponential rate. It should be noted that fatigue
cracking is not always generated within the HMA surface layer; if a stabilized base course
is present, its stiffness may be large enough that the tensile strains at the bottom of this
layer generate the cracks. In order to avoid fatigue cracking from happening, choosing a
flexible asphalt binder is recommended, as it will be more convenient for a higher number
of repetitions to failure. The stiffness is defined as the ratio between the stress and strain
amplitudes and is greatly affected by the speed of loading and temperature: High

temperature indicates a lower stiffness.

Also, pavement performance under traffic depends not only on the characteristics of the
layers' materials, but also on the interaction between the layers. Fatigue life is influenced
by various factors; considerable amount of crack propagation will have to occur on a wide

area of pavement.
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The factors affecting the fatigue life of the pavement mainly includes load application,
environment and specimen characteristics such as changes in the ambient temperatures,
moisture conditions and varying loading (compound/load pulses, varying in size and
duration).

Fatigue characterization of asphalt mixtures is an important part of performance-
based mix design. Accurate prediction of the fatigue life of asphalt concrete is rather
difficult due to the complex nature of the fatigue phenomenon under varying
circumstances. These are defined by the material type, loading and environmental
conditions. Over the years, significant efforts have focused on developing reliable fatigue
prediction models, falling into two main categories: phenomenological and mechanistic
approaches. The most commonly used phenomenological fatigue modeling approach
considers the initial response or tensile strain of the mixture to the fatigue life. This
however do not consider how damage evolves throughout the fatigue life and therefore is
only valid for a given loading condition without accurately predicting the complex damage
evolution under realistic conditions. Concerning the mechanistic approach, fracture
mechanics or damage mechanics with or without viscoelasticity are adopted. They describe
the fatigue damage growth in the asphalt. It is a way more complex approach but is
applicable to broader ranges of loading and environmental conditions. The fatigue life of a
new pavement or remaining life of existing pavement is better and more accurately
assessed. Stress-strain relationships form the basis of the mechanistic approach and

therefore inherently includes the material properties. For this reason, the mechanistic
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approach provides a relationship between the material properties and fatigue performance,
that could be effectively used for the selection of more fatigue-resistant binders.
Currently the most current fatigue models developed in the lab underpredict the actual
fatigue life of asphalt in the field. This is attributed to the different loading conditions
(loading, rest) and environmental conditions (aging, temperature variations) between the
lab and the field.

Resting periods affect significantly the fatigue life of the material, as the stresses are

released during this period from the asphalt structure.

2.1.b.1 Fatigue Life Predictive Models

According to Hyun-Jong Lee et al. (2001) (13), a uniaxial constitutive model of
nonaging asphalt mixture have been developed by Kim et al. in 1997 (15) and (16). This
model includes the elastic-viscoelastic correspondence principle and Schapery’s work
potential theory to model the mechanical behavior of asphalt under cyclic loading. A
simplified fatigue prediction model is developed from the constitutive model. It predicts
the stress-strain behavior of asphalt under different loading histories as well as rates of
loading, stress-stain amplitudes and random rest periods.
2.1.b.2 The Constitutive Fatigue Model
In 1990, Schapery (17) applied the method of thermodynamics of irreversible processes to
develop a work potential theory applicable to the mechanical behavior of elastic medias,
with growing damage and structural changes. It considers the internal states that account
for the effects of damage and dissipated energy due to microstructural changes. The word

damage in continuum damage is defined as any structural change in a system including a
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reduction of its stiffness or strength during loading. Concerning microdamage healing, it
is defined to include all mechanisms except linear viscoelastic relaxation contributing to
the recovery of stiffness or strength during rest periods. The constitutive model is
represented by the formula below:
o=1XeR[F+G+H]

Where | is the initial pseudostiffness,
R is the effective pseudostrain
F and H are two functions to characterize the change in pseudostiffness, due to the damage
growth and microdamage healing
G is the function that accounts for the difference in stress values between the loading and
unloading conditions.

Referring to the previous section, the simplified predictive model developed in
2001 (13) has the following form:

C,+H=05

This fatigue prediction model is based on the assumption of the strain-controlled mode of
testing. Also, prediction of the fatigue performance requires accurate modeling of the
change in SR (pseudostiffness which is used to represent the change of the stress-strain
slopes) as a function of loading cycles. Only F and H are required to predict the number
of cycles to failure (Nf) of a mixture. The left-hand side of the model (C1+H) can help to
identify the elapsed loading time to failure corresponding to a value of 0.5. The number
of cycles to failure Nt is then determined by multiplying the time elapsed to failure (t) by

the loading frequency (f).
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M

Nttotar = Nwithoutrp + 2 AN
i=1

Where Nrwithoutrr IS the number of cycles from a fatigue test without a rest period, and
ANy ; is the increase in Nr due to the i rest period.

Following this study, a simplified fatigue model that can predict the fatigue life of
asphalt mixes using only the viscoelastic properties is presented by Lee and Kim in 2003
(14). It was reduced to a simpler version based on observations from experimental data.
The findings of this study included that the fatigue behavior is affected by both the
viscoelastic properties ([E*| and me) and fatigue characteristics. Also, the coefficient ay in

the damage evolution law was found to be related to the m-value using the following
relationship: a; = 0.5 +%
Also, the coefficients ki and k. from the conventional fatigue model (N; = k; = e=(2))

were represented as follows:
ki =La(a)SP|E « |7 and k, = 2a; = 1+ =
1= zalay 2 1 -

The model in this paper can accurately predict the change in the fatigue life of an HMA
mix due to the changes in asphalt content and air voids. However, further levels of ageing
and temperature variations should be studied in the future since only isothermal and
nonageing conditions were considered for the development of the model. The final and

simplified version of the model is the following:

4 _
Nf — —fa(a1)0'5+b|E* |—2a1 *60 2aq

Vr
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The parameters are defined as follows:

The constants a and b are regression constants

E* is the dynamic modulus in function of frequency and temperature, but is constant due
to the isothermal and single-loading frequency used for the testing

€, and f are loading conditions parameters

E* and oy are the material’s viscoelastic properties parameters

And the m values were obtained from creep and dynamic modulus data.

Another study states that four ship factors, which can be used with the laboratory-
derived fatigue life prediction equations to estimate the in-service fatigue life of HMA
have been identified. These four factors are: stress state, traffic wander, HMA healing
and material properties. These derived factors utilize the measured stresses and strains at
the Virginia Smart Road, to determine the stress state and traffic wander shift factors

based on appropriate pavement and loading modeling.

According to Vanelstraete et al in 2000 (18) , the number of cycles of a specific load that
a pavement can withstand before it cracks may be related to the critical strain using a

classical fatigue law:

N=Cx¢g®

Where N is the number of cycles before crack initiation,

€% is the critical strain and a is the slope of the fatigue curve

And C is the constant of the fatigue life.
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To address the differences between the measured and calculated strains, a different
approach had to be considered by introducing the real field conditions by Al Qadi et al
(2003)(19). It has been found that the multi-layer elastic theory deviates by almost 65%
of real measured pavement responses. To adjust for this difference, shift factors were

used as follows:
SHFoverall = SHFstress—state X SHFtraffic—wander X SHFmaterial X SHFhealing

Where SHF,,0rq1; 1S the overall shift factor, SH F,.0ss—scate 1S the shift factor to account

for the difference in stress state, SHFyyqf fic—wanaer 1S the one to account for traffic

wander, SHF,,4teriqr 1S the shift factor to account for the difference in materials in the lab
and placed in the field. Finally, the last shift factor accounts for the HMA healing during

the rest periods.

These adjustments have shown a variation of 15% instead of 65%, which is a great deal

in terms of fatigue prediction.

In 1996, Monismith and Deacon (20) defined a fatigue failure criterion of 50%
loss of the initial flexural stiffness under a cyclic loading condition, as an allowable load
repetition for fatigue damage. This conventional fatigue analysis assumes that the damage
is accumulated during cycle loadings to a predefined fatigue failure criterion. This
approach focuses on modelling a fatigue life transfer function, that correlates between the
number of cycles to failure. This number of cycles is governed by a pre-defined failure

criterion and strain amplitude, as well as an initial stiffness or dissipated energy.
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2.1.b.3 Four-Point Bending Beam and Fatigue Cracking

Fatigue cracking was generally thought to be the greatest at the bottom of the HMA,
where the critical tensile strain exists. However, it is often hard to measure these tensile
strains at the bottom of the HMA at the lab. Therefore, the four-point bending beam
fixture is usually employed to characterize the fatigue behavior under displacement-
controlled mode, at the middle of the specimen by Pronk, in 2006 (21). The maximum

bending stress is given by the following formula:

34
Omax = W 0

And the maximum tensile strain is given by:

12h
€max = mvmax

Where h, L and A are the beam dimensions (mm),
Fo is the Load (N),
Vmax is the maximum deflection at the center of the beam (mm)

And g,,,, and &,,,, are the maximum bending stress and the maximum tensile strain

respectively.

The stiffness Modulus K is simply the ratio of the stress to the strain, in MPa. The
specimen is repeatedly loaded in stress or strain controlled, until the predefined failure
occurs (tertiary flow is reached or N+-50%). The test runs until visible cracks occur and

propagate from the near end of the secondary stage to the end of the tertiary stage.
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The number of cycles to reach this failure is measured. As it takes a relatively long time
to reach the failure criterion at low strain levels, SHRP M-009 and AASHTO TP8-94
(22)set a new failure criterion as a 50% reduction of the initial stiffness measured after 50

applied load cycles.

As the maximum tensile strains at the bottom the HMA layer are used to
determine the fatigue damage in the pavement design process, they are used to predict the
fatigue life in several models. One model uses the extreme strain at the 200" loading
cycle of the 3" point loading as follows by Monismith and Deacon 1969, Monismith et

al., 1972 (23)

K2

e (2
f 1 &

Where Nt is the load repetitions to failure,
g, s the initial strain at the 200" load repetition,
And K1 and K2 are regression coefficients.

If the tensile strain at the bottom of the HMA is utilized, then the fatigue damage function

is generally described as:

Ny =fxe] 00w ES
Where Nt is the allowable load repetitions,
& 1S the horizontal tensile strain at the bottom of the HMA

Et is the elastic modulus of the HMA (psi)
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And f1, > and f3 are constants determined from fatigue testing at the lab.

In 1982, the Asphalt Institute developed a fatigue damage model for the 20% of

cracked area as (Finn et al., 1986) (25):
N = 0.0796 * g7 3% « E;085%

It is to be noted that most of the conventional fatigue damage criteria are based on the N¢-
50% failure criterion (50% reduction in the initial stiffness of the HMA). However, no
approach considers a process to classify the behavior of the HMA as brittle or ductile

based on fatigue parameters.

2.1.b.4 New Fatigue Prediction Threshold

In 2010, Yoo and Al-Quadi (26) proposed a promising fatigue life prediction
threshold, Ny, as a transition point where the stable fatigue behavior evolves into the
fatigue failed. It is an allowable loading repetition reaching the crack initiation and
propagation. This method uses the ratio of the dissipated energy change instead of the

conventional N-50%.

The Nt threshold was used, and a transfer function for the number of loading cycles to

fatigue failure was constructed. Four fatigue parameters were needed for the mix used
(13-mm dense graded HMA) as % gr, b and c. There are the intercepts of the fitting lines

at failure, evaluated at N+=0.5 and b and c are the slopes of the log-log plot for the elastic
and plastic strains respectively.
As the accumulated fatigue damage may result in micro and macro cracks on the 4PD

specimens, it means that the fatigue cracks may be developed in two strain-controlled
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modes, LCF (by high strain amplitudes) and HCF (by low strain amplitudes). The LCF
failure occurs at fewer than 5000 loading cycles, at strain levels in the range of 800 to
1200 pe. The HCF failure occurs at more than 300,000 loading cycles and at strain ranges
from 100 to 300 pe. This may be due to the presence of a transition area, separating the
LCF and HCF into the elastic region that considers the limit strain amplitude without any
noticeable damage to the sample (referring to the Coffin-Manson formulation of the
transfer function). The final form of the total strain amplitude to the loading cycles to

failure for the 13-mm dense graded HMA is given as follows:
Ff 0 NP ot (o \C
ea =5 (2N;)" + &7 (2Ny)
This equation assumes that the specimen fails at the highest point of the half cycle of a
reversed strain amplitude (g,) at a very high strain input.
In addition, this method classifies the HMA as either brittle or ductile. However, it still

depends on the mixture, temperature and loading conditions. Therefore, further testing is

still required at different conditions.

2.1.b.5 MEPDG Fatigue Life Prediction and Analysis

According to the AASHTO Mechanistic-Empirical Pavement Design Guide, the MEPDG
can predict two types of cracking: Alligator cracking and Longitudinal Cracking. It is
assumed that the alligator or area cracks are initiated at the bottom of the HMA layer and
propagate to the surface with traffic. As for longitudinal cracks, they are assumed to
originate from the surface.

Since these cracks are load related, the allowable number of load repetitions is predicted

based on certain inputs related to the mixture. This number is corrected based on the type
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of cracking endured. This number of allowable axel-load applications is based on the
dynamic modulus, field calibrated parameters, as well as the Effective asphalt content by
volume (Vge), and the percent of air void in the mixture.

The predictive model goes as follows:

Nf_nma = kfl(C)(CH)(.Bfl)(gt)kuﬁfz (Eqma)*rsbrs
Where the Nr.1wma is the allowable number of axle-load applications for HMA
&t 1S the tensile strain at critical locations
Enma is the dynamic modulus of the HMA in compression
Kr1, Kr2, kes are the global field parameters taken to be equal to 0.007566, -3.9492 and -
1.281 respectively

Br1, Br2, Pr3 are local or mixture specific field calibration constants, set to be equal to 1.0

C=10M where M = 4.84 = (V% — 0.69)
And Vyetf is the effective asphalt content by volume and Va is the percent of air voids
Chn is the thickness correction term, depending on the type of cracking under study.
This correction term is solely based on the total thickness of the HMA layer and has two
different equations depending if it reflects the alligator cracking or the longitudinal
cracking.
For alligator cracking:
1

0.003602 )

1 + 911-02_3-4’9*HHMA

CH:

0.000398 + (
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For top down longitudinal cracking:

CH=

0.01 + (1 ¥ 315.6761—22.8186HHMA)

Based on this number, the MEPDG calculates the incremental damage indices throughout
the HMA layers (ADI). It is found by diving the actual number of axle-loads by the
allowable number of axle loads just defined previously. The incremental damage indices
over time are summed up in order to find the cumulative damage index DI for each
critical location. After this term is found, it is used to predict the amount of cracking on

an area basis.

n
- jmLpT

Where n is the actual number of axle-load applications within a certain time

J is the axle-load interval

m is the axle load type (Single, tandem, tridem, etc.)

I is the truck type using the truck classification groups within the MEPDG

p is the month period

And T is the median temperature for the five temperature intervals used to subdivide each
month.

This parameter is then used to estimate the amount of alligator and longitudinal cracking

according to these two formulas respectively:

Cy
1+ eClCI"'CZC;LOQ(DIBottom*lOO)

1
)(

FCgottom = (@
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FCgottom IS the area of the alligator cracking initiated at the bottom of the HMA layer, in
% of the total lane area
Dlgottom s the cumulative damage index at the bottom of the HMA layers
C1,24 are the transfer function regression constants having values of 1, 1 and 6
respectively

C; = —2C; and C; = —2.40874 — 39.748 * (1 + Hyp,) — 2.856
The same procedure is done in order to get the length of the longitudinal cracks at the top

of the HMA layer. Noting:

Cy
FCTOp = 10.56 (1 N ecl_CZ log(DITop)>

Where Dlrop is the Cumulative Damage Index near the top of the HMA surface

C1,2.4 are the transfer regression constants equal to 7, 3.5 and 1,000 respectively.
2.1.c Thermal Cracking

2.1.c.1 Mechanism of Thermal Cracking

Concerning HMA pavements, thermal cracking is mainly associated with the change in
temperature. Thermal cracking is also referred to as Transverse Cracking. It occurs in the
asphalt surface layers as the temperature fluctuates in certain areas. The more the
temperature fluctuates, the more the asphalt structure will be subjected to contraction and
expansion phenomena. In addition, the more the structure is exposed to temperature cycles,
the higher the formation and propagation of this type of cracks. Further on, the surface
layer is subjected daily to contraction. With a higher temperature drop, the surface layer
will contract even more. However, some constraints will prevent this layer to contract,

including the friction at the bottom of the HMA layer and the continuity of the layer itself
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(referring to Figure 5). Tensile stresses are going to build up in this layer, and eventually
lead to the formation of cracks. These cracks are the result of the accumulation of stresses
gathered on each temperature change cycle.

With time and continuous temperature cycles, the cracks will develop, interact with load
related forces and increase in severity. A high severity and expanded version of this type
of cracking is called Block Cracking, which is a series of interconnecting cracks that form

in a roughly rectangular pattern on surface layer.

Contraction HMA surface
— ~— layer

< < < b e o 7 7 7
Friction on Underside of HMA Surface
Figure 5- Contraction Constraints (31)

This phenomenon happens if a material is unrestrained. In other words, it will
shorten as the temperature drops. If the material restrained, it would result in the
development of thermal stresses. This concept is referred to the tensile stress to tensile

strength relationship shown in the Figure 6 below:

Tensile
Strength

Stress

Thermal Stress

Temperature
Figure 6- Relationship between Tensile Strength and Tensile Stress (31)
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This figure shows the concept that when the material is subjected to a tensile stress equal
or greater than the tensile strength of the material, cracking will be developed. In terms of
viscoelasticity, in the case of the asphalt material, thermal stresses will develop when the
temperature drops. The stresses are dissipated through stress relaxation. However, at
lower temperatures, the asphalt cannot relax the stresses and therefore the stresses cannot
be relaxed as fast as for higher temperature. For this reason, the stresses that are not
released are dissipated. The more the stresses are stored, the most likely a crack will
occur.

According to Vinson and Janoo (1989) Error! Reference source not found. , it is to be n
oted that the temperature at which the failure occurs, or in other words the crack occurs,
is referred as the fracture temperature.

Thermal cracking is observed to appear at a constant pattern and spacing,
approximately 100 feet apart or more. As the pavement ages, with temperature
fluctuations, the spacing of thermal cracking gets lower and cracks are more frequent.

Two types of temperature cracking are known so far: Low Temperature Cracking
and Thermal Fatigue Cracking. These two types are further discussed in the following

sections.

2.1.c.2 Low Temperature Cracking

As mentioned previously, the tensile stresses developed in the HMA pavement as
temperature drops are associated to the low temperature cracking. At first, micro-cracks
will develop at the surface of the pavement and will propagate through the depth of the

layer as thermal cycles occur. Low temperature cracking is characterized by being
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transverse to the direction of the traffic, and are spaced from 3 ft up to 300 ft. Transverse
cracking that are spaced less than the width of the pavement are most likely to cause
longitudinal thermal cracking. This behavior leads to a block pattern, referring to the
Block Cracking distress.
2.1.c.3 Thermal Fatigue Cracking
In general, the daily temperature cycling occurs at higher temperatures than the one
required for low temperature cracking. Also, the stresses in the pavement is far below the
strength of the mixture for these temperatures. For this reason, failure does not happen
immediately and develops over time. This is quite similar to fatigue cracking associated
with traffic load induced strains in asphalt concrete.
In order to show the difference in temperatures for both low temperature cracking and
thermal fatigue cracking, the Figure 7 below illustrates the importance of the temperature
ranges.

Fatigue failure occurs when the ratio of the applied strength to stress is closer to 1.
The higher the ratio, the faster the damage accumulates.

20°F 70°F

Arxea of Thermal No
Thermal

Stresses

Tensile Strength

[~

Temperature

Figure 7- Temperature Ranges Associated with Different Thermal Cracking (31)
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In 1984, Sugawara and Mariyoshi (34) studied when mixtures were subjected to
thermal cycling until failure was reached. It was determined that fatigue failures occurred
when the minimum temperature was close to the fracture temperature (explained in
section 2.1.c.2).

In addition, fatigue failures were observed with stiffer binders. In other words, a lower
number of cycles to failure was observed for harder and stiffer binders. The number of
thermal cycles to failure was assessed by the equation stated below. Several tests were
conducted at different temperatures and different cycle magnitudes. The relationship
derived is close to the one identified for the load-related cycles to failure:
Nep =c* (1 orl)m
o ¢

Where

Nt is the number of thermal cycles to failure

ot is the tensile stress

&t IS the tensile strain

¢ and m are factors depending on the material composition and mix properties.

In 1974, Shahin and McCullough (35) have presented a damage model to predict
temperature cracking in flexible pavements. However, there method was highly criticized
as it doesn’t account for crack initiation and propagation as well as redistribution of the
stresses in a multi-layered system.

In 1985, Mahboub and Little Mahboub (37) highlighted the importance of crack
initiation and propagation. According to those two researchers, these phenomena are

greatly related to estimating the thermal fatigue life of asphalt pavements.
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If the asphalt pavements behave in a brittle manner, as they would normally do at lower
temperatures or high loading frequencies, the time required to initiate the crack will be a
great factor contributing to the fatigue life, and crack initiation will be faster. However, if
the asphalt pavement has a ductile behavior, the time needed for crack propagation will
be grater, and delaying the fatigue life of the pavement.

In 1976, Majidzadeh et al. (38), developed a linear elastic fracture describing the
fatigue life of asphalt pavement. It represents the process of crack initiation, propagation
and fracture.

In August 2013, Dave and Buttlar (50) developed a new version of the
TCMODEL, called HIITC. It is a software that uses a user-friendly graphical interface
with a stand-alone finite-element-based simulation program. It includes a pre-analyzer
and data input generator module that develops a 2-D finite element pavement stress
simulation algorithm. Cooling events are identified as critical and are rigorously
simulated using a viscoelastic analysis engine coupled with a fracture-energy-based

cohesive zone fracture model.

2.1.c.4 Coefficient of Thermal Contraction

The volume of asphalt concrete decreases as temperature decreases. The relative change
in volume for this case is expressed by the coefficient of thermal contraction. The
average value of the volumetric thermal coefficient of contraction over a temperature

change interval is defined by the following formula:

AV
AT %V,

B
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Where B is the volumetric coefficient of thermal contraction
Vo is the volume at the reference temperature
AV is the change of volume due to the temperature change from the reference
temperature to the other temperature considered (AT)
The linear thermal coefficient of contraction reflecting the relative change in

length of the material due to temperature change is given by the following formula:

Y’
CT AT+ L,

Where

o is the linear coefficient of thermal contraction

Lo is the length at the reference temperature

AL is the change of length due to the change in temperature from the reference
temperature to the one considered (AT)

If the material exhibits the same thermal expansion/contraction in every direction, it is

said to be isotropic:

2.1.c.5 Glassy Transition Temperature

This concept is important to mention, as viscoelastic materials exhibit two coefficients of
thermal contraction: the glassy and fluid coefficients.

When the change of thermal coefficient happens, the temperature defining this change is

called the Glassy Transition Temperature “Tg”. For temperatures greater than Ty, the
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asphalt binder exhibits its fluid coefficient of contraction. For temperature lower than Ty,
the binder is defined by its glassy coefficient of contraction.
These two modes greatly differ in terms of physical properties, between glassy and fluid
behaviors.

The glassy behavior is reflected by testing the specific volume change over a wide
range of temperatures. At the glassy temperature, the volume-temperature curve has a
sudden change in slope. In 1966, Schmidt and Santucci (39) has investigated the glassy
temperature of multiple asphalt binders and found that the T4 ranges from -36 to -15°C.
In addition, in 1984, Sugawara and Moriyoshi (40) noted that if the temperature is
maintained to be higher than Ty, the sress would relax without fracture under thermal

stresses. However, if the temperature is lower than Ty, failure will occur.

2.1.c.6 Superpave Thermal Cracking Predictive Model
Several models have been developed over the years to predict the thermal cracking
behavior of the HMA pavements.

Hiltunen and Roque (41) have proposed a model consisting of three major
components: the first model is a pavement response model used to calculate the stress due
to cooling, the second module is a mechanics-based model used to determine the
progression of a virtual crack at one crack site having average material properties, and the
third component is a probabilistic models determining the whole amount of thermal

cracking visible on the pavement surface.
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This model is also known as the “Superpave TC Model” or “Superpave Thermal
Cracking Model”. The final output of this model is the amount of thermal cracks per unit

length of the pavement.

The first module, which is the pavement response model, predicts the thermal
stresses within the pavement using the material properties and structural information as
well as the temperature predictions. The Thermal Response Model is based on a one-
dimensional constitutive equation to model the two-dimensional stress distribution within
the asphalt later. The thermal stress predictions within the asphalt layer are based on

Boltzmann’s Superposition Principle for Linear Viscoelastic Materials:

§ de

B -8 (G) d¢

o© = |
0
Where

o (&) is the stress at reduced time &
E(&- &) is the relaxation modulus at reduced time &- &’

¢ is the strain at the reduced timed &, equal to aT () — Ty)
with a as the linear coefficient for thermal contraction
T(&’) the pavement temperature at reduced time &’

To is the pavement temperature when the stress is equal to 0

&' the variable of integration
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The viscoelastic properties of the asphalt mixture were represented using a

generalized Maxwell Model expressed as follows:

N+1

§
E® =) Fe ™
i=1

Where

& is the reduced time, and is equal to t/ar

E(&) is the relaxation modulus at the reduced time
t is the real and actual time

ar is the temperature shift factor

and E; and Ai are the Prony series parameters

The relaxation modulus function is obtained by the interconversion principle. It
consists of transforming the creep compliance function that is determined by multiple

creep tests at multiple temperatures. The creep compliance formula goes as follows:

N £
D(E) = D(0) +ZDi(1 —e T) +ni

Where D(&) is the creep compliance at the reduced time &
& is the reduced time at t=ar
ar is the temperature shift factor

and D(0), D;j, ti, nv are Prony series parameters
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The second model, which is the Crack Depth Fracture Model, is based on the
Paris Law for crack propagation. It is used to predict the change in depth of a crack

subjected to a cooling cycle as follows by Paris and Erdogan:

AC = A (AK)™

Where:

AC is the change in crack depth due to a cooling cycle

AK is the change in the stress intensity factor due to the same cooling cycle

A and n are fracture parameters

The following figure represents this model:

- L
Th 1ly-
A( ermally
Induced
“ > Stress
Crack Tip Asphalt Concrete Surface Layer

Figure 8- Representation of the Crack Depth Fracture Model (30)

The change in crack depth is accumulated on a daily basis to determine the total crack
depth in function of time. It is related to the total amount of cracking according to a crack
depth distribution function. As the material changes along the length of the pavement

section, different crack depths will be resulting for the same exposure conditions.
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The fracture parameters A and n must be determined based on the material
properties. According to Schapery’s theory of crack propagation in the nonlinear
viscoelastic materials, the parameters A and n are theoretically related to the slope of the
linear portion of the compliance vs time relationship obtained from creep tests, the
fracture energy measured when released by crack propagation and the maximum strength
of the material determined after the creep test.

According to Molenaar, A and n chould be estimated based on experimental
results, such as the m-value and maximum stress at failure of the material:

logA = 4.389 — 2.52 * log(E * g,,, * n)
Where
E is the mixture stiffness in psi

oy, 1S the mixture strength in psi
Andn = 0.8 * (1 + %) suggested to Lytton et al. in 1993 (42)

Both the mixture strength and the m-value are determined from laboratory tensile creep
and failure tests.

Concerning AK, which reflects the stress intensity, another model is involved. It predicts
essentially the stress at the tip of the local crack. The software CRACKTIP was used by
Hitunen and Roque (41) to model a single vertical crack. Using the software, an estimate
of the stress intensity factors was developed to model the software in a simplified way:

K = 0(0.45 + 1.99 = €2-°%)
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K is the stress intensity factor
o is the stress from the pavement response model at the depth of the crack tip and Co is
the current crack length.

The last and third component of the TCMODEL reflects the Crack Amount based
on probability. It uses the crack depths calculated by the second component (Crack Depth
Fracture Model). According to Shahin and McCullough in 1974 (35), this model is
associated to the following assumptions:

- There is a maximum number of thermal cracks that can occur and they are
uniformly distributed throughout the sections
- Acrack is not considered to be a thermal crack until it has propagated through the
depth of the entire asphalt later
- The distribution of the crack depths is normally distributed.
This model is represented by the following equation, as a function of the probability that
the crack depth is greater than or equal to the thickness of the surface layer:

AC = N
P * pn

Where

AC is the observed amount of thermal cracking

B is the regression coefficient equal to 381.4

P() is the probability that [logC>logD]

N() is the standard normal distribution evaluated at [log(C/D)/o]

o is the standard deviation of the log of the depth cracks in the pavement, equal to 0.654
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C is the crack depth determined from the fracture model
D is the thickness of the surface layer

This concept is also shown by the following figure:

JE T 1] T+

P (log C > log D)

l z

log Co log D

log C ~N (log Co, 6?)

Figure 9- Crack Amount Model (30)

The initial SuperPave study on modeling thermal cracking utilized Schapery’s
theory of crack propagation in nonlinear viscoelastic materials. Schapery justified the use
of the Paris’ law for the description of the crack growth process in viscoelastic materials.

He presented the following relationship:

1— 2 Dl% At
e s I CRT

6% 032
Where n = 2 * [1 + %] for stress-controlled tests and n = % for strain-controlled tests

om= the tensile strength of the material

I:= value of the integral of the dimensionless stress-strain curve of the material having an

average value between 1 and 2.
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D1 = the compliance coefficient D1, in the power-law creep compliance

m = slope of the log compliance versus log time graph

I' = fracture energy, defined as work (applied force times resulting

displacement) done on a material to increase the fractured surface with a unit area

w(t) = the normalized waveform of the applied load with time. Its values range between

Oand 1.
At = period of the loading to complete one cycle of loading

Zborowski et al. in 2007 (31) suggested a modified TCMODEL, comparing to the
MEPDG at a R? value of 0.995. he developed a new and modified Schapery parameter
“A”. The only modification done to this model was to assume a value 0.12 for the
Poisson’s Ratio. The second part of Schapery’s model is assumed to be equal to one,
since in the case of the thermal cracking analysis using the IDT methodology, cyclic
loading doesn’t occur. The tensile strength and total fracture energy are using the
calculating “A” and were interpolated from three laboratory measured values at the
temperature of the maximum stress occurrence. The new “A” is not a constant material

property anymore, and is temperature-depending with every new cooling cycle:

1

_m [(1-012%)Dy]m
6% 021? 2r

The old “A” values were higher and were indicating higher potential for thermal cracking

for softer mixtures when compared to the new “A” model.
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Twenty-three mixtures including conventional and asphalt rubber were used in the
four different climatic regions to conduct a preliminary calibration and check the
rationality of the new thermal cracking model. The results obtained were improved and
more rational in terms of predicted thermal cracking with the new model. Also, lower
predictions were found for the asphalt rubber mixtures whereas using the older model,
higher predicted cracking was found in colder regions and unreasonable results for the

warmer climates.

2.1.c.7 Factors Affecting Thermal Cracking

Vinson et al. Error! Reference source not found. describe and discuss the i
nfluence of multiple factors on how HMA resist low temperatures and thermal fatigue
cracking. The factors that influence of low temperature and thermal fatigue cracking of
pavements are categorized under 3 main titles: Main properties, Environmental
Conditions and Pavement Structure Geometry.
Under the first category, the main properties of an asphalt mixture have a great effect on
the thermal behavior of the structure. The Asphalt binder plays a big deal with regards to
low temperature cracking in HMA. Since the Temperature-Stiffness relationship of the
binder is a very important concept to consider, mainly as the consistency of the binder
and temperature susceptibility at low temperature. A softer binder will have a lower rate
of increase of stiffness when the temperature decreases, and therefore reduces the
potential for low temperature cracking. Concerning the Aggregate type and gradation, the

resistance to transverse cracking is related to the aggregates that have a high abrasion
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resistance, low absorption and low freeze and thaw losses. However, it was found to have
little influence on the low temperature strength.

The asphalt binder content also doesn’t have a significant influence on the low
temperature cracking. As the asphalt content increases the thermal contraction
coefficient, it lowers the stiffness. Finally, the air void content and the degree of
compaction do not significantly influence the low temperature cracking of the mix as
well.

Now concerning the Environmental Factors and Conditions, the Temperature has
a high impact as the colder the pavement surface, the greater the occurrence of thermal
cracking. Most of the thermal cracks are initiated when the temperature decreases to a
level below the glassy temperature, as explained in the section 2.1.c.5. Second, the rate of
the cooling is also a major factor, whereas the greater the rate of cooling, the greater is
the tendency for thermal cracking. Finally, the pavement age plays a big role as well. As
the pavement gets older, the greater the occurrence of thermal cracking. As the pavement
ages, its stiffness increases. Also, the air void content influences the ageing
characteristics of the mix.

Concerning the pavement geometry factors, several ones affect the thermal
cracking response. The first one concerns the pavement width, as thermal cracks are more
closely spaced for narrow pavements. The initial crack spacing for secondary roads is of
24ft, whereas for general aviation airports, the spacing is greater than 150ft. In addition,
as the pavement ages, secondary and tertiary cracks develop. Second, the pavement

thickness affects thermal cracking as the thicker the asphalt layer is, the lower the
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occurrence of thermal cracking. The friction coefficient in the asphalt layer and the base
course also have an impact on the thermal performance of the asphalt pavement structure.
It has been shown that using a prime coat on an untreated base reduces the occurrence of
low temperature cracking. This may be due to the fact that the asphalt binder layer is
bonded perfectly to the underlying granular based having a reduced coefficient of thermal
contraction. The subgrade type also plays a role in the thermal performance, as the low-
temperature cracking shrinkage cracking occurs more for pavements having sand
subgrades than with cohesive soils. Finally, the construction flaws affect the asphalt
layers at high temperature and having low mix stiffness. It creates transverse flows as the

pavement cools, cracks may be initiated.

2.1.c.8 Thermal Cracking Testing Methods
Several testing methods are defined and used to measure the thermal cracking
performance of asphalt mixtures, notable the Direct Tension Test (DTT) , the Indirect
Tension Test (IDT) and the Thermal Stress Restrained Specimen Test (TSRST),
suggested by Monismith et al.(43) in 1965.
In this study, the IDT test is of interest, and therefore will be described in detail. The
description will also include further modifications suggested by ASU.
2.1.c.9 IDT Test Methodology and Protocol

Tensile creep and tensile strength test data are major material inputs required for
the MEPDG 2002 Design Guide (30), when a thermal fracture analysis is desired. The
predictions in this design guide are based on a module called TCMODEL, developed

during the SHRP research. The IDT is used to develop the tensile stresses along the

52



diametral axis of the test specimen. The test is conducted by applying a compressive load
to a cylindrical specimen through two diametrically opposite arc shaped rigid platens.
Based on the theory of elasticity, the strain can be expressed in three-dimensions, that can
be ideally reduced to a two-dimensional analysis for special loading conditions.
Concerning the circular disk, the 2-D analysis can be categorized as plane stress,
according to Way et al. in 2006 (48).

The Figure 10 shows a schematic diagram of the IDT:
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Figure 10- Schematic Diagram of the IDT Test (31)

Furthermore, a creep compliance data is needed to predict the tensile stress development
in the asphalt concrete layers resulting from temperature cycling. The material inputs for
the fracture model are the tensile strength at -10°C and the m-value. The tensile strength
can be obtained directly for the IDT test, whereas the m-value is the slope of the creep
compliance master curve and is obtained using compliance data from the Indirect Tensile
Creep Test. The creep compliance curve is obtained from the IDT creep testing. Both

values of the tensile strength and creep compliance are used in a linear viscoelastic
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analysis to calculate the low temperature and fatigue cracking potential of the asphalt
concrete.

The IDT Tensile Test procedure was carried out and developed by Roque et
al.(24) It was described in the AASHTO TP0-02. Two modifications were suggested to
the original protocol. The first one includes the original LVDT’s gage length of 1.5
inches to 3.0 inches, center to center. The second one suggests using a temperature of -
15°C instead of -20°C.

Concerning the Indirect Creep Test, a constant static load is applied to the
specimen for 100,000 seconds while recording the horizontal deformations. The
horizontal deformations are recorded also for another 1,000 seconds after the load is
removed to calculate the recovery of the specimen. Poisson’s ratio is also calculated
based on the vertical and horizontal deformations measured by the LVDT’s. The Figure
11 shows the elastic and viscoelastic strain components that exist during both loading and
unloading conditions. The plastic and visco-plastic components only exist during the

loading portion:

Strain, &

Time, t
Figure 11- Total Strain Response for Typical Indirect Creep Test (31)
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The Roque et al. (24) IDT protocol is now based on the use of a 100 second creep test.
Enhanced data analysis techniques through the program MASTER as used to get accurate
evaluations of the time-temperature shift factors (ar) and the creep compliance mode fit
and creep compliance master curve.

The phenomenon of static creep shown in the figure above illustrates the strain-
time response of an asphalt mixture. It is divided into recoverable and non-recoverable
components (time-dependent or time-independent):

Where the total strain 7 is found using this concept:

Er = Ee T & T Epe T Eyp
Where

.= the elastic strain, recoverable and time independent
gp= the plastic strain, irrecoverable and time independent
g~ the viscoelastic strain, recoverable and time dependent

Eyp= the visco-plastic strain, irrecoverable and time-dependent

As vertical and horizontal LVDT’s are mounted on the specimen, the horizontal
and vertical deformation during the IDT Creep test were measured. The test was
conducted at three different temperatures: 0°C, -10°C and -15°C. The obtained data was
extrapolated to obtain the creep compliance parameters at -20 °C. The tensile creep was
determined by applying a static load of a fixed magnitude along the diametral axis of the
specimen. As the vertical and horizontal deformations were measured near the center of
the specimen, the tensile creep compliance could be calculated as a function of time. It is
important to select the right loads to keep the horizontal strains in the linear viscoelastic

range during the creep test.
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The tensile strength is immediately determined after conducting the creep test, by
applying a constant rate of vertical deformation to failure.
A modified method is suggested to measure the tensile strength allowing the
determination of the energy until failure and total fracture energy that was applied. For
this method, the vertical LVDT’s were removed due to the possible damage in the post-

failure phase of the test.

2.1.c.10 Calculation of the Creep Compliance Parameters
The creep compliance derived from the indirect tensile test is similar from the one
determined from the Triaxial Compressive Creep Test. It is given by the following
equation:
D(t) = Dy xt™

Where D(t) is the total compliance at any time
t is the loading time
D1 and m are the material regression coefficients
The regression coefficients are referred to as the compliance parameters and they are
general indicators of the creep behavior of the material: D is the intercept of the log of
the creep compliance curve and 1/m is the slope of this curve. It is plotted in terms of log
of the time.

Creep compliance for the biaxial stress state exists and is obtained through
Hooke’s law by the following formula:

Ex

D(t) = whenao, =0

Ox —V *0y
It has been corrected later by Roque et al (24) as per the following:
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e® _ (Hn(@®xD*T)

D(t): o P+ GL cmpl

X 1
Where as oy = 0.6354 * (;) —0.332

0.20 < < < 0.65 and [0.704 —0.213 (b—g)] < Compr < [1.556 —0.195 * (”—9>]
D

avg avg
D(t) is the creep compliance response at time t

Hwm(t) is the measured horizontal deflection at time t

GL is the gage length

P is the creep load

t is the specimen thickness

D is the specimen diameter

u is the Poisson’s Ratio
The value of % is also used to calculate the Poisson’s ratio of the material during
testing:

v =—0.10 + 1.480 (5)2 —0.778 (%)2 (§)2 and 0.05 < v < 0.5

Y

The next step is to calculate the tensile stress corrected for the 3D effects. It has the

following formula below:

0y = =5 Cyp and Cyye = 0.,948 — 0.01114 + (g) —0.2693 * (v) + 1.436 * (g) x
(v)
The maximum tensile strain corrected is found by the following equation:
Hy
Ep = — * C
¥ Gligra ¥
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With Cgyx = 1.03 — 0.189 (i) —0.081 * (v) — 0.089 (5)2.

D D

The master creep compliance curve fit to a Power model is defined by the
following equation. The results of the development of the master curve are needed to
continue the calculations.

D(§) =Dy + Dy x§™
Where & is the reduced time
D(§) is the creep compliance at reduced time &

Do, D1 and m are the power model parameters

2.1.c.11 Calculation of the Tensile Strength

The tensile strength is used to evaluate the effect of moisture within the pavement
structure and determine its fracture resistance. It is accurately determined by conducting
the IDT test. It is determined right after determining the tensile creep by applying a
constant rate of 12.5 mm/min of vertical deformation to failure.

The model computes the failure strength of each test specimen, which is defined
as the stress at which the first failure occurs. The tensile strength of the mixture, at the
three temperatures noted are also required. The TCMODEL however only needs the
value at -10°C.

In the IDT Protocol, a special procedure is utilized to determine the failure load achieved
during the Indirect Tensile Test. Therefore, at the instant failure, the failure load can be
defined and the tensile strength computed from:

2% B % Coy
=—T Ty

™ gDt
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P~ failure load, C_= correction factors (previously defined), t = specimen thickness and
D = specimen diameter

The parameters from the Indirect Tensile Strength test that can be considered for
the cracking performance of the mixture are the Indirect Tensile Strength (St), the Tensile
Strain at Failure (f), the Fracture Energy to Failure (I'r.) and the Total Fracture Energy
(Tx). It is important to consider the energy approach to the thermal analysis of asphalt
pavements since it doesn’t only consider the maximum force the specimen is able to hold
but also the amount of deformation that the mixture can experience without cracking.

The tensile strain at failure is the horizontal strain corresponding to the failure
strength. The horizontal strain is calculated as an average deformation, measured by the
horizontal LVDTs and divided by the gage length GL (typically 3 inches).

The energy until failure is simply the area under the load-vertical deformation
curve, until the maximum load had occurred.

The total fracture energy is the entire area under the load-vertical deformation

curve.

2.1.c.12 MEPDG Level 3 Thermal Cracking Prediction Equation

The ASU research team was responsible of developing the flexible pavement part for the
MEPDG software. Therefore, the level 3 analysis had numerical optimization techniques
developed related to the creep compliance and tensile strength of the pavement mixtures
to be studied. As these predictions were developed, they were based on correlations of the
creep compliance and tensile strength data with the volumetric properties of the mixtures.

The creep compliance was still determined as the following response:
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D(t) = Dy xt™
Where Dy (1/psi) and m are the fracture coefficients obtained from the creep compliance
of the mixture and t is the loading time in seconds.
The D1 and m parameters were calculated for each temperature of -20, -10 and 0°C. Once
they were selected for each mixture by nonlinear regression analysis, they were
correlated to different volumetric properties (Air voids, VFA, Penetration, A and VTS).
The following correlation was found by the research team:
log (D;y = —8.5241 + 0.01306T + 0.7957 log(V,) + 2.0103 log(VFA)
— 1.9231log(Agrro)

Where:
T = Test temperature ('C) (i.e., 0, -10, and —20 'C)
V,= Air voids (%)

VFA = Void filled with asphalt (%) = —<.— « 100
beffTVa

A__= Intercept of binder Viscosity-Temperature relationship for the RTFO condition

For the m* parameter, the best relationship found was:

m = 1.1628 — 0.04596V, — 0.01126VFA + 0.0024 * Pen,, + 0.001683 * Pen%;¢°5T
Where

T= Test temperature ('C) (i.e., 0, -10, and —20 °C)

V,= Air voids (%)

VFA = Void filled with asphalt (%)

— R - — 290.5013+/8.1177.288+257.0694+10A+2.72973+VTS
Pen77— Penetration at 77 F =10
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Aq1ro= Intercept of binder Viscosity-Temperature relationship for the RTFO condition

VTS, 1o = Slope of binder Viscosity-Temperature relationship for the RTFO condition

The tensile strength (in psi) at -10°C was also correlated with the volumetric
properties as follows:
S, = 7416.712 — 114.016 * V, — 0.304 * V> — 122.592 VFA + 0.704VFA? +

405.71log(Pen,,) — 2039.296 * log(Arrro)-
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CHAPTER 3

3 THE PREDICTIVE MODELS

3.1 Effective Temperature Concept and Model

In this part of the study, the temperature at which distresses occur is of interest. For this
reason, the effective temperature concept is applied. It is defined as the temperature at
which the sample will accumulate the same amount of damage as if it was obtained for

the cumulative load damage at a certain location for different climates.

3.1.a Effective Rutting Temperature

According to Witczak et al. (1992) (8), the temperatures considered in this study
depend on the type of the distresses evaluated. First, the effective temperature will be
assessed for the Rutting distress. For the predicted permanent deformation, it will be
evaluated as a single temperature, at which rutting is to be expected due to the seasonal
fluctuations under cumulative damage principles. In other words, the effective
temperature is used in the predictive permanent deformation model to assess the rutting
that would happen under temperature fluctuations throughout the annual environmental
cycle and different traffic loadings.
In 2005, Sotil (45) improved the initial Effective temperature model developed by
Witczak in 1992. It included the loading frequency, environmental factors such as the
Mean Annual Average Temperature (MAAT), air temperature, wind speed, sunshine and
rainfall.
In 2008, El-Basyouny and Jeong (47) improved the 2005 model, giving it a final form as

follows:
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Torr = 41.534 — 3.261 X In(Freq) — 9.021 X z + 1.11 X MAAT + 1.254 X Gypar
—1.132 X Wind + 0.337 X Sunshine + 0.071 X Rain
Where
Freq is the loading frequency (Hz)
Z is the depth in the asphalt layer at which the temperature is desired (in)
MAAT is the Mean Annual Average Temperature (°F)
ommarT IS the standard deviation of the mean annual air temperature of a period of years for
a design site (°F)
Wind is the mean annual speed (mph)
Sunshine is the mean annual sunshine percentage (%)
Rain is the cumulative annual rainfall depth (in).

In 2010, Rodezno (46) further modified this model based on a larger database, to
tailor the changes in the environment selected. The finalized model, that is also going to be
used in this study is the following:

Torr = 14.62 — 3.361 x In(Freq) — 10.94 X z + 1.121 X MAAT + 1.718 X Oppar
—0.431 X Wind + 0.333 X Sunshine + 0.08 X Rain
For the purpose of this study, the loading frequency is taken to be equivalent to 18 Hz. The
loading frequency is relative to the functional specification of the road, and how often
traffic loading is to be expected.
The MAAT is calculated based on the monthly recorded temperature for the location under
study. It is obtained by the average of the high and low annual temperatures.

The standard deviation ommart is calculated based on the measured monthly temperatures.
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The depth of the asphalt z is considered to be equal to 2cm (or 0.78 in) from the surface.
This is the average depth to where rutting normally happens.
The wind speed is the annual wind speed recorded for each city, along with the annual

sunshine percentage and the cumulative rainfall for one year.

3.1.b Effective Fatigue Temperature

As it was previously stated, the effective temperature has to be associated with the
distress under consideration. In terms of fatigue, according to AASHTO TP 107, the
testing temperature is selected based on the 98% reliability of the PG (Performance
Grade) on the climatic region. The testing temperature is determined as the average of the

high and low temperature of the PG- temperature, minus 3°C. (i.e., for a PG of 64°C, the

effective fatigue temperature is calculated to be # — 3 =18°(C)

3.2 The Flow Number Predictive Model

The knowledge of the flow number for a specific HMA mixture provides valuable
information. Considering laboratory testing, it would give valuable information for
selecting the appropriate stress and temperature conditions. By having the FN, a suitable
deviator stress and temperature will allow the failure of the sample within a reasonable
time period and ensure the occurrence of the three stages of the RLPD Test (Primary,
Secondary and Tertiary).

Furthermore, it will be used as a tool to assess and rank the mix designs based on the
predictions, knowing only the fundamental mix properties as described in the future

chapters.
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In 2010, Rodezno (46) developed a predictive Flow Number model. A large database was
generated and put together in order to make the model as comprehensive as possible,

under different stress levels, temperature combinations, gradations and binder types.

The variables selected for the development of this model are the following:

Testing Temperature (°F)

- Binder Viscosity at Testing Temperature, defined in terms of Ai and VTSI, V1

- Aggregate Gradation, more specifically the percent of aggregates retained on
sieves %, No. 4, and the percent passing on sieve No. 200 ( Rss, Ros and P20o)

- The Air Void content (V) in percent

- The Normal Stress p (psi)

The Maximum Shear Stress q (psi)

As described in Section 2.1.a.1, p and g allow the evaluation of the state of stresses and
are significant factors for the flow number predictions. These stresses are associated with
the principal stresses developed during the triaxial testing and reflect the stresses that are
applied by the traffic loading in the design site. The presence of these two parameters in
the model shows the importance of the stress levels applied to the samples.

It was also decided that FN results are limited to 100,000 cycles. The FN results that
lasted beyond this limit were found to not have reached the tertiary flow. In total, 1801
FN tests were part of the analysis.

The relationship between the standard deviation and mean flow number values was
explored for both confined and unconfined testing. It was shown that at low flow number

values, the dispersion for both confined and unconfined testing is higher than at high flow
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number values. Also, the standard deviation increases with the increase in flow number
values.

A stepwise regression analysis was involved to determine a more suitable model
using arithmetic and logarithmic terms. The stepwise regression analysis was run for the
entire database. Based on the results of the correlation matrix, the most significant
variable was the log of the viscosity of the binder at testing temperature (V1). The testing
temperature is taken to be the effective pavement temperature in the future, to evaluate
the predicted permanent deformation.

The model had a coefficient of determination R? of 0.64 and is considered to be
reasonable. In Figure 12 below, the distribution of the measured vs predicted Flow
Number values is shown.
The final model that is going to be used in this study has the following form:

log FN = 0.485 + 0.644 x log(V;) + 0.0874 X P,y — 3.323 x logp + 0.0129 x R,

—0.0803 X V, + 2.593 X logq — 0.0142 X Rs,
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Figure 12- Measured vs. Predicted Flow Number Values (46)
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3.2.a Sensitivity Analysis
In terms of sensitivity analysis, a summary table including the maximum, minimum and
average values for each of the variables used in the model has been provided. (Table 1).
Three variables were included in addition to the ones in the model since they contribute
indirectly to it. These variables are the principal stresses o1 and oz as well as the test
temperature. The first two variables are needed to compute the normal and maximum
shear stresses p and ¢, where as the temperature is needed to calculate the binder
viscosity V1 in terms of Ai and VTSiI.

The findings of the sensitivity analysis are summarized as follows:

1. The Flow Number decreases with an increase in air voids. It is found to be
approximately equal to 20% for every 1% increase in air voids.

2. The Flow Number increases with an decrease in Viscosity. Stiffer binder will
have a higher Flow Number. In other terms, at higher temperatures, the binder
will result in lower Flow Number values.

3. The Flow Number decreases with an increase in deviator stresses. Also, it will
increase with an increase in confinement stress levels.

4. The Flow Number will decrease with higher percent passing the %4’” sieve. As for
the percentage retained on sieve No. 200 and passing No. 4, the Flow Number

will increase with the increase of these percentages.
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Table 1- Summary of the Maximum and Minimum values used for the development of the FN Model

Va (%) 7 1 13
Ras (%0) 2 0 26
Roa (%) 46 14 78
P200 (%0) 5 3 12
V1 (Poise) 2.49E+05 1.02E+03 4.56E+06

T (°F) 117 85 150

P (psi) 55 2 235

Q (psi) 51 2 225

o1 (psi) 106 4 460

o3 (psi) 3 0 30

3.3 The Rutting/Permanent Deformation Predictive Model
As explained in the previous section, a predictive model for the flow number of pavement
mixtures have been developed. Based on this prediction, a Permanent Deformation
predictive model was also developed by Rodezno, 2010 (46). Kaloush (10) was the first
to present this approach by relating the flow number obtained in the laboratory to the rut
depth measured in the field. The new model by Rodezno covers a wider range for
analysis, as well as higher levels of traffic for different asphalt layer thicknesses. It also
covers different stress conditions (confined and unconfined) as they are replicated in the
Flow Number predictive model established. Hypothetically, is it determined that the
rutting depth increases with an increase of traffic loading but decreases with the increase
in Flow Number and Asphalt layer thickness.

In her study, Rodezno used the MEPDG software to generate necessary data for

the analysis. Also, the MEPDG was a necessary tool to generate the HMA rutting values
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for a wide range of climatic locations and pavement structure. Having this output in hand,
in addition to the prediction of the flow number using the same pavement mixtures and
different traffic levels, the model was developed.
Concerning the generation of the flow number values, a typical stress of 120 psi for a
standard tire pressure was taken into consideration, with a confinement level of 20 psi.
This confinement level is the most commonly used in laboratory testing for the RLPD
test. Even though permanent deformation occurs at different temperatures and different
stress conditions, it was considered safe to assume these stress conditions for the analysis
of the results. This stress condition represents a safe densification condition by still
representing a good portion of the distress happening.

In order to develop the model, a wide range of asphalt mixtures was used. For
each climatic region (20 regions in total), two binder types were selected, along with four
different gradations, two air void contents. The following Table 2 summarizes the levels

of the variables used in the flow number prediction for this analysis.
Table 2- Variables used for the Flow Number Prediction
Climatic Region 20 Cold to Hot Climate

Air Voids 2 4 and 10%

R3/4 R3/8 R4 P 200
0.4 5.8 27 5.4

Gradations 4 0 24.6 51.1 35
3 35.5 57.7 3.54.2
9.2 47.9 70 6

Using the Effective Rutting Temperature model (the Modified Witczak Effective

Temperature for Rutting), the temperatures for each location has been assessed and the
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Flow Number determined at the respective temperature. The values required for the Mean
Annual Air Temperature, Mean Annual Average Wind Speed, Mean Annual Sunshine
Percentage, Cumulative Annual Precipitation and Mean Monthly Air Temperature
Standard Deviation were obtained from the MEPDG EICM Database (Enhanced
Integrated Climatic Model).

The MEPDG rutting value generation was based on a basic pavement structure
including a varying HMA layer in thickness, a 10-in base with a Modulus of Resilience
of 40,000 psi and a subgrade with a Modulus of Resilience of 20,000 psi.

Three traffic levels were also considered among the different gradations and air void
levels defined previously.

Concerning the type of binder used, it was generated from the LTPPBind 3.1
based on the locations chosen. As this software recommends modifying the binder based
on traffic levels, two binder types were selected per location: one binder for each traffic
level: 3 million ESAL and 10 to 30 million ESAL.

Finally, those combinations generated a total of 1,440 permanent deformation
predictions.

An initial assessment was made in order to determine the relationship between the
rutting values and the flow number predicted values. It was noticed that for a certain AC
layer structure, 2 traffic levels at 20 different locations and for 4 different gradations, the
predicted flow number was quite different. However, the rutting values were similar. For
this reason, a power and non-linear relationship between the flow number, ESALs and

asphalt layer thickness was established.
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After performing a non-linear regression analysis on the 1,440 combinations, the

final version of the model is presented below:
R = 0.00462 X FN 9242 x ESALs%483 x p~1021

Where FN is the predicted flow number
ESALs is the traffic level chosen
And h is the thickness of the asphalt layer in inches.
The model has an adjusted R? of 0.86, with an Se/Sy ratio of 0.36. This shows that the
model has a great accuracy. The AC rutting values from the MEPDG simulations are

plotted with the rutting predictive values from the models generated in Figure 13:
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Figure 13- Comparison of the MEPDG Rutting Values and the Rutting Values based on the Predicted FN (46)

This model is a great tool that allows the prediction of the permanent deformation based
on the traffic level and flow number prediction. The flow number predictive model itself
is only based on the chosen stress levels and pavement mix designs. This tool allows to
have an idea about the future behavior of the mix in terms of permanent deformation,

while taking into consideration its proper characteristics. Having this tool beforehand will
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allow further modification, as well as the classification of the mixture in terms of

acceptable/unacceptable permanent deformation behavior.

3.4 Fatigue Predictive Model
In this section, a detailed explanation of the fatigue predictive model taken into
consideration in this study is presented. In general, this model relates the fatigue life of

binders to the fatigue life of pavement mixtures.

Initially, the binder fatigue parameter |G*|sind is based on small strain rheology,
and therefore does not consider damage resistance. For this reason, the Linear Amplitude
Sweet Test (LAS) was proposed to further investigate the binder fatigue resistance. The
LAS is a strain controlled cyclic torsion test, conducted on a Dynamic Shear Rheometer,
at certain fixed frequency, loading cycles and increasing strain levels by increments. A
total of 3,000 cycles are applied at a frequency of 10Hz for 1% strain increments from 0
to 30%. The total duration of the test is essentially less than 5 minutes. This test is
considered instead of the Time Sweep Test due to its certainty concerning the test
duration. The Time Sweep Test is a conventional fatigue test with repeated cyclic loading
at constant strain amplitudes. It evaluates the ability of asphalt binder to resist fatigue
damage. It consists of two major phases. The first one includes a frequency sweep to test
the undamaged material properties and evaluate the rheological characteristics of the
binder, whereas the second one includes the damage characteristics of the binder by

employing a linear strain sweep test.

The damage characterization is also conducted in the LAS test according to AASHTO, by

considering the Simplified Viscoelastic Continuum Damage (S-VECD) formulation.
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The NCHRP 9-59 developed a new approach to assess asphalt binder fatigue analysis
called GFTAB, standing for the General Failure Theory for Asphalt Binders. This is
another way to analyze the LAS Test. It will be used to develop the new model, as it is
more difficult to use the S-VECD method to correlate binder test data to fatigue
performance of asphalt mixtures, since the test data has a wide range of stiffnesses and
the samples are being tested at multiple strain levels, as well as having a different failure

criteria for both binder and mixtures in terms of fatigue.

Developing the model has been carried on 3 distinguished phases. First, the binder
fatigue performance has been investigated using the LAS along with the evaluation of the
|G*|sind parameter. Then, the mixture fatigue performance has been studied using the
Axial Fatigue Test and S-VECD. The third part was used to evaluate the relationship

between binder and mixture fatigue performance.

The |G*|sind parameter is a simple indication obtained from the Dynamic Shear
Rheometer at a frequency of 10 rad/sec, according to AASHTO T315. It should be less

than 5000 kPa from RTFO and PAV aged binders to control fatigue.

Considering the GFTAB model, it relies on the failure of the material rather than
its damage accumulation. Based on this concept, the FSC (Fatigue Strain Capacity) was
defined. It refers to the fatigue life at the maximum strain level and was calculated by the

ratio of the amount of binder strain to the effective binder content.
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kl*T
( ((FSC) . (%))

&t

Nfailure =

Where FSC is the binder fatigue strain capacity, in %

VBE is the mixture effective binder content by volume, in %
& 1s the mixture’s maximum tensile strain, in %

Kz is the fatigue exponent coefficient

d is the binder phase angle, in degrees

This equation was later reformulated in the following form:

Kt 100
FSC = Nz « (St * VBE)

These formulas refer that the material failure occurs when the binder strain is equal to the
fatigue strain capacity. According the Christensen (27) (AAPT 2019), the FSC should be
closely related to measures of binder failure strain. However, the binder inside the
mixture is confined and has different stress concentrations. Therefore, it is possible that

the FSC and failure strain may be highly correlated but different in magnitude.

In order to determine the value of FSC, a certain strain value must be kept constant. Also,

at failure, the damage function should be equal to 1.

The damage function has the following form: D = X7, N, { €24 « (25 @
€ damage runction nas tne roliowing rorm: = i=11V; Fsc, 100
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Equating this to 1 at failure, the following formula for the FSC s determined:

2(5)

nf

£)i _6 _

FSC=Z[Ni 1(/1235 100
=1 1700

The values of FSC using the LAS are calculated by setting the term VBE/100 equal to 1.
Under a range of temperatures and loading rates, the function of FSC in terms of binder

modulus shows the failure envelope (Heulekom, 1996) (27).

A typical FSC value (FSC¥*) can be determined from direct tension data, defining the

general failure envelope (Refer to Figure 14). This FSC* can be estimated as follows:

1
FSC = — -
6.56 X 1073 x S(T,t)0-0482 4+ 1,35 x 102 x S(T, t)110

Where S(T,t) is the initial stiffness of the material at a certain temperature

And FSC* is the typical failure envelope.
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Figure 14- Binder failure envelopes as defined in the NCHRP 9-59 (28)

The binder is said to have good fatigue performance if the ratio of the strain capacity
calculated for a specific binder with the typical binder fatigue strain capacity is greater
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than one. This ratio is defined as the FFPR, the fracture/fatigue performance ratio
(FFPR). It goes by the following formula:

FSCbinder
FSC*

FFPR =

The main advantage of the FFPR is to characterize the fatigue performance and eliminate
the effect of modulus on fracture and fatigue properties. The strain capacity decreases
substantially with increased modulus, which can also result in a decreased fatigue life at
higher strain levels.

In order to study the correlation between binder and mixture fatigue, the data of FFPR,
FCS* and initial complex shear modulus at 10 Hz and 18°C will be taken into
consideration.

Concerning the asphalt mixtures, the Axial Fatigue test was conducted at 18°C at four
different strain levels. The mixtures were expected to fail for less than 10,000 cycles,
between 10,000 and 50,000 cycles, between 50,000 and 100,000 cycles and greater than
100,000 cycles. The test data was analyzed using the simplified viscoelastic continuum
damage theory (S-VECD). The results are plotted in the form of Material Integrity “C”
versus Damage “D”. Having more accumulated damage and higher material integrity
percentage show a good fatigue performance. And based on these criteria, the asphalt
mixtures were ranked. However, this test is not enough to assess the fatigue performance.
Therefore, a different strain level needs to be estimated for higher number of cycles
(10,000, 100,000 and 1,000,000 cycles).

Having the viscoelastic fatigue parameter |G*|sing, the nonlinear viscoelastic
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binder fatigue parameter based on the LAS, and the axial fatigue test data for mixtures,
the relationship between the binder and asphalt mixtures is studied.

The |G*|siné is reported to be a bad indicator of asphalt mixture’s fatigue
performance due to the poor correlation between |G*|sind and the axial fatigue test data.

Using Microsoft Excel Solver, the model was developed by testing the Number of
Cycles to Failure at three different strain levels: 300, 350 and 400ue. The ageing had a
great effect on the model, as it introduced some variability into the model. The R? value
changed from 80 to 96% when asphalt ageing (PAV and extracted STOA) were
introduced.

Finally, the final model was presented as the following:

VBE EHS
% Et 5
N = (FscH o))
=
&t
Where FSC* is defined as follows:
1

FSC* =
6.56 X 10-3 X G, (T,t)%9%82 + 1.35 x 10~9 X G, (T, t)110

And G*y is the dynamic shear modulus of the asphalt binder
VBE is the effective binder content by volume in percent
d is the phase angle associated with the |G*p| calculated by:

8p =90 + (—7.3146 — 2.6162 x VTS") * log(f; * nsr) + (0.1124 + 0.2029 = VTS")
2
«log(f; * M)
The Dynamic Shear Modulus of the Asphalt Binder is calculated as follows:

|G *,,] = 0.0051f;n, 1 (Sl-n5)7.1542—0.4929f5+0.0211f52
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Having fs as the dynamic shear frequency (10 Hz)
ns,7 the viscosity of the asphalt binder at the frequency and temperature T in cP calculated
by:
loglog nsr = 0.9699f,799527 « A + 0.9668f, %9575 x VTSlogTy
With Tr being the effective fatigue temperature in Rankine.
And VTS = 0.9668f,7 %9575« VTS
These formulas were developed by the Cox-Mertz rule using correction factors for the
non-Newtonian behaviors.
The final model along with the final FSC* formula will be used in this study to develop

the fatigue criterion for each mixture.
3.4.a Sensitivity Analysis
A sensitivity analysis has been carried in order to understand the behavior of this model

by modifying each variable at a time.

By increasing the VBE from 14 to 15%, the Nrincreased by 14.7%

- By increasing the strain applied on the structure from 0.035 to 0.036, the Nt
decreased by 29%

- By increasing the phase angle 6 from 47.74 to 48, the Nrdecreased by 6%

- By increasing the FSC* from 48 to 52, the Nfincreased by 21%

- By changing the PG-Binder from 76-22 to 82-10, the Nrdecreased by 19%

It is important to note that the fatigue behavior of an HMA essentially happens in the
lower lifts of the structure. The proposed model can be applied to any mix design
throughout the structure to study the potential fatigue resistance. In this study, since the
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majority of the mixes collected are surface mixtures, the models are used with the data
provided.

3.5 Thermal Cracking Prediction Models

The thermal cracking prediction models used in this study are the calibrated versions of
the original TCMODEL proposed by Roque and Buttlar (24). Part of the database
gathered for the implementation of these new models served as a thermal fracture
characterization for the mixtures. Mixtures from five different aggregate sources were
used, with 5 different gradation types as well as four different binder types through
Arizona (PG 58-28, PG 64-22, PG 70-10 and PG 76-16). A few steps were conducted
before inputting the creep compliance data used for the TCMODEL.

The first step consisted of smoothing the creep compliance data. Test results were
available for 1, 2, 5, 10, 20, 50, 100, 200, 500 and 1000 seconds. Some errors were
associated with the data for 1 and 2 seconds as they did not conform with the resulted
expected from the Roque-Buttlar (24) studies. A power function was utilized using the
data points for every test temperature for 5, 10, 20, 50 and 100 seconds as previously
defined in section 2.1.c.9:

D(t) = Dy xt™
The values at 1 and 2 seconds were back calculated once the regression parameters D
and m were found. There parameters were back calculated for each temperature.

Next, the creep compliance data was extrapolated from the temperature -15°C to -
20 °C as the protocols requires. The following function was used to extrapolate the data

from the previous temperatures of 0, -10 and -15 °C.
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D(t) = P * (Temp)
Where
D(t) is the creep compliance
Temp is the extrapolated temperature in °C (-20 °C)
P, Q are the regression coefficients dependent on the mixture

In all the cases above, the R? values were higher for higher loading times
(50seconds+) with values higher than 0.95. For lower loading times (<20seconds), the
correlation was still considered to be good with R? values ranging between 0.70 to 0.90.
For the remaining loading times, the R? values were between 0.80 and 0.95.

Initially, the creep compliance data and master curve for the mixtures tested by
the ASU-ADOT project (the 11 mixtures mentioned above) where compared to mixes
from the Roque-Buttlar database. The results of the master curves were located within the
Roque-Buttlar data Zone. Therefore, the results for the creep compliance data was
considered to be comparable.

For the tensile strength data, the tensile strength values at 0°C and -10 °C were
taken for both the ASU-ADOT and Roque-Buttlar mixes. After conducting a statistical
analysis, it was found that the difference in the tensile strength values was insignificant
for 3 out of 4 cases, for 2 binders at 0 °C and for PG58-28 at -10 °C. However, for the
samples at -10 °C for the PG64-22, the difference was statistically different, whereas the
ASU-ADOT mixtures had a higher average strength than the ones from the Roque-
Buttlar. However, it was concluded that the results of the tensile strength were

comparable between both the ASU-ADOT and Roque Buttlar (24) Databases.
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As a next time, the creep compliance for the eleven ASU-ADOT mixtures was
predicted using the MEPDG Level 3 prediction models for a loading duration of 1000
seconds. The thermal fracture parameter m and D1 were found as well. The predicted
creep compliance data was plotted against the measured ones reaching 330 data points. It
was found that for the ASU-ADOT database, the results correlate poorly with the

predicted values from the MEPDG (Figure 15).
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Figure 15- Predicted vs Measured Creep Compliance for the ASU-ADOT database (31)

Now considering the tensile strength data, it was measured at a temperature of -10°C and
predicted using the Level 3 MEPDG. The following (Figure 16) curve shows the results

plotted of measured vs predicted tensile strength for the ASU-ADOT database:
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Figure 16- Predicted vs. Measured Tensile Strength for the ASU-ADOT Database (31)

It was concluded that the proposed tensile strength prediction models greatly
underestimate the real tensile strength of the mixtures, and that a significant difference
exists between the MEPDG predicted values and the measured values for the ASU-
ADOQOT database.

In addition, the binder content variation had to be studied and corrected, as it has been
shown that when the binder content increases, the number of thermal cracks increases.
This is not rational, as the behavior of the mixture becomes softer with more binder
added to it, and thermal cracking is increasing. Therefore, the modification of the thermal
predictive model was needed for the level 3 analysis. A new set of predictive equations

for D; and m was developed and validated, as well as for the tensile strength at -10°C.

3.5.a Existing Set of Predictive Equations for Level 3 Thermal Fracture Analyses
An existing set of predictive equations was already developed for the thermal fracture

parameters D1 and m, correlating with the volumetric properties of the pavement

82



mixtures by the ASU Research team. They were found for each testing temperature of -
20, -10 and 0°C. These equations were already explained in Section 2.1.c.12 and are
inserted below for simplicity:

log (D;) = —8.5241 + 0.01306T + 0.7957 log(V,) + 2.0103 log(VFA)

— 1.923 log(Agrro)
and
m = 1.1628 — 0.04596V, — 0.01126VFA + 0.0024 * Pen,, + 0.001683 * Pend;t%05T
These two values were calculated and plotted in the creep compliance equation, and a
total of 714 datapoints were used to come up with these correlation by plotting the
measured vs the predicted creep compliance data. These correlations have an R? of 0.8
and Se/Sy of 0.45. The regressions were considered to be acceptable.

In addition, the tensile strength was predicted at -10 °C as it was correlated with
the volumetric properties of the mixture. A total of 31 data points was used to develop
this correlation, obtaining a R? of 0.62 and Se/Sy of 0.68. The correlation was considered
to be acceptable as well.

S, =7416.712 — 114.016 x V, — 0.304 * V2 — 122.592 VFA + 0.704VFA? +
405.71log(Pen;;) — 2039.296 * log(Agrro)-
Where St is in psi.

However, a problem was identified in the set of prediction models defined above,
as a provisional sensitivity analysis of the variation of the binder content shed lights to an
unrealistic result pattern. Also, an additional observation was made as the slope of the

creep compliance decreased with an increase in the effective binder content. This was in
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violation to the common understanding of the thermal fracture development and was
identified as a source of the problem existing with the set of the predictive models
suggested.

Another problem was discovered after comparing the measured and predicted
creep compliance values. As the creep compliance was plotted separately for each
temperature, the quality of the prediction was decreasing and was shown to be biased.
The R? values were getting lower for lower temperatures. Therefore, a set of separate
equations for each temperature was suggested and developed using an expanded database
considering 10 new lab blended mixtures from the ASU-ADOT databases. Four different
PG binder grades were considered, ranging from PG 58-28 to PG 76-16 with five
different aggregate gradations.

3.5.b New Set of Predictive Equations for “m” and “D1” of the Creep Compliance
As the existing form of the predictive equations for the creep compliance parameters was
developed for all the test temperatures, the “T” term was removed from the equations.
Separate models were optimized independently for each testing temperature as follows:
For the D, fracture parameter:

log(D;) _p00¢c = —11.92540 + 1.52206 * log(V,) + 4.49876 * log(VFA) — 3.81320

* log(Arrro)

log(Dy)_100c = —10.76560 + 1.51960 * log(V,) + 3.49983 * log(VFA) — 2.99870

* log(Arrro)

Log(D,)goc = —9.80626 + 1.50845 * log(V,) + 2.99000 * log(VFA) — 2.90157

* log(Arrro)

84



Where V. is the air void content (%), VFA is the Void Filled with Asphalt (%) and Artro
is the intercept of the binder Viscosity-Temperature relationship for the RTFO (Short-
term ageing) condition.

For the “m” parameter, the equation was also split in terms of temperature. In
addition, in order to address the binder content discussed previously, the VFA term which
caused the value of the “m” parameter to decrease was removed from the equation.

The best relationships found were the following:
M_p0c == 1.75987 + 1.78187 % V,2-02030 4 0,00089 * Pen2687°
M_100c = —1.8269 4 1.94218 * V,2-01600 4 (0,00098 * Pen?; 6857
Mgoc = —2.41043 + 2.59093 * V,2-01547 + 0.00199 * Pen?;7247

Where V, is the air void content (%) and the Peny7 is the Penetration of the binder at 77 °F

given by the following formula:

Pen,, = 10290.5013\/8.1177.288+257.0694*10A+2-72973*VT5

A total of 939 data points was used, where 313 point were accorded to each testing
temperature. The final comparison between the measured and predicted values of the creep

compliance is shown below, with a final R? of 0.80 and Se/Sy of 0.45 (Figure 17).
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Figure 17- New Comparison between the Measured & Predicted Creep Compliance for the ASU-ADOT Database (31)

Lastly, a new form of the tensile strength predictive model was suggested having

the same form of the previous model:

Se = 4976.34 — 42.49 xV, — 2.73 * V2 — 80.61 * VFA + 0.465 » VFA? + 174.35

* log(Pen;,) — 1,217.54 * log(Agrro)

A total of 42 data points was used, resulting in R? of 0.47 and Se/Sy of 0.73. The
correlation was poor but accepted as the way the tensile strength affects the current
TCMODEL is still questionable and should be modified in further versions of the
TCMODEL. The result of this equation is supposed to be the undamaged strength,
measured during the IDT Test. Also, it was supposed during the SHRP study that -10°C
was considered the best temperature to measure the tensile strength. However, different
mixtures having different binder grades would have their maximum tensile strength at
different temperatures. For this reason, measuring the tensile strength at only one

temperature is not significant and do not provide reliable information. This causes a great
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difficulty in developing a prediction model based on the volumetric characteristics of the

mixture, and thus lead to this poor correlation.

3.5.c Total Fracture Energy Prediction
It was determined and concluded that the total fracture energy is a better indicator

of the thermal fracture resistance of pavement mixtures than the tensile strength. It can be

divided into two terms: the post peak energy measured after the tensile strength was

observed, and the energy until failure when the maximum tensile strength has occurred. It

can also be associated with the first stage of the cracking process, whereas the post peak

energy is associated with the propagation of the thermal cracking. Therefore, the higher

the post peak energy, the longer the propagation of the thermal cracking leading a lower

observed cracking mechanism.

The following relationship has been introduced, for the total fracture energy at -10°C

using 16 conventional asphalt mixtures and rubber mixtures. It was correlated to the

mixture’s volumetrics as per the following:

[t = 4497.832 — 439.057 * AC + 46.284 x AC? — 2057.821 * AV + 40.009 * AV ?
+12612.114  log(Vpesr) + 13.571.050 * log(VMA) — 345.948 « VFA
+ 8.056 * Pen,,; — 0.052 = Pen?, + 1.044 = AC * Rubber%

Where:

AC = Asphalt content (%)

AV = Air voids (%)

Veft = Effective Binder Content (%)

VMA = Voids in mineral aggregate (%) = Effective binder content (%)
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VFA = Voids filled with asphalt (%)

Pen77 = Penetration of the binder at 77°F

Rubber% = Percent of rubber in binder

This developed correlation had shown a high level of accuracy with R?=0.99 and Se/Sy=

0.176 when the measured vs predicted total fracture energy was plotted.

3.5.d Sensitivity Analysis of the Creep Compliance Parameters D1 and m
In this section, the sensitivity analysis of both the fracture parameters D1 and m.

First, considering the sensitivity of Dy, it has been determined to increase when
V) increases. Also, the air void content has an effect of D:1. As the Air void content V,
increases, D1 decreases.

In other words, when D1 changes with respect to V, with increasing air void content, the
following has been noticed: a pavement mixture with 4% air void content had the highest
D: value compared to the other mixtures, at V,=7%, but had the lowest D: value when Vy
was equal to 14%.

In addition, D1 decreases and becomes less sensitive to the variation of VVp when
temperature decreases. Finally, D1 is not considered to be highly sensitive to the change
in binder gradation.

Second, concerning the slope of the creep compliance “m”, it is defined to
decrease when Vy decreases, and when V; increases. Also, “m” decreases with a decrease
in temperature and increase in binder stiffness. This parameter has a significant
importance, as a lower value of the slope of creep compliance will decrease it for the

mixture and lead to a higher potential of thermal cracking. It is also to be noted that the
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“m” fracture parameter influences the Crack Depth Model in a complex manner. By
decreasing “m”, it was noticed that the predicted thermal cracking increase and decreased

in some way.
As previously mentioned, the Paris law fracture parameter “n” is equal to 0.8 * (1 + i).

And by decreasing the “m” value, the Paris law parameter will increase. Therefore, a
higher “n” will decrease the fracture parameter “A” and result in a decrease in thermal
cracking. However, it will increase the effect of the stress intensity factor AK and leading
to an increase in thermal cracking. Finally, a lower m would increase the predicted
number of thermal fractures in the mix.
3.5.e  Sensitivity Analysis of Tensile Strength S;at -10°C
In this section, the sensitivity of the tensile strength will be studied. The tensile strength
is noted to decrease with an increase of V. Also, Stis to be decreasing with increasing
binder stiffness.
Stis also very sensitive to the air void content variation: the higher the air void content in
the mixture, the more sensitive the tensile strength Stis to the changes in Vb. In the case
of the study, at Vy=7%, with a higher value of V,, St is higher, and the difference is
significant.
At V,=10%, with a higher value of V,, St is higher but with a smaller difference.
At Vb=14%, the analysis is reversed, with a higher value of air void content, the tensile
strength became lower.

In order to interpret the significance of the parameter S, the following has been

concluded:
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The lower the St value due to the increase in binder content will cause the Paris law
parameter A to increase, leading to a faster crack growth and a higher thermal cracking

prediction.
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CHAPTER 4
4 CLIMATIC ZONES AND ANALYSIS OF PRE-EXISTING LTPP PAVEMENT

SECTIONS

4.1 LTPP Climatic Zones and Regions in the United States

For this study, new and approved pavement mixtures have been collected among the
United States. As the Long-Term Pavement Performance (LTPP) represents one of the
biggest databases for pavements behavior and design throughout history, some of its data
goes back far in time. Distresses are quantified according to their deterioration and
implemented rehabilitation over the years. In order to create a new and up-to-date database,
the collected data from all around the States has been studied according to the volumetric
characteristics provided by the contacted State Engineers.

One of the objectives of this study is to compare the recently collected and
previously dated designs, and asses the improvements in terms of volumetric
characteristics made by the State Agencies. This comparison will allow to determine if the
governing distresses in each state were addressed in terms of design.

The pavement mixtures collected are mostly dated within 5 years from today (2020), and
will be implemented in future projects; mostly highways with high traffic volume.

It is known that several factors affect the pavement performance. Two of these
factors are considered: traffic level and environmental conditions.

In the first case, highways with high traffic volumes are considered (10 million < ESAL<

30 million) for this study.
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Concerning the environmental conditions, the pavement mixtures and volumetric
characteristics collected belong to the different climate zones in each state.

According to the LTPP, North America is divided into 4 environmental conditions (Refer
to Figure 18):

1. Wet and Freeze

2. Wet and Non-Freeze

3. Dry and Freeze

4. Dry and Non-Freeze

LTPP Climate Zones

Figure 18- LTPP Climatic Zones

After selecting the states to be studied, sections having similar classification, traffic volume
and location (as per the climatic regions of the state) have been identified from the LTPP
Database. It is important to note that structural differences were not taken into

consideration between the recent and previous pavement mixtures. However, the
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corresponding locations, estimated traffic conditions as well as environmental conditions
were chosen to be the same as much as possible in order to be able to assess the potential
behaviors. As the foundation of each structure is affecting pavement performance, it is
assumed that the mix designs are closely situated, and that the pavement structures should
respectively be similar due to comparable effect of traffic.

As for the PG-binders for the surface layers used in these sections, they have been identified
using LTPPBind V3.1 based on the location and weather station chosen for each state.

As the LTPP contains a great amount of pavement sections, only a few met the
comparison criteria. In order to fit the comparison, the pavement section must belong to
the same climatic region as the one provided by the state engineers, and also has to fit the
functional classification defined. In addition, all the required distresses (rutting, fatigue and
thermal cracks) will have to be measured and recorded throughout the pavement life of the
pavement section. Also, the pavement mixture’s volumetrics will have to be recorded in
the datafile. If these values are not presented, the comparison and prediction of the
distresses will not be possible.

Once the pavement section has been identified and met all the requirements, the
pavement mixture’s volumetrics for the surface course have been recorded. Since the
predictive models implemented in this thesis are all based on the mixture’s volumetrics,
the rutting, number of cycles to fatigue as well as tensile strength and fracture energy will
be predicted for all of the sections selected.

The required data for the models and predictions goes as far as the Aggregate Gradation

(%Ros, %R34, %R3s and %P200), Asphalt Content (%), Air Void Content (Va, %), Voids
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Filled by Minerals (VMA, %), and the PG-Binder. The viscosity of the binder is depending
on the effective temperature in Rankine, as well as the two parameters “A;” and “VTS;”.
4.2. Description of the Data Collected from the LTPP

Only a few states have been selected from the four main LTPP climatic regions. These
states were selected in accordance to the new mix designs gathered from the state
engineers in order to carry a good comparison in terms of mix, climate, volumetrics and

expected performance over an average pavement life of 20 years. The following Figure

19 shows the states chosen from the LTPP for further analysis:

*Michigan Massachusetts
eWest Virginia Kansas
e|ndiana

*Washington

South Carolina

Wet, Non :Xllets)t Virginia 'Il'edn-nessee
Freeze abama ndiana
*Washington Colorado
eArizona Alaska
Dry, oK
Freeze ansas
eArizona

Dry, Non
Freeze

Figure 19- States chosen to be studied from the LTPP

The regions stated above all do have the measured data required for our analysis, as well

as the mixture’s volumetrics required.
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In : below are the data gathered summarized per State, Region, Climatic Regions and

finally the section number taken into consideration:

Table 3- States, Cities, Climate Regions Section Number

Washington
Colorado
Colorado
Colorado

Arizona
Alaska
Arizona
Arizona
Arizona
Massachusetts
Michigan
West Virginia
Kansas
Michigan
Michigan
Indiana
Michigan
Indiana
Massachusetts
Washington

South Carolina

West Virginia
Tennessee
Alabama
Alabama

Indiana
Arkansas
Kansas

Spokane
Yuma
El Paso
Rio Blanco
Flagstaff
Anchorage
Tucson
Kingman
Phoenix
Boston
Marquette
Kanawha
Cherokee
Alpena
Port Huron
La Porte
Grand Rapids
Jackson
Springfield
Seattle

Columbia/Lexingto
n

Charleston
Memphis
Montgomery
Tuscaloosa
Jefferson
Little Rock
Scott

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze

Wet, No Freeze

Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
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A320
502
7783
1053
669
1004
6054
1022
B961
1003
1004
1640
1005
6016
D330
5528
901
A902
1002
6049

1024

7008
3109
4125
6012
18-1028
A606
1006



The following Figure 20 shows the variation of the data gathered as per the climatic

region:
REGIONS VS CLIMATIC ZONES
10
9
8
7
6

N W B~ U,

Dry, Freeze Dry, No Freeze Wet, Freeze Wet, No Freeze

Figure 20- Regions vs Climatic Regions

Limited data was gathered from the Dry, No Freeze zone as very few sections fit into the
comparison criteria.

Next, the PG-Binders of these sections were found for the surface course using the
LTPPBInd (v.3) for 98% reliability according to the nearest weather station found next to

the section under study. The PG-binders are found in the following Figure 21.
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Figure 21- PG-Binders Count

This concludes a total number of sections under consideration of 28.
Now separating these 28 mixes into their respective states, the following results are

obtained (Figure 22):

STATES SECTIONS

4.5

. 4]
3.5

2.5

[~]

1.5

1
SR

IS O SO - R P SR A SO
o0 &L o X L & X o ‘O\oo ¢ & & &
NG ¥ v N > N A > o % & & &
ks ¥ SN & 3 x
s & « N\ &
@'b Y N\

Figure 22- State Sections Count
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Once these sections were finalized, their volumetrics and measured distresses were
gathered. The following Figures Figure 23 to Figure 31 show the descriptive statistics
about the data gathered. The first Table 4 shows the maximum, minimum and mean
average of all the variables collected from the LTPP and needed for the development of
the models within this study. The second Table 5 shows the variation of the distresses
measured in terms of the three main distresses considered. The distresses measured and
taken into consideration are: Rutting, Alligator cracking, Longitudinal cracking and
Transverse cracking. In terms of fatigue, both longitudinal and alligator cracking are
taken into consideration. As for the longitudinal cracking, two types of cracking were
measured and recorded in the LTPP Database: Wheel Path (WP) and Non-Wheel Path

(NWP) cracking.

Table 4- LTPP Data Collected Minimum, Mean and Maximum Values

Number of Sections: 28 Min Mean Max
Va (%) 2.30 4,92 8.90
Ac (%) 3.70 5.26 6.50
Ve (%) 5.10 9.44 12.30

VMA (%) 13.50 14.36 16.60
VFA (%) 36.43 65.74 83.57
R34 (%) 0.00 3.27 17.00
Rag (%) 2.00 21.11 42.00
Ros (%) 14.00 43.36 63.00
P200 (%) 2.00 5.80 9.60
Huwma (in) 1.60 7.90 21.90
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Now for the distresses measured:

Table 5- LTPP Database Distresses Measured Ranges

Number of Sections: 28 Min Mean Max
Rut Depth (in) 0.00 0.31 0.98
Longitudinal Cracks (NWP) 0.00 181.88 609.80
(length, m)
Longitudinal Cracks (WP) 0.00 3.85 39.80
(length, m)
Alligator Cracks (m?) 0.00 65.58 274.50
Thermal Cracks (count) 0.00 61.68 256.00

Concerning the frequency distribution of the variables, the graphs are shown below

(Figure 23 to Figure 31):

ASPHALT CONTENT (%)

18
16
14
12
10

COUNT

O N & OO

i W

3-3.7 4-4.38 5-5.8 6-6.5
ASPHALT CONTENT (%)

Figure 23- LTPP Database Asphalt Content (%) Observations
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Figure 24- LTPP Database Air Void Content (%) Observations

% PASSING #200

-49 5-59 6-69 7-79
% PASSING #200

Figure 25- LTPP Database %P200 Observations
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Figure 26- LTPP Database %R04 Observations
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Figure 27- LTPP Database % Retained on #3/8 Observations
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Figure 28- LTPP Database % Retained on #3/4 Observations
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Figure 29- LTPP Database of VMA (%) Ranges
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VFA (%)
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Figure 30- LTPP Database of VFA (%) Ranges

VBE (%)
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Figure 31- LTPP Database VBE (%) Ranges

Having this gathered database on hand, the development of the needed variables for the
models is found in detail in the following sections of the chapter. The first step was to
develop the Rutting Depth based on the Flow Number Predictive Model (Refer to 3.2 and

0).
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4.3.Generation of the Rutting Depth

4.3.a. Calculation of the Effective Rutting Temperature

The Effective Temperature is the temperature at which the specimen is going to
accumulate the same amount of damage in the laboratory testing as if it is located according
to the different climate changes in the field (as defined in section 0)
In this project, it is also the temperature at which the predicted rutting (or permanent
pavement deformation) will occur according to the different climate conditions. The
formula is inserted below for ease.
El Basyouny and Jeong (2008) (47) developed the following formula, depending on the
climatic conditions of each section chosen:

= Terp = 14.62 — 3.36 X In(Freq) — 10.94 X z + 1.121 X MAAT + 1.718 x

(oymar) — 0.431 X Wind + 0.333 X Sunshine + 0.08 X Rain

Where:

Freq is the Driving Frequency, taken to be 18 Hz in case of Highways

z is the depth at which Tes is measured to be critical, which is 2 in from the surface in this
study

MAAT is the Mean Annual Temperature, calculated based on the location

ommaT IS the standard deviation for the Monthly Average Temperature based on the
location

Wind is the mean annual wind speed in mph

Sunshine is the mean annual sunshine in percentage

Rain is the cumulative annual rainfall depth, in inches
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This temperature is the Effective Rutting Temperature, at which the pavement will
accumulate permanent deformation at a critical depth. The first step is to calculate the
MAAT for the different regions under study. For this reason, the monthly highest and
lowest temperatures were gathered from online sources such as “U.S. Climate Data”. Once
the monthly data is gathered, the average of the high temperature and the average of low
temperature is found. Then, the average of both values is found, which is the MAAT
needed.

The standard deviation of the monthly average temperature is also found using the
gathered data. In addition, the mean annual wind speed, sunshine percentage and the
cumulative rainfall depth were recorded. A sample of the data gathered is found below in

Table 6:

Table 6- Data Collected for the Calculation of Effective Temperature in Phoenix, Arizona

Averagehigh o7 29 77 g5 95 104 106 104 100 89 76 66

in °F;:

Avei;agg_'ow 46 49 53 60 69 78 83 83 77 65 53 45
AvgT 56. 72. 94. 93. 88. 64. 55.
/month SR R R B S R R

PreciA‘%ﬁon 09 09 09 02 01 00 10 09 06 05 06 0.8
P 1 1 8 8 2 4 6 8 3 9 71 7
(in)

Cum.

UM 59 18 3.0 3.2 52 59 71 80
Prem(;i)rl]t)atlon 1 5 2.8 8 3.2 4 4.3 8 1 6.5 7 4
Windspeed ;o9 69 75 73 72 64 57 63 66 68 7

(mph)

i (0)

Sunshine % 78
per year
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The MAAT is found to be equal to 75°F, the standard deviation of the mean monthly
average temperature is 14.7 and the sunshine percentage per year is the number of sunny
days divided by 365. Finally, the Effective Rutting Temperature is found to be equal to
129°F.

The same analysis is done for all the states under study and different cities within
each state. Since different climate is expected in the cities chosen, the MAAT and Effective

Rutting Temperatures are summarized in the Table 7:
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Table 7- Effective Rutting Temperature for States under Study

Alabama Montgomery 4125 65 120
Tuscaloosa 6012 65 104

Tucson 6054 72 123

Arizona Phoenix B961 75 130
Flagstaff 669 46 92

Kingman 1022 61 121

Alaska Anchorage 1004 36 84
Arkansas Little Rock A606 63 121
Rio Blanco 1053 47 97

Colorado El Paso 7783 76 113
Yuma 502 51 105

La Porte 5528 50 104

Indiana Jackson A902 53 110
Jefferson 18-1028 56 112

Kansas Cherokee 1005 57 116
Scott 1006 52 113

Massachusetts Boston 1003 51 105
Springfield 1002 51 108

Port Huron D330 65 103

. Alpena 6016 44 97
Michigan Marquette 1004 a4 9
Grand Rapids 901 49 102

South Carolina  Columbia/Lexington 1024 64 121
Tennessee Memphis 3109 63 121

. Seattle 6049 53 95
Washington Spokane A320 48 08
o Kanawha 1640 53 109

West Virginia Charleston 7008 56 110
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The following graph shows the values obtained for the effective rutting temperatures for

the different states considered:

EFFECTIVE RUTTING TEMPERATURE (°F)
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Figure 32- Effective Rutting Temperature (F) Calculations

4.3.b. Calculation of the Viscosity at Effective Rutting Temperature

The viscosity (V1 in Poise) is the second needed input in order to find the Flow Number
values based on the flow number predictive model (Refer to Chapter 3 Section b).

The viscosity is calculated based on the “A;” and “VTS;” values respective to each PG-
Binder of the mix designs. The “Ai” and “VTSi” values are obtained from the LTPP
website and are regression coefficients or the intercept and the slope of the viscosity-

temperature relationship. Also, the same values are inputted into the MEPDG Software to
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compute the viscosity of the binder. The Table 8 below shows the typical “Ai” and

“VTSi” values for each binder:

Table 8- Typical "Ai" and "VTSi" values

PG 46-34 11504 -3.901 PG 70-28 9.715  -3.217
PG 46-40 10.101 -3.393 PG 70-34 8.965  -2.948
PG 46-46 8.755 -2.905 PG 70-40 8.129  -2.648
PG 52-10 13.386 -4.57 PG 76-10 10.059 -3.331
PG52-16  13.305 -4.541 PG 76-16 10.015 -3.315
PG 52-22  12.755 -4.342 PG 76-22 9.715  -3.208
PG 52-28 11.84 -4.012 PG 76-28 9.2 -3.024
PG 52-34  10.707 -3.602 PG 76-34 8.532  -2.785
PG 52-40 9496 -3.164 PG 82-10 9.514  -3.128
PG 52-46 831 -2.736 PG 82-16 9475 -3.114
PG58-10 12316 -4.172 PG 82-22 9.209 -3.019
PG 58-16  12.248 -4.147 PG 82-28 8.75 -2.856
PG 58-22  11.787 -3.981 PG 82-34 8.151 -2.642
PG 58-28 11.01 -3.701 AC-2,5 11.5167 -3.89

PG58-34  10.035 -3.35 AC-5 11.2614 -3.7914
PG 58-40 8.976  -2.968 AC-10 11.0134 -3.6454
PG 64-10 11432 -3.842 AC-20 10.7709 -3.6017
PG 64-16  11.375 -3.822 AC-3 10.6316 -3.548
PG 64-22 10.98 -3.68 AC-40 10.5338 -3.5104

PG 64-28 10312 -3.44 PEN 40-50 10.5254 -3.5047
PG 64-34 9.461 -3.134 PEN 60-70 10.6508 -3.5537
PG 64-40 8.524 -2.798 PEN 85-100  11.8232 -3.621
PG 70-10 10.69 -3.566 PEN 120-150 11.0897 -3.7252
PG 70-16  10.641 -3.548 PEN 200-300 11.8107 -4.0068
PG 70-22 10.299 -3.426 . . .

Once the “Ai” and “VTS;” values are gathered with respect to the PG-Binder needed, the
viscosity of the binder at the effective rutting temperature following the equation below:
loglog(n) = A; + VTS;log (Tg)

109



Where 7 is the viscosity in Centipoise (cP) and Tris the effective rutting temperature in
Rankine.

A summary of the data needed for this formula is included below in Table 9:

Table 9- Calculation of V1 in Poise

Alabama Montgomery 4125 64-16 11.38 -3.82  3.52E+04

Tuscaloosa 6012 64-16 11.38 -3.82  1.94E+05

Tucson 6054 70-10 10.69 -3.57 5.82E+04

Arizona Phoenix B961 76-10 10.06 -3.33 6.14E+04

Flagstaff 669 58-28 11.01 -3.70 2.13E+05

Kingman 1022 70-16 10.64 -3.55  7.25E+04

Alaska Anchorage 1004 46-40 10.10 -3.39 4.31E+04

Arkansas Little Rock A606 64-16 11.38 -3.82 3.19E+04

Rio Blanco 1053 46-34 1150 -390 1.88E+04

Colorado El Paso 7783 58-28 11.01 -3.70 2.39E+04

Yuma 502 64-28 10.31 -3.44 1.16E+05

La Porte 5528 58-28 11.01 -3.70 6.11E+04

Indiana Jackson A902 58-28 11.01 -3.70 3.35E+04

Jefferson 18-1028 58-28 11.01 -3.70  2.79E+04

Kansas Cherokee 1005 64-22 10.98 -3.68 5.01E+04

Scott 1006 64-28 10.31 -3.44  5.42E+04

Massachusetts Boston 1003 58-22 11.79 -3.98 6.77E+04

Springfield 1002 58-28 11.01 -3.70 3.98E+04

Port Huron D330 58-28 11.01 -3.70 6.94E+04

_ Alpena 6016 52-28 11.84 -4.01  5.39E+04
Michigan

Marquette 1004 52-28 11.84 -4.01 5.70E+04

Grand Rapids 901 58-34 10.04 -3.35 5.14E+04

South Carolina Co'u%?é?]’Lex' 1024 64-16 11.38 -3.82  3.30E+04

Tennessee Memphis 3109 64-22 1098 -3.68 3.11E+04

Washington Seattle 6049 52-16 13.31 -454 1.13E+05

Spokane A320 58-28 11.01 -3.70 1.13E+05

West Virginia Kanawha 1640 64-22 10.98 -3.68 9.56E+04

Charleston 7008 64-22 10.98 -3.68 9.09E+04
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4.3.c. Calculation of the Predicted Flow Number
Having these values at hand, the flow number of each region was predicted, followed by
the estimate (predicted) rutting depth. A summary of all the data gathered is found in
Appendix A, Table 54 .
As mentioned in Chapter 3 (Section b), the flow number is calculated for a fixed value of
the deviator stress of 100 psi and 20 psi confinement. This will represent the typical tire
load of 120 psi on the pavement structure.
The following flow number values were generated for each city based on the

following model (Table 10):

log FN = 0.485 + 0.644 x log(V;) + 0.0874 X P, — 3.323 X logp + 0.0129 X Ry,

—0.0803 X V, + 2.593 X logq — 0.0142 X Rs,
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Table 10- LTPP Database Predicted Flow Number

Montgomery 4125 124

Alabama Tuscaloosa 6012 711
Tucson 6054 424

Arizona Phoenix B961 214
Flagstaff 669 642

Kingman 1022 424

Alaska Anchorage 1004 332
Arkansas Little Rock A606 633
Rio Blanco 1053 402

Colorado El Paso 7783 353
Yuma 502 463

La Porte 5528 238

Indiana Jackson A902 360
Jefferson 18-1028 203

Kansas Cherokee 1005 306
Scott 1006 590

Massachusetts Boston 1003 306
Springfield 1002 139

Port Huron D330 190

I Alpena 6016 309
Michigan Marquette 1004 167
Grand Rapids 901 649

South Carolina Columbia/Lexington 1024 56
Tennessee Memphis 3109 159

. Seattle 6049 185
Washington Spokane A320 295
L Kanawha 1640 151

West Virginia Charleston 7008 165
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4.3.d. Calculation of the Traffic Level

The next step involves calculating the traffic level applied on each pavement structure.
The LTPP Database has recorded the traffic level according to the functional
classification of the road segment, truck factor, truck percentage, and growth factor. The
recorded data has been carried on an annual basis. For this reason, considering 20 years
of approximate pavement life, the number of ESALSs (Equivalent Single Axle Load)
applied on the road section was simply taken to be the summation of the yearly
measurements over the last 20 years. In order to have accurate results, the ESALS were
counted up to 20 years before the last rutting measurement was made. This means that the
number of axles recorded 20 years prior to the rutting reading, were the actual traffic
impacting the road segment in terms of permanent deformation. The following Table 11
summarizes the number of ESALs measured for the period of 20 years as per the LTPP

traffic count and measurements:
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Table 11- LTPP Database Measured ESALSs

Alabama

Arizona

Alaska
Arkansas

Colorado

Indiana

Kansas

Massachusetts

Michigan

South
Carolina
Tennessee

Washington

West Virginia

Montgomery
Tuscaloosa
Tucson
Phoenix
Flagstaff
Kingman
Anchorage
Little Rock
Rio Blanco
El Paso
Yuma
La Porte
Jackson
Jefferson
Cherokee
Scott
Boston
Springfield
Port Huron
Alpena
Marquette
Grand Rapids

Columbia/Lexington

Memphis
Seattle
Spokane
Kanawha
Charleston
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4125
6012
6054
B961
669
1022
1004
A606
1053
7783
502
5528
A902
18-1028
1005
1006
1003
1002
D330
6016
1004
901

1024

3109
6049
A320
1640
7008

6,125,491
28,635,775
6,790,044
54,626,332
54,832,475
30,809,129
2,839,318
20,420,809
2,143,699
11,327,852
10,759,236
5,967,296
82,299,713
18,354,638
1,065,225
1,174,183
654,719
5,276,055
1,669,321
3,090,930
1,330,708
35,264,543

26,048

2,376,525
6,541,155
957,197
15,242,141
40,565,999



4.3.e. Estimation of the Rutting Depth
All the required input has been set into an Excel file, where only the pavement mixture’s
volumetrics are required, as well as the estimated traffic and the asphalt layer’s thickness.
The rutting depth has been predicted based on the following equation, as mentioned in
Section O:

R = 0.00462 x FN~9242 x ESALs%483 x p~1021
Where FN is the predicted Flow Number
ESALSs is the number of single axle load repetitions
h is the asphalt layer thickness (in)
Since the asphalt layer thickness is also recorded for each section, the rutting depth was

predicted, and the following results were obtained in Table 12:
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Table 12- Predicted Rutting

AL Montgomery = 4125 W, NF 124 6.13E+06 6 0.458
Tuscaloosa 6012 W, NF 711 2.86E+07 5 0.760

Tucson 6054 D, NF 424 6.79E+06 9 0.236

A7 Phoenix B961 D, NF 214 5.46E+07 10 0.684
Flagstaff 669 D, F 642 5.48E+07 6 0.885

Kingman 1022 D, NF 424 3.08E+07 8.5 0.519

AK Anchorage 1004 D, F 332 2.84E+06 5.4 0.277
AR Little Rock A606 = W, NF 633 2.04E+07 5 0.664
Rio Blanco 1053 D, F 402 2.14E+06 6.8 0.182

CcoO El Paso 7783 D, F 353 1.13E+07 9.7 0.293
Yuma 502 D, F 463 1.08E+07 9.3 0.279

La Porte 5528 W, F 238 5.97E+06 7.2 0.320

IN Jackson A902 W, F 360 8.23E+07 6.8 1.090

Jefferson 1%)82'8 W,NF 203 184E+07 18 0.224

KS Cherokee 1005 W, F 306 1.07E+06 12.7 0.073
Scott 1006 W, NF 590 1.17E+06 14 0.059

MS Boston 1003 W, F 306 6.55E+05 6.6 0.113
Springfield 1002 W, F 139 5.28E+06 7.8 0.316

Port Huron D330 W, F 190 1.67E+06 2.2 0.613

MI Alpena 6016 W, F 309 3.09E+06 4.6 0.346
Marquette 1004 W, F 167 1.33E+06 4.2 0.293

Grand Rapids 901 W, F 649 3.53E+07 8.6 0.494

SC Columbia 1024 W, NF 56 2.60E+04 1.6 0.153
TN Memphis 3109 W, NF 159 2.38E+06 7 0.233
WA Seattle 6049 W, NF 185 6.54E+06 10.6 0.240
Spokane A320 D, F 295 9.57E+05 2.7 0.342

WV Kanawha 1640 W, F 151 1.52E+07 25 1.654
Charleston 7008 W, NF 165 4.06E+07 3.9 1.650

4.3.f. Comparing the Predicted vs Measured Rutting Values
As mentioned previously in the Background Section, there are many performance
indicators on how well the pavement is performing. These indicators include the visible

distresses, the structural response, surface friction and roughness/serviceability of the
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pavement. These indicators are classified either as Functional of Structural. The
following Table 13 shows the difference in these indicators (FHWA Reference Manual,

2001):

Table 13- Asphalt Pavement Performance Indicators

Distress 4 v

Structural Response 4
Surface Friction v
Roughness/Serviceability v

Concerning Rutting, it is referred to as the permanent deformation due to the

accumulation of small amounts of wheel loads leading to a significant depression of the

pavement surface. It happens in the wheel paths, and the main problem associated to it

happens during wet seasons. It increases the likelihood of vehicle accidents associated

with hydroplaning.

Several factors affect the presence of permanent deformation and its location:

If it is only present in the surface, one or a combination of the following could be

the reason:

e The HMA surface layer was overloaded

e The HMA layer was soft during a hot climate period and is affected by traffic

loading
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e The mix is unstable

e The asphalt is very temperature susceptible

If the rutting exists only in the base/subbase, different explanations exist:
e The surface layer is too thin
e The aggregates in the base/subbase were inadequately designed

e The layers were exposed to long periods of moisture

If the permanent deformation reached the subgrade, it means that the whole pavement
structure is too thin to handle the applied loads or that the natural soil underneath is
weak. The soil may have high moisture content generally.
In the case of the LTPP Database, the rutting has been measured only for the surface
layer of the HMA pavement structure. Permanent Deformation may have happened in the
layers underneath, however such information is not provided. In addition, the predictive
models implemented in this study only cover the permanent deformation accumulated in
the surface layer over the expected traffic and pavement life of the structure.
After having the results shown in the previous section 4.3.e, the predicted vs measured

rutting values are plotted in Figure 33:
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Measured Rutting (in) vs. Predicted Rutting (in)
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Figure 33- Predicted vs Measured Rutting Values (in)

The rutting values were predicted based on the measured ESAL values as well as the
recorded Asphalt Thickness of the surface layer. It can be seen from the graph above that
the values are widespread. However, for low values of rutting, the prediction seems to be
more accurate than for highest values. In other words, for Flow number values less than
5,000 cycles, the predicted rutting values seem to be closer than the measured ones.

It is also to be considered that the model had an initial R? of 0.84 and a ratio
Se/Sy of 0.36. This shows that the model is good and should be accurate. However,
uncertainty also lays in the measured values provided by the LTPP. This uncertainty

depends on the quality of the aggregates, how the pavement was constr, as well as the
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quality control of the construction and mix. In addition, the weather modifications
exhibited also affects the performance of the pavement structure in terms of rutting.

All in all, the coefficients of variation of the measured and predicted rutting values were
calculated. The coefficient of variation for the measured rutting values was found to be
77%, whereas the coefficient of variation of the predicted values was found to be equal to
80%. This shows a rather high variability in the data to start with.

It is to be also noted that this model was originally developed with a different set
of data. Also, it is highly depending on another predictive model, which is the Flow
Number Predictive Model discussed previously. Therefore, the results obtained in the
graph above are reflective the high variability of the results.

The model was developed using certain samples back in 2010 by Rodezno (46).
Now, the model is being tested out of time and out of sample. Overfitting the sample may
have happened. The model may accommodate the data gathered upon the development of
the model, and therefore may not fit the current data.

The data gathered may be different than the one used in 2010, and therefore may not be
adequate to the model. This explains the high variance and the high dispersion in the
graph. All in all, the following Error! Reference source not found. shows the behavior o

f rutting with the Flow Number, measured ESALSs and Asphalt Thickness:
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Figure 34- Rutting Comparison
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In general, rutting is bound to happen more frequently in Wet Areas, as well as with
Freeze climate.

This behavior is reflected in the prediction of rutting, whereas it is more frequent and in
higher number for the Dry Freeze, Wet Freeze and Wet Non-Freeze. The Figure 35
summarizes the results obtained per climatic regions having the predicted rutting

according to the model used:

Predicted Rutting by Climate Regions
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Figure 35-Predicted Rutting per Climate Regions

On average, the Dry, No Freeze region does expect some rutting, but in lower values than
the other regions. The results coincide with the hypothesis. In addition, Rutting happen in

bigger amount during freeze and thaw, where deformation is increasing.
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All in all, the maximum rutting value predicted in the Dry Freeze is 0.52 inches, in the
Dry Non-Freeze 0.34, in the Wet Non-Freeze, 0.60 inches and finally in the Wet Freeze

0.87 inches. The average rutting values per climatic region are found in Figure 36:

PREDICTED RUTTING

0.60

0.50

0.40

0.30

0.20

0.10

0.00
Dry, Freeze Dry, No Freeze Wet, Freeze Wet, No Freeze

Figure 36- Predicted Rutting per Climate Regions for the LTPP Database

This graph shows that the predicted rutting for the sections is relatively the same for all

the climatic regions, therefore no results can be concluded from this graph.

4.4.Generation of the Fatigue Behavior

In this section, the fatigue prediction is carried on based on the predictive model
described in 3.4. This model specifically derives the number of cycles needed until

failure, in other words, till the pavement structure reaches fatigue failure and a crack is
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initiated. It is also referred to as the fatigue life at the maximum strain level. It has been
derived by relating the fatigue life of the asphalt mixtures to the fatigue life of the asphalt
binders. In order to proceed and generate the results needed, the following steps have

been implemented.

4.4.a. Calculation of the Effective Fatigue Temperature

The first step is associated with developing the testing temperature at which fatigue is
most likely to happen. According to AASHTO TP 107, the testing temperature is based
on the PG of the binder as per the climatic region. The “Fatigue Temperature” is found
by the averaging the high and low temperatures of the PG and deducting 3°C from the
total. The temperatures were found for the states into consideration and are listed below

Table 14:
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Alabama

Arizona

Alaska
Arkansas

Colorado

Indiana

Kansas

Massachusetts

Michigan

South Carolina
Tennessee

Washington

West Virginia

Table 14- LTPP Database Effective Fatigue Temperature

Montgomery
Tuscaloosa
Tucson
Phoenix
Flagstaff
Kingman
Anchorage
Little Rock
Rio Blanco
El Paso
Yuma
La Porte
Jackson
Jefferson
Cherokee
Scott
Boston
Springfield
Port Huron
Alpena
Marquette

Grand Rapids

Columbia

Memphis
Seattle
Spokane
Kanawha
Charleston

4125
6012
6054
B961
669
1022
1004
A606
1053
7783
502
5528
A902
18-1028
1005
1006
1003
1002
D330
6016
1004
901

1024

3109
6049
A320
1640
7008
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64-16
64-16
70-10
76-10
58-28
70-16
46-40
64-16
46-34
58-28
64-28
58-28
58-28
58-28
64-22
64-28
58-22
58-28
58-28
52-28
52-28
58-34

64-16

64-22
52-16
58-28
64-22
64-22

69.8
69.8
80.6
86
53.6
75.2
32
69.8
37.4
53.6
59
53.6
53.6
53.6
64.4
59
64.4
53.6
53.6
48.2
48.2
48.2

69.8

64.4
K
53.6
64.4
64.4



The effective temperatures found are plotted on the Figure 37 below, to show the

variation of the obtained values:

EFFECTIVE FATIGUE TEMPERATURE (°F)

0 W
o O

EFFECTIVE FATIGUE TEMPERATURE (F)

STATES

Figure 37- Effective Fatigue Temperature (°F) Calculation

Once the Effective Temperature at which fatigue is happening, i.e., testing temperature,

the next step involves calculating the viscosity at the specific temperatures for each PG-

binder.

4.4.b. Calculation of the Asphalt Binder Viscosity at Specific Temperature and
Frequency

According to the equation below, the viscosity is calculated based on the “Ai” and

“VTSi”, as well as the Effective Temperature in Rankine, and the loading frequency. In

this case, the frequency “f” is equal to 10 Hz for all cases:

loglog nsr = 0.9699f,799527 « A + 0.9668f, %9575 x VTSlogTy
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This formula allows to find the viscosity at test temperature (°F) and frequency (Hz) in

centipoise (cP) in Table 15.

Alabama

Arizona

Alaska
Arkansas

Colorado

Indiana

Kansas

Massachusett
S

Michigan

South
Carolina

Tennessee

Washington

Table 15- LTPP Database Viscosity Calculation of the LTPP Database

Montgomer

y
Tuscaloosa

Tucson
Phoenix
Flagstaff
Kingman
Anchorage
Little Rock
Rio Blanco
El Paso
Yuma
La Porte
Jackson
Jefferson
Cherokee
Scott
Boston
Springfield
Port Huron
Alpena

Marquette

Grand
Rapids

Columbia
Memphis
Seattle

Spokane
Kanawha

4125

6012
6054
B961
669
1022
1004
A606
1053
7783
502
5528
A902
18-1028
1005
1006
1003
1002
D330
6016
1004

901

1024

3109
6049
A320
1640

64-16

64-16
70-10
76-10
58-28
70-16
46-40
64-16
46-34
58-28
64-28
58-28
58-28
58-28
64-22
64-28
58-22
58-28
58-28
52-28
52-28

58-34

64-16

64-22
52-16
58-28
64-22
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11.38

11.38
10.69
10.06
11.01
10.64
10.10
11.38
11.50
11.01
10.31
11.01
11.01
11.01
10.98
10.31
11.79
11.01
11.01
11.84
11.84

10.04

11.38

10.98
el
11.01
10.98

-3.82

-3.82
-3.57
-3.33
-3.70
-3.55
-3:39
-3.82
-3.90
-3.70
-3.44
-3.70
-3.70
-3.70
-3.68
-3.44
-3.98
-3.70
-3.70
-4.01
-4.01

-3.35

-3.82

-3.68
-4.54
-3.70
-3.68

529.47

529.47
540.27
545.67
513.27
534.87
491.67
529.47
497.07
513.27
518.67
513.27
513.27
513.27
524.07
518.67
524.07
513.27
513.27
507.87
507.87

507.87

529.47

524.07
518.67
513.27
524.07

1.04E+09

1.04E+09
3.36E+08
2.11E+08
1.52E+09
3.47E+08
5.82E+08
1.04E+09
2.66E+09
1.52E+09
7.88E+08
1.52E+09
1.52E+09
1.52E+09
1.15E+09
7.88E+08
1.16E+09
1.52E+09
1.52E+09
3.17E+09
3.17E+09

6.21E+08

1.04E+09

1.15E+09
5.60E+09
1.52E+09
1.15E+09



West

o Charleston 7008 64-22 10.98 -3.68 524.07 1.15E+09
Virginia

4.4.c. Calculation of the Phase Angle & based on Temperature and Frequency
By definition, the phase angle is the lag between the applied stresses and strains on a
viscoelastic material. For the purpose of the analysis, it has been calculated using the

following equation:

8p = 90 + (—7.3146 — 2.6162 * VTS") * log(f; * nyr) + (0.1124 + 0.2029 * VTS")

2
«log(fs * Ms7)
Having the frequency equal to 10 Hz, and the viscosity (in cP) calculated at the testing
temperature and frequency in the previous step, the phase angle of the asphalt binder was

estimated in Table 16:
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Table 16- Calculation of Phase Angle 6 for the LTPP Database

Alabama Montgomery 4125 1.04E+09  46.92
Tuscaloosa 6012 1.04E+09  46.92

Tucson 6054 3.36E+08  50.18

. Phoenix B961 2.11E+08  50.62
Arizona Flagstaff 669 1.52E+09  44.73
Kingman 1022 3.47E+08  49.95

Alaska Anchorage 1004 5.82E+08  47.11
Arkansas Little Rock A606 1.04E+09  46.92
Rio Blanco 1053 2.66E+09  43.21

Colorado El Paso 7783 1.52E+09  44.73
Yuma 502 7.88E+08 46.15

La Porte 5528 1.52E+09  44.73

Indiana Jackson A902 1.52E+09  44.73
Jefferson 18-1028 1.52E+09  44.73

Kansas Cherokee 1005 1.15E+09  45.80
Scott 1006 7.88E+08 46.15

Boston 1003 1.16E+09  47.26

Massachusetts springfield 1002 152E+09 4473
Port Huron D330 1.52E+09  44.73

_ Alpena 6016 3.17E+09  42.91
Michigan Marquette 1004 3.17E+09  42.91
Grand Rapids 901 6.21E+08  46.63

South Carolina Columbia/Lexington 1024 1.04E+09  46.92
Tennessee Memphis 3109 1.15E+09  45.80

. Seattle 6049 5.60E+09 42.36
Washington Spokane A320 1.52E+09  44.73
. Kanawha 1640 1.15E+09  45.80

West Virginia Charleston 7008 1156409  45.80

4.4.d. Calculation of the Complex Modulus of the Asphalt Binder
The Complex Shear Modulus of the asphalt binder |Gp*| is estimated based on the phase
angle calculated in the step above and the viscosity (in cP) at testing temperature and

frequency (Hz).
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The following formula has been used to predict the dynamic shear modulus (Pa) needed

for the analysis:

|G5| = 0.0051f;n, 1 (SinS)7'1542_0'4929f5+0'0211f52

Calculating it for the different states and cities, the following Table 17 has been

generated in Pascals:

Table 17- Calculation of the Complex Modulus of the Asphalt Binder |G*b| for the LTPP Database

Alabama

Arizona

Alaska
Arkansas

Colorado

Indiana

Kansas

Massachusetts

Michigan

South
Carolina
Tennessee

Washington

West Virginia

Montgomery
Tuscaloosa
Tucson
Phoenix
Flagstaff
Kingman
Anchorage
Little Rock
Rio Blanco
El Paso
Yuma
La Porte
Jackson
Jefferson
Cherokee
Scott
Boston
Springfield
Port Huron
Alpena
Marquette
Grand Rapids

Columbia/Lexington

Memphis
Seattle
Spokane
Kanawha
Charleston

4125
6012
6054
B961
669
1022
1004
A606
1053
7783
502
5528
A902
18-1028
1005
1006
1003
1002
D330
6016
1004
901

1024

3109
6049
A320
1640
7008
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1.04E+09
1.04E+09
3.36E+08
2.11E+08
1.52E+09
3.47E+08
5.82E+08
1.04E+09
2.66E+09
1.52E+09
7.88E+08
1.52E+09
1.52E+09
1.52E+09
1.15E+09
7.88E+08
1.16E+09
1.52E+09
1.52E+09
3.17E+09
3.17E+09
6.21E+08

1.04E+09

1.15E+09
5.60E+09
1.52E+09
1.15E+09
1.15E+09

46.92
46.92
50.18
50.62
44.73
49.95
47.11
46.92
43.21
44.73
46.15
44.73
44.73
44.73
45.80
46.15
47.26
44.73
44.73
4291
42.91
46.63

46.92

45.80
42.36
44.73
45.80
45.80

1.36E+07
1.36E+07
5.45E+06
3.52E+06
1.70E+07
5.56E+06
7.70E+06
1.36E+07
2.63E+07
1.70E+07
9.75E+06
1.70E+07
1.70E+07
1.70E+07
1.39E+07
9.75E+06
1.55E+07
1.70E+07
1.70E+07
3.05E+07
3.05E+07
7.94E+06

1.36E+07

1.39E+07
5.16E+07
1.70E+07
1.39E+07
1.39E+07



The Figure 38 has been plotted for the different states to have a clearer idea about the

variability of the results:

|G*B|

MILLIONS

G*B

Figure 38- Calculation of the Complex Shear Modulus of the Asphalt Binder for the LTPP Database

4.4.e. Calculation of the FSC*, the Fatigue Strain Capacity or General Shear Envelope
The Fatigue Strain Capacity or FSC” is characterized as the maximum strain capacity for
a specific asphalt binder. It is obtained as explained in Section 3.4. It is estimated as

follows:

1
FSC* =
6.56 X 10~3 X G, (T,t)%9%82 + 1.35 x 10~9 X G, (T, t)*10

Where Gy is the complex shear modulus of the asphalt binder for a specific testing
temperature and frequency.

The results of the FSC* calculation is shown below in Table 18:
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Table 18- FSC* Calculation for the LTPP Database

Alabama Montgomery 4125 1.36E+07 30
Tuscaloosa 6012 1.36E+07 30

Tucson 6054 5.45E+06 47

Arizona Phoenix B961 3.52E+06 55
Flagstaff 669 1.70E+07 27

Kingman 1022 5.56E+06 47

Alaska Anchorage 1004 7.70E+06 41
Arkansas Little Rock A606 1.36E+07 30
Rio Blanco 1053 2.63E+07 20

Colorado El Paso 7783 1.70E+07 27
Yuma 502 9.75E+06 36

La Porte 5528 1.70E+07 27

Indiana Jackson A902 1.70E+07 27
Jefferson 18-1028 1.70E+07 27

Kansas Cherokee 1005 1.39E+07 30
Scott 1006 9.75E+06 36

Massachusetts Bpsto_n 1003 1.55E+07 28
Springfield 1002 1.70E+07 27

Port Huron D330 1.70E+07 27

Michigan Alpena 6016 3.05E+07 18
Marquette 1004 3.05E+07 18

Grand Rapids 901 7.94E+06 40

South Carolina Columbia/Lexington 1024 1.36E+07 30
Tennessee Memphis 3109 1.39E+07 30
Washington Seattle 6049 5.16E+07 12
Spokane A320 1.70E+07 27

West Virginia Kanawha 1640 1.39E+07 30
Charleston 7008 1.39E+07 30

It is to be mentioned that the FSC* and the Number of Cycles to Failure are directly
proportional. This means that the higher the value of FSC*, the better the fatigue life of

the asphalt mixture.
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4.4.f. Calculation of the Number of Cycles to Fatigue Failure
The final model developed to predict the fatigue life of an asphalt mixture was developed
based on the GFTAB analysis of asphalt binder based on the LAS test, and the axial

fatigue testing on asphalt mixtures. The model has the following form:

VBE \\ GO
" )
(@sc) ) | -

&t

Ny =

For a constant strain level taken to be equal to 350 pe in Table 19:
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Alabama

Arizona

Alaska
Arkansas

Colorado

Indiana

Kansas

Massachu
setts

Michigan

South
Carolina
Tennessee
Washingt
on
West
Virginia

Table 19- Number of Cycles to failure for the LTPP Database

Montgomery
Tuscaloosa
Tucson
Phoenix
Flagstaff
Kingman
Anchorage
Little Rock
Rio Blanco
El Paso
Yuma
La Porte
Jackson
Jefferson
Cherokee
Scott
Boston
Springfield
Port Huron
Alpena
Marquette
Grand
Rapids

Columbia

Memphis
Seattle
Spokane
Kanawha
Charleston

4125
6012
6054
B961
669
1022
1004
A606
1053
7783
502
5528
A902
18-1028
1005
1006
1003
1002
D330
6016
1004

901

1024

3109
6049
A320
1640
7008

1.04E+09
1.04E+09
3.36E+08
2.11E+08
1.52E+09
3.47E+08
5.82E+08
1.04E+09
2.66E+09
1.52E+09
7.88E+08
1.52E+09
1.52E+09
1.52E+09
1.15E+09
7.88E+08
1.16E+09
1.52E+09
1.52E+09
3.17E+09
3.17E+09

6.21E+08

1.04E+09

1.15E+09
5.60E+09
1.52E+09
1.15E+09
1.15E+09

47
47
50
51
45
50
47
47
43
45
46
45
45
45
46
46
47
45
45
43
43

47

47

46
42
45
46
46

1.36E+07
1.36E+07
5.45E+06
3.52E+06
1.70E+07
5.56E+06
7.70E+06
1.36E+07
2.63E+07
1.70E+07
9.75E+06
1.70E+07
1.70E+07
1.70E+07
1.39E+07
9.75E+06
1.55E+07
1.70E+07
1.70E+07
3.05E+07
3.05E+07

7.94E+06

1.36E+07

1.39E+07
5.16E+07
1.70E+07
1.39E+07
1.39E+07

58
55
64
69
57
66
70
55
54
57
63
57
57
57
57
63
57
57
57
49
49

67

55

57
33
57
57
57

7214
8200
10887
13478
9435
12750
15257
12999
7734
7500
8234
10987
13055
11617
8368
16943
4839
14058
10066
7938
4646

16032

3136

6552
590

6262
8100
5417

It is to be noted that the higher the number of cycles to failure, the better the fatigue life

of the mixture.
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If multiple strains are to be considered, the accumulated Damage formula mentioned in

Section 3.4 must be generated for multiple strain levels.

4.4.9. Comparing the Predicted vs. Measured Fatigue Values

In this section, the predicted and the measured fatigue indicators are compared. The
LTPP provides measured fatigue areas (Alligator Cracking) in m2. The measured
distresses are found in Appendix A, Table 54. The mechanism of fatigue refers to the
progressive process whereby a bound layer in the HMA pavement structure undergoes a
certain number of repeated applications of stress/strain leading to its crack. The asphalt
mixtures are recognized as having a viscoelastic behavior. In other terms, the elastic
portion of the specimen concerns the energy stored when loaded, whereas the viscous
portion represents the energy dissipated within the specimen. The lower the energy
dissipated/higher the energy stored, the lower is the crack propagation. When too much
stress/strain is accumulated within the sample, a crack forms to release them. The

accumulation over time is the main cause of fatigue of the material.

In this study, the Number of Repetition to Failure Nf was predicted and related to the
estimated fatigue life of a mixture. The LTPP Database provides measurements of the
area having forms of fatigue under the shape of Alligator Cracking. It refers to a surface
damaged with a pattern looking like scales from the back of an alligator. It begins usually
with longitudinal cracks, connected by transverse cracks. It is the most serious issue that
can affect the asphalt surface and is almost always the result of neglecting the need to

make repairs and protect the surface.
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Longitudinal cracking appears as the onset of fatigue cracking. It allows moisture
infiltration, roughness and onset of alligator cracking followed by structural failure. They
are mostly caused by improper paving operations, bottom-up reflected cracks, shrinkage
of the asphalt layer or poorly constructed joints. They are widely linked to fatigue

behavior.

For this reason, in this section, the fatigue behavior collected from the LTPP
Database is retrieved from data recorded in terms of Alligator Cracking (Fatigue) and
Longitudinal Cracks. The longitudinal cracks are measured within the wheel path, and
non-wheel path (WP, NWP) in meters. Normally, the transvers cracks could also be
correlated with fatigue. However, as no background have been provided on the possible
nature of the distresses recorded, only longitudinal and alligator cracks are taken into

consideration in the analysis.

The following Table 20 has been generated:
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Table 20- LTPP Database Fatigue Comparison

Alabama Montgomery 4125 0 0 76.6 7214

Tuscaloosa 6012 43 959 1256 8200

Tucson 6054 0 0 1.2 10887

Arizona Phoenix B961 0 29.7 46.3 13478

Flagstaff 669 0 201.8 0 9435

Kingman 1022 0 3595 120.2 12750

Alaska Anchorage 1004 0 84.8 2 15257

Arkansas Little Rock A606 0 2729 60.9 12999

Rio Blanco 1053 0 609.8 8 7734

Colorado El Paso 7783 0 4148 1114 7500

Yuma 502 33 161.2 75.4 8234

La Porte 5528 0 322 132.3 10987

Indiana Jackson A902 0 305.1 0 13055

Jefferson 18-1028 0 172.7 0 11617

Kansas Cherokee 1005 14 1889 1545 8368

Scott 1006 0 36.5 33.3 16943

Massachusetts B_osto_n 1003 125 30.6 1045 4839

Springfield 1002 0 99.8 2034 14058

Port Huron D330 25 2355 0 10066

Michigan Alpena 6016 13.3 160 0 7938

Marquette 1004 0 207.5 2.2 4646

Grand Rapids 901 0 287.5 2745 16032

South o umbia/Lexington 1024 0 533 226 3136
Carolina

Tennessee Memphis 3109 0 88 22 6552

Washington Seattle 6049 39.8 0 0 590

Spokane A320 09 1983 1.3 6262

West Virginia Kanawha 1640 0 171.3 258.1 8100

Charleston 7008 0 305.1 0 5417
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It is to be noted that the LTPP Database does not always provide Fatigue measurements.
In the case where no values have been provided, a value of 0 was assigned in the
respective column (Fatigue m?) in Table 20. In addition, as we are considering fatigue

behavior, the longitudinal cracks on the wheel-path were considered in the analysis.

Based on the analysis, it is safe to assume that the number of cycles to failure Nt
is said to be greater when a pavement structure is not expected to experience a lot of
fatigue distresses. In other terms, the higher the number of cycles to failure Ns, the lower

the fatigue behavior during the pavement life.

As the data presented in the LTPP is not in terms of N¢, the comparison the
predicted vs measured data is different than the one presented for rutting. The results are
presented in Error! Reference source not found. showing the number of cycles to f
ailure in 1000, the length of longitudinal cracks on the wheel path, and the amount of

alligator cracking in terms of area in m2,
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Fatigue Behavior per State and Location
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Figure 39- Fatigue Comparison per State and Region for LTPP Database
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The preceding bar chart shows the fatigue behavior of each state. In order to give a better
analysis of that has been obtained, a different chart has been plotted in terms of climatic
regions. For most of the cases, it can be seen from the chart above that the initial
proposed theory is somehow satisfied, as the number of cycles to failure increases, the
fatigue behavior is better. However, some exceptions did occur. Based on the data
collected, the following limitations have been concluded: For a maximum strain level of

350 pe, the Nt ranges have the following trend in Table 21:

Table 21- Nf Behavior Ranges

Satisfactory 6,000-10,000
Good 10,000-15,000
Excellent >15,000

The following ranges are observed from the bar chart above. However, it is to be noticed
that even though these ranges are generalized, the fatigue behavior of each climatic
region is differing. The Figure 40 showing the fatigue per climatic region is shown

below.
From the climatic regions’ graph, the following behaviors were recorded:

The highest fatigue areas were recorded in the Wet (Freeze and Non-Freeze)
regions. The highest area recorded by the LTPP is of 274.5 m?, happening in the Wet,

Freeze Region.

Similarly, the highest length of longitudinal cracks has been recorded in the Wet,

Freeze region with a length of 39.8 m. The different PG-Binder used in this analysis also
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have a big effect on the number of cycles to failure, as Gy and & are dependent on the
type of binder used. Also, the fatigue temperature developed is based on the PG of the
binder. Therefore, the choice of the PG-binder plays a big role in this prediction.
Choosing the right PG of the binder plays an important part in general within all of the
predictions. It is important to choose the right binder for the right temperature set. At
high temperatures, a stiffer binder is required to resist rutting and avoid the softening of
the binder whereas at low temperatures, softer binders are required to avoid the stiffening
of the binder at lower temperatures. In terms of fatigue, an elastic behavior is required,
which means that more energy needs to be stored and released then dissipated. This is
reflected by the G*sind factor < 5000 kPa. The list of the performance grades per climatic

region is shown in Table 22:

141



Table 22- PG-Binder per Climatic Regions

Colorado
Woashington
Alaska
Arizona
Colorado
Colorado
Arizona
Arizona
Arizona
Kansas
Michigan
Indiana
Michigan
Michigan
Massachusetts
Massachusetts
Michigan
West Virginia
Indiana
Alabama
Alabama
Tennessee
Arkansas

Washington

South
Carolina

West Virginia
Kansas
Indiana

Yuma
Spokane
Anchorage
Flagstaff
Rio Blanco
El Paso
Tucson
Kingman
Phoenix
Cherokee
Marquette
Jackson
Grand Rapids
Alpena
Boston
Springfield
Port Huron
Kanawha
La Porte
Montgomery
Tuscaloosa
Memphis
Little Rock
Seattle

Columbia

Charleston
Scott
Jefferson

502
A320
1004

669
1053
7783
6054
1022
B961
1005
1004
A902

901
6016
1003
1002
D330
1640
5528
4125
6012
3109
A606
6049

1024

7008
1006
18-1028
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64-28
58-28
46-40
58-28
46-34
58-28
70-10
70-16
76-10
64-22
52-28
58-28
58-34
52-28
58-22
58-28
58-28
64-22
58-28
64-16
64-16
64-22
64-16
52-16

64-16

64-22
64-28
58-28

46
61
65
65
72
75
36
47
63
50
51
51
51
52
53
56
57
65
76
44
44
48
49
53

53

56
63
64

Dry, Freeze

Dry, No
Freeze

Wet, Freeze

Wet, No
Freeze



The highest temperatures are experienced in the Dry, Freeze and Dry, No-Freeze
regions. In the dry-freeze region, the PG Binders are stiff at high temperatures and soft at
low temperatures. However, all the performance grades vary from 46 to 76 in terms of

high temperatures, and from 10 to 34 in terms of low temperatures.

In the following section, each climatic region is divided as per the 4 regions
discussed earlier in Section 4.1. In addition, the cumulative graph of all the sections is

shown below in Figure 40.
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4.4.g.1.Fatigue Analysis: Dry-Freeze Region

For the Dry Freeze Region, the highest number of cycles to failure is of 15260, with only 2 m? of

alligator cracking. This number of cycles to failure according to the general criteria falls within

the Satisfactory range. As the N goes lower, more fatigue areas are recorded. The Figure 41

below must be taken into consideration:

2000

1500

1000

500

DRY, FREEZE FATIGUE BEHAVIOR

Spokane Yuma ElPaso  RioBlanco Flagstaff Anchorage

Washington Colorado Colorado Colorado  Arizona Alaska

Figure 41- Dry- Freeze Fatigue Behavior Data

The fatigue behavior in Spokane, Arizona do not stick with the trend suggested above. As for the

other section, the behavior fit the trend proposed above. Even though the number of cycles to

failure falls within the Satisfactory Range, the fatigue behavior seems to be looking good. This

could be justified by the number and date of data collection included in the LTPP, as the results

are not the most recent compared to the other sections. For this reason, this section could be

removed from the analysis.
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4.4.9.2.Fatigue Analysis: Dry, Non-Freeze Region

For the Dry, Non-Freeze region, the highest number of cycles to failure is recorded to be 10890,
with 1.2 m? of alligator cracking. In this climatic zone, the number of cycles to failure for all of
the sections fall within the Good range. The trend is followed except for the section located in
Tucson (Figure 42). This can also be verified as the inputted data is not the most recent one, and

that newer measurements should be conducted.

DRY, NON-FREEZE FATIGUE BEHAVIOR

I I \ NF (1/10)

1000
00 ’ Alligator
0 ’ Longitudinal Cracking

Tucson Kingman Phoenix

1500

Arizona Arizona Arizona
Longitudinal Cracking ™ Alligator ™ Nf (1/10)
Figure 42- Dry, Non-Freeze Fatigue Behavior
4.4.9.3.Fatigue Analysis: Wet, Freeze Region
For the Wet, Freeze Region, the worst fatigue behavior is experience in both terms of alligator
cracking. The highest alligator cracking area that has been recorded is 258.1 m?,
The number of cycles to failure within this region ranges from 4840 till 16030. However, some
inconsistencies are presented in this case, as high fatigue is expected in this type of climate.
Moisture by itself is considered to have a negative effect of asphalt. In the freeze part of this

climatic region, freeze and thaw phenomena affects the performance of the asphalt pavement

structure drastically.
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The following Figure 43 shows the fatigue behavior of the Wet, Freeze region:

WET, FREEZE FATIGUE BEHAVIOR
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Figure 43- Wet, Freeze Fatigue Behavior

4.4.9.4.Fatigue Analysis: Wet, Non-Freeze Region
In this region the highest number of cycles to failure is found to be 10440. In terms of measured
rutting, the trend is approximately followed. The amount of alligator cracking recorded is logical
in terms of Nr. However, the increase/decrease with respect to the number of cycles to failure is
somehow consistent. As the number Ntincreases, the alligator cracking area should decrease.
The trend is observed in certain cases except for Seattle-Washington and Charleston-Virginia.

This is explained in the case where the data is not the most recent (Figure 44).
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WET, NO FREEZE FATIGUE BEHAVIOR
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Figure 44- Wet, Non-Freeze Fatigue Behavior

4.5. Generation of the Total Effective Fracture Energy and Tensile Strength

In this section, an estimation of the thermal cracking behavior is observed. The predictive
models were described and defined in the previous chapter, Section 3.5. However, not enough
data was available in order to run the new TCMODEL suggested by Zborowski in 2007(31). For
this reason, all the parameter that could be developed with the available data are listed in this
section. The outcome of this analysis is to relate all the parameters found, with the trends that are
expected for the thermal cracking mechanism behavior. The creep compliance at 1000 seconds,
the D1 and m parameters, as well as the tensile strength and total effective fracture energy were

found for all the available mixtures from the LTPP Database.
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4.5.a. Calculation of the Dy fracture parameter for the Creep Compliance
First, the calculation of the D1 parameter was calculated for each testing temperature of -20°C, -
10°C and 0°C. The formulas used are inserted below for simplicity in 1/psi:

> log(D;)_p00c = —11.92540 + 1.52206 * log(V,) + 4.49876 * log(VFA) — 3.81320 x

log(Arrro)

= log(D;)_190¢ = —10.76560 + 1.51960 * log(V,) + 3,49983 * log(VFA) — 2.99870 =

log(Arrro)

> log(D,)goc = —9.80626 + 1.50845 * log(V,) + 2.99000 * log(VFA) — 2.90157

log(Arrro)

The results are summarized in the Table 23:
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Table 23- D1 calculation for the LTPP Database

AZ Flagstaff Dry, F 669 49 97 24E-07 3.7E-07 4.9E-07
AK | Anchorage Dry, F 1004 3.9 101 25E-07 3.5E-07 4.4E-07
CO RioBlanco Dry, F 1053 4 10.3 2.6E-07 3.6E-07 4.6E-07
(6{0) El Paso Dry, F 7783 53 8.7 | 20E-07 3.3E-07 4.5E-07
(6{0) Yuma Dry, F 502 74 7.6  16E-07 3.0E-07 4.6E-07
WA Spokane Dry, F A320 6 8 1.7E-07  3.0E-07 @ 4.2E-07
AZ Tucson Dry, NF 6054 4.6 10 2.6E-07 3.8E-07 5.0E-07
AZ Phoenix Dry, NF B961 45 101 2.6E-07 3.8E-07 4.9E-07
AZ Kingman Dry, NF 1022 39 107 27E-07 3.8E-07 4.7E-07
IN La Porte Wet, F 5528 6.2 104 @ 27E-07 4.3E-07 5.9E-07
IN Jackson Wet, F A902 27 113 24E-07 3.0E-07 3.6E-07
KS Cherokee Wet, F 1005 5 9 2.3E-07 3.5E-07 4.7E-07
MS Boston Wet, F 1003 56 84  19E-07 3.2E-07 4.4E-07
MS  Springfield Wet, F 1002 23 117  22E-07 26E-07 3.1E-07
Ml Port Huron Wet, F D330 4 10 25E-07 3.5E-07 4.5E-07

Ml Alpena Wet, F 6016 2.7 113 2.4E-07 3.0E-07 3.6E-07

MI Marquette Wet, F 1004 51 89 21E-07 3.5E-07 4.5E-07

MI Grand Wet, F 901 35 10 3.7E-07 4.6E-07 5.77E-07
Rapids

WV Kanawha Wet, F 1640 51 886 2.2E-07 3.4E-07 4.71E-07

AL | Montgomer = Wet, NF 4125 58 9.2 | 18E-07 3.0E-07 4.2E-07

y
AL  Tuscaloosa  Wet, NF 6012 52 9.8 20E-07 3.2E-07 4.34E-07

AR  Little Rock = Wet, NF A606 3 123 2.1E-07 2.8E-07 3.52E-07
IN Jefferson Wet, NF 1028 43 10.69 2.7E-07 3.8E-07 4.97E-07
KS Scott Wet, NF 1006 3.2 108 29E-07 3.7E-07 4.55E-07
SC Columbia ~ Wet, NF 1024 79 61 6.1E-08 1.5E-07 2.43E-07
TV Memphis Wet, NF 3109 6 8 1.77e- 3.07E-  4.39E-07

07 07

WA Seattle Wet, NF 6049 89 51 407E- 1.12E- 2E-07
08 07

WV  Charleston =~ Wet, NF 7008 6.7 7.3 1.39E-  2.64E-  3.94E-07
07 07
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The behavior of this parameter reflects the trend that is expected: for the same level of air
void content, D1 decreases with the increase of Vy, and vice versa. Also, the values are within an
acceptable range of the model.

It is also noticed that D1 increases with the increase in temperature. This reflects the trend
stating that with higher temperature, and higher creep compliance, the resistance to thermal
cracking is increasing. This is also reflected by the fact that, at higher temperatures, the asphalt

binder is softer. The Figure 45 shows the variation of D1 with respect to the temperatures -20°C,

-10°C and 0°C.
D1 VARIATION WITH CLIMATE REGIONS
AND TEMPERATURES
5.00E-07
4.50E-07
4.00E-07
3.50E-07
3.00E-07
2.50E-07 :
2.00E-07
1.50E-07
1.00E-07
5.00E-08
0.00E+00

Dry Freeze Dry, No Freeze Wet, Freeze Wet, No Freeze
™ Avg D1 (-20C) ™ AvgD1(-10C) ™ Avg D1 (0C)
Figure 45-D1 Variation with Temperature per Climate Region
4.5.b. Calculation of the Penetration Parameter at 77°F

In order to calculate the slope of the creep compliance curve “m”, the penetration of the asphalt

binders at 77°F is needed as one input parameter in the suggested relationships.

151



As no data was gathered for the asphalt binders at this specific temperature, it was estimated

using the following equation in 1/10 mm, and is depending on “Ai” and “VTSi” of the binder:

A+2.72973+VTS
Pen77 — 10290.5013\/8.1177.288+257.0694*10

The results are summarized in the Table 24:

Table 24- Binder Penetration per Climatic Region

Colorado Rio Blanco Dry, Freeze 46-34 234
Alaska Anchorage Dry, Freeze 46-40 307
Arizona Flagstaff Dry, Freeze 58-28 92

Colorado El Paso Dry, Freeze 58-28 92

Washington Spokane Dry, Freeze 58-28 92

Colorado Yuma Dry, Freeze 64-28 70
Arizona Tucson Dry, No Freeze 70-10 35
Arizona Kingman Dry, No Freeze 70-16 42
Arizona Phoenix Dry, No Freeze 76-10 28

Michigan Alpena Wet, Freeze 52-28 131

Michigan Marquette Wet, Freeze 52-28 131

Massachusetts Boston Wet, Freeze 58-22 72
Indiana La Porte Wet, Freeze 58-28 92
Indiana Jackson Wet, Freeze 58-28 92

Massachusetts Springfield Wet, Freeze 58-28 92

Michigan Port Huron Wet, Freeze 58-28 92

Michigan Grand Rapids Wet, Freeze 58-34 126
Kansas Cherokee Wet, Freeze 64-22 54

West Virginia Kanawha Wet, Freeze 64-22 54

Washington Seattle Wet, No Freeze 52-16 89
Indiana Jefferson Wet, No Freeze 58-28 92

Alabama Montgomery Wet, No Freeze 64-16 46

Alabama Tuscaloosa Wet, No Freeze 64-16 46

Arkansas Little Rock Wet, No Freeze 64-16 46

South Carolina Columbia/Lexington Wet, No Freeze 64-16 46

Tennessee Memphis Wet, No Freeze 64-22 54

West Virginia Charleston Wet, No Freeze 64-22 54
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Kansas Scott Wet, No Freeze 64-28 70
It is noticed that in the Freeze Regions, the Asphalt binders do get softer in terms of consistency,

as the higher the value of Penz7, the softer it is. The results agree with the expected trend as well,
as the PG-Binders’ type also correspond to the values obtained. A stiffer binder has a higher
upper bound temperature. This is observed as well within the results in the Table 24.
Softer binders are also used in freeze and wet regions. However, in the Dry and Non-Freeze
region, the binders are way stiffer than the other regions, which is in accordance with the
expectation.
4.5.c. Calculation of the m parameter, slope of the Creep Compliance curve
In this section, the slope of the creep compliance curve is calculated according to the three
formulas suggested in Section 3.5. The formulas are inserted below:

M_p00c == 1.75987 + 1.78187 % V202030 1 0,00089 * Pend;®870

M_190c = —1.8269 + 1.94218 = 1/2-01600 1 0,00098 * Pend; 6857

Mgoc = —2.41043 + 2.59093 * V201547 4+ 0.00199 = Pend;7247

After the calculation of the Penetration value at 77°F in the previous section, the m values

obtained are summarized below in Table 25:
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Table 25- Variation of the m parameters in terms of Va and Vb at Different Temperatures

Arizona
Alaska
Colorado
Colorado
Colorado
Washington
Arizona
Arizona
Arizona
Indiana
Indiana
Kansas
Massachusetts
Massachusetts
Michigan
Michigan
Michigan
Michigan
West Virginia
Alabama
Alabama
Arkansas
Indiana
Kansas
South
Carolina
Tennessee
Washington
West Virginia

Flagstaff
Anchorage
Rio Blanco

El Paso

Yuma

Spokane

Tucson

Phoenix

Kingman

La Porte

Jackson

Cherokee

Boston
Springfield
Port Huron

Alpena

Marquette
Grand Rapids
Kanawha
Montgomery
Tuscaloosa
Little Rock
Jefferson
Scott

Columbia

Memphis
Seattle
Charleston

Dry,
Freeze

Dry, No
Freeze

Wet,
Freeze

Wet, No
Freeze

4.9
3.9
4
5.3
7.4
6
4.6
4.5
3.9
6.18
2.7
5
5.6
2.3
4
2.7
51
3.5
51
5.8
5.2
3
4.3
3.2

7.9

8.9
6.7

9.7
10.1
10.3
8.71
7.61

10
10.1
10.7
10.4
11.3

8.4
11.7
10
11.3
8.87
10
8.86
9.2
9.8
12.3
10.7
10.8

6.1

5.1
7.3

0.152
0.301
0.249
0.154
0.150
0.159
0.106
0.099
0.105
0.160
0.129
0.123
0.141
0.124
0.144
0.158
0.182
0.164
0.124
0.123
0.119
0.099
0.147
0.119

0.135

0.130
0.171
0.134

0.243
0.406
0.349
0.245
0.237
0.249
0.193
0.187
0.194
0.250
0.224
0.212
0.231
0.219
0.236
0.255
0.275
0.259
0.213
0.210
0.207
0.189
0.238
0.211

0.220

0.218
0.259
0.221

0.407
0.758
0.638
0.410
0.385
0.415
0.305
0.292
0.311
0.416
0.382
0.342
0.378
0.376
0.398
0.449
0.475
0.451
0.343
0.335
0.330
0.308
0.401
0.351

0.347

0.349
0.425
0.354

The trend of the m parameter also coincides with the concepts discussed. With increase

of temperature, the m-parameter is increasing, leading to a higher value of the creep compliance.
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In terms of climatic regions, the higher values of the m parameter are relatively observed

in the freeze regions. The Figure 46 below shows this behavior for each climate region:

VARIATION OF AVERAGE M PER
CLIMATE REGION AND TEMPERATURE

0.600
0.500
0.400
0.300
0.200

0.100

0.000

-20 -10 0

™ Dry Freeze ™ Dry, No Freeze Wet, Freeze Wet, No Freeze

Figure 46- Variation of the m parameter with temperature and climate regions
The average values of the m-parameter are shown in the graph above. The variation observed per
temperature follows the expected trend, as the creep compliance increase with increasing
temperatures, the “m” fracture parameter increases too. Also, it can be noticed that the values of
this parameter are different within the different climate zones. It is noticeable that some of the
highest values happen at the wet regions.
4.5.d. Calculation of the Creep Compliance values at 100 seconds
Typical creep compliance values were calculated for a loading time of 100 seconds using the
previous parameters. A typical response was used in the following form:

D(t) = Dy xt™
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The creep compliance was found respectively for the three testing temperatures. The results are

summarized below in Table 26:
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Table 26- Creep Compliance Variation with respect to Temperature and Climate Region

Arizona
Alaska
Colorado
Colorado
Colorado

Washington

Arizona
Arizona
Arizona
Indiana
Indiana
Kansas

Massachusetts
Massachusetts

Michigan
Michigan
Michigan
Michigan

West Virginia

Alabama
Alabama
Arkansas
Indiana
Kansas
South
Carolina
Tennessee

Washington
West Virginia

Flagstaff
Anchorage
Rio Blanco

El Paso

Yuma

Spokane

Tucson

Phoenix

Kingman

La Porte

Jackson

Cherokee

Boston
Springfield
Port Huron

Alpena

Marquette
Grand Rapids
Kanawha
Montgomery
Tuscaloosa
Little Rock
Jefferson
Scott
Columbia

Memphis
Seattle
Charleston

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze

Wet, No Freeze
Wet, No Freeze
Wet, No Freeze

4.92E-07
1.00E-06
8.13E-07
4.17E-07
3.19E-07
3.52E-07
4.26E-07
4.18E-07
4.47E-07
5.65E-07
4.30E-07
4.03E-07
3.64E-07
3.84E-07
4.83E-07
4.92E-07
4.91E-07
8.05E-07
3.93E-07
3.15E-07
3.48E-07
3.49E-07
5.43E-07
5.10E-07
1.14E-07

3.23E-07
8.95E-08
2.58E-07

1.13E-06
2.25E-06
1.80E-06
1.02E-06
9.09E-07
9.32E-07
9.27E-07
9.00E-07
9.17E-07
1.36E-06
8.26E-07
9.33E-07
9.14E-07
7.14E-07
1.04E-06
9.54E-07
1.19E-06
1.53E-06
9.25E-07
8.04E-07
8.36E-07
6.91E-07
1.16E-06
9.77E-07
4.07E-07

8.38E-07
3.67E-07
7.31E-07

3.19E-06
1.46E-05
8.67E-06
2.98E-06
2.71E-06
2.86E-06
2.02E-06
1.90E-06
1.98E-06
3.99E-06
2.07E-06
2.29E-06
2.52E-06
1.75E-06
2.80E-06
2.82E-06
4.06E-06
4.60E-06
2.29E-06
1.98E-06
1.98E-06
1.45E-06
3.16E-06
2.29E-06
1.20E-06

2.19E-06
1.42E-06
2.01E-06

The creep compliance values are observed to increase with increasing temperature. Also, the

regions with freeze are noted to have a higher compliance. As the binder gets stiffer, the
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pavement structure will behave in a brittle manner leading to more thermal cracking (lower
compliance)/
The following Figure 47 shows the described trend by the average creep compliance values with

respect to the climate regions:

VARIATION OF AVERAGE CREEP
COMPLIANCE PER CLIMATE REGION AND

TEMPERATURE
6.00E-06
5.00E-06
4.00E-06
2.92E-06
3.00E-06 Fon |

1.97E-06 | 1.96E-06

2.00E-06 1.04E-06
5.65E-07 4.81E-... 06
1.00E-06 9.15E-07 § 7 57¢ 07
’ 4.30E-07 | 3.17E-07 _'
0.00E+00 ’
-20 -10 0
™ Dry Freeze ™ Dry, No Freeze Wet, Freeze Wet, No Freeze

Figure 47- Average Creep Compliance Variation with Temperature and Climate Region at 100 seconds

The following observations can be concluded:
a. When the temperature increases, the creep compliance increases. The asphalt binder gets
softer, and is more prone to resist thermal cracking
b. The highest creep compliance values are exhibited in the Dry Freeze and Wet Freeze
regions, due to the soft choice of the PG-Binder. Because softer binders are chosen for

the Freezing regions, the compliance is higher.
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c. Since the values of the creep compliance are higher in the freeze regions, they are more
prone to resist thermal cracking.

4.5.e. Calculation of the Total Effective Energy
The total effective energy is the energy needed to fracture the sample. In other words, the energy
needed to initiate and crack, and propagate it. The total effective energy is the total of the
effective energy to failure, and the post-peak energy as described in Section 3.5.
The following relationship has been introduced at a specific temperature of -10°C.

[ife = 4497.832 — 439.057 = AC + 46.284 x AC? — 2057.821 * AV + 40.009 = AV?

+12612.114 * log(Vpesr) + 13.571.050  log(VMA) — 345.948 = VFA

+ 8.056 * Pen,, — 0.052 * Pen?, + 1.044 x AC * Rubber%

159



The results are summarized in the Table 27 below:

Arizona
Alaska
Colorado
Colorado
Colorado
Woashington
Arizona
Arizona
Arizona
Indiana
Indiana
Kansas
Massachusetts
Massachusetts
Michigan
Michigan
Michigan
Michigan
West Virginia
Alabama
Alabama
Arkansas
Indiana
Kansas
South Carolina
Tennessee
Washington
West Virginia

Table 27- Effective Fracture Energy

Flagstaff
Anchorage
Rio Blanco

El Paso

Yuma

Spokane

Tucson

Phoenix

Kingman

La Porte

Jackson

Cherokee

Boston
Springfield
Port Huron

Alpena

Marquette
Grand Rapids
Kanawha
Montgomery
Tuscaloosa
Little Rock
Jefferson
Scott

Columbia/Lexington

Memphis
Seattle
Charleston

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze

271.91

60.49

248.46

99.60

32.49

353.10
42.37
518.95
22491

It is widely noticed that some values of this effective energy are negative. The concept behind

this equation is that the higher the effective energy, the more resistant the mixture is to thermal



cracking. Once developed, this model had shown an extremely high level of accuracy (R?=0.99)
and Se/Sy =0.176, which means that this correlation is extremely reliable.

Therefore, it was determined that the range of this model are rather limited, and not all the
inputted volumetrics will generate a reliable output. Based on observation, the following limiting

criteria was developed for this relationship in Table 28:

Table 28- Limitation Criteria for the Effective Thermal Cracking Predictive Model

4< AC <6
3.5<Va<75
VMA >14
56 <VFA <74
VBE >8

24< PEN 77 <130

These limitation criteria are however approximate, as the data by itself doesn’t have a linear
relationship in between the input data. However, the following trends have been recorded, by
changing one input variable at a time:

- Concerning the asphalt content values (AC), the total effective energy decreases for

values of AC less than 5 and increases for values greater than 5%.

- For the air void content V,, it decreases with an increase of air void content

- For the VMA, it increases with an increase in VMA and is sensitive to it

- For Vuerr, it increases with an increase in Vper and is highly sensitive to it

- With increasing Penz7, the effective energy increases.
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4.5.f. Calculation of Tensile strength St

Next, the tensile strength S; is generated for the available data based on the previously described
model:
S, =4976.34 —42.49 xV, — 2.73 * V2 — 80.61 * VFA + 0.465 * VFA? + 174.35

* log(Pen;,) — 1,217.54 * log(Agrro)

The results are summarized in Table 29 below:

Table 29- Tensile Strength at -10C in psi

Arizona Flagstaff Dry, Freeze 486
Alaska Anchorage Dry, Freeze 551
Colorado Rio Blanco Dry, Freeze 526
Colorado El Paso Dry, Freeze 546
Colorado Yuma Dry, Freeze 708
Washington Spokane Dry, Freeze 621
Arizona Tucson Dry, No Freeze 399
Arizona Phoenix Dry, No Freeze 377
Arizona Kingman Dry, No Freeze 389
Indiana La Porte Wet, Freeze 468
Indiana Jackson Wet, Freeze 451
Kansas Cherokee Wet, Freeze 487
Massachusetts Boston Wet, Freeze 558
Massachusetts Springfield Wet, Freeze 461
Michigan Port Huron Wet, Freeze 463
Michigan Alpena Wet, Freeze 478
Michigan Marquette Wet, Freeze 558
Michigan Grand Rapids Wet, Freeze 548
West Virginia Kanawha Wet, Freeze 499
Alabama Montgomery Wet, No Freeze 448
Alabama Tuscaloosa Wet, No Freeze 405
Arkansas Little Rock Wet, No Freeze 354
Indiana Jefferson Wet, No Freeze 445
Kansas Scott Wet, No Freeze 449
South Carolina Columbia/Lexington Wet, No Freeze 845
Tennessee Memphis Wet, No Freeze 587
Washington Seattle Wet, No Freeze 1146
West Virginia Charleston Wet, No Freeze 682



The trend of the results of the tensile strength values do follow the analysis in the previous

chapter Section 3.5.e. As the binder is stiffer, the tensile strength decreases. The results are also

more sensitive to the change in the effective binder content with a higher air void content.

However, in terms of climate regions, the average results are shown below in Figure 48:

600

500

400

300

200

100

AVERAGE TENSILE STRENGTH PER CLIMATE

REGION

595.5496625

572.959835

496.9666831
388.2044423

Tensile Strength (psi) at -10C

™ Dry Freeze ™ Dry, No Freeze ™ Wet, Freeze Wet, No Freeze

Figure 48- Average Tensile Strength Values for Different Climatic Regions

As mentioned previously, the softer the binder, the higher the values of the tensile strength. As

mentioned previously, very soft binders are used in the Freeze Regions, which explains the high

values of the tensile strength, whereas very stiff binders are used in the Dry, No Freeze region.

However, the amount of thermal cracks do not solely depend on the values of the tensile

strength, but on all the variables generated within this section together. For this reason, the
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TCMODEL generates the amount of cracking based on these variables and give an estimate of
the expected thermal cracking that would happen during the pavement life.

As the TCMODEL was not run for this study due to some input data missing, an observation was
made by comparing all of the obtained results in order to estimate the amount of thermal
cracking that could be expected, with respect to the amount of transverse cracks measured by the

LTPP Database.

4.5.9. Estimation of the Amount of Thermal Cracking

As mentioned in the previous section, the amount of transverse cracking was recorded by the
LTPP for each section. This gathered data will be used to compare all the input variables
generated for the TCMODEL and give an estimate of the thermal cracking that would happen.

Zborowski (2007) (31) have run the thermal cracking model (TCMODEL) and have
generated the amount of thermal cracks to be expected along a certain number of years. Only the
results obtained after the first year were considered for the comparison, as the generation of the
first crack will mean that the tensile strength has been reached.

In addition to the transverse cracks, the longitudinal cracks in the Non-Wheel path have
been added to the analysis, as they are part of the thermal cracking happening on the asphalt
pavement structure. This data has been gathered from the first few years after the construction of
the pavement section, as thermal cracking is assumed to happen in the early years of the

pavement life.
The APPENDIX A

DATA AND RESULTS FOR THE LTPP DATABASE
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Table 54-Collected LTPP Database

Long
. Transvers Long. .In .
State City Section AL e Cracks NW(‘I:]3 the R“t.“”
iz} (count) (ft) WP g (in)
(ft)

Montgomery 4125 825 80 0 0 0.55

Alabama o aloosa 6012 1352 57 31463 1411 035

Tucson 6054 13 87 731.63 0.00 0.35

. Phoenix B961 498 4 0.00 0.00 0.24
Arizona

Flagstaff 669 0 97 239.50 0.00 0.24

Kingman 1022 1294 0 32.81 0.00 0.43

Alaska Anchorage 1004 22 0 141.08 0.00 0.98

Arkansas Little Rock A606 656 0 16.40 0.00 0.16

Rio Blanco 1053 926 14 61.68 = 0.00 0.63

Colorado El Paso 7783 1199 12 75.46  0.00 0.79

Yuma 502 812 5 397.64 108.3 0.20

La Porte 5528 1424 75 1000.6  0.00 0.28

refiae Jackson A1$:302 0 4 291.99 0.00 0.20

Jefferson 1028 0 24 524,93 0.00 0.35

Kansas Cherokee 1005 1663 58 619.75 4.59 0.20

Scott 1006 358 37 119.75 0.00 0.08

Massachusett Boston 1003 1125 75 100.39 41.01 0.20

S Springfield 1002 2189 96 246.06 0.00 0.35

Port Huron D330 0 56 772.64 @ 8.20 0.00

Michigan Alpena 6016 0 53 121.39 43.64 0.20

Marquette 1004 24 40 505.25 0.00 0.12

Grand Rapids 901 2955 7.4 941.60 0.00 0.20

Cicr)g;[irr:a Columbia 1024 243 0 9.84 0.00 0.16

Tennessee Memphis 3109 237 0 0.00 0.00 0.24

Washington Seattle 6049 0 2 130.58 13§ S 0.00

Spokane A320 14 29 649.61 2.95 0.75

West Kanawha 1640 2778 0 374.02 0.00 0.12

Virginia Charleston 7008 0 12 1000.9 0.00 0.24
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City Section Huvma PG  AC Va Pxo Ro Rs Rs VM VF Vs

(in) 0 4 8 4 A A e  Meas

ESA

L

Montgomery 4125 6 64-16 6 58 47 40 42 4 15 61 9 6.13E
+06

Tuscaloosa 6012 5 64-16 6 5.2 4 63 12 4 15 65 10 2.86E
+07

Tucson 6054 9 70-10 @ 5 46 75 42 25 2 14.6 68 10 | 6.79E
+06

Phoenix B961 10 76-10 53 45 38 50 35 9 14.6 69 10 5.46E
+07

Flagstaff 669 6 58-28 ' 46 49 47 52 39 5 14.6 66 10 | 5.48E
+07

Kingman 1022 8.5 70-16 45 39 53 50 28 4 14.6 73 11  3.08E
+07

Anchorage 1004 5.4 46-40 55 39 72 39 20 3 14 72 10 | 2.84E
+06

Little Rock A606 5 64-16 5 3 94 60 39 15 153 80 12 2.04E
+07

Rio Blanco 1053 6.8 46-34 | 4.8 4 91 48 19 O 14.3 72 10 | 2.14E
+06

El Paso 7783 9.7 58-28 5 52 96 43 15 0 14 62 9 1.13E
9 +07

Yuma 502 9.3 64-28 | 5 73 87 37T 22 0 15 51 8 | 1.08E

9 +07

La Porte 5528 7.2 58-28 48 61 59 40 33 O 16.6 63 10 5.97E
8 +06

Jackson A902 6.8 58-28 | 54 | 27 58 46 3 0 14 81 11 | 8.23E
+07

Jefferson 18-1028 18 58-28 37 43 31 59 3 0 15 71 11  1.84E
03 +07

Cherokee 1005 127  64-22 6.5 5 95 21 14 0 14 64 9 | 107E
+06

Scott 1006 14 6428 58 32 82 39 19 O 14 77 11  1.17E
+06

Boston 1003 6.6 58-22 | 56 |56 54 46 18 O 14 60 8 | 6.55E
+05

Springfield 1002 7.8 58-28 5 23 37 22 4 0 14 84 12 5.28E
+06

Port Huron D330 2.2 58-28 | 5 4 62 14 9 0 14 71 10 1.67E
+06

Alpena 6016 4.6 52-28 5 27 23 63 12 8 14 81 11  3.09E
+06

Marquette 1004 4.2 52-28 | 5 51 6 30 13 7 14 63 9 | 133E
2 +06

Grand 901 8.6 58-34 5 35 7 60 38 6 13.5 74 10 3.53E
Rapids +07

Columbia 1024 1.6 64-16 52 79 37 30 8 0 14 44 6 | 2.60E
+04

Memphis 3109 7 64-22 5.6 6 6 58 10 17 14 57 8  238E
+06

Seattle 6049 106 52-16 | 55 89 52 42 23 2 14 36 5 | 6.54E
+06
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Spokane
Kanawha

Charleston

A320

1640

7008

2.7

2.5

3.9

58-28

64-22

64-22

5.6

6

6

6
5.1

4
6.7

167

5.6

2

2.7

41

35

44

16

6

2

5.6

0

0

14

14

14

57

63

52

9.57E
+05

1.52E
+07

4.06E
+07



Arizona

Alaska

Colorado

Colorado

Colorado

Washingt
on

Arizona

Arizona

Arizona

Indiana

Indiana

Kansas

Massachu
setts

Massachu
setts

Michigan

Michigan

Michigan

Michigan

West
Virginia

Alabama

Alabama

Flagstaff
Anchorage
Rio Blanco
El Paso
Yuma
Spokane
Tucson
Phoenix
Kingman
La Porte
Jackson

Cherokee

Boston

Springfield

Port Huron

Alpena

Margquette

Grand Rapids

Kanawha

Montgomery

Tuscaloosa

Table 55- Summary of the LTTP Database Thermal Input

669

1004

1053

7783

502

A320

6054

B961

1022

5528

A902

1005

1003

1002

D330

6016

1004

901

1640

4125

6012

DF

Dl
NF

NF

06
4.92E-
07
8.13E-
07
4.17E-
07
3.19E-
07
3.52E-
07
4.26E-
07
4.18E-
07
4.47E-
07
5.65E-
07
4.30E-
07
4.03E-
07

3.64E-
07

3.84E-
07

4.83E-
07
4.92E-
07
4.91E-
07
8.05E-
07

3.93E-
07

3.15E-
07

3.48E-
07

06
1.13E-
06
1.80E-
06
1.02E-
06
9.09E-
07
9.32E-
07
9.27E-
07
9.00E-
07
9.17E-
07
1.36E-
06
8.26E-
07
9.33E-
07

9.14E-
07

7.14E-
07

1.04E-
06
9.54E-
07
1.19E-
06
1.53E-
06

9.25E-
07

8.04E-
07

8.36E-
07
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05
3.19E-
06
8.67E-
06
2.98E-
06
2.71E-
06
2.86E-
06
2.02E-
06
1.90E-
06
1.98E-
06
3.99E-
06
2.07E-
06
2.29E-
06

2.52E-
06

1.75E-
06

2.80E-
06
2.82E-
06
4.06E-
06
4.60E-
06

2.29E-
06

1.98E-
06

1.98E-
06

551

486

526

546

708

621

399

377

389

468

451

487

558

461

463

478

558

548

499

448

405

3109.29
-101.68

1568.32
-118.39

271.91

60.49

-224.70

-260.23

-281.67

248.46

-574.19

-56.94

-13.66

-645.89

-374.86

-729.83

-291.67

-738.12

-97.91

99.60

32.49

97

14

12

29

87

75

58

75

96

56

53

40

7.4

80

57

43

73

18.8

23

121.2

198

223

10

305

89

188.9

30.6

75

235.5

37

154

287

114

95.9



Arkansas

Indiana

Kansas

South
Carolina

Tennesse
e
Washingt
on

West
Virginia

Little Rock
Jefferson
Scott
Columbia
Memphis
Seattle

Charleston

A606

18-
1028

1006

1024

3109

6049

7008

3.49E-
07
5.43E-
07
5.10E-
07
1.14E-
07
3.23E-
07
8.95E-
08

2.58E-
07

6.91E-
07
1.16E-
06
9.77E-
07
4.07E-
07
8.38E-
07
3.67E-
07

7.31E-
07
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1.45E-
06
3.16E-
06
2.29E-
06
1.20E-
06
2.19E-
06
1.42E-
06

2.01E-
06

354

445

449

845

587

1146

682

-80.44

-34.87

-457.88

353.10

42.37

518.95

22491

24

37

12

160

36.5

39.8

305.1



that has all of the computed variables joined for the comparison is found in Appendix A
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Table 55.

The observed trend for the results can be explained in the following method:

The higher the tensile strength, the less is the measured number of cracks
(approximately in all the cases stated)

The higher the creep compliance, the lower the number of measured thermal
cracking.

However, the trend in the chart below is only verified for the Dry, Freeze Region
as the measured thermal cracking outcomes are low compared to a high tensile
strength and creep compliance value. For the Wet, No Freeze Region, the number
of cracks observed is within the good range of thermal behavior, with a moderate
value of creep compliance.

For the other regions, (Dry No Freeze and Wet Freeze) the behaviors are very
similar, whereas the measured and predicted values are very close to each other.
The potential for thermal cracking for these 2 regions is the highest among the
four different climates.

The Figure 49 below indicates that tensile strength and creep compliance for only
one temperature (-10°C) at one loading rate (100 seconds) is not representative of
the thermal cracking behavior that may happen in the field, and the values of
tensile strength are not significantly related to the thermal behavior of the
pavement.

Generally, thermal cracking would occur at lower temperatures and colder

climates, due to the stiffening of the binder. Potentially, the Freeze regions are
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more susceptible to this kind of behavior. However, it all depends on the kind of
mixtures implemented by the agencies in the field and what type of improvements
they implement to help against the formation of distresses.

- Itis also noticed from the graph below that the Wet, Freeze Regions, which are
the most susceptible to Low Temperature Cracking, that despite having high
tensile strength and creep compliance, the measured distresses are still high. This
means that there is room for improving their mix designs, even though they are

supposed to perform better than expected.

Thermal Cracking Behavior: Predicted vs
Measured Distresse (Early Years)

573 596

600.00

500.00

400.00

300.00

Avg. Tensile Strength

200.00 Avg Long Cracks

100.00 Avg Trans Cracks

0.00 Avg Creep Compliance

Dry, Freeze Dry, No Wet, Freeze Wet, No
Freeze Freeze

Avg Creep Compliance W Avg Trans Cracks M Avg Long Cracks M Avg. Tensile Strength

Figure 49- Thermal Cracking Behavior: Predicted Variables vs Measured Distresses for the LTPP Database

- The transverse cracks were not separated from reflective cracks. As the data has
been gathered by the LTPP, it was not possible to conduct such distinction.
Therefore, the transverse cracks all in all were considered as thermal cracks. This

could possibly alter the results, but the overall analysis is not affected.
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In the following scatterplot Figure 50, the predicted variables are plotted against
the measured distresses. The plot does not have consistent units, but basically show a
potential increase in tensile strength when the measured distresses (i.e. thermal and
transverse cracking) are still low. This could lead to a possible relationship between the
two. However, this theory still needs to be further detailed and proven by extensive field
testing.
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Figure 50- Average Values Visualization
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CHAPTER 5
5 DESCRIPTION AND ANALYSIS OF THE NEW U.S. PAVEMENT MIXTURES
5.1 Data Gathering and Description of the Data Collected from the USA

The Long-Term Pavement Performance, also known as the LTPP, is one of the
greatest pavement databases known in North America. As most of the data collected in
this database goes far in time, one of the objectives tackled for this study was to gather
brand new pavement mixtures. The purpose of this new data collection is to study the
advancement of the designs implemented and see how agencies are addressing the
distresses arising along the pavement life of the structures.

The first step in this data collection required the gathering of the contact
information of the current State Engineers all over the United States. A formal e-mail was
put together and sent out for the unique purpose of graduate research at ASU. Only 50%
of the state engineers ccontacted were responsive to the research call and provided with
the data requested.

The requested data had to include the pavement volumetrics used for HMA
pavements (Hot Mix Asphalt). This was the main target, as other types of pavements
would be collected further in the future. In addition, these pavement mixtures had to be
dated recently, and applied on Highways (i.e.: Heavy Traffic) as Surface Mixtures. One
of the most important requests was the gathering of multiple HMA pavement mixtures
belonging to several climate zones within the same state. This highlights the difference

between the data collected per climatic regions and per state location.
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Another objective of this study is to study the difference between the old and new
pavement mixtures, belonging to the same climatic regions as well as traffic volumes
within the same state. For this reason, the LTPP sections gathered previously falls within
the same regions, serves the same purpose and have approximately the same climatic
conditions with the new pavement mixtures gathered.

Having 25 responses from 25 states, the data was gathered and summarized in the
Table 57 in Appendix C per state and per location.

The following Figure 51 shows how many sections belong to each climate zone:

US SECTIONS PER CLIMATE REGIONS
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Figure 51- Number of new US Sections per Climatic Regions
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Then, the distribution of the asphalt binders was observed and summarized in the

following Figure 52:

PG BINDER COUNT
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Figure 52- PG-Binder Distribution for the new US pavement mixtures

Referring to the table above, the Freeze zones (Dry, Freeze and Wet, Freeze) have on
average stiffer binders than the regions with No Freeze. However, the binder chosen all
over the regions have closer ranges than the ones found in the LTPP Database.

A total of 48 sections have been gathered and included in this study. The following

Figure 53 shows how many sections belong to the specific states:
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US SECTIONS PER STATE
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Figure 53- US Sections per State

The following table shows the minimum, maximum and average values for the
volumetrics gathered from the mix designs collected. It also includes variables needed to
develop the predictive models describe in Chapter 3. All the data gathered will then be
compared in Chapter 6 to see the evolution of the designs and if the agencies are
modifying their designs as per the expected pavement performance. The distresses were
not measured for these pavement mixtures, as few of them have not been yet
implemented in the field. The performance of these mixtures will be assessed based on

the predictive models implemented in the previous chapter.
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The following Table 30 summarizes the mean, maximum and minimum values for
the volumetrics. The remaining of the data for this database is found in Appendix C,

Table 57.

Table 30-Volumetric Values for US Database

Number of Sections: Min Mean Max

48
Va (%) 3.3 4.05333 58
Ac (%) 39 559833 6.7
Ve (%) 8 11591 145
VMA (%) 12 15.6444  18.3
VFA (%) 64.8 73.9 80.6
Ra4 (%0) 0 2.19583 35
Rss (%) 0 148854 55
Ros (%0) 3.0 40.7229 67
P200 (%0) 3.33  5.40104 10

Concerning the frequency distribution of the variables, the following graphs have been

generated to describe the data collected from Figure 54 to Figure 62:
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Figure 54- US Database Asphalt Content (%) Observation
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Figure 55- US Database Air Void Content (%)
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Figure 56- US Database VMA Ranges (%)
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Figure 57- US Database VFA Ranges in (%)
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Figure 58- US Database Vbeff Ranges in (%)
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Figure 59- US Database R04 Ranges in (%)
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Figure 60- US Database R34 Ranges in (%)
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Figure 62- US Database P200 Ranges in (%)

In the following section, the development of the predicted models discussed in the
previous chapter (Chapter 0). The same procedure has been developed for the new set of
data. The first step was to develop the rutting predictive model, similar to the LTPP
database collected. The purpose of developing these values is to be able to determine the
quality of the pavement mixtures and whether modifications are needed to address the
pavement performance of the mixture to be built.

5.2 Generation of the Rutting Depth

In order to develop the rutting predictive model, the effective rutting temperature had to
be generated in order to evaluate to binder’s viscosity at the rutting temperature. The

same model has been used for the effective rutting temperature (as defined in 0).
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5.2.a Calculation of the Effective Rutting Temperature

The effective rutting temperature has been generated for the same conditions considered
earlier which includes a frequency of 18 Hz, and 2-inches from the surface.

The MAAT for each location has been calculated from data collected online, as well as
the standard deviation for the Monthly Average Temperature based on the location, mean
annual wind speed, mean annual sunshine in percentage and the cumulative rainfall
depth. The results were included in the previous section and are repeated for the
remaining U.S. locations in Appendix C, Table 58.

The Figure 63 below shows the variation of the effective rutting temperature along all the

United States locations considered in this study:
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Figure 63- Average Rutting Temperature in °F per State
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5.2.b Calculation of the Viscosity at Effective Rutting Temperature

The viscosity (V1 in Poise) is another needed input to find the flow number prediction.
Based on the binder type collected from the mix design collected. In addition, the “A;”
and “VTS;”. The same formulas have been used to generate the viscosities. The results

are presented in Appendix C Table 59

5.2.c Calculation of the Predicted Flow Number

In this section, the flow number (FN) will be generated using the model assigned in the
previous chapter. As all the needed variables have been developed in the previous
sections for the United States taken into consideration, the same conditions have been
assumed as the LTPP sections for the flow number analysis. A standard tire pressure has
been assumed as principal stress (o1) of 120 psi. Therefore, a deviator stress of 100 psi
and a confinement level of 20 psi are assumed for the flow number analysis.

The results are summarized in the Table 60 in Appendix C.

The results obtained have been displayed on Figure 64, in order to further visualize the

variation of the estimated from number across the United States:
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Figure 64- Flow Number Distribution for the US Database

A comparison between the obtained flow numbers for the two databases will be included
in the next chapters for all of the developed results. It can be seen that the Flow number is
rather low for the majority of the states, and therefore will mean a higher potential for

rutting over the life of the pavement.

5.2.d Estimation of the Rutting Depth

In order to generate the rutting depth all over the United States sections acquired,
the following conditions have been assumed in order to homogenize the results and ease
the comparison between the values:

Two ESAL levels were assumed to simulate the possible effect of traffic that

these pavement sections: 2 million and 30 million ESALSs.
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Concerning the thickness of the asphalt pavement, as no information was gathered
on the thickness of the structures and their design as well as the type of bases and
subbases underneath, a typical 4’ thickness was assumed for all the states.

The Rutting Depth have been generated for the sections taken into consideration.
A comparison of the results as well as the meaning of them will be provided in the
following chapter, as well as the comparison with the other generated results.

The Table 61 in Appendix C includes the generation of the rutting depth for the 2
ESAL levels assigned above.

On a first glance, it is noticed that the rutting depth increases with the increase in ESALS.
The next step involving the results of this prediction is to compare it with the results
obtained from the other database and compare the mix design information gathered to the
final assessed criteria and identify the quality of the mix provided.

In the following Figure 65, the average rutting by climatic region is shown:
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Figure 65- Average Rutting Predictions Per Climate Regions

In comparison with the other graph generated for the LTPP sections per climatic
regions. Also, the highest rutting has been recorded in the Freeze Regions, where the
change of seasons affects the deformation of the pavement structure during freeze and
thaw events.

5.3 Generation of the Fatigue Behavior
The number of cycles to fatigue failure has also been developed for this dataset by
assuming the same strain level of 350 ue. The process includes the same steps and

variable generation in order. And finally, the number of cycles to failure is generated.
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5.3.a Calculation of the Effective Fatigue Temperature
The effective fatigue temperature has been generated according to the AASHTO TP-107
which is based on the type of the PG-Binders for each pavement mixtures acquired. The

results are summarized in the
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Table 62 in Appendix C

The table’s results are summarized in the Figure 66 below to show the variation of the

effective fatigue temperatures throughout the United States:

EFFECTIVE FATIGUE TEMPERATURE (°F)
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Figure 66- Effective Fatigue Temperature for the US Database

5.3.b Calculation of the Asphalt Binder Viscosity at Specific Temperature and

Frequency

The next step involves in calculating the viscosity in (cP) for the asphalt binders at the

effective fatigue temperatures. The calculations are included in
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Table 63 in appendix C.

5.3.c Calculation of the Phase Angle d based on Temperature and Frequency

The next step involves calculating the phase angle at the testing temperature, which is the
effective fatigue temperature and frequency, which is taken to be equal to 10 Hz.

The results are found in
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Table 64 in appendix C for the US Database.

5.3.d Calculation of the Complex Modulus of the Asphalt Binder

The next step involves in calculating the complex modulus of the binder, based on the
phase angle previously calculated and the assumed frequency of 10 Hz.

The results are summarized in the
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Table 65 in Appendix C
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The Figure 67 has been plotted for the different states to have a clearer idea about the

variability of the results:
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Figure 67- G*b for the US Database
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Concerning the variation per climatic region, the average values of the Complex Shear

Modulus for the asphalt binder has been calculated and plotted as follows in Figure 68:
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1.40E+07

1.20E+07
1.00E+07

8.00E+06

6.00E+06

4.00E+06

2.00E+06 '

0.00E+00

G*B (PA)

Dry, Freeze Dry, No Freeze Wet, Freeze Wet, No Freeze

Figure 68- G*b variation for the US Database

Concerning this graph, it can be clearly seen that the binder is stiffer in the Freeze

Regions, despite choosing softer binder types.

5.3.e Calculation of the FSC*, the Fatigue Strain Capacity or General Shear Envelope

The Fatigue Strain Capacity (FSC*) is the maximum strain capacity for a specific asphalt
binder. It is found according to the FSC* equation included previously in Chapter 3,

Section 4. The results are summarized in the
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Table 66 in Appendix C.

5.3.f Calculation of the Number of Cycles to Fatigue Failure
For a strain level of 350 pe, the number of cycles to failure are generated in order to

estimate the number of cycles to failure in Table 67 in Appendix C.

To summarize this table, the following Figure 69 has been generated per climate region,
with the average number of cycles to failure in order to assess the average fatigue life of

asphalt pavements with respect to the climate in general.

AVERAGE NF PER CLIMATE REGION
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Figure 69- Nf Variation with different climate zones for the US Database

The Number of cycles to failure or the fatigue behavior of asphalt mixtures greatly
depend on how elastic the mixture is. In other words, the stiffer the binder, the more
fatigue is to be expected from the mixture. This chart shows that the freezing regions

have lower fatigue lives, or lower number of cycles to failure. It is in accordance with the
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previous chart, showing the stiffness of the binders at the effective fatigue temperature

and phase angle.
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5.4 Calculation of the Total Effective Fracture Energy and Tensile Strength

In order to predict the potential thermal cracking of the new pavement mixtures, the same
variables have been found as the LTPP Database. Since no measured distresses were
provided for the new mixtures, comparing the variables with the previously obtained
results is crucial to understand the trend that the new mixtures will follow in the future. In
the following chapters, a comparison of the new and old mix designs will be assessed,
and a ranking criterion will be developed in order to assess the quality of the new

mixtures in terms of all the defined distresses.

5.4.a Calculation of the D fracture parameter for the Creep Compliance

The first step defines the calculation of Dy, the fracture parameter at three different
temperatures: -20°C, -10°C and 0°C. The equation used have been defined previously in
details in Section 3.5.b

The values in 1/psi are summarized in Table 68 in Appendix C.

The model has shown a similar trend to the expected behavior, as the fracture parameter
D: increases with the increase in temperature. This leads to an increase in creep
compliance and therefore an increase in the potential resistance to thermal cracking.

The average values of D1 are shown in Figure 70:
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Figure 70- Average Variation of D1 with the Different Climate Zones for the US Database

The variation of Dy is widely shown in this Figure 70. As the binder gets softer, the
potential for thermal cracking is lower. It has been previously shown that the PG-binders
have a stiffer behavior in the freezing zones, which is also reflected here by having a

lower fracture parameter D;.

Calculation of the Penetration Parameter at 77°F

The next step involves calculating the penetration values at 77°F, which are a valuable
input for the calculation of the slope of the creep compliance curve, “m”.

Similarly, the penetration was calculated for the different binders using the formula
previously defined along with the respective “Ai” and “VTSi” for each binder. The

results are found in Table 69 in Appendix C.
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In the following Figure 71, the average penetration for each climatic region is shown.
However, the average values of penetration are not conclusive for each climate zone, as
the PG-binder’s type is widely spread within each region. As the creep compliance
parameter D1 depends on the volumetric properties of the mix as well, it explains the

different trends observed.

PENETRATION IN DIFFERENT CLIMATE
REGIONS FOR THE US DATABASE
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Figure 71- Penetration in Difference Climates Regions for the US Database

5.4.c Calculation of the m parameter, slope of the Creep Compliance curve

The slope of the creep compliance according to the three different formulas respective to
the three testing temperatures are calculated in this section for all the U.S. sections under
study. The results are found in Table 70 in Appendix B.

The average values of the m parameter are shown in the following Figure 72:
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Figure 72- Variation of the average m-parameter for the US Database
The variation of the m fracture parameter reflects the slope of the creep compliance
curve. The m fracture parameter depends on the values of the penetration of each binder,
calculated in the previous step. The m parameter is known to increase with an increase in
temperature. Also, when the temperature increases, the penetration increases, leading to a
higher creep compliance and greater potential to thermal cracking resistance. A higher
potential m parameter value is experienced for the Dry, freeze region, as the binder used
in these cities is shown to be the softest according to the new mix designs.
5.4.d Calculation of the Creep Compliance values at 100 seconds
Similar to the complementing section for the LTPP Database, the creep compliance has
been generated at 100 seconds for the three considered temperatures. The creep
compliance should have an increasing trend with increasing temperature and softer

binders, as reflected by the binders’ types for each region.
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The results found are summarized in Table 71 in Appendix C.

The average creep compliance values have been developed and shown in the following

Figure 73:
AVERAGE CREEP COMPLIANCE FOR
DIFFERENT CLIMATIC ZONES
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Figure 73- Average Creep Compliance Values for Different Climatic Regions for the US Database

The observed results show that the highest creep compliance is recorded in the Dry,
Freeze Region. It is to be noted that the values depend on the new volumetric properties
of each pavement mixture. As the binder type does not follow a specific choice pattern,
the creep compliance does not specifically reflect the results obtained for the LTPP
database sections. However, the trend following the temperatures is still applied, and
therefore the model is still valid and verified.

The following observations were made based on the results obtained for the new

database:
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- With the increase in temperature, the creep compliance still increases. In addition,
softer binders lead to higher creep compliance values and therefore more
resistance to thermal cracking

- The new binder type is chosen within a certain range, from mildly stiff to stiffer.
Very few soft binders. For this reason, the highest creep compliance happened in
the Dry, No Freeze region followed by the Dry Freeze region. The results are
based on the new volumetric properties introduced, and therefore do not refer to

the same trends observed for the LTPP Database

5.4.e Calculation of the Total Effective Energy

In this section, the total effective energy needed to fracture is developed for the new
database. It reflects the energy needed to initiate, crack and propagate the crack on the
asphalt surface.

As explained in the previous Chapter, Chapter 4, Section 3, part e, the model doesn’t
cover all the possible ranges of the mixtures” volumetrics. For this reason, some negative
values are generated for the new U.S. database, as the volumetrics do not fit into the

developed limiting criteria in Table 31:

Table 31- Limitation Criteria for the Effective Thermal Cracking Predictive Model

4< AC <6
3.5<Va<75
VMA >14
56 <VFA<74
VBE >8

24< PEN 77 <130
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The generated values for the effective fracture energy are in the table in Table 72 in
Appendix C.

The fracture energy for the Wet, No Freeze Region is rather high. Referring to the
creep compliance values for this zone, it is referred to have a good value compared to the
other regions. Similarly, the creep compliance is referred to be the lowest for the Dry No
Freeze Region, reflecting low values for effective fracture energy. Due to the presence of
negative values, a proper assessment cannot be concluded concerning this parameter. In
the future analysis, the average of the effective fracture energy will be used to represent

the behavior of it.
5.4.f Calculation of Tensile Strength St
The last input parameter required for the thermal cracking assessment is the calculation

of the tensile strength at -10°C. The results are found below in Figure 74:

TENSILE STRENGTH (PSI)
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Figure 74- Tensile Strength Calculation at -10C for the US Database
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The tensile strength value for the Dry Freeze region is reported to be the highest among
the four average values. The tensile strength values are rather close to each other for the
remaining of the climatic regions, and therefore do not provide additional information
regarding the thermal cracking behavior explicitly.

However, the same trend is observed in terms of creep compliance as well.

Further analysis is to be conducted in the section below.

5.4.g Estimation of the Amount of Thermal Cracking

The reported input variables are all set next to each other in one table in order to be able
to generate a certain judgement concerning the potential and expected thermal cracking
behavior of the new pavement mixtures gathered. The Variables generated are also the
required input values to run the TCMODEL and found in Table 73 in Appendix C.

In the following graphs, the average of the input variables has been plotted to show the

potential thermal cracking resistance within the different climate region:
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Figure 75- Summary of the input variables for thermal cracking resistance for the US Database

The following has been observed:

- The creep compliance has been found to be the highest in the Dry Freeze region
and the lowest at the No Dry Freeze one.

- The Dry No Freeze region, having the lowest values of tensile strength and
effective fracture energy as well as creep compliance is the more susceptible to
thermal cracking behavior.

- The Wet, Freeze region has high effective fracture energy, good creep compliance
and relatively good tensile strength values. It can be safe to say that this region
will have a good potential with regards to thermal cracking resistance.

- As for the Wet No Freeze Region, the obtained values fall within the moderate

range, which leads to a potential good thermal cracking resistance as well.
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- The creep compliance value plays a big role in determining the expected thermal
behavior. The tensile strength is not directly related to thermal cracking behavior,
but may give some indication about the expectations. However, based on the
observed trends between creep compliance and tensile strength, the creep
compliance is increasing with higher tensile strength and vice versa.

- The choice of the pavement mixture highly affects the values obtained in terms of
resistance to cracking, as the binder choice, air void content and gradation greatly
affect the performance of the mix.

- Concerning the Wet Freeze Region, it has the lowest potential to resist thermal
cracking. However, based on the graph above, having a high effective fracture
energy shows that these regions are modifying their pavement mixtures in order to
accommodate the thermal cracking problem.

- Finally, having most of the effective fracture energy values outside the model’s
range, very few values were left to compute the average. Therefore, the values

obtained are not considered to be a 100% reliable.

In the next chapter, the decisive criterion will determine how these mixtures behave in

terms of all the distresses presented and will quantify the quality of the mixtures.
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CHAPTER 6

6 FINAL ASSESSEMENT: COMPARISON AND ANALYSIS
In this chapter, a comparison of the old and new mix designs will be developed in order
to see what are the potential changes that happened over the course of the years. The
comparison is followed by an analysis of the results obtained from the LTPP database
and the US Database to show how they relate to each other. Finally, the mix designs will
be ranked according to a developed criterion to assess the quality of the mix. By finding
the quality of the mixture, it can be determined if the mixture needs to be modified or
needs some modifiers for it to perform better. For each distress discussed in this study, a
criterion will be presented, ranking the mix designs as Poor, Good or Excellent in terms

of Permanent Deformation, Fatigue and Thermal Cracking behaviors.

6.1 Comparison of the New and Old Pavement Mixtures
In the previous chapters, the LTPP Sections chosen were described in terms of pavement
volumetrics, followed by the description of the pavement mixtures gathered from all over
the United States. The descriptions were individually presented in Sections 4.2 and 5.1
respectively.

First, for the sake of comparison, only the sections having the same locations and
regions are considered from both databases. Therefore, a total of 28 sections are

considered for this purpose.
6.1.a Comparison of the PG-Binders Types
The first thing to consider is the choice of the PG-Binder as per the location of

each region with respect to the climatic zone.
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The Table 32 summarizes the sections considered, as well as the location and the PG-

binder:

Arizona
Alaska
Colorado
Colorado
Colorado
Woashington
Arizona
Arizona
Arizona
Indiana
Indiana
Kansas
Massachusetts
Massachusetts
Michigan
Michigan
Michigan
Michigan
WV
Alabama
Alabama
Arkansas
Indiana
Kansas
SC
Tennessee
Washington
WV

Table 32- PG-Binder Comparison for both databases

Flagstaff
Anchorage
Rio Blanco

El Paso

Yuma

Spokane

Tucson

Phoenix

Kingman

La Porte

Jackson

Cherokee

Boston
Springfield
Port Huron

Alpena
Marquette

Grand Rapids

Kanawha
Montgomery
Tuscaloosa
Little Rock

Jefferson

Scott

Columbia/Lexington

Memphis
Seattle
Charleston

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
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PG 58-28
PG 46-40
PG 46-34
PG 58-28
PG 64-28
PG 58-28
PG 70-10
PG 76-10
PG 70-16
PG 58-28
PG 58-28
PG64-22
PG 58-22
PG 58-28
PG 58-28
PG 52-28
PG 52-28
PG 58-34
PG64-22
PG 64-16
PG 64-16
PG 64-16
PG 58-28
PG 64-28
PG 64-16
PG 64-22
PG 52-16
PG 64-22

PG 58-34
PG 58-34
PG 70-10
PG 70-22
PG 64-22
PG 58-28
PG 64-28
PG 58-28
PG 58-28
PG 64-28
PG 64-28
PG 58-34
PG 58-34
PG 58-28
PG 76-22
PG 76-22
PG 76-22
PG 70-22
PG 76-22
PG 64-22
PG 64-40
PG 64-28
PG 64-28
PG 70-28
PG 76-22
PG 76-22
PG 64-22
PG 76-22



For the first climatic region, the Dry Freeze region, it is observed that stiffer
binders are being used newly in the year 2018 compared to the older designs. The origin
date of the LTPP Database’s mix design is not known. However, the roads have been
mostly constructed in the 1980’s.

For the second climatic region, the Dry No Freeze region, softer binders are being
used recently.

The third climatic region, the Wet Freeze, stiffer binders are being implemented
in the recent dates.

Fourth, the Wet No Freeze region, stiffer binders are being used as well.

All in all, stiffer binders are being used in 3 out of the 4 regions in the recent years. The
Dry, No Freeze region has been employing softer binders. The choice of binders may be
linked to the potential behaviors in terms of pavement performance, which is to be

assessed further on in this chapter. Employing stiffer binders may be done to address the

problem of permanent deformation.

6.1.b Comparison of the Air Void Content

In this section, the change in Air Void Content in percent will be evaluated for the old
and new pavement mixtures. The Air Void Content is an important parameter that
directly affects the pavement performance of the mixture when subjected to traffic loads.
Having a higher air void content will affect the durability of the pavement, as well as
make it more permeable to water penetration. Being susceptible to water penetration
affects the structure negatively in terms of distresses and will cause them to happen in a

higher frequency and amount.
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The Table 33below shows the air void content in percent for the old and new pavement

mixtures:

Table 33- Va (%) Comparison

Arizona Flagstaff Dry, Freeze 4.9 3.96
Alaska Anchorage Dry, Freeze 3.9 4
Colorado Rio Blanco Dry, Freeze 4 35
Colorado El Paso Dry, Freeze 5.292 35
Colorado Yuma Dry, Freeze 7.39 3.5
Washington Spokane Dry, Freeze 6 4.4
Arizona Tucson Dry, No Freeze 4.6 5.6
Arizona Phoenix Dry, No Freeze 45 5
Arizona Kingman Dry, No Freeze 3.9 5.2
Indiana La Porte Wet, Freeze 6.18 34
Indiana Jackson Wet, Freeze 2.7 4
Kansas Cherokee Wet, Freeze 5 4
Massachusetts Boston Wet, Freeze 5.6 4
Massachusetts Springfield Wet, Freeze 2.3 4
Michigan Port Huron Wet, Freeze 4 4
Michigan Alpena Wet, Freeze 2.7 4
Michigan Marquette Wet, Freeze 5.125 4
Michigan Grand Rapids Wet, Freeze 35 4
wvVv Kanawha Wet, Freeze 5.14 4.4
Alabama Montgomery Wet, No Freeze 5.8 35
Alabama Tuscaloosa Wet, No Freeze 5.2 35
Arkansas Little Rock Wet, No Freeze 3 4
Indiana Jefferson Wet, No Freeze 4.303 4
Kansas Scott Wet, No Freeze 3.2 4
SC Columbia/Lexington =~ Wet, No Freeze 7.9 5.8
Tennessee Memphis Wet, No Freeze 6 4
Washington Seattle Wet, No Freeze 8.9 4.4
WV Charleston Wet, No Freeze 6.7 4

For the Dry Freeze region, it can be seen that the Air VVoid content has been

decreased, and thus the permeability of the asphalt structure has been decreased. This
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tackles the problem of freeze and thaw, leading to permanent deformation and higher
deflections, since water cannot penetrate as easily as before.

For the Dry No Freeze region, the air void content has been increased in the new
mixtures.

For the Wet Freeze region, the air void contents have been changed to have an
average of 4% air void content. Some states had a Va of 2.3%, 2.7% and 3.4,% which
have been increased to 4%. Also, higher air void contents have been lowered to the value
of 4%.

For the last region, the Wet No Freeze, the air void content has been decreased
conveniently to a lower range of 4% to 5%, making the structure less permeable in this

wet climate zone. (Figure 76)

AVERAGE AIR VOID CONTENT % CHANGE

20%
15%
10%
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-15%

-20%
°
25%
Dry Freeze Dry No Freeze Wet Freeze Wet No Freeze

Figure 76- Average Change in Air Void Content (%)
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6.1.c Comparison of the Asphalt Content

In terms of asphalt content, the changes made between the old and new mix designs are

shown in the Table 34 below:

Table 34- Asphalt Content % Comparison

Arizona
Alaska
Colorado
Colorado
Colorado
Woashington
Arizona
Arizona
Arizona
Indiana
Indiana
Kansas
Massachusetts
Massachusetts
Michigan
Michigan
Michigan
Michigan
WV
Alabama
Alabama
Arkansas
Indiana
Kansas

SC

Tennessee
Woashington
WV

Flagstaff
Anchorage
Rio Blanco

El Paso

Yuma

Spokane

Tucson

Phoenix

Kingman

La Porte

Jackson

Cherokee

Boston
Springfield
Port Huron

Alpena
Marquette

Grand Rapids

Kanawha
Montgomery
Tuscaloosa
Little Rock

Jefferson

Scott

Columbia/Lexington

Memphis
Seattle
Charleston

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze

Wet, No Freeze

Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
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5.3
5.2
5.7
5.7
5.7
6.1
6.3

6.6
6.2
6.2
5.4
5.8
5.93
5.81
5.62
5.86

5.9
6.1

6.2
5.6
5.8

5.7
5.6
3.9



It can be seen that the asphalt content for all the regions has been increasing to reach
values in between 5 and 6%. Having a higher percent of asphalt content will make the
asphalt pavement structure behave in a softer way. Depending on the type of asphalt
binder used, a higher asphalt content helps in fatigue resistance, as softer and more
flexible behavior is to be expected. Also, with regards to thermal cracking, having a
softer behavior promotes the resistance of the mix to crack. However, too much asphalt is
not relatively good in terms of permanent deformation. Therefore, the optimum asphalt
content, which is also depending on the aggregates’ gradation, should be determined to
answer all the distresses that may be encountered. Some states are more susceptible to
distresses than others and suffer from a certain type of distresses more than others. These
will be defined later on in the chapter.

The following Figure 77 shows the average percent increase of the asphalt binder content

from the old to the new pavement mixtures:

AC CONTENT % CHANGE

14%

12% 9
10%
8%
4%
2%
0%
Dry Freeze Dry No Freeze Wet Freeze Wet No Freeze

Figure 77- Average Asphalt Content Change %
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6.1.d Comparison of the Effective Binder Content by Volume (Vet)

The effective binder content by volume is compared for both databases. It is observed
that the Vefr is being increased in the recent years, which is reflected also by the increase
in asphalt binder content. The Table 35 shows the previous and recent values, followed

by a chart showing the percent change from the LTPP Sections and the US Sections.

Table 35- Vbeff (%) Comparison

Arizona Flagstaff Dry, Freeze 9.7 11.6
Alaska Anchorage Dry, Freeze 10.1 114
Colorado Rio Blanco Dry, Freeze 10.3 11.9
Colorado El Paso Dry, Freeze 8.708 12.2
Colorado Yuma Dry, Freeze 7.61 11.3
Woashington Spokane Dry, Freeze 8 10.8
Arizona Tucson Dry, No Freeze 10 10.3
Arizona Phoenix Dry, No Freeze 10.1 10.5
Arizona Kingman Dry, No Freeze 10.7 10.2
Indiana La Porte Wet, Freeze 10.42 121
Indiana Jackson Wet, Freeze 11.3 11.9
Kansas Cherokee Wet, Freeze 9 12.4
Massachusetts Boston Wet, Freeze 8.4 13.3
Massachusetts Springfield Wet, Freeze 11.7 121
Michigan Port Huron Wet, Freeze 10 12.3
Michigan Alpena Wet, Freeze 11.3 114
Michigan Marquette Wet, Freeze 8.875 11.37
Michigan Grand Rapids Wet, Freeze 10 11
WV Kanawha Wet, Freeze 8.86 11.3
Alabama Montgomery Wet, No Freeze 9.2 14
Alabama Tuscaloosa Wet, No Freeze 9.8 13.8
Arkansas Little Rock Wet, No Freeze 12.3 115
Indiana Jefferson Wet, No Freeze 10.697 11.2
Kansas Scott Wet, No Freeze 10.8 11.1
SC Columbia/Lexington ~ Wet, No Freeze 6.1 12.4
Tennessee Memphis Wet, No Freeze 8 10.7
Woashington Seattle Wet, No Freeze 5.1 9.3
WV Charleston Wet, No Freeze 7.3 8.4
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It is noticed that the new values of the Vietr range between 10 and 12 approximately. It is
also noticeable that the Verf values are higher in the freeze regions, as more asphalt
binder is added to soften the behavior of the structure at lower weather temperatures.

(Figure 78)

AVERAGE VBE (%) CHANGE

40%

35%
30%
25%
20%
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Dry Freeze Dry No Freeze Wet Freeze Wet No Freeze
Figure 78- Average VBE (%) Change

6.1.e Comparison of the Voids in Mineral Aggregates (VMA)

In this section, the changes in VVoids in Mineral Aggregates are being evaluated for the

old and new pavement mixtures. Basically, the VMA represents the space between the

rocks that can be filled with asphalt. When VMA is too low, there is not enough room in

the mixture to add enough asphalt binder to adequately coat the individual aggregate

particles. VMA is critical to a mixture’s durability and crack resistance. When VMA is

lowered, the asphalt binder content for a given air void level is lowered. For this reason,

the SuperPave has set minimum values for VMA based on the NMAS of the mix:
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A 9.5 mm mix has a minimum VMA of 15.0 percent, a 12.5 mm mix is 14.0 percent, and

a 19 mm mix is 13.0 percent. Smaller stone mixes have more aggregate surface area to

coat, thus requiring more VMA and more asphalt.

The following Table 36 summarizes the values of the VMASs for the old and new

pavement mixtures:

Table 36- VMA (%) Comparison

S S T e e

Arizona
Alaska
Colorado
Colorado
Colorado
Washington
Arizona
Arizona
Arizona
Indiana
Indiana
Kansas
Massachusetts
Massachusetts
Michigan
Michigan
Michigan
Michigan
WV
Alabama
Alabama
Arkansas
Indiana
Kansas
SC
Tennessee
Woashington
WV

Flagstaff
Anchorage
Rio Blanco

El Paso

Yuma

Spokane

Tuscon

Phoenix

Kingman

La Porte

Jackson

Cherokee

Boston
Springfield
Port Huron

Alpena

Marquette
Grand Rapids
Kanawha
Montgomery
Tuscaloosa
Little Rock
Jefferson
Scott

Columbia/Lexington

Memphis
Seattle
Charleston

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
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14.6
14
14.3
14
15
14
14.6
14.6
14.6
16.6
14
14
14
14
14
14
14
13.5
14
15
15
15.3
15
14
14
14
14
14

15.56
15.4
154
15.7
14.8
13.7
15.9
15.5
154
16.1
15.9
16.4
17.3
16.1
16.3
154

15.37

15
15.7
17.5
17.3
15.5
15.2
151
18.2
14.7
15.2
12.4



It can be seen that the VMAs all answer to the minimum values required by the
SuperPave for surface mixtures. However, over the years, as the asphalt binder content
has been increased, the VMAs also will increase. This replies to the needs of thermal
cracking and fatigue behaviors.

The following Figure 79 shows the average change in VMASs for the old and new

pavement mixtures:

VMA (%) CHANGE
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10%
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Figure 79- Average VMA (%) Change

6.1.f Comparison of the Volume Filled with Asphalt (VFA)

The volume Filled with Asphalt (VFA) represents the portion of the voids in the mineral
aggregate that contain asphalt binder. It can also be described as the percent of the
volume of the VMA that is filled with binder. VFA is inversely related to air voids: as air

voids decrease, the VFA increases.
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In the case of the pavement mixtures’ change considered in this study, increase and
decreases of air voids are observed over the climate regions. The changes in VFA are

examined and reported in the Table 37 below:

Table 37- VFA (%) Comparison

Arizona Flagstaff Dry, Freeze 66 74.6
Alaska Anchorage Dry, Freeze 72 74.0
Colorado Rio Blanco Dry, Freeze 72 77.3
Colorado El Paso Dry, Freeze 62 77.7
Colorado Yuma Dry, Freeze 51 76.4
Woashington Spokane Dry, Freeze 57 67.9
Arizona Tucson Dry, No Freeze 68 64.8
Arizona Phoenix Dry, No Freeze 69 67.7
Arizona Kingman Dry, No Freeze 73 66.2
Indiana La Porte Wet, Freeze 63 75.2
Indiana Jackson Wet, Freeze 81 74.8
Kansas Cherokee Wet, Freeze 64 75.6
Massachusetts Boston Wet, Freeze 60 76.9
Massachusetts Springfield Wet, Freeze 84 75.2
Michigan Port Huron Wet, Freeze 71 75.5
Michigan Alpena Wet, Freeze 81 74.0
Michigan Marquette Wet, Freeze 63 74.0
Michigan Grand Rapids Wet, Freeze 74 73.3
wvVv Kanawha Wet, Freeze 63 72.0
Alabama Montgomery Wet, No Freeze 61 80.0
Alabama Tuscaloosa Wet, No Freeze 65 79.8
Arkansas Little Rock Wet, No Freeze 80 74.2
Indiana Jefferson Wet, No Freeze 71 73.7
Kansas Scott Wet, No Freeze 7 735
SC Columbia/Lexington  Wet, No Freeze 44 68.1
Tennessee Memphis Wet, No Freeze 57 72.8
Washington Seattle Wet, No Freeze 36 71.1
WV Charleston Wet, No Freeze 52 67.7

It is expected for the VFA to decrease with increase Air VVoid Content and vice versa.

Taking the average values, the following trends have been observed (Figure 80):
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VFA (%) CHANGE
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Figure 80- VFA (%) Change

The changes in VFA do reflect the ones for Air VVoid Content except for the Wet Freeze
region, where the air void content increased and the VFA still increased. The change in
VFA is only about 6% on average. As the VFA is the portion containing asphalt binder in
the VMA, if VMA and Va increases, the change may cause the VFA to increase, as VFA

is calculated by:
_ Vberr _
VFA =L+ 100 and Vyepr = VMA =V,
The change in gradation will have to be studied in this case.

6.1.g Comparison of the Change in Gradation

In this section, the gradation changes will be compared in terms of the percent retained on
Sieves #4. %.°, 3/8”°, and percent passing Sieve #200.

The following Table 38 summarizes the gradation results for both the old and new mix

designs:
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Table 38- Gradation Comparison for %R04, %R34, %R38, %P200

State City Climate Ros Rag Rss P2 Ros Rss  Ras  Pago
Zone
AZ Flagstaff DF 52 39 5 47 50 29 3 333
AK Anchorage 39 20 3 72 52 24 0 5.2
CO Rio Blanco 48 19 0 91 36 22 0 4.3
CO El Paso 43 15 0 96 45 10 0 4.8
CoO Yuma 37 22 0 87 42 23 0 4.8
WA Spokane 41 16 56 56 45 18 0 6.3
AZ Tucson D, NF 42 25 2 75 40 26 3 3.7
AZ Phoenix 50 35 9 38 57 379 3 4.2
AZ Kingman 50 28 4 53 45 24 0 3.8
IN La Porte W, F 40 33 0 59 43 8.2 0 5.4
IN Jackson 46 35 0 58 377 57 0 5.2
KS Cherokee 21 14 0 95 33 13 0 7.4
MS Boston 46 18 0 54 45 2 0 4.2
MS Springfield 22 0 37 39 12 0 4
Ml Port Huron 14 9 0 62 188 43 0 5.6
Ml Alpena 63 12 8 23 243 22 0 5.2
Ml Marquette 30 13 7 6 298 65 0 5.6
MI  Grand Rapids 60 38 6 7 193 05 0 5.3
WV Kanawha 35 6 0 48 34 4 5
AL Montgomery W, NF 40 42 4 47 44 0 8
AL Tuscaloosa 63 12 4 4 51 5 0 8.4
AR Little Rock 60 39 15 94 41 14 0 59
IN Jefferson 59 35 0 31 336 3 0 5
KS Scott 39 19 0 82 31 13 0 3.8
SC Columbia 30 8 0 37 30 9.1 0 532
TV Memphis 58 10 17 6 39 13 0 5.6
WA Seattle 42 23 2 52 4 6 0 55
WV Charleston 44 20 0 27 67 5 35 39
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The average values for each climate region were found and the Figure 81 below has been

generated:

30%

20%

10%

0%

-10%

-20%

-30%

-40%

-50%

GRADATION % AVERAGE CHANGE
26%
18%
13% [
e 1 ;
—-— A
| Gl
-10%
2% -
-44%
P200 RO4 R38 R34
™ Dry Freeze ™ Dry No Freeze Wet Freeze Wet No Freeze

Figure 81- Average Gradation % Change

For the Dry Freeze Region, an increase in fine aggregate by only 5% was

observed, facing a decrease in the coarse aggregates retained. Having coarse aggregates

in the mixture has been proven to reduce the permanent deformation of the pavement

structure, by increasing its overall strength.

For the Dry No Freeze region, a decrease in the retained coarse aggregates is

noted only, making the pavement structure more flexible.

As for the Wet Freeze region, there is an increase in the amount of %4’ sized

aggregates present in them mix. This leads to believe that the problem in the wet and

freeze regions, the agencies are trying to modify their pavement structures according to

types of distresses such as permanent deformation.
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Concerning the Wet No Freeze region, there is decrease in the aggregate sizes of
3/8°” and 0.187 inches considered, except for the fines passing #200 and %4”’. In this
region, the gradation is getting more uniform for all the sizes. The considered
improvement in terms of distresses is yet to be determined in the following sections.

The following Table 39 shows in summary what are the changes exhibited by the

pavement mixtures over the course of the years:

Table 39- Summary of the Changes in Pavement Mix Designs

Dry, Freeze Dry, No Freeze Wet, Freeze  Wet, No Freeze

PG-Binder type Stiffer Softer Stiffer Stiffer
Va (%) Decrease (-24%)  Increase (22%) Increase (5%) D((_e;;iz;e
Ac (%) Increase (11%) Increase (10%) @ Increase (12%) Increase (5%)
Vbeff (%) Increase (29%) Increase (1%) Increase (21%)  Increase (36%)
VMA (%) Increase (5%) Increase (7%) Increase (13%) Increase (8%)
VFA (%) Increase (19%) Decrease (-6%)  Increase (7%) Increase (28%)
Decrease in Increase in all Increase in
Aggregate Coarse Decrease in Aggregate Aggregates 3/4"
Gradation Coarse Types Except Decrease in all

5 i Fi
ecrease in Fines for 3/8" other types

Overall, all the climate regions are decreasing their 3/8”” aggregates. However, The Dry
Regions are also decreasing the %4”” aggregates. This indicates that more binder is needed,
and a more flexible behavior is intended. Whereas for the Freeze Regions, an increase of

the %4’ aggregates is observed, trying to make the mixture stronger.
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6.2 Comparison of the Flow Number and Rutting Behaviors

6.2.a Comparison of the Flow Number Values

In the previous chapters (4 and 5), the Flow Number of each section from the LTPP
Database as well as from the U.S. database has been predicted based on the provided
volumetrics for each climate zone. As the flow number defines the number of repetitions
to reach tertiary flow, or permanent deformation, it is a great indicator of the potential of
each section to resist rutting. As the “FN” increases, the pavement structure is most likely
set to resist rutting longer. Before discussing the rutting parameters, it is important to
define the quality of the mix and decide if this mixture will have a good behavior in terms
of permanent deformation once the traffic level is forecasted.

The FN values have been predicted for both databases assuming a standard tire
pressure of 120 psi, and a confinement level of 20 psi. In the Table 40 below are the

predicted FN:

223



Table 40- Comparison of FN for Both Databases

Arizona Flagstaff Dry, Freeze 642 1206
Alaska Anchorage Dry, Freeze 332 1198
Colorado Rio Blanco Dry, Freeze 402 412
Colorado El Paso Dry, Freeze 353 170
Colorado Yuma Dry, Freeze 463 503
Washington Spokane Dry, Freeze 295 866
Arizona Tucson Dry, No Freeze 424 154
Arizona Phoenix Dry, No Freeze 214 190
Arizona Kingman Dry, No Freeze 424 232
Indiana La Porte Wet, Freeze 238 685
Indiana Jackson Wet, Freeze 360 587
Kansas Cherokee Wet, Freeze 306 460
Massachusetts Boston Wet, Freeze 306 431
Massachusetts Springfield Wet, Freeze 139 288
Michigan Port Huron Wet, Freeze 190 462
Michigan Alpena Wet, Freeze 309 493
Michigan Marquette Wet, Freeze 167 312
Michigan Grand Rapids Wet, Freeze 649 459
WV Kanawha Wet, Freeze 151 410
Alabama Montgomery Wet, No Freeze 124 1086
Alabama Tuscaloosa Wet, No Freeze 711 3916
Arkansas Little Rock Wet, No Freeze 633 551
Indiana Jefferson Wet, No Freeze 203 442
Kansas Scott Wet, No Freeze 590 251
SC Columbia/Lexington Wet, No Freeze 56 266
Tennessee Memphis Wet, No Freeze 159 523
Washington Seattle Wet, No Freeze 185 822
WV Charleston Wet, No Freeze 165 218

It can be clearly seen that most of the Flow Number values have increased over time,
which certainly means an increase in rutting resistance. This also means that the rutting
problem has been considered by the agencies. However, the extent of this enhancement
can only be shown with the effects of the asphalt layer thickness and the expected traffic

over the pavement life of the structure. (Figure 82)
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It can be observed that the changes implemented by the agencies to the asphalt
volumetrics did quite affect the flow number values. Three of the four climatic regions
have exhibited great increases in the flow number values, leading to a potential
improvement on rutting.

However, for the Dry No Freeze, the Flow Number values seem to be decreasing.
By considering the changes to the pavement mix designs (Table 39, it can be seen that for
the Dry, No Freeze region, a choice of a softer binder has been recorded, as well as an
increase in the asphalt content and air voids. All these modifications are pointing towards
a softer behavior of the mix. In order to have a high Flow Number value and thus less
expected Rutting, a stiffer behavior is recommended to resist permanent deformation. A

slight decrease in the coarse aggregates has been done to the mixture.
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6.2.b Comparison of the Rutting Values

In this section, the predicted rutting values as per the Flow Number values, measured
ESALs and asphalt thickness are generated for both the old and new pavement mixtures.
As the flow number values have been compared in the previous section, the rutting values
in here will be compared for each location as per the climatic regions. In order to be able
to compare the two predicted rutting values, the rutting has been predicted using the
Asphalt Thicknesses provided by the LTPP for all the databases, for a constant traffic
level of 30 million ESALs.

The summarized values are found below in Table 41.
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Table 41- Predicted Rutting Depth Comparison

Flagstaff Dry, Freeze 0.63 0.57
Anchorage Dry, Freeze 0.83 0.64
Rio Blanco Dry, Freeze 0.62 0.65

El Paso Dry, Freeze 0.45 0.56

Yuma Dry, Freeze 0.44 0.45

Spokane Dry, Freeze 1.73 1.40

Tucson Dry, No Freeze 0.46 0.62

Phoenix Dry, No Freeze 0.49 0.53

Kingman Dry, No Freeze 0.49 0.60

La Porte Wet, Freeze 0.67 0.62

Jackson Wet, Freeze 0.64 0.60
Cherokee Wet, Freeze 0.35 0.34

Boston Wet, Freeze 0.69 0.67
Springfield Wet, Freeze 0.70 0.62
Port Huron Wet, Freeze 2.37 2.01

Alpena Wet, Freeze 0.99 1.06

Marquette Wet, Freeze 1.26 1.02

Grand Rapids Wet, Freeze 0.44 0.55
Wet Freeze Region/ Kanawha Wet, Freeze 2.20 1.82
Montgomery Wet, No Freeze 0.94 0.59
Tuscaloosa Wet, No Freeze 0.75 0.52
Little Rock Wet, No Freeze 0.77 0.83
Jefferson Wet, No Freeze 0.27 0.23
Scott Wet, No Freeze 0.27 0.35
Columbia/Lexington Wet, No Freeze 4.42 3.18
Memphis Wet, No Freeze 0.76 0.53
Seattle Wet, No Freeze 0.48 0.35
Charleston Wet, No Freeze 1.37 1.34
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The average change in the expected rutting has been calculated, and the following results

have been obtained Figure 83:

AVERAGE CHANGE IN THE PREDICTED
RUTTING VALUES
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Figure 83- Average Rutting Change

Based on the variations of the Flow Number analyzed above, the results are expected in
terms of predicted rutting values. As these values are only the average of the obtained
values, and the percentages do depend on the number of sections in each region, one
would expect these values to be higher, as the flow number values have greatly increased
with the change in the mix design.

6.2.c Rutting Ranking Criteria

As discussed previously, when fitting a fitting based on a specific data, trying to input

other values in the same model will cause it to become less accurate. When developing
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such models, overfitting is most likely, and the accuracy of the model as well as
reliability will decrease.

For the case of the predictive rutting model used in this study, it can be seen that
is becomes less reliable for values greater than 0.6°’. Nonetheless, it still predicted
whether the mix design is going to exhibit a small or huge amount of permanent
deformation.

As the Predictive Rutting Model used in this study is based on one major
component, which is the Flow Number, it was possible to develop a set of ranking criteria

to assess the quality of the pavement mixtures. The criteria Table 42 is found below:

Table 42- Flow Number Criteria

Satisfactory 400 - 600
Good 600-800
Excellent >800

Given the Flow Number for each mix design from both databases, the quality of the mix

is assessed and recorded in the Table 43 below:
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Arizona
Alaska
Colorado
Colorado
Colorado

Washington

Arizona
Arizona
Arizona
Indiana
Indiana
Kansas

Massachusett

S

Massachusett

S
Michigan
Michigan
Michigan
Michigan
WY

Alabama

Alabama
Arkansas
Indiana

Kansas

SC
Tennessee

Washington

WV

Flagstaff
Anchorage
Rio Blanco

El Paso

Yuma

Spokane

Tucson

Phoenix

Kingman

La Porte

Jackson
Cherokee

Boston

Springfield

Port Huron
Alpena
Marquette
Grand
Rapids
Kanawha
Montgomer

y
Tuscaloosa

Little Rock
Jefferson

Scott

Columbia
Memphis
Seattle
Charleston

Table 43- Ranking Table based on FN

D, F

D, NF

W, NF

642
332
402
353
463
295
424
214
424
238
360
306

306

139

190
309
167

649
151
124

711
633
203

590

56
159
185
165
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Satisfactor

y
Low

Low
Low
Low

1206
1198
412
170
503
866
154
190
232
685
587
460

431

288

462
493
312

459
410
1086

3916
551
442

251

266
523
822
218
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Where E stands for Excellent, G for Good, S for Satisfactory and L for low.

For the Dry Freeze region, the mix designs have improved in terms of rutting. This can be
explained by the increase in coarse aggregates and the use of a stiffer binder.

For the Dry, No Freeze region, the rutting behavior of the mixtures was low for all the
previous mixtures and is still low. As the binder type used is softer, and the air void
content is increased in addition to the increase in the asphalt content, softer behavior is to
be expected. In terms of permanent deformation, stiffer behavior must be expected in
order to resist permanent deformations, especially at higher temperatures or hot climates.

For the Wet, Freeze Region, the mix designs have improved rutting behavior. The
binder types used in the recent dates are stiffer. However, the air void content has slightly
increased, and the coarse aggregates’ gradation has decreased. This explains why the
pavement mixtures only slightly increased in terms of Flow Number, from to
Satisfactory.

Finally, for the Wet Freeze Region, an improvement has also been noted. The
binder type used is stiffer, and the air void content has decreased. Also, the aggregate
gradation has been modified. Most of the pavement mixtures are not satisfactory as well,
with only two potential “Excellent” in Alabama.

Based on the data gathered, a potential criterion for the volumetric properties has been
set. Using the tables when having the input data at hand, the quality of the mix could be

approximated at a first glance. The criteria are summarized in the Table 44 below:
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Table 44- Ranking Criteria by Volumetric Properties

P200  3.7-  P200 P200
0, -
P200 (%)  4-4.8 ) 49 ) . )
RO4 (%)  39-45 RO4 (%) 4550 RO4 (%) 25-40 RO4 (%) 20-40

DF;‘;?rn R34 (%) 05 R34(%) >9 R34(%) 0 R34(%) O
N vam) 3334 va©) >5  Va(%) >4 Va(%) >4
AC (%) >55 AC(%) >5 AC(%) 555 AC(%) ‘;38
P200 P200 P200
0, - - - -
P00(%) 486 0 455 o 857 O 56
o RO4 (%) 4550 RO4(%) 4550 RO4 (%) 40-45 RO4 (%) 40-55
m
Dis:;n R34 (%) 05 R34(%) 04 R34(%) 04 R34(%) 04
Va(%) 354 Va(%) 394 Va(%) 4  Va(%) 4
AC(%) 5557 AC(%) 455 AC(%) 556 AC (%) %z
P200 P200 P200
0 o - o - 1
P0(%) 568 oo 585 o0 10l o 69
crcollory  RO4(%) 5055 RO4(%) 5055 RO4(%) 45-60 RO4(%) 5560
é‘;iige: R34(%) 05 R34(%) 0 R34(%) 06 R34(%) 0
Va(%) 3944 Va(%) 445 Va(%) 4  Va(%) 354
AC (%) 4655 AC(%) 455 AC (%) Zi AC (%) Z%

The Excellent section in the table in the Dry, No Freeze region is simply because no
excellent mix designs have been gathered in this region. Therefore, no accurate criteria

could be developed. The proposed one is based on the supposed behavior trend observed

from the evolution of the Poor and Medium designs.
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6.3 Comparison of the Fatigue Behavior

6.3.a Comparison of the N¢

In this section, the fatigue behavior of the old and new databases will be assessed based
on the developed number of cycles, Nt, defined in the previous chapter 3. As this number
of cycles to failure defines when fatigue is prone to happen in the pavement, it is very
beneficial to have a good indicator on the aspect of this distress.

The higher the number of cycles to failure, the longer it will take for the fatigue
failure to happen. In this section, the N¢ values were calculated based on the pavement
mixtures provided, and the difference will be studied. As the mixtures were shown to be
different, certainly the fatigue behavior will be different. The fatigue failure is studied for

the same strain level, which is 350 pe. The values are tabulated below in Table 45:
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Table 45- Number of Cycles to Failure Comparison

Arizona
Alaska
Colorado
Colorado
Colorado
Woashington
Arizona
Arizona
Arizona
Indiana
Indiana
Kansas
Massachusetts
Massachusetts
Michigan
Michigan
Michigan
Michigan
WV
Alabama
Alabama
Arkansas
Indiana
Kansas
SC

Tennessee

Washington
wv

Flagstaff
Anchorage
Rio Blanco

El Paso

Yuma

Spokane

Tucson

Phoenix

Kingman

La Porte

Jackson

Cherokee

Boston
Springfield
Port Huron

Alpena
Marquette

Grand Rapids

Kanawha
Montgomery
Tuscaloosa
Little Rock

Jefferson

Scott

Columbia/Lexington

Memphis
Seattle
Charleston

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze

Wet, No Freeze

Wet, No Freeze
Wet, No Freeze

9435
15257
7734
7500
8234
6262
10887
13478
12750
13055
13055
8368
4839
14058
10066
7938
4646
16032
8100
7214
8200
12999
11617
16943
3136

6552

590
5417

14177
30244
14426
21303
18600
16943
11515
15898
11304
15476
20482
28278
26026
21417
27820
18941
20833
22213
13426
35166
34172
23761
18117
22622
27611

20581

5562
7250

The average change in the Nf has been computed, and the following Figure 84 has been

generated:
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AVERAGE CHANGE IN NF

350.00%

300.00%

250.00%

200.00% 157.12%
150.00% 119.26%

100.00%

50.00%

4.12%
0.00%

Dry, Freeze Dry, No Freeze Wet, Freeze Wet, No Freeze

Figure 84- Average Change in the Number of Cycles to Failure

As mentioned in the first section and referring to the summarizing table of all the changes
incurred to the mix designs in the recent dates, the behavior of the new pavement
mixtures is suspected to go in favor of fatigue cracking.

For the Dry, Freeze region, a large increase in the asphalt content as well as the
volume of effective binder content is noted. Also, the portion of coarse aggregates in the
mix is decrease. This new mix design works in favor of the fatigue behavior of the mix,
and this is shown by the obtained results.

For the Dry, No Freeze region, the air void content has been increased by 22%,
whereas the Vierr has not been very much increased. The behavior has still slightly
increased, but not in a very high perspective.

For the Wet, Freeze region, the same positive increase in the number of cycles is
being observed. The freeze regions are considering enhancing their mix designs in terms

of fatigue life.
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Finally, for the Wet No Freeze region, the mix designs are performing much
better with the decrease in air void content (or decrease in permeability) and the increase
in the Vhefr.

So far, the new pavement mixtures are considering fatigue resistance in all the
climatic regions.

6.3.b Fatigue Ranking Criteria

Based on the obtained results, as well as the measured fatigue behavior according to the
LTPP, the fatigue model suggested has proven to be reliable. It is important to consider
that the comparisons has been done for a certain strain level of 350 e, and that this strain
level may and may not occur in the field. However, based on the measured data, a
ranking criteria has been set in order to assess the quality of the pavement mixtures in

terms of fatigue (Table 46)

Table 46- Fatigue Design Criteria

Satisfactory 6,000-10,000

Good 10,000-15,000
Excellent >15,000

These ranges have been based on the observations made with respect to the LTPP
Sections and the Predicted Number of cycles. The amount of alligator cracking and
longitudinal cracking on the wheel-path determined the possible ranges mentioned in the

Table 46 above.
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Having a pavement mixture on hand with the required volumetric properties, it is
possible to obtain the number of cycles to failure of this mix. Based on the ranking
criteria, giving a certain quality of the mix in terms of fatigue would be possible.

The pavement mixtures on hand from the LTPP and US Databases were both

ranked according to the criteria developed. The results are mentioned below in Table 47:
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Arizona
Alaska
Colorado
Colorado
Colorado

Washington

Arizona
Arizona
Arizona
Indiana
Indiana
Kansas

Massachusetts
Massachusetts

Michigan
Michigan
Michigan

Michigan

WV
Alabama
Alabama
Arkansas

Indiana
Kansas
SC
Tennessee

Washington

WV

Flagstaff
Anchorage
Rio Blanco

El Paso

Yuma

Spokane

Tucson

Phoenix

Kingman

La Porte

Jackson

Cherokee

Boston
Springfield
Port Huron

Alpena
Marquette

Grand

Rapids

Kanawha
Montgomery
Tuscaloosa
Little Rock

Jefferson

Scott

Columbia

Memphis

Seattle

Charleston

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze

Wet, Freeze

Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze

Wet, No Freeze

Wet, No Freeze
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Table 47- Ranking of the Mix Designs

9435
15257
7734
7500
8234
6262
10887
13478
12750
13055
13055
8368
4839
14058
10066
7938
4646

16032

8100
7214
8200
12999
11617
16943
3136
6552

590
5417

14177
30244
14426
21303
18600
16943
11515
15898
11304
15476
20482
28278
26026
21417
27820
18941
20833

22213

13426
35166
34172
23761
18117
22622
27611
20581

5562
7250
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Where E stands for Excellent, G for Good, S for Satisfactory and L for Low.

Part of this effort included developing volumetric properties ranges, where as a

combination of them would produce a specific fatigue behavior. Having the volumetric

properties at hand and fitting them in the ranges below, the behavior of the pavement

mixture in terms of fatigue can be forecasted. It is to be noted that these ranges are

approximate with the sole purpose of giving an indication of the potential behavior.

Based on the data gathered, the following ranges were developed for the climate

regions studied: (Table 48)

Poor
Design

Medium
Design

Excellent
Design

VBE

VEA
Va
AC

VBE

VFA
Va
AC

VBE

VFA

Va
AC

Table 48- Possible Rating Criteria based on Volumetric Properties

<57
<5.3
>5

8-10

62-72
3.9-5.29
4.8-5

10-12.

72-80
3.5-4
5.5-6.1

VBE

VFA
Va
AC

VBE

VFA

Va
AC

10-11

68-73
3.9-4.6
4.5-5

11-12.5

75-80
3.5-5
4.8-5.5
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VBE

VBE

VFA
Va
AC

VBE

VFA

Va
AC

8.4-8.9

<63
<51
>5

9-11

64-74
3.5-5
4.8-5

11

74-84
2.3-3.5
4.8-5

VBE

VFEA
Va
AC

VBE

VFA
Va
AC

VBE

VFA

Va
AC

<8

36-57
5
>5

8-10.5

61-71
4-3.5
3.7-5

10.7-12.3

72-80
3-3.9
5



6.4 Comparison the Thermal Cracking Behavior

6.4.a Comparison of the Thermal Cracking Input Parameters

In this section, the approximation of the thermal cracking behavior has been generated
based on the calculation of the main input parameters of the TCMODEL. By predicting
these values and comparing them to actual measured thermal cracks, the resistance to
thermal cracking was assessed.

Even though no straight relationship defines tensile strength to thermal cracks
directly, the tensile strength combined with creep compliance and fracture energy gives a
possible trend for the thermal behavior.

The creep compliance, as well as the creep compliance fracture parameters,
tensile strength and fracture energy were predicted for each mix design at hand.
However, the limits of the fracture energy model were small, and the results were not
very reliable as the model generated negative values. The positive values generated did
make sense in terms of thermal cracks, as a high fracture energy means that more energy
is required to initiate and propagate the crack. Also, the more the structure dissipates the
energy, the higher is the likelihood of cracks happening. Once a crack happens, all the
energy trapped inside is released.

In the Table 56 in Appendix A are summarized the results obtained for the LTPP
Database, followed by the results obtained by the U.S. Database. Based on the predicted
and measured stresses, a ranking criterion has been developed to assess the potential of
cracking resistance of the mixtures.

In Table 73in appendix B are the results of the US Database.
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Now comparing each parameter at a time:

For the creep compliance (Table 49)

Arizona
Alaska
Colorado
Colorado
Colorado
Woashington
Arizona
Arizona
Arizona
Indiana
Indiana
Kansas
Massachusetts
Massachusetts
Michigan
Michigan
Michigan
Michigan
West Virginia
Alabama
Alabama
Arkansas
Indiana
Kansas

South Carolina

Tennessee
Washington

West Virginia

Table 49- Creep Compliance Comparison

Flagstaff
Anchorage
Rio Blanco

El Paso

Yuma

Spokane

Tuscon

Phoenix

Kingman

La Porte

Jackson

Cherokee

Boston
Springfield
Port Huron

Alpena

Marquette
Grand Rapids
Kanawha
Montgomery
Tuscaloosa
Little Rock
Jefferson
Scott

Columbia/Lexington

Memphis
Seattle

Charleston

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze

Wet, No Freeze

Wet, No Freeze
Wet, No Freeze

Wet, No Freeze
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1.12727E-06
2.2525E-06
1.79675E-06
1.0175E-06
9.09183E-07
9.32245E-07
9.26867E-07
9.00447E-07
9.16759E-07
1.36055E-06
8.25545E-07
9.33395E-07
9.14435E-07
7.13975E-07
1.03577E-06
9.54255E-07
1.19158E-06
1.52964E-06
9.25171E-07
8.04384E-07
8.36473E-07
6.91453E-07
1.16316E-06
9.77037E-07

4.069E-07

8.37544E-07
3.6735E-07

7.30665E-07

2.396E-06
8.671E-06
3.977E-06
2.875E-06
2.585E-06
2.775E-06
1.816E-06
2.661E-06
1.712E-06
2.497E-06
2.455E-06
3.033E-06
3.310E-06
3.093E-06
3.015E-06
2.956E-06
4.984E-06
2.768E-06
2.579E-06
2.637E-06
2.615E-06
2.641E-06
2.343E-06
2.788E-06

3.012E-06

3.147E-06
1.856E-06

1.831E-06



The average change in creep compliance have been reported in the Figure 85 below:

AVERAGE CHANGE IN CREEP
COMPLIANCE (%)

300.00%

250.00%

200.00%
150.00%
100.00%
50.00% -

0.00%
Dry, Freeze Dry, No Freeze Wet, Freeze Wet, No Freeze

Figure 85- Average Change in Creep Compliance (%)

A huge increase in creep compliance is recorded for all the climatic region. Referring
back to the table summarizing the changes in the mix design, all of the regions were
expecting a softer behavior with the change in pavement mixtures. An increase in Asphalt
content, as well as decrease of air voids will work for the benefit of the pavement
mixtures (especially for the Wet, No Freeze Region). However, all in all, the changes
have a positive impact on creep compliance behavior in all the regions.

In terms of tensile strength and fracture energy: (Table 50)
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State

Arizona
Alaska
Colorado
Colorado
Colorado
Washington
Arizona
Arizona
Arizona
Indiana
Indiana
Kansas
Massachusetts
Massachusetts
Michigan
Michigan
Michigan
Michigan

West Virginia
Alabama
Alabama
Arkansas

Indiana
Kansas

South Carolina

Tennessee
Washington
West Virginia

Table 50- Comparison between Fracture Energy and Tensile Strength

City

Flagstaff
Anchorage
Rio Blanco

El Paso

Yuma

Spokane

Tucson

Phoenix

Kingman

La Porte

Jackson

Cherokee

Boston
Springfield
Port Huron

Alpena

Marquette
Grand
Rapids

Kanawha

Montgomery

Tuscaloosa
Little Rock
Jefferson
Scott
Columbia
Memphis
Seattle
Charleston

Climate Zone

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze

Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
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-101.7
-3109.3
-1568.3

-118.4

271.9

60.5

-224.7

-260.2

-281.7

248.5

-574.2

-56.9
-13.7

-645.9

-374.9

-729.8

-291.7

-738.1

-97.9
99.6
32.5
-80.4
-34.9
-457.9
353.1
42.4
518.9
224.9

(14°F)
in psi
485.6
551.1
525.8
546.1
707.9
621.2
398.9
377.1
388.6
467.7
450.7
487.1
557.6
461.2
463.3
477.5
558.3
547.6

498.6
447.8
404.5
353.8
445.2
448.6
845.4
587.0
1145.6
682.0

43.6
-156.1
-76.5
136.0
-154.9
112.7
183.9
14.5
-19.6
342.2
186.6
334.5
573.9
260.2
272.8
63.5
-82.4
-100.6

144.4
664.0
620.7
-57.8
-10.0
-96.7
448.8
-239.8
-321.7
-758.0

(14°F)
in psi
392.0
582.6
522.3
424.1
437.7
427.3
347.6
418.2
347.7
382.7
383.6
408.9
401.2
418.3
410.5
431.0
491.2
434.8

395.4
383.9
385.3
404.1
397.0
432.6
366.9
421.3
426.6
487.7



The average changes for the tensile strength are summarized in the following Figure 86:

AVERAGE TENSILE STRENGTH CHANGE (%)

0.00%
_ 0
5.00% 4.16%
-10.00%

-15.00%
[-16.09% |
-20.00% -17.66%

-25.00%

Dry, Freeze Dry, No Freeze Wet, Freeze Wet, No Freeze

Figure 86- Average Change in Tensile Strength

With regards to the tensile strength, it is noticed to decrease slightly. As the model
initially depends greatly on the Air VVoid Content (%) and the VFA (%), these parameters
greatly affected the results obtained.

For the Dry Freeze Regions, the VFA increased and the Air void content
decreased, which explains the decrease in tensile strength. The air void content has a
great effect on the pavement performance. However, the model used in this study doesn’t
have the best accuracy. Therefore, in terms of modifications of the parameters, having a
negative VFA will affect negatively the tensile strength

For the Dry, No Freeze region, the air void content is increasing and the VFA is
decreasing however slightly. For this reason, the tensile strength is only varying very

briefly (about 4%) which is not significant.
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For the Wet Freeze and Wet No Freeze regions, the VFAs are increasing as well,
leading to a decrease in the tensile strength. A greater increase in the VFA goes to the
Wet, No Freeze region which is indicated by a great decrease of the tensile strength.
Concerning the Fracture energy, as some values are in the negative portion, some of the
values have been noticed to enter the limits of the model:

For the Dry Freeze Region, a great increase is noticed in terms of fracture energy.
The asphalt content as well as the air void content and VFA greatly affect this prediction.
When the asphalt content increases, the fracture energy increases. However, it all
depends if the volumetric properties are within the boundaries of the model. For this
reason, some behaviors are justified with an increase in fracture energy, while others

switched from positive to negative fracture energies.

6.4.b Thermal Cracking Ranking Criteria

Having the measured and the predicted input parameters of the TCMODEL, or
thermal cracking model, it was possible to come up with a certain criterion to determine
the quality of the mix in terms of thermal resistance. Based on the data gathered by the
LTPP considering the Measure transverse cracking as well as the measured longitudinal
cracks on the non-wheel path, certain ranges were compared with the possible
development of thermal cracks based on the predicted tensile strength, creep compliance
and fracture energy (when available).

The following criteria is shown below in Table 51:
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Table 51- Ranking Criteria for Thermal Behavior

Low < 9%x1077 <300
Satisfactory 6+1077 — 9% 1077 300- 420
Good 9x1077 — 2.6 x107° 420-500
Excellent > 2.6x107° > 500

Both Database’s mix designs have been ranked based on the criteria above, and the
results obtained are found in Table 74, Appendix C. The results also show the effect of
the mix designs variation on the possible pavement performance.
The criteria developed for thermal cracking is a much more complex task. Therefore,
these criteria are estimated based on the measured distresses from the LTPP. Measured
data from the LTPP is not always accurate. For this reason, extensive research about
thermal cracking on its own will need to be carried, as well as further testing.

However, this criterion helps in understanding the potential behavior with regards
to thermal cracking based on all the United States’ climatic regions.
A possible criterion was developed to obtain good results in terms of thermal behavior as

per climatic regions: (Table 52)

Table 52- Volumetric Criteria for Thermal Cracking in (%)

AC 5-5.5 AC 5-5.5 AC 5-5. AC 5.2-5.5

Va 6.6-7.3 Va 4.5-5 Va 4-5 Va 7-8
VMA  145-15 VMA 16 VMA 145-15 VMA 14
VFA 55 VFA 65 VFA 60 VFA 50
VBE 9 VBE 10 VBE 10 VBE 6-7

PEN 77 70 PEN 77 40 PEN 77 70 PEN 77 50
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6.5 Comparison of the Quality of the U.S. Mix Designs

Based on the criteria developed in all the previous sections an entire ranking for the
new mix designs can be assessed. The assessment can give an indication on the possible
behaviors concerning the pavement performance of the implemented mix designs. It is
important to assess the quality of the pavement mixture in order to quantify and assess
the need of introducing modifications to the mix design or add other components such as
rubber or fibers in order to improve the durability and performance of the pavement.

In the Table 75 in Appendix C, the final assessments are the summarized based on

the rankings developed in the previous sections for the new U.S. Mix designs.

The following Table 53 shows the count of the results:

Table 53-Count of Final Quality Assessment

Excellent Quality Mix 7
Good Quality Mix 17
Low Quality Mix 4
Satisfactory Quality Mix 20
Grand Total 48

6.6 Final Assessment Generation

As part of this effort, an excel sheet summarizing the generation of the three behaviors
was created. A user-friendly interface was set in place to facilitate the prediction, as well
as the assessment for the mixture in terms of Rutting, Fatigue and Thermal Cracking. In

addition, a final quality check for the mixture overall will be provided.
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In the first sheet, all in the input variables required are set into place, where the
volumetric properties as well as climatic conditions and traffic volume are needed. (Refer

to Figure 87 below)

A B C D 3 3 G H | J K
' VoumetcinputVarsbles | MondViSinputvarisbls
2 PG- Binder Type High Low ain;:prht:r:de i Ve Bin::F:':rI:de A v
3 64 -2 PG 46-34 11.504 | -3.901 | PG70-28 | 9715 | -3217
Insert Corresponding Aiand VTSI »

4 10.98 -3.68 PG46-40 | 10.101 | -3.393 | PG70-34 | 8965 | -2.948
5 Asphalt Content (%) 39 PG 46-46 8755 | -2905 | PG70-40 | 8129 | -2.648
6 Air Void Content (%) 4 PG 52-10 13.386 | -4.57 PG76-10 | 10.059 | -3.331
7 Voids in Mineral Aggregates (%) 124 PG52-16 | 13305 | -4541 | PG76-16 | 10.015 | -3.315
g Effective Binder Content by Volume, Vbeff (%) 84 PG 5222 12.755 | -4342 | PG76-22 | 9715 | -3208
9 Voids Filled with Asphalt (%) 67.74193548 PG 52-28 11.84 | 4012 | PG76-28 92 | -3.024
10 PG 52-34 10.707 | -3.602 | PG76-34 8532 | -2.785
1 Aggregate Gradation (%) PG 52-40 949 | -3164 | PG82-10 | 9514 | 3128
12 Percent Retained on Sieve 3/4" (R34) 35 PG 52-46 831 | -2736 | PG82-16 | 9475 | -3114
13 Percent Retained on Sieve 3/8" (R38) 55 PG58-10 | 12316 | -4172 | PG82-22 | 9.209 | -3.019
14 Percent Retained on Sieve No. 4 (R04) 67 PG 58-16 12.248 | -4147 | PG82-28 875 | -2.856
15 Percent Passing on Sieve No. 200 (P200) 39 PG 58-22 11.787 | -3981 | PG82-34 | 8151 | -2642
16 PG 58-28 1101 | -3.701 AC-25 115167 | -3.89
17 Climate Conditions PG 58-34 10.035 | -3.35 AC-5 11.2614 | -3.7914
18 Mean Annual Air Temperature (2F) 56 PG 58-40 8976 | -2.968 AC-10 11.0134 | -3.6454
19 Windspeed (mph) 4.283 PG 64-10 11432 | -3.842 AC-20 10.7709 | -3.6017
20 Sunshine (%) 48.2 PG 64-16 11.375 | -3.822 AC-3 10.6316 | -3.548

Standard Deviation of the Mean Monthly 15.121 PGE422 | 1098 | 368 AC40 | 105338 -35104
21 Temperature
n Accumulated Rainfall Depth, in 44,02 PG 64-28 10312 | -3.44 | PEN40-50 | 10.5254 | -3.5047
23 PG 64-34 9.461 | -3.134 | PEN60-70 | 10.6508 | -3.5537
E} Additional Input PG64-40 | 8524 | -2.798 | PEN85-100 | 11.8232 | -3.621
25 Deviator Stress, psi 100 PG 70-10 10.69 | -3.566 |PEN 120-150| 11.0897 | -3.7252
26 Confinement Level, psi 20 PG70-16 | 10641 | -3548 |PEN200-300 118107  -4.0068
27 Traffic Level, ESALs 30000000 PG 70-22 10.299 | -3.426 - - -
28 Asphalt Layer Thickness, in 4 Variable cells highlighted in orange need to be inputted by the user.

Figure 87- Overview of Sheet 1

In the second sheet, the Flow Number, Rutting Depth, Number of Cycles to
Fatigue Failure, Creep Compliance and Tensile Strength values are generated based on
the input variables inserted in the first sheet. In addition, all the needed parameters such
as Effective Temperatures, Viscosities, Dynamic Modulus of the Binder |G*y|, Phase
Angle and Effective Total Energy are calculated to generate the key factors for the

quality check. (Refer to Figure 88)
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A B ©

©_ CilculationBasedoninput

2 Rutting/ Permanent Deformation

g Effective Rutting Temperature °F

4 109

5 Frequency, Hz 18

6 Pavement Depth from Surface, in 0.7

7 Viscosity (Poise) at Effective Temperature 8.75E+04
8 Normal Stress "p", psi 70

9 Maximum Shear Stress "q", psi 50

10 Flow Number 213

11 Rutting Depth, in 1.253
12

13 Fatigue Behavior

14 Effective Fatigue Temperature s

15 18

16 Complex Shear Modulus for Binders, |G*b|, psi 13905983
17 Phase Angle, 8 45.80
18 |Viscosity at Effective Fatigue Temperature and Frequency, cP 1.15E+09
19 Binder Failure Envelope, FSC* 30.059
20 Loading Frequency, Hz 10

21 Strain Level, pe 0.035
22 Number of Loading Cycles to Failure, Nf 7250
23

24 Thermal Cracking Behavior

25 Penetration in 1/10 mm, at 779F 53.77
26 D1, Fracture Parameter at -102C 2.73E-07
27 m, Slope of Creep Compliance Curve at -102C 2.05E-01
28 D, Creep Compliance 1/psi at 100 seconds 7.02E-07
29 Tensile Strength, psi 471

30 Fracture Energy, Ib.in -758

Figure 88-Overview of Sheet 2

In the third and last sheet, an individual assessment in terms of each distress is
generated as “Low”, “Satisfactory”, “Good” and “Excellent” based on the criteria
developed in this study. Finally, a general and final assessment is generated for the entire

pavement mixture, ranking it in the same scale. (Refer to Figure 89)

A B C D
- PavementMixture Quality Assessment
2 . .
3 Assessment in Terms of Rutting Low
4 . N .
5 Assessment in Terms of Fatigue Satisfactory
6
. Assessment in Terms of Thermal Cracking Excellent
8 . N
- Final Assessment Satisfactory

Figure 89- Overview of Sheet 3
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CHAPTER 7

7 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 Executive Summary

The main objective of this study was to outline a process to help assess the
potential performance of HMA pavement structures in terms of rutting, fatigue and
thermal cracking using only the asphalt mix design information and volumetric data. In
this process, three predictive models were investigated, and their reliability was assessed
based on existing pavement structures performance using LTPP (Long Term Pavement
Performance) data. These models were also used to assess the quality of the asphalt
mixtures for 48 current asphalt mixture designs collected from 25 States.

The comparison between the old and new asphalt mixtures data provided an
interesting view on the change of the asphalt mixture design data over time, and efforts
undertaken by the state agencies to respond to the pavement distresses known for each of
them. Having fast and simple tools, such as the pavement performance models presented,
assessing the quality of the asphalt mixtures was successful. This resulted in the criteria
recommended for asphalt mixture performance as Poor, Satisfactory, Good or Excellent,
in terms of the three most common pavement distresses.

While the MEPDG provides good predictions in terms of all three major
distresses, it requires considerable data input and time. In this study, the proposed
analysis for rutting was based on the Flow Number, and it is not included in the MEPDG.
As for the Fatigue analysis, it is solely based on the properties of the binder correlated

with the properties of the mixture. This approach is also new in terms of analysis and
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does not depend on the damage accumulation within the pavement structure, but instead
focuses on the main components and characteristics of the structure. Concerning the
thermal cracking behavior, the issue at hand is still ambiguous as no real assessment is a
100% accurate. The interesting parameter introduced was certainly the Effective Fracture
Energy. As this model did not provide good input to the criteria, thermal fracture energy
is a great parameter that will certainly help in analyzing the effect and behavior of
thermal cracks. In addition, the observed trend in terms of Creep Compliance and Tensile
Strength was an interesting outcome, as the two parameters are not specifically related.

It is also to be noted that the distresses are much more complex in understanding,
and that assessing the performance of the mixture doesn’t solely depend on these
developed criteria. However, having these new indications, can provide designers with
the quality of the mix. In addition, it can provide the agency with the necessity of
introducing new modifications to accommodate the distresses that need to be addressed.
The modifications can be in terms of changes in the mix design itself, or by adding
simple modifiers to the mixture, such as fibers, without major changes in the mix design.
By having a satisfactory quality of the mix, the addition of fibers in terms of rutting for
example could be very effective. On the other hand, having an excellent mix in terms of

rutting will not necessitate the addition of these fibers.

7.2 Conclusions
Predicting pavement distresses in order to assess pavement performance is still both

mechanistic and empirical task. Introducing useful tools to help in better understanding
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the potential development of these distresses is of importance. Based on the effort
presented in this thesis, the following can be concluded:

- The use of the rutting model gave a general idea about the rutting to be expected
in the asphalt layer. As it is overfitted, the model is not very accurate. This model
is based on the effective rutting temperature, at which the binder’s viscosity was
found. It is also largely depending on the flow number that is also predicted by the
means of a new model introduced in this study. This model is based on the
volumetric properties of the mix design, and assesses the number of cycles to
reach failure, or tertiary flow. The rutting model also depends on two important
factors, which are the ESAL, and the asphalt thickness. The data gathered from
the LTPP was compared to the predicted values using the rutting model. A direct
relationship could not be found. However, for values lower than 0.6”’, the values
were related. A ranking criterion was developed to rank the behavior of the
pavement mixtures in terms of rutting,

- Concerning the fatigue model introduced, the approach tackled was new and
accurate. Even though the model depends on a certain tensile strain to be
exhibited by the pavement structure, the results were accurate and relatable to the
measured distresses gathered from the LTPP. The fatigue model is based on the
FSC*, which is the Fatigue Failure Envelope of the asphalt binder used. The
results gathered were compared to the measured fatigue area and longitudinal
cracks on the wheel path. A ranking criterion was developed based on the

observed behaviors.
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The third model introduced into this study defines the thermal behavior of the
pavement mixtures to be used. The values predicted was used to develop the
TCMODEL, also used in the background of the MEPDG software. The main
predicted values were the creep compliance at three testing temperatures, the
tensile strength at -10°C and the Total Fracture energy. The total fracture energy
is a new concept that doesn’t take part in the older versions of the MEPDG and is
a great concept to consider. However, the limits of the model don’t include all the
possible mix design combinations. For this reason, the values generated for this
model were not greatly considered for the future assessment of the mixtures. The
tensile strength and creep compliance showed a great trend by increasing and
decreasing simultaneously. As these two values are not officially related, it was a
good conclusion to assess the reliability and accuracy of the models. The outputs
obtained were compared to the measured thermal cracks and longitudinal cracks
on the non-wheel paths of the LTPP sections during the first few years after
construction. Thermal cracks are mostly susceptible to happen in the early stages
of the pavement life, for this reason, only the early measurements were
considered. Finally, a ranking criterion was developed as well as a limiting
criterion for the total fracture energy.

Finally, the quality of the proposed mixtures was assessed as Low, Satisfactory,
Good or Excellent Quality Mix. The results are rather satisfactory, as out of the 48
proposed mixtures, the majority were between satisfactory and good pavement

mixtures.
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7.3 Recommendations
As further recommendations, it is important to consider the following:

- The introduced rutting model needs further refining, in order to reflect the
measured data in the field. More testing needs to be done and included in order to
broaden the existing database. Also, the model should fit the addition of RAP into
the mixture. Any other modifier that does not require any conceptual changes to
the existing pavement mixture could use the previous model. However, the
addition of RAP/RAS, crumb rubber and others, require the development of a new
model

- The fatigue model needs to reflect the actual tensile strain level in the field. This
could be introduced by relating the traffic level to the tensile strain, which is then
introduced into the model. Having this kind of modification will allow better
reflection of the model’s accuracy to the field. Also, the addition of the
RAP/RAS, crumb rubber and other additives needs to be considered.

- Concerning the thermal cracking model implemented, the tensile strength
prediction model has a low accuracy and needs to be modified by including more
specimen testing. The values are a little bit far from the expectation. However, by
combining the results with the creep compliance, the assessment is rather
comprehensive and relatable. Concerning the total fracture energy, this model
needs to be further modified to include a wider set of pavement mixtures, as a

negative total fracture energy doesn’t relate to any specific behavior.
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- The developed assessments are depending on the data gathered and studied. It is
important to enlarge the databases to include a broader analysis and therefore

enhance the capabilities and accuracy of the assessment tool.
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APPENDIX A

DATA AND RESULTS FOR THE LTPP DATABASE
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State

Alabama

Arizona

Alaska
Arkansas

Colorado

Indiana

Kansas

Massachusetts

Michigan

South
Carolina

Tennessee

Washington

West Virginia

City

Montgomery
Tuscaloosa
Tucson
Phoenix
Flagstaff
Kingman
Anchorage
Little Rock
Rio Blanco
El Paso
Yuma
La Porte
Jackson
Jefferson
Cherokee
Scott
Boston
Springfield
Port Huron
Alpena
Marquette
Grand Rapids

Columbia
Memphis
Seattle

Spokane
Kanawha
Charleston

Table 54-Collected LTPP Database

Section

4125
6012
6054
B961
669
1022
1004
A606
1053
7783
502
5528
A902
18-1028
1005
1006
1003
1002
D330
6016
1004
901

1024
3109
6049

A320
1640
7008

Fatigue
(ft2)

825
1352
13
498
0
1294
22
656
926
1199
812
1424
0
0
1663
358
1125
2189

24
2955

243
237

14
2778

252

Transverse
Cracks
(count)

80
57
87
4
97
0
0
0
14
12
5
75
4
24
58
37
75
96
56
53
40
1.4

0
0

Long.
NWP

(ft)

0
314.63
731.63

0.00
239.50
32.81
141.08
16.40
61.68
75.46
397.64
1000.6
291.99
524.93
619.75
119.75
100.39
246.06
772.64
121.39
505.25
941.60

9.84
0.00
130.58

649.61
374.02
1000.9

Long.
In the
WP

(ft)
0
14.11
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
108.3
0.00
0.00
0.00
4.59
0.00
41.01
0.00
8.20
43.64
0.00
0.00

0.00

0.00
130.5
8

2.95
0.00
0.00

Rutting
(in)

0.55
0.35
0.35
0.24
0.24
0.43
0.98
0.16
0.63
0.79
0.20
0.28
0.20
0.35
0.20
0.08
0.20
0.35
0.00
0.20
0.12
0.20

0.16
0.24
0.00

0.75
0.12
0.24



City Section Huma PG AC  Va P Rou Rz Rau VMA  VFA  Vee  Meas
(in) ESAL

Montgomery 4125 6 64-16 6 5.8 4.7 40 @ 42 4 15 61 9 6.13E
Tuscaloosa 6012 5 64-16 6 52 4 63 12 4 15 65 10 nggE
Tucson 6054 9 70-10 5 46 75 42 25 2 146 68 10 6T$SZE
Phoenix B961 10 76-10 53 45 38 50 35 9 14.6 69 10 STEE?E
Flagstaff 669 6 58-28 46 | 49 47 52 39 5 14.6 66 10 5T4087E
Kingman 1022 8.5 70-16 45 3.9 5.3 50 28 4 14.6 73 11 34.-(?87E
Anchorage 1004 5.4 46-40 5.5 3.9 7.2 39 20 3 14 72 10 ZTEE)ZE
Little Rock A606 5 64-16 5 3 94 60 39 15 15.3 80 12 ZT(;)L‘?E
Rio Blanco 1053 6.8 46-34 4.8 4 9.1 48 19 0 143 72 10 2Tlo47E
El Paso 7783 9.7 58-28 5 529 96 43 15 0 14 62 9 1Tf§E
Yuma 502 9.3 64-28 5 739 87 37 22 0 15 51 8 1T(?87E
La Porte 5528 7.2 58-28 48 618 59 40 33 0 16.6 63 10 5-.:;)77E
Jackson A902 6.8 58-28 54 | 27 58 46 35 0 14 81 11 8J.r20??E
Jefferson 18-1028 18 58-28 3.7 430 31 59 35 0 15 71 11 1-.'-;47E
Cherokee 1005 12.7 64-22 6.5 g 9.5 21 14 0 14 64 9 1+.-C?77E
Scott 1006 14 64-28 5.8 3.2 8.2 39 19 0 14 7 11 lﬂ.-J(.)YGE
Boston 1003 6.6 58-22 56 | 56 54 46 18 0 14 60 8 61.-5?56E

+05
Springfield 1002 7.8 58-28 5 2.3 3.7 22 4 0 14 84 12 5.28E
Port Huron D330 2.2 58-28 5 4 6.2 14 9 0 14 71 10 11.-;76E
Alpena 6016 4.6 52-28 5 27 23 63 12 8 14 81 11 3.+(§)96E
Marquette 1004 4.2 52-28 5 5.12 6 30 13 7 14 63 9 1T§3?E
Grand Rapids 901 8.6 58-34 5 35 7 60 38 6 135 74 10 3-.'-50??E
Columbia 1024 1.6 64-16 52 79 3.7 | 30 8 0 14 44 6 2J.r(?07E

+04
Memphis 3109 7 64-22 5.6 6 6 58 10 17 14 57 8 2.38E
Seattle 6049 10.6 52-16 55 8.9 5.2 42 23 2 14 36 5 GTSZAEE

+
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Spokane
Kanawha

Charleston

A320

1640

7008

2.7

25

3.9

58-28

64-22

64-22

5.6

6

6

6
5.14

6.7

264

5.6

2

2.7

41

35

44

16

6

2

5.6

0

0

14

14

14

57

63

52

9.57E
+05

1.52E
+07

4.06E
+07



Table 55- Summary of the LTTP Database Thermal Input

Arizona
Alaska
Colorado
Colorado

Colorado

Washingto
n

Arizona
Arizona
Arizona
Indiana
Indiana

Kansas

Massachus
etts

Massachus
etts

Michigan
Michigan
Michigan
Michigan
West
Virginia
Alabama
Alabama

Arkansas
Indiana

Kansas

South
Carolina
Tennessee

Washingto
n

West
Virginia

Flagstaff
Anchorage

Rio Blanco
El Paso
Yuma

Spokane

Tucson

Phoenix
Kingman
La Porte
Jackson
Cherokee

Boston

Springfield

Port Huron
Alpena
Marquette
Grand Rapids

Kanawha

Montgomery
Tuscaloosa
Little Rock

Jefferson
Scott
Columbia
Memphis

Seattle

Charleston

669
1004
1053
7783

502

A320

6054
B961
1022
5528
A902
1005

1003

1002

D330
6016
1004
901

1640

4125
6012
A606
18-
1028
1006

1024

3109
6049

7008

DF

NF

1.00E-06
4.92E-07
8.13E-07
4.17E-07
3.19E-07

3.52E-07

4.26E-07
4.18E-07
4.47E-07
5.65E-07
4.30E-07
4.03E-07

3.64E-07

3.84E-07

4.83E-07
4.92E-07
4.91E-07
8.05E-07

3.93E-07

3.15E-07
3.48E-07
3.49E-07

5.43E-07
5.10E-07
1.14E-07

3.23E-07
8.95E-08

2.58E-07

2.25E-06
1.13E-06
1.80E-06
1.02E-06
9.09E-07

9.32E-07

9.27E-07
9.00E-07
9.17E-07
1.36E-06
8.26E-07
9.33E-07

9.14E-07

7.14E-07

1.04E-06
9.54E-07
1.19E-06
1.53E-06

9.25E-07

8.04E-07
8.36E-07
6.91E-07

1.16E-06
9.77E-07
4.07E-07

8.38E-07
3.67E-07

7.31E-07
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1.46E-05
3.19E-06
8.67E-06
2.98E-06
2.71E-06

2.86E-06

2.02E-06
1.90E-06
1.98E-06
3.99E-06
2.07E-06
2.29E-06

2.52E-06

1.75E-06

2.80E-06
2.82E-06
4.06E-06
4.60E-06

2.29E-06

1.98E-06
1.98E-06
1.45E-06

3.16E-06
2.29E-06
1.20E-06

2.19E-06
1.42E-06

2.01E-06

551
486
526
546
708

621

399
377
389
468
451
487

558

461

463
478
558
548

499

448
405
354

445
449
845

587
1146

682

-3109.29
-101.68
-1568.32
-118.39
271.91

60.49

-224.70
-260.23
-281.67
248.46
-574.19
-56.94

-13.66

-645.89

-374.86
-729.83
-291.67
-738.12

-97.91

99.60
32.49
-80.44

-34.87
-457.88
353.10

42.37
518.95

22491

97
14
12

29
87

75

58

75

96

56
53
40
7.4

80
57

24

37

12

43
73
18.8
23
121.2

198
223

10
305
89
188.9

30.6

75

235.5
37
154
287

114

95.9

160
36.5

39.8

305.1



Table 56-Thermal Cracking Behavior for LTPP Database

Arizona Flagstaff 492E-07 113E-06 3.19E-06 486  -101.68 0 43
Alaska Anchorage 1.00E-06 @ 2.25E-06 @ 1.46E-05 551 -3109.29 97 73
Colorado  RioBlanco  pry,  813E-07 180E-06 867E-06 526  -1568.32 14 18.8
Colorado El Paso Freeze = 417E-07 1.02E-06 2.98E-06 546 -118.39 12 23

Colorado Yuma 3.19E-07 9.09E-07 2.71E-06 708 271.91 5 121.2
Washington ~ Spokane 3.52E-07 9.32E-07 2.86E-06 621 60.49 29 198
Arizona Tucson 426E-07 9.27E-07 202E-06 399  -224.70 87 223
Arizona Phoenix DF%e';‘: 418E-07 9.00E-07 190E-06 377  -260.23 4 0
Arizona Kingman 4.47E-07 9.17E-07 1.98E-06 389 -281.67 0 10
Indiana La Porte 5.65E-07 1.36E-06 3.99E-06 468 248.46 75 305
Indiana Jackson 430E-07 8.26E-07 2.07E-06 451 -574.19 4 89
Kansas Cherokee 4.03E-07 9.33E-07 229E-06 487 -56.94 58 188.9
Massi‘ghuset Boston 3.64E-07 9.14E-07 252E-06 558 -13.66 75 306
Massi‘ghuset springfield . 384E07 714E-07 175E-06 461  -645.89 96 75
L Freeze
Michigan Port Huron 4.83E-07 1.04E-06 2.80E-06 463 -374.86 56 235.5
Michigan Alpena 4.92E-07 @ 9.54E-07 2.82E-06 478 -729.83 53 37
Michigan ~ Marquette 491E-07 119E-06 4.06E-06 558  -291.67 40 154
Michigan gg;‘l’:jds 8.05E-07 153E-06 4.60E-06 548  -738.12 7.4 287
bz Kanawha 3.93E-07 9.25E-07 2.29E-06 499 97.91 0 114
Virginia ’ ’ ’ ’
Alabama Montgomer 3.15E-07 8.04E-07 198E-06 448 99.60 80 0
Alabama  Tuscaloosa 3.48E-07 8.36E-07 198E-06 405 32.49 57 95.9
Arkansas Little Rock 3.49E-07 6.91E-07 145E-06 354 -80.44 0 5
Indiana Jefferson 5.43E-07 1.16E-06 3.16E-06 445 -34.87 24 160
Kansas Scott Wet No S10E-07 O.77E-07 220E-06 449  -457.88 37 365
sC Columbia ' '®%°  114E-07 407E-07 120606 845  353.10 0 3
Tennessee Memphis 3.23E-07 = 8.38E-07 @ 2.19E-06 587 42.37 0 0
Washington ~ Seattle 8.95E-08 3.67E-07 142E-06 1146  518.95 2 398
West
vvest Charleston 258E-07 7.31E-07 2.0l1E-06 682 224.91 12 305.1
Virginia
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Alabama

Arizona

Alaska

Arkansas

Colorado

Indiana
Delaware

Florida
Hawaii

lowa
Kansas
Maine
Massachusetts

Maryland

Michigan

Table 57- New Pavement Mixtures Data from the US

AL

AZ

AK

AR

CO

DE
FL
HI

KS

ME

MA

MD

M1

Montgomery
Tuscaloosa
Flagstaff
Kingman
Tucson
Phoenix
Anchorage
Fairbanks
Barrow
Little Rock
Adams
Rio Blanco
El Paso
Yuma
El Rio Grande
La Porte
Jackson
Jefferson
Dover
Tallahassee
Honolulu
Harlan
Council Bluffs
Cherokee
Scott
Hermon
Sidney
Boston
Springfield
Jessup
Port Huron
Alpena
Marquette
Grand Rapids

268

Wet, No Freeze
Wet, No Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Wet, No Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze

1
147
3,
3,
3,
3,
VAL
147
1,7
3,
3,
3,
1y
147
3,
3/8”
3/8”
3/8”
3,
147
1
147
1,
3,
3,
1,7
3/8”
147
3/8”
3/8”
VA
3/8”
3/8”
3/8”

PG 76-22
PG 76-22
PG 64-22
PG 70-10
PG 70-10
PG 70-22
PG 64-40
PG 58-34
PG 52-40
PG 76-22
PG 64-22
PG 58-34
PG 58-28
PG 64-28
PG 58-28
PG 64-22
PG 70-22
PG 70-22
PG 64-22
PG 76-22
PG 64-22
PG 58-28
PG 58-28
PG 70-28
PG 70-28
PG 64-28
PG 64-28
PG 64-28
PG 64-28
PG 76-22
PG 70-28
PG 64-28
PG 58-34
PG 70-28



Mississippi
New Jersey

North Carolina

Ohio
South Carolina
Tennessee
Vermont

Washington
West Virginia

Wisconsin

MS
NJ

NC

OH
SC
TN
VT

WA

Wi

Jackson
Newark
Greensboro
Newark
Columbus
Columbia
Memphis
Burlington
Seattle
Spokane
Martinsburg
Charleston
Hayward
Madison

269

Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, Freeze
Wet, No Freeze
Dry, Freeze
Wet, Freeze
Wet, No Freeze
Wet, Freeze
Wet, Freeze

3/8”
VAL
3/8”
3/8”
VAL
VAL
VAL
3/8”
VAL
3/8”
3,0
17
VAL
147

PG 76-22
PG 64-22
PG 58-28
PG 64-22
PG 76-22
PG 76-22
PG 76-22
PG 58-28
PG 58-22
PG 64-28
PG 64-22
PG 64-22
PG 58-34
PG 58-28



Table 58- Effective Rutting Temperature for the US Database

Alabama
Alabama
Alaska
Alaska
Alaska
Arizona
Arizona
Arizona
Arizona
Arkansas
Colorado
Colorado
Colorado
Colorado
Colorado
Delaware
Florida
Hawaii
Indiana
Indiana
Indiana
lowa
lowa
Kansas
Kansas
Maine
Maine
Maryland
Massachusetts
Massachusetts
Michigan
Michigan
Michigan
Michigan
Muississippi
New Jersey

Montgomery
Tuscaloosa
Anchorage

Fairbanks
Barrow
Flagstaff
Kingman
Tucson
Phoenix
Little Rock
Adams
Rio Blanco
El Paso
Yuma
El Rio Grande
Dover
Tallahassee
Honolulu
La Porte
Jackson
Jefferson
Harlan
Council Bluffs
Cherokee
Scott
Hermon
Sidney
Jessup
Boston
Springfield
Port Huron
Alpena
Marquette
Grand Rapids
Jackson
Newark
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65
65
36
28

46
61
72
75
63
49
47
76
51
66
57
68
78
50
53
56
48
53
57
52
60
46
52
51
51
65
44
44
49
65
59

120
103
83
93
58
91
121
122
129
121
102
96
112
104
112
111
122
117
103
109
111
109
113
115
112
100
102
104
107
111
102
96
95
101
120
118



North Carolina
North Carolina
Ohio
South Carolina
Tennessee
Vermont
Washington
Washington
West Virginia
West Virginia
Wisconsin
Wisconsin

Greensboro
Newark
Columbus
Columbia
Memphis
Burlington
Spokane
Seattle
Martinsburg
Charleston
Hayward
Madison
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S
50
53
64
63
46
48
53
53
56
42
46

113
103
105
120
120
97

94

97

108
109
102
103



Table 59- Viscosities at Effective Rutting Temperature for the US Database

Alabama
Alabama
Alaska
Alaska
Alaska
Arizona
Arizona
Arizona
Arizona
Arkansas
Colorado
Colorado
Colorado
Colorado
Colorado
Delaware
Florida
Hawaii
Indiana
Indiana
Indiana
lowa
lowa
Kansas
Kansas
Maine
Maine
Maryland
Massachusetts
Massachusetts
Michigan
Michigan
Michigan
Michigan
Mississippi
New Jersey
North Carolina

Montgomery
Tuscaloosa
Anchorage

Fairbanks
Barrow
Flagstaff
Kingman
Tucson
Phoenix
Little Rock
Adams
Rio Blanco
El Paso
Yuma
El Rio Grande
Dover
Tallahassee
Honolulu
La Porte
Jackson
Jefferson
Harlan
Council Bluffs
Cherokee
Scott
Hermon
Sidney
Jessup
Boston
Springfield
Port Huron
Alpena
Marquette
Grand Rapids
Jackson
Newark
Greenshoro

65
65
36
28
9
46
61
72
75
63
49
47
76
51
66
57
68
78
50
53
56
48
53
57
52
60
46
52
51
51
65
44
44
49
65
59
59

272

120
103
91
121
122
129
83
93
58
121
102
96
112
104
112
103
109
111
111
117
109
113
115
112
100
102
104
107
111
102
96
95
101
120
118
113
103

1.29E+05
6.03E+05
2.87E+05
1.10E+05
1.24E+06
6.57E+05
6.79E+04
6.10E+04
2.78E+04
1.15E+05
1.92E+05
1.31E+05
1.88E+04
1.16E+05
2.37E+04
7.12E+04
1.05E+05
4.02E+04
1.71E+05
1.83E+05
1.52E+05
3.40E+04
2.22E+04
7.86E+04
1.04E+05
1.73E+05
1.41E+05
5.59E+05
8.33E+04
5.93E+04
2.67E+05
2.60E+05
8.74E+04
2.84E+05
1.22E+05
3.49E+04
2.32E+04



North Carolina
Ohio
South Carolina
Tennessee
Vermont
Woashington
Washington
West Virginia
West Virginia
Wisconsin
Wisconsin

Newark
Columbus
Columbia
Memphis
Burlington

Spokane
Seattle
Martinsburg
Charleston
Hayward
Madison

50
53
64
63
46
48
53

56

42
46

273

105
120
120
97

94

97

108
109
102
103
103

1.65E+05
5.26E+05
1.23E+05
1.27E+05
1.20E+05
3.22E+05
1.54E+05
9.56E+04
9.09E+04
4.89E+04
6.33E+04



Table 60- Predicted Flow Number for the U.S. Database

AL Montgomery PG 76-22 1086
Tuscaloosa PG 76-22 3916

Anchorage PG 64-40 1198

AK Fairbanks PG 58-34 759
Barrow PG 52-40 3366

Flagstaff PG 64-22 1206

A7 Kingman PG 70-10 232
Tucson PG 70-10 154

Phoenix PG 70-22 190

AR Little Rock PG 76-22 551
Adams PG 64-22 215

Rio Blanco PG 58-34 412

CcoO El Paso PG 58-28 170
Yuma PG 64-28 503

El Rio Grande PG 58-28 310

DE Dover PG 64-22 398
FL Tallahassee PG 76-22 293
HI Honolulu PG 64-22 427
La Porte PG 64-22 685

IN Jackson PG 70-22 587
Jefferson PG 70-22 442

IA Harlan PG 58-28 167
Council Bluffs PG 58-28 110

KS Cherokee PG 70-28 460
Scott PG 70-28 251

ME Hermon PG 64-28 552
Sidney PG 64-28 374

MD Jessup PG 76-22 5020
MA Boston PG 64-28 359
Springfield PG 64-28 231

Port Huron PG 70-28 462

M Alpena PG 64-28 493
Marquette PG 58-34 312

Grand Rapids PG 70-28 459

MS Jackson PG 76-22 532
NJ Newark PG 64-22 179
NC Greensboro PG 58-28 248
Newark PG 64-22 463

OH Columbus PG 76-22 324
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SC
TN
VT

WA

WV

Wi

Columbia
Memphis
Burlington
Spokane
Seattle
Martinsburg
Charleston
Hayward
Madison

275

PG 76-22
PG 76-22
PG 58-28
PG 64-28
PG 58-22
PG 64-22
PG 64-22
PG 58-34
PG 58-28

266
523
284
1079
641
410
218
741
875



Alaska

Alaska

Alaska
Arizona
Colorado
Colorado
Colorado
Colorado

Colorado

Washington

Arizona

Arizona

Arizona

Indiana
Indiana
lowa

lowa

Kansas
Maine
Maine

Massachusetts

Michigan
Michigan
Michigan
Michigan
Ohio
Vermont

West Virginia

Wisconsin
Wisconsin

Anchorage
Fairbanks
Barrow
Flagstaff
Adams
Rio Blanco
El Paso
Yuma

El Rio
Grande

Spokane

Kingman
Tucson

Phoenix

La Porte
Jackson
Harlan

Council
Bluffs

Cherokee
Hermon
Sidney
Boston
Port Huron
Alpena
Marquette
Grand
Rapids
Columbus
Burlington
Martinsburg
Hayward
Madison

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze

Dry, Freeze

Dry, Freeze
Dry, No
Freeze
Dry, No
Freeze
Dry, No
Freeze

Wet, Freeze

Wet, Freeze

Wet, Freeze
Wet, Freeze

Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze

Wet, Freeze

Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze

276

PG 64-40
PG 58-34
PG 52-40
PG 64-22
PG 64-22
PG 58-34
PG 58-28
PG 64-28

PG 58-28
PG 64-28
PG 70-10

PG 70-10

PG 70-22

PG 64-22
PG 70-22
PG 58-28

PG 58-28

PG 70-28
PG 64-28
PG 64-28
PG 64-28
PG 70-28
PG 64-28
PG 58-34

PG 70-28

PG 76-22
PG 58-28
PG 64-22
PG 58-34
PG 58-28

1198
[
3366
1206
215
412
170
503

310
1079
232

154

190

685
587
167

110

460
552
374
359
462
493
312

459

324
284
410
741
875

Table 61- Rutting Depth Prediction for 2 levels of ESALs for the US Database

0.22
0.25
0.17
0.22
0.34
0.29
0.36
0.28

0.31
0.23
0.33

0.37

0.35

0.26
0.27
0.36

0.40

0.28
0.27
0.30
0.30
0.28
0.28
0.31

0.28

0.31
0.32
0.29
0.25
0.24

0.82
0.92
0.64
0.82
1.25
1.07
1.32
1.02

1.14
0.85
1.23

1.35

1.29

0.94
0.98
1.33

1.47

1.04
0.99
1.09
1.10
1.04
1.02
1.14

1.04

1.13
1.17
1.07
0.93
0.89



Alabama
Alabama
Arkansas
Indiana
Delaware
Florida
Hawaii
Kansas
Massachusetts
Maryland
Mississippi

New Jersey

North
Carolina
North
Carolina
South
Carolina

Tennessee
Washington

West Virginia

Montgomery
Tuscaloosa
Little Rock

Dover
Tallahassee
Honolulu
Jefferson
Scott
Jessup
Springfield
Jackson
Newark
Greensboro
Newark
Columbia
Memphis
Seattle

Charleston

Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze

277

PG 76-22

PG 76-22

PG 76-22

PG 64-22

PG 76-22

PG 64-22

PG 70-22

PG 70-28

PG 76-22

PG 64-28

PG 76-22

PG 64-22

PG 58-28

PG 64-22

PG 76-22

PG 76-22

PG 58-22

PG 64-22

1086

3916

551

398

293

427

442

251

5020

231

532

179

248

463

266

523

641

218

0.23

0.17

0.27

0.29

0.31

0.29

0.28

0.33

0.16

0.33

0.27

0.35

0.33

0.28

0.32

0.27

0.26

0.34

0.84

0.62

1.00

1.08

1.16

1.06

1.05

1.20

0.58

1.23

1.00

1.31

1.21

1.04

1.19

1.01

0.96

1.25



Table 62- Effective Fatigue Temperatures for the US Database

AL Montgomery PG 76-22 75.2
Tuscaloosa PG 76-22 75.2
Flagstaff PG 64-22 64.4
A7 Kingman PG 70-10 80.6
Tucson PG 70-10 80.6
Phoenix PG 70-22 69.8
Anchorage PG 64-40 48.2
AK Fairbanks PG 58-34 48.2
Barrow PG 52-40 37.4
AR Little Rock PG 76-22 75.2
Adams PG 64-22 64.4
Rio Blanco PG 58-34 48.2
(6{0) El Paso PG 58-28 53.6
Yuma PG 64-28 59
El Rio Grande PG 58-28 53.6
La Porte PG 64-22 64.4
IN Jackson PG 70-22 69.8
Jefferson PG 70-22 69.8
DE Dover PG 64-22 64.4
FL Tallahassee PG 76-22 75.2
HI Honolulu PG 64-22 64.4
IA Harlan PG 58-28 53.6
Council Bluffs PG 58-28 53.6
KS Cherokee PG 70-28 64.4
Scott PG 70-28 64.4
ME Hermon PG 64-28 59
Sidney PG 64-28 59
MA Boston PG 64-28 59
Springfield PG 64-28 59
MD Jessup PG 76-22 75.2
Port Huron PG 70-28 64.4
MI Alpena PG 64-28 59
Marquette PG 58-34 48.2
Grand Rapids PG 70-28 64.4
MS Jackson PG 76-22 75.2
NJ Newark PG 64-22 64.4
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NC

OH
SC
TN
VT

WA

wv

WI

Greensboro
Newark
Columbus
Columbia
Memphis
Burlington
Seattle
Spokane
Martinsburg
Charleston
Hayward
Madison

279

PG 58-28
PG 64-22
PG 76-22
PG 76-22
PG 76-22
PG 58-28
PG 58-22
PG 64-28
PG 64-22
PG 64-22
PG 58-34
PG 58-28

53.6
64.4
75.2
75.2
75.2
53.6
59
59
64.4
64.4
48.2
53.6



Table 63- Viscosity in (cP) at the Effective Fatigue Temperature for the US Database

AL Montgomery PG 76-22 75.2 3.8E+08
Tuscaloosa PG 76-22 75.2 3.8E+08

Flagstaff PG 64-22 64.4 1.15E+09

AZ Kingman PG 70-10 80.6 3.36E+08
Tucson PG 70-10 80.6 3.36E+08

Phoenix PG 70-22 69.8 6.25E+08

Anchorage PG 64-40 48.2 1.4E+08

AK Fairbanks PG 58-34 48.2 6.21E+08
Barrow PG 52-40 37.4 3.61E+08

AR Little Rock PG 76-22 75.2 3.8E+08
Adams PG 64-22 64.4 1.15E+09

Rio Blanco PG 58-34 48.2 3.11E+09

(6{0) El Paso PG 58-28 53.6 3.41E+08
Yuma PG 64-28 59 7.88E+08

El Rio Grande PG 58-28 53.6 1.52E+09

La Porte PG 64-22 64.4 1.15E+09

IN Jackson PG 70-22 69.8 6.25E+08
Jefferson PG 70-22 69.8 6.25E+08

DE Dover PG 64-22 64.4 1.15E+09
FL Tallahassee PG 76-22 75.2 3.8E+08
HI Honolulu PG 64-22 64.4 1.15E+09
IA Harlan PG 58-28 53.6 1.52E+09
Council Bluffs PG 58-28 53.6 1.52E+09

KS Cherokee PG 70-28 64.4 4.43E+08
Scott PG 70-28 64.4 4.43E+08

ME Hermon PG 64-28 59 7.88E+08
Sidney PG 64-28 59 7.88E+08

MA Boston PG 64-28 59 7.88E+08
Springfield PG 64-28 59 7.88E+08

MD Jessup PG 76-22 75.2 3.8E+08
Port Huron PG 70-28 64.4 4.43E+08

M Alpena PG 64-28 59 7.88E+08
Marquette PG 58-34 48.2 6.21E+08

Grand Rapids PG 70-28 64.4 4.43E+08

MS Jackson PG 76-22 75.2 3.8E+08
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NJ
NC

OH
SC
TN
VT

WA

WV

WI

Newark
Greensboro
Newark
Columbus
Columbia
Memphis
Burlington
Seattle
Spokane
Martinsburg
Charleston
Hayward
Madison

PG 64-22
PG 58-28
PG 64-22
PG 76-22
PG 76-22
PG 76-22
PG 58-28
PG 58-22
PG 64-28
PG 64-22
PG 64-22
PG 58-34
PG 58-28

281

64.4
53.6
64.4
75.2
75.2
75.2
53.6
59
59
64.4
64.4
48.2
53.6

1.15E+09
1.52E+09
1.15E+09
3.8E+08

3.8E+08

3.8E+08

1.52E+09
2.43E+09
7.88E+08
1.15E+09
1.15E+09
6.21E+08
1.52E+09



Table 64- Phase Angle for the US Database

AL Montgomery PG 76-22 75.2 3.8E+08 47.7
Tuscaloosa PG 76-22 75.2 3.8E+08 47.7

Flagstaff PG 64-22 64.4 1.15E+09 45.8

A7 Kingman PG 70-10 80.6 3.36E+08 50.2
Tucson PG 70-10 80.6 3.36E+08 50.2

Phoenix PG 70-22 69.8 6.25E+08 47.0

Anchorage PG 64-40 48.2 1.4E+08 49.0

AK Fairbanks PG 58-34 48.2 6.21E+08 46.6
Barrow PG 52-40 37.4 3.61E+08 a47.7

AR Little Rock PG 76-22 75.2 3.8E+08 47.7
Adams PG 64-22 64.4 1.15E+09 45.8

Rio Blanco PG 58-34 48.2 3.11E+09 41.6

CcoO El Paso PG 58-28 53.6 3.41E+08 48.9
Yuma PG 64-28 59 7.88E+08 46.2

El Rio Grande PG 58-28 53.6 1.52E+09 44.7

La Porte PG 64-22 64.4 1.15E+09 45.8

IN Jackson PG 70-22 69.8 6.25E+08 47.0
Jefferson PG 70-22 69.8 6.25E+08 47.0

DE Dover PG 64-22 64.4 1.15E+09 45.8
FL Tallahassee PG 76-22 75.2 3.8E+08 47.7
HI Honolulu PG 64-22 64.4 1.15E+09 45.8
IA Harlan PG 58-28 53.6 1.52E+09 44.7
Council Bluffs PG 58-28 53.6 1.52E+09 44.7

KS Cherokee PG 70-28 64.4 4.43E+08 47.2
Scott PG 70-28 64.4 4.43E+08 47.2

ME Hermon PG 64-28 59 7.88E+08 46.2
Sidney PG 64-28 59 7.88E+08 46.2

MA Boston PG 64-28 59 7.88E+08 46.2
Springfield PG 64-28 59 7.88E+08 46.2

MD Jessup PG 76-22 75.2 3.8E+08 47.7
Port Huron PG 70-28 64.4 4.43E+08 47.2

M1 Alpena PG 64-28 59 7.88E+08 46.2
Marquette PG 58-34 48.2 6.21E+08 46.6

Grand Rapids PG 70-28 64.4 4.43E+08 47.2

MS Jackson PG 76-22 75.2 3.8E+08 47.7
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NJ
NC

OH
SC
TN
VT

WA

Wi

Newark
Greensboro
Newark
Columbus
Columbia
Memphis
Burlington
Seattle
Spokane
Martinsburg
Charleston
Hayward
Madison

PG 64-22
PG 58-28
PG 64-22
PG 76-22
PG 76-22
PG 76-22
PG 58-28
PG 58-22
PG 64-28
PG 64-22
PG 64-22
PG 58-34
PG 58-28
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64.4
53.6
64.4
75.2
75.2
75.2
53.6
59
59
64.4
64.4
48.2
53.6

1.15E+09
1.52E+09
1.15E+09
3.8E+08
3.8E+08
3.8E+08
1.52E+09
2.43E+09
7.88E+08
1.15E+09
1.15E+09
6.21E+08
1.52E+09

45.8
44.7
45.8
47.7
47.7
47.7
447
44.0
46.2
45.8
45.8
46.6
44.7



Table 65- G*b Calculations for the US Database

AL Montgomery PG 76-22 75.2 47.7 5.26E+06
Tuscaloosa PG 76-22 75.2 47.7 5.26E+06

Flagstaff PG 64-22 64.4 45.8 1.39E+07

A7 Kingman PG 70-10 80.6 50.2 5.45E+06
Tucson PG 70-10 80.6 50.2 5.45E+06

Phoenix PG 70-22 69.8 47.0 8.21E+06

Anchorage PG 64-40 48.2 49.0 2.11E+06

AK Fairbanks PG 58-34 48.2 46.6 7.94E+06
Barrow PG 52-40 37.4 47.7 4.97E+06

AR Little Rock PG 76-22 75.2 47.7 5.26E+06
Adams PG 64-22 64.4 45.8 1.39E+07

Rio Blanco PG 58-34 48.2 41.6 2.70E+07

(6{0) El Paso PG 58-28 53.6 48.9 5.11E+06
Yuma PG 64-28 59 46.2 9.75E+06

El Rio Grande PG 58-28 53.6 447 1.70E+07

La Porte PG 64-22 64.4 45.8 1.39E+07

IN Jackson PG 70-22 69.8 47.0 8.21E+06
Jefferson PG 70-22 69.8 47.0 8.21E+06

DE Dover PG 64-22 64.4 45.8 1.39E+07
FL Tallahassee PG 76-22 75.2 47.7 5.26E+06
HI Honolulu PG 64-22 64.4 45.8 1.39E+07
IA Harlan PG 58-28 53.6 44.7 1.70E+07
Council Bluffs PG 58-28 53.6 44.7 1.70E+07

KS Cherokee PG 70-28 64.4 47.2 5.91E+06
Scott PG 70-28 64.4 47.2 5.91E+06

Hermon PG 64-28 59 46.2 9.75E+06

ME Sidney PG 64-28 59 46.2 9.75E+06
MA Boston PG 64-28 59 46.2 9.75E+06
Springfield PG 64-28 59 46.2 9.75E+06

MD Jessup PG 76-22 75.2 47.7 5.26E+06
Port Huron PG 70-28 64.4 47.2 5.91E+06

M Alpena PG 64-28 59 46.2 9.75E+06
Marquette PG 58-34 48.2 46.6 7.94E+06

Grand Rapids PG 70-28 64.4 47.2 5.91E+06

MS Jackson PG 76-22 75.2 47.7 5.26E+06
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NJ
NC

OH
SC
TN
VT

WA

WV

Wi

Newark
Greensboro
Newark
Columbus
Columbia
Memphis
Burlington
Seattle
Spokane
Martinsburg
Charleston
Hayward
Madison

PG 64-22
PG 58-28
PG 64-22
PG 76-22
PG 76-22
PG 76-22
PG 58-28
PG 58-22
PG 64-28
PG 64-22
PG 64-22
PG 58-34
PG 58-28

285

64.4
53.6
64.4
75.2
75.2
75.2
53.6
59
59
64.4
64.4
48.2
53.6

45.8
44.7
45.8
47.7
47.7
47.7
44.7
44.0
46.2
45.8
45.8
46.6
44.7

1.39E+07
1.70E+07
1.39E+07
5.26E+06
5.26E+06
5.26E+06
1.70E+07
2.55E+07
9.75E+06
1.39E+07
1.39E+07
7.94E+06
1.70E+07



Table 66- FSC* Calculation for the US Database

AL Montgomery PG 76-22 75.2 5.26E+06  47.76
Tuscaloosa PG 76-22 75.2 5.26E+06  47.76

Flagstaff PG 64-22 64.4 1.39E+07  30.06

AZ Kingman PG 70-10 80.6 5.45E+06  47.14
Tucson PG 70-10 80.6 5.45E+06  47.14

Phoenix PG 70-22 69.8 8.21E+06  39.66

Anchorage PG 64-40 48.2 2.11E+06  62.18

AK Fairbanks PG 58-34 48.2 7.94E+06  40.27
Barrow PG 52-40 37.4 4.97E+06  48.76

AR Little Rock PG 76-22 75.2 5.26E+06 = 47.76
Adams PG 64-22 64.4 1.39E+07  30.06

Rio Blanco PG 58-34 48.2 2.70E+07  19.46

(6{0) El Paso PG 58-28 53.6 5.11E+06  48.28
Yuma PG 64-28 59 9.75E+06  36.49

El Rio Grande PG 58-28 53.6 1.70E+07  26.66

La Porte PG 64-22 64.4 1.39E+07 @ 30.06

IN Jackson PG 70-22 69.8 8.21E+06  39.66
Jefferson PG 70-22 69.8 8.21E+06 = 39.66

DE Dover PG 64-22 64.4 1.39E+07  30.06
FL Talhassee PG 76-22 75.2 5.26E+06  47.76
HI Honolulu PG 64-22 64.4 1.39E+07  30.06
IA Harlan PG 58-28 53.6 1.70E+07  26.66
Council Bluffs PG 58-28 53.6 1.70E+07  26.66

KS Cherokee PG 70-28 64.4 5.91E+06 @ 45.68
Scott PG 70-28 64.4 5.91E+06  45.68

ME Hermon PG 64-28 59 9.75E+06  36.49
Sidney PG 64-28 59 9.75E+06  36.49

MA Boston PG 64-28 59 9.75E+06  36.49
Springfield PG 64-28 59 9.75E+06  36.49

MD Jessup PG 76-22 75.2 5.26E+06 = 47.76
Port Huron PG 70-28 64.4 5.91E+06  45.68

M Alpena PG 64-28 59 9.75E+06  36.49
Marquette PG 58-34 48.2 7.94E+06  40.27

Grand Rapids PG 70-28 64.4 591E+06  45.68

MS Jackson PG 76-22 75.2 5.26E+06  47.76
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NJ
NC

OH
SC
TN
VT

WA

WV

WI

Newark
Greensboro
Newark
Columbus
Columbia
Memphis
Burlington
Seattle
Spokane
Martinsburg
Charleston
Hayward
Madison

PG 64-22
PG 58-28
PG 64-22
PG 76-22
PG 76-22
PG 76-22
PG 58-28
PG 58-22
PG 64-28
PG 64-22
PG 64-22
PG 58-34
PG 58-28

287

64.4
53.6
64.4
75.2
75.2
75.2
53.6
59
59
64.4
64.4
48.2
53.6

1.39E+07
1.70E+07
1.39E+07
5.26E+06
5.26E+06
5.26E+06
1.70E+07
2.55E+07
9.75E+06
1.39E+07
1.39E+07
7.94E+06
1.70E+07

30.06
26.66
30.06
47.76
47.76
47.76
26.66
20.27
36.49
30.06
30.06
40.27
26.66



Table 67- Number of Cycles to Failure Nf for the US Database

PG 76-22

75.2

3.8E+08

47.74

5.26E+06

47.76

35166

Montgomery

AL

AZ

AK

AR

CO

IN

DE
FL
HI

> m<Z

Loz

Tuscaloosa
Flagstaff
Kingman

Tucson
Phoenix

Anchorage

Fairbanks
Barrow
Little Rock
Adams
Rio Blanco
El Paso
Yuma
El Rio Grande
La Porte
Jackson
Jefferson
Dover

Tallahassee
Honolulu

Harlan
Council
Bluffs
Cherokee
Scott
Hermon

Sidney
Boston

Springfield

Jessup

Port Huron

PG 76-22
PG 64-22
PG 70-10
PG 70-10
PG 70-22
PG 64-40
PG 58-34
PG 52-40
PG 76-22
PG 64-22
PG 58-34
PG 58-28
PG 64-28
PG 58-28
PG 64-22
PG 70-22
PG 70-22
PG 64-22
PG 76-22
PG 64-22
PG 58-28

PG 58-28

PG 70-28
PG 70-28
PG 64-28

PG 64-28
PG 64-28
PG 64-28

PG 76-22
PG 70-28

75.2
64.4
80.6
80.6
69.8
48.2
48.2
37.4
75.2
64.4
48.2
53.6
59
53.6
64.4
69.8
69.8
64.4
75.2
64.4
53.6

53.6

64.4
64.4
59

S8
59
S8

75.2
64.4

3.8E+08
1.15E+09
3.36E+08
3.36E+08
6.25E+08
1.4E+08
6.21E+08
3.61E+08
3.8E+08
1.15E+09
3.11E+09
3.41E+08
7.88E+08
1.52E+09
1.15E+09
6.25E+08
6.25E+08
1.15E+09
3.8E+08
1.15E+09
1.52E+09

1.52E+09

4.43E+08
4.43E+08
7.88E+08

7.88E+08
7.88E+08
7.88E+08

3.8E+08

4.43E+08
288

47.74
45.79
50.18
50.18
47.00
48.97
46.63
47.69
47.74
45.79
41.64
48.93
46.15
44.72
45.79
47.00
47.00
45.79
47.74
45.79
44.72

4472

47.21
47.21
46.15
46.15
418
46.15

46.15

47.74
47.21

5.26E+06
1.39E+07
5.45E+06
5.45E+06
8.21E+06
2.11E+06
7.94E+06
4.97E+06
5.26E+06
1.39E+07
2.70E+07
5.11E+06
9.75E+06
1.70E+07
1.39E+07
8.21E+06
8.21E+06
1.39E+07
5.26E+06
1.39E+07
1.70E+07

1.70E+07

5.91E+06
5.91E+06
9.75E+06

9.75E+06
9.75E+06
9.75E+06

5.26E+06
5.91E+06

47.76
30.06
47.14
47.14
39.66
62.18
40.27
48.76
47.76
30.06
19.46
48.28
36.49
26.66
30.06
39.66
39.66
30.06
47.76
30.06
26.66

26.66

45.68
45.68
36.49

36.49
36.49
36.49

47.76
45.68

34172
14177
11304
11515
15898
30244
24458
25848
23761
11300
14426
21303
18600
15100
15476
20482
18117
15211
18345
6552
12091

9435

28278
22622
33350

21054
26026
21417

37713
27820



MS
NJ

NC

SC

TN

VT

> =2

<z

WI

Alpena
Marquette
Grand Rapids
Jackson
Newark
Greenshoro

Newark
Columbus
Columbia
Memphis
Burlington

Seattle

Spokane

Martinsburg
Charleston
Hayward

Madison

PG 64-28
PG 58-34
PG 70-28
PG 76-22
PG 64-22
PG 58-28

PG 64-22

PG 76-22

PG 76-22

PG 76-22

PG 58-28

PG 58-22

PG 64-28

PG 64-22

PG 64-22

PG 58-34

PG 58-28

59
48.2
64.4
75.2
64.4
53.6

64.4

75.2

75.2

75.2

53.6

59

59

64.4

64.4

48.2

53.6

7.88E+08
6.21E+08
4.43E+08
3.8E+08
1.15E+09
1.52E+09

1.15E+09

3.8E+08

3.8E+08

3.8E+08

1.52E+09

2.43E+09

7.88E+08

1.15E+09

1.15E+09

6.21E+08

1.52E+09
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46.15
46.63
47.21
47.74
45.79
44.72
45.79
708
47.74
081
47.74
081
47.74
081
44.72
593
43.98
211
46.15
418
45.79
708
45.79
708
46.63
16
44.72
593

9.75E+06
7.94E+06
5.91E+06
5.26E+06
1.39E+07
1.70E+07

1.39E+07

5.26E+06

5.26E+06

5.26E+06

1.70E+07

2.55E+07

9.75E+06

1.39E+07

1.39E+07

7.94E+06

1.70E+07

36.49
40.27
45.68
47.76
30.06
26.66

30.06

47.76

47.76

47.76

26.66

20.27

36.49

30.06

30.06

40.27

26.66

18941
20833
22213
35166
21897
14835

15211

34172

27611

20581

16458

5562

16943

13426

7250

18056

11394



Table 68- D1 Fracture Parameter Calculation for the US Database

AK Anchorage Dry, 3.96 11.6 3.12E-07  4.14E-07 5.19E-07
Freeze

AK Fairbanks Dry, 5.2 10.2 1.89E-07  3.07E-07 @ 4.11E-07
Freeze
Dry,

AK Barrow 5.6 10.3 1.91E-07 3.18E-07 4.3E-07
Freeze
Dry,

AZ Flagstaff 5 10.5 3.26E-07  4.65E-07 6.08E-07
Freeze
Dry,

(6{0) Adams 3.3 10.4 2.56E-07 3.35E-07 4.16E-07
Freeze
. Dry,

Cco Rio Blanco 35 11.9 3.11E-07  3.98E-07 4.98E-07
Freeze
Dry,

(6{0) El Paso 3.5 12.2 297E-07 3.83E-07 4.71E-07
Freeze
Dry,

(6{0)] Yuma 35 11.3 3.23E-07  4.09E-07 5.06E-07
Freeze

CO  ElRioGrande 27 34 121 29E-07 3.72E-07 457E-07
Freeze

WA Spokane Dry, 4.4 9.3 1.62E-07 2.57E-07 3.41E-07
Freeze
. Dry, No

AZ Kingman 4 11.4 7.11E-07 7.96E-07 9.8E-07
Freeze

AZ Tucson Dry,No 12.3 416E-07 5.22E-07 6.46E-07
Freeze

AZ Phoenix DI NE 3.3 11.7 4.45E-07 5.16E-07 6.26E-07
Freeze
Wet,

IN La Porte 4 12 3.25E-07 4.3E-07 5.37E-07
Freeze
Wet,

IN Jackson 4 10.1 3.73E-07 4.79E-07 6.07E-07
Freeze
Wet,

1A Harlan 4 10.9 2.77E-07 3.8E-07 4.81E-07
Freeze
. Wet,

1A Council Bluffs 4 9.7 2.39E-07 3.39E-07 4.36E-07
Freeze
Wet,

KS Cherokee 4 -318.119 4, 75E-07  5.79E-07 7.14E-07
Freeze
Wet,

ME Hermon 4 11 3.3E-07 4.35E-07 5.48E-07
Freeze
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ME

MA

Ml

MI

MI

MI

OH

VT

wv

WI

Wi

AL

AL

AR

DE

FL

HI

KS

MD

Sidney
Boston
Port Huron
Alpena
Marquette
Grand Rapids
Columbus
Burlington
Martinsburg
Hayward
Madison
Montgomery
Tuscaloosa
Little Rock
Dover
Talhassee
Honolulu
Jefferson
Scott

Jessup

Wet,
Freeze
Wet,
Freeze
Wet,
Freeze
Wet,
Freeze
Wet,
Freeze
Wet,
Freeze
Wet,
Freeze
Wet,
Freeze
Wet,
Freeze
Wet,
Freeze
Wet,
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze

4.4

4.4

4.4

35

3.5

12

-244.102

-256.546

-48.0668

97.79787

115.5697

-608.434

12.6

11.3

201.7701

89.18414

14

13.8

115

-326.054

-170.723

25.20235

111.7861

-556.613

291

3.65E-07

3.68E-07

4.71E-07

3.44E-07

3.81E-07

4.14E-07

5.32E-07

3E-07

3.12E-07

3.58E-07

2.52E-07

SE-07

4.93E-07

4.36E-07

3.28E-07

3.63E-07

3.39E-07

1.91E-07

4.19E-07

4.08E-07

4.71E-07

4.74E-07

5.75E-07

4.5E-07

4.87E-07

5.21E-07

6.32E-07

4.04E-07

4.3E-07

4.8E-07

3.63E-07

5.76E-07

5.7E-07

5.42E-07

4.33E-07

4.69E-07

4.44E-07

2.85E-07

5.25E-07

5.14E-07

5.86E-07

5.9E-07

7.1E-07

5.64E-07

6.09E-07

6.52E-07

7.7E-07

5.02E-07

5.48E-07

6.13E-07

4.68E-07

6.91E-07

6.85E-07

6.75E-07

5.4E-07

5.85E-07

5.58E-07

3.77E-07

6.56E-07

6.31E-07



MA

MS

NJ

NC

NC

SC

TN

WA

wv

Springfield
Jackson
Newark

Greensboro
Newark

Columbia
Memphis
Seattle

Charleston

Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze

3.5

4

4

5.8

4.4

145

14.3

-159.268

-250.293

12.4

10.7

10.8

292

14

8.4

5.16E-07

5.4E-07

3.91E-07

3.1E-07

3.25E-07

5.24E-07

4.01E-07

3.31E-07

2.06E-07

5.9E-07

6.4E-07

4.96E-07

4.14E-07

4.3E-07

7.08E-07

5.07E-07

4.51E-07

3.01E-07

7.06E-07

7.77E-07

6.07E-07

5.18E-07

5.37E-07

9.16E-07

6.37E-07

5.76E-07

3.96E-07



Table 69- Penetration Calculation for the US Database

Arizona
Colorado

Colorado
Colorado
Colorado
Colorado
Alaska
Alaska
Alaska
Washington
Arizona
Arizona
Arizona
lowa
lowa
Kansas
Maine
Maine
Michigan
Michigan
Michigan
Michigan
Ohio
Vermont
West Virginia
West Virginia
Wisconsin
Indiana
Indiana

Massachusetts
Washington
Delaware
Florida
Massachusetts
Alabama
Alabama

Flagstaff
Adams
Rio Blanco
El Paso
Yuma
El Rio Grande
Anchorage
Fairbanks
Barrow
Spokane
Kingman
Tucson
Phoenix
Harlan
Council Bluffs
Cherokee
Hermon
Sidney
Port Huron
Alpena
Marquette
Grand Rapids
Columbus
Burlington
Martinsburg
Hayward
Madison
La Porte
Jackson

Boston
Seattle
Dover
Tallahassee
Springfield
Montgomery
Tuscaloosa
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Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze

Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze

PG 64-22
PG 64-22
PG 58-34
PG 58-28
PG 64-28
PG 58-28
PG 64-40
PG 58-34
PG 52-40
PG 64-28
PG 70-10
PG 70-10
PG 70-22
PG 58-28
PG 58-28
PG 70-28
PG 64-28
PG 64-28
PG 70-28
PG 64-28
PG 58-34
PG 70-28
PG 76-22
PG 58-28
PG 64-22
PG 58-34
PG 58-28
PG 64-22
PG 70-22

PG 64-28
PG 58-22
PG 64-22
PG 76-22
PG 64-28
PG 76-22
PG 76-22

53.77
53.77
126.23
92.06
69.55
92.06
136.27
126.23
219.70
69.55
34.60
34.60
41.69
92.06
92.06
43.15
69.55
69.55
43.15
69.55
126.23
43.15
32.99
92.06
53.77
126.23
92.06
53.77
41.69

69.55
72.03
53.77
32.99
69.55
32.99
32.99



Arkansas
Indiana
Hawaii
Kansas

Maryland
Indiana

New Jersey

North Carolina

North Carolina

South Carolina
Tennessee

West Virginia

Little Rock
Jefferson
Honolulu
Scott
Jessup
Jackson
Newark

Greenshoro
Newark
Columbia
Memphis
Charleston
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Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze

Wet, No Freeze

PG 76-22
PG 70-22
PG 64-22
PG 70-28
PG 76-22
PG 76-22
PG 64-22

PG 58-28
PG 64-22
PG 76-22
PG 76-22
PG 64-22

32.99
41.69
53.77
43.15
32.99
32.99
53.77

92.06
53.77
32.99
32.99
53.77



Table 70- Variation of the “m” parameter for the U.S. Database

Arizona
Colorado
Colorado
Colorado
Colorado
Colorado

Alaska
Alaska
Alaska
Washington
Arizona

Arizona
Arizona

lowa
lowa
Kansas
Maine
Maine
Michigan
Michigan
Michigan
Michigan
Ohio
Vermont
West Virginia
West Virginia
Wisconsin
Indiana
Indiana
Massachusetts

Flagstaff
Adams
Rio Blanco
El Paso
Yuma
El Rio Grande
Anchorage
Fairbanks
Barrow
Spokane
Kingman

Tucson
Phoenix

Harlan
Council Bluffs
Cherokee
Hermon
Sidney
Port Huron
Alpena
Marquette
Grand Rapids
Columbus
Burlington
Martinsburg
Hayward
Madison
La Porte
Jackson
Boston

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No
Freeze
Dry, No
Freeze
Dry, No
Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
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0.11
0.11
0.16
0.14
0.12
0.14
0.18
0.17
0.23
0.13
0.11

0.11

0.11

0.14
0.14
0.11
0.13
0.13
0.11
0.13
0.17
0.11
0.10
0.14
0.12
0.17
0.15
0.12
0.11
0.13

0.20
0.20
0.26
0.23
0.21
0.23
0.27
0.26
0.33
0.22
0.20

0.20

0.20

0.24
0.24
0.20
0.22
0.22
0.20
0.22
0.26
0.20
0.19
0.24
0.21
0.27
0.24
0.20
0.19
0.22

0.33
0.32
0.45
0.39
0.35
0.39
0.47
0.46
0.61
0.36
0.31

0.31

0.32

0.40
0.40
0.31
0.36
0.36
0.31
0.36
0.46
0.31
0.30
0.40
0.34
0.46
0.40
0.33
0.31
0.36



Washington
Delaware
Florida
Massachusetts
Alabama
Alabama
Arkansas
Indiana
Hawaii
Kansas
Maryland
Indiana
New Jersey
North
Carolina
North
Carolina
South
Carolina

Tennessee

West Virginia

Seattle
Dover
Tallahassee
Springfield
Montgomery
Tuscaloosa
Little Rock
Jefferson
Honolulu
Scott
Jessup
Jackson
Newark
Greensboro
Newark
Columbia
Memphis

Charleston

Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
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0.13

0.12

0.10

0.13

0.09

0.09

0.10

0.11

0.12

0.11

0.09

0.10

0.12

0.14

0.12

0.11

0.10

0.12

0.22

0.20

0.19

0.22

0.18

0.18

0.19

0.19

0.20

0.20

0.18

0.19

0.20

0.24

0.20

0.20

0.19

0.20

0.37

0.33

0.30

0.36

0.29

0.29

0.30

0.31

0.33

0.31

0.29

0.30

0.33

0.40

0.33

0.31

0.30

0.33



Table 71- Creep Compliance Generation for the US Database

Arizona
Colorado
Colorado
Colorado
Colorado
Colorado

Alaska

Alaska

Alaska
Washington

Arizona

Arizona

Arizona

lowa
lowa
Kansas
Maine
Maine
Michigan
Michigan
Michigan
Michigan
Ohio
Vermont
West Virginia
West Virginia
Wisconsin
Indiana
Indiana
Massachusetts
Washington
Delaware
Florida
Massachusetts
Alabama
Alabama
Arkansas

Flagstaff
Adams
Rio Blanco
El Paso
Yuma
El Rio Grande
Anchorage
Fairbanks
Barrow
Spokane
Kingman
Tucson
Phoenix
Harlan
Council Bluffs
Cherokee
Hermon
Sidney
Port Huron
Alpena
Marquette
Grand Rapids
Columbus
Burlington
Martinsburg
Hayward
Madison
La Porte
Jackson
Boston
Seattle
Dover
Tallahassee
Springfield
Montgomery
Tuscaloosa
Little Rock

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
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5.284E-07
4.210E-07
6.635E-07
5.630E-07
5.664E-07
5.472E-07
1.606E-06
9.083E-07
1.289E-06
6.038E-07
3.138E-07
3.219E-07
5.514E-07
5.379E-07
4.644E-07
7.779E-07
5.923E-07
6.553E-07
7.710E-07
6.179E-07
8.306E-07
6.779E-07
8.399E-07
5.824E-07
5.392E-07
7.945E-07
4.962E-07
5.573E-07
5.917E-07
7.325E-07
2.979E-07
5.522E-07
5.884E-07
6.615E-07
7.715E-07
7.616E-07
6.892E-07

1.063E-06
8.358E-07
1.314E-06
1.114E-06
1.094E-06
1.078E-06
2.782E-06
1.758E-06
2.379E-06
1.245E-06
7.607E-07
7.963E-07
1.178E-06
1.126E-06
1.004E-06
1.429E-06
1.187E-06
1.284E-06
1.419E-06
1.226E-06
1.640E-06
1.284E-06
1.500E-06
1.197E-06
1.120E-06
1.638E-06
1.092E-06
1.112E-06
1.151E-06
1.400E-06
7.176E-07
1.104E-06
1.137E-06
1.293E-06
1.340E-06
1.327E-06
1.286E-06

2.396E-06
1.857E-06
3.977E-06
2.875E-06
2.585E-06
2.775E-06
8.671E-06
5.289E-06
1.019E-05
3.074E-06
1.712E-06
1.816E-06
2.661E-06
3.010E-06
2.730E-06
3.033E-06
2.874E-06
3.074E-06
3.015E-06
2.956E-06
4.984E-06
2.768E-06
3.012E-06
3.147E-06
2.579E-06
5.110E-06
2.988E-06
2.497E-06
2.455E-06
3.310E-06
1.856E-06
2.482E-06
2.377E-06
3.093E-06
2.637E-06
2.615E-06
2.641E-06



Indiana
Hawaii
Kansas
Maryland
Indiana
New Jersey
North Carolina
North Carolina
South Carolina
Tennessee
West Virginia

Jefferson
Honolulu
Scott
Jessup
Jackson
Newark
Greensboro
Newark
Columbia
Memphis
Charleston

Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
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5.516E-07
3.251E-07
6.853E-07
7.959E-07
8.521E-07
6.642E-07
6.017E-07
5.522E-07
8.814E-07
6.324E-07
3.493E-07

1.090E-06
7.309E-07
1.295E-06
1.373E-06
1.517E-06
1.274E-06
1.229E-06
1.104E-06
1.772E-06
1.203E-06
7.730E-07

2.343E-06
1.745E-06
2.788E-06
2.693E-06
3.041E-06
2.806E-06
3.243E-06
2.482E-06
3.846E-06
2.494E-06
1.831E-06



Table 72- Fracture Energy for the U.S Database

Arizona
Colorado
Colorado
Colorado
Colorado
Colorado

Alaska

Alaska

Alaska
Washington

Arizona

Arizona

Arizona

lowa
lowa
Kansas
Maine
Maine
Michigan
Michigan
Michigan
Michigan
Ohio
Vermont
West Virginia
West Virginia
Wisconsin
Indiana
Indiana
Massachusetts
Washington
Delaware
Florida
Massachusetts
Alabama

Flagstaff
Adams
Rio Blanco
El Paso
Yuma
El Rio Grande
Anchorage
Fairbanks
Barrow
Spokane
Kingman
Tucson
Phoenix
Harlan
Council Bluffs
Cherokee
Hermon
Sidney
Port Huron
Alpena
Marquette
Grand Rapids
Columbus
Burlington
Martinsburg
Hayward
Madison
La Porte
Jackson
Boston
Seattle
Dover
Tallahassee
Springfield
Montgomery
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Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, No Freeze
Dry, No Freeze
Dry, No Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze

43.6
-623.9
-76.5
136.0
-154.9
112.7
-156.1
179.2

-1189.4

62.7
-19.6
183.9

145

-126.0
-452.9
334.5

-73.8
292.2
272.8

63.5
-82.4

-100.6
626.2
377.8
144.4
-186.8

-74.2
342.2
186.6
573.9

-321.7
163.2
-416.8
260.2
664.0



Alabama
Arkansas
Indiana
Hawaii
Kansas
Maryland
Indiana
New Jersey
North Carolina
North Carolina
South Carolina
Tennessee
West Virginia

Tuscaloosa
Little Rock
Jefferson
Honolulu
Scott
Jessup
Jackson
Newark
Greensboro
Newark
Columbia
Memphis
Charleston

300

Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze
Wet, No Freeze

620.7
-57.8

-10.0

-876.4
-96.7

927.7
700.4
996.4
175.3
266.3
448.8
-239.8
-758.0



Table 73- Summary Table for TCMODEL input variables for the US Database

AZ Flagstaff 5.284E-07  1.063E-06 2.396E-06  43.6 392
CcO Adams 4.210E-07 = 8.358E-07 1.857E-06 -623.9 419
CcO Rio Blanco 6.635E-07  1.314E-06 3.977E-06 -76.5 522
CcO El Paso 5.630E-07  1.114E-06 2.875E-06 136.0 424
CO Yuma 5.664E-07  1.094E-06 2.585E-06 -154.9 438
Cco EIRio Grande @ D,F 5472E-07 1.078E-06 2.775E-06 112.7 427
AK Anchorage 1.606E-06 = 2.782E-06 8.671E-06 -156.1 583
AK Fairbanks 9.083E-07 = 1.758E-06  5.289E-06 179.2 475
AK Barrow 1.289E-06 = 2.379E-06  1.019E-05 1189.4 566
WA Spokane 6.038E-07 = 1.245E-06  3.074E-06  62.7 444
AZ Kingman b 3.138E-07  7.607E-07 1.712E-06 -19.6 348
AZ Tucson NI': 3.219E-07 = 7.963E-07 1.816E-06 1839 348
AZ Phoenix 5.514E-07 1.178E-06 2.661E-06  14.5 418
10 Harlan 5.379E-07 = 1.126E-06 3.010E-06 -126.0 440
10 Council Bluffs 4.644E-07  1.004E-06 2.730E-06 -452.9 472
KS Cherokee 7.779E-07  1.429E-06 3.033E-06 3345 409
ME Hermon 5.923E-07 1.187E-06 2.874E-06 -73.8 439
ME Sidney 6.553E-07 = 1.284E-06 3.074E-06 292.2 420
Ml Port Huron 7.710E-07  1.419E-06 3.015E-06 272.8 410
Ml Alpena 6.179E-07  1.226E-06 2.956E-06  63.5 431
Ml Marquette 8.306E-07  1.640E-06 4.984E-06 -824 491
Ml Grand Rapids =~ W,F  6.779E-07  1.284E-06 2.768E-06 -100.6 435
OH Columbus 8.399E-07  1.500E-06 3.012E-06 626.2 371
VT Burlington 5.824E-07 = 1.197E-06 @ 3.147E-06 3778 397
wv Martinsburg 5.392E-07  1.120E-06 2.579E-06 1444 395
wv Hayward 7.945E-07  1.638E-06 5.110E-06 -186.8 509
Wi Madison 4.962E-07 1.092E-06 2.988E-06 -74.2 436
IN La Porte 5.573E-07 @ 1.112E-06 2.497E-06 3422 383
IN Jackson 5.917E-07  1.151E-06 2.455E-06 186.6 384
MS Boston 7.325E-07  1.400E-06  3.310E-06 573.9 401
WA Seattle 2.979E-07  7.176E-07 1.856E-06 -321.7 427
DE Dover W, 5.522E-07  1.104E-06  2.482E-06 163.2 384
FL Tallahassee NF 5.884E-07  1.137E-06 2.377E-06 -416.8 437
MS Springfield 6.615E-07 = 1.293E-06  3.093E-06 260.2 418
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AL
AK
AR

HI
KS
MD

NJ
NC
NC
SC
TN
WV

Montgomery
Tuscaloosa
Little Rock
Jefferson
Honolulu
Scott
Jessup
Jackson
Newark
Greensboro
Newark
Columbia
Memphis
Charleston

NF

7.715E-07
7.616E-07
6.892E-07
5.516E-07
3.251E-07
6.853E-07
7.959E-07
8.521E-07
6.642E-07
6.017E-07
5.522E-07
8.814E-07
6.324E-07
3.493E-07
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1.340E-06
1.327E-06
1.286E-06
1.090E-06
7.309E-07
1.295E-06
1.373E-06
1.517E-06
1.274E-06
1.229E-06
1.104E-06
1.772E-06
1.203E-06
7.730E-07

2.637E-06
2.615E-06
2.641E-06
2.343E-06
1.745E-06
2.788E-06
2.693E-06
3.041E-06
2.806E-06
3.243E-06
2.482E-06
3.846E-06
2.494E-06
1.831E-06

664.0
620.7
-57.8

-10.0

-876.4
-96.7

927.7
700.4
996.4
175.3
266.3
448.8
-239.8
-758.0

384
385
404
397
507
433
381
368
355
419
384
367
421
488



APPENDIX C

RESULTS FOR FINAL CRITERIA

303



Table 74- Ranking Criteria for Thermal Properties

LTPP - us
. Climate Tensile Database 5 Database
iy Zone st paoy  FeM UEB) T paiog) S
-10°C P -10°C
Dry,
Yuma 707.9  9.0918E-07 G 437.7 2.585E-06 G
Freeze
Spokane Dy, 621.2  9.3225E-07 G 4273 2.775E-06 G
Freeze
El Paso Dry, 546.1  1.0175E-06 E 4241 2.875E-06 G
Freeze
Flagstaff Dry, 4856  1.1273E-06 G 392.0 2.396E-06 S
Freeze
Rio Blanco Dry, 5258  1.7968E-06 E 522.3 3.977E-06 E
Freeze
Anchorage Dry, 551.1  2.2525E-06 E 582.6 8.671E-06 E
Freeze
Phoenix Dry, No 3771  9.0045E-07 S 418.2 2.661E-06 S
Freeze
Kingman Liy: o 388.6  9.1676E-07 S 347.7 1.712E-06 S
Freeze
Tucson Dry.No 3959  92687E-07 S 3476  1.816E-06 s
Freeze
Springfield Fwet’ 461.2  7.1398E-07 G 418.3 3.093E-06 S
reeze
Jackson Wet, 4507  8.2554E-07 G 383.6 2.455E-06 S
Freeze
Boston B 557.6  9.1444E-07 G 401.2 3.310E-06 G
Freeze
Kanawha Wet, 4986  92517E-07 G 3954  2.579E-06 G
Freeze
Cherokee AL 4871  9.3339E-07 G 408.9 3.033E-06 G
Freeze
Alpena Wet, 4775  9.5425E-07 G 431.0 2.956E-06 G
Freeze
Port Huron L 463.3  1.0358E-06 G 4105 3.015E-06 S
Freeze
Marquette Wet, 558.3  1.1916E-06 G 491.2 4.984E-06 G
Freeze
La Porte L 467.7  1.3605E-06 G 382.7 2 497E-06 S
Freeze
Grand Wet, 547.6  1.5296E-06 E 434.8 2.768E-06 G
Rapids Freeze
Seattle Wet, No 11456 36735807 S 4266  1.856E-06 G
Freeze
Columbia ~ WetNo g5 1 4069E-07 s 3669  3.012E-06 s
Freeze
Little Rock ngéez'\'eo 3538  6.9145E-07 S 4041  2.641E-06 s
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Charleston

Montgomer
y

Tuscaloosa
Memphis
Scott

Jefferson

Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze

682.0

447.8

404.5

587.0

448.6

445.2

7.3066E-07
8.0438E-07
8.3647E-07
8.3754E-07
9.7704E-07

1.1632E-06
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487.7

383.9

385.3

421.3

432.6

397.0

1.831E-06

2.637E-06

2.615E-06

3.147E-06

2.788E-06

2.343E-06



AL

AZ

AK

AR

CO

Montgomer
y

Tuscaloosa
Flagstaff
Kingman

Tucson
Phoenix

Anchorage

Fairbanks
Barrow
Little Rock
Adams
Rio Blanco
El Paso

Yuma

El Rio
Grande

La Porte
Jackson

Jefferson

Table 75- Final Assessment of the US Mix Designs

Wet, No
Freeze
Wet, No
Freeze

Dry, Freeze
Dry, Freeze
Dry, Freeze

Dry, Freeze

Dry, No
Freeze
Dry, No
Freeze
Dry, No
Freeze
Wet, No
Freeze

Dry, Freeze
Dry, Freeze
Dry, Freeze
Dry, Freeze

Dry, Freeze

Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze

Excellent
Excellent
Excellent
Low
Low
Low
Excellent
Good
Excellent
Satisfactory
Low
Satisfactory
Low
Satisfactory
Low
Good
Satisfactory

Satisfactory
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Excellent

Excellent

Good

Good

Good

Excellent

Excellent

Excellent

Excellent

Excellent

Good

Good

Excellent

Excellent

Excellent

Excellent

Excellent

Excellent

Goof
Satisfactory
Satisfactory
Satisfactory
Satisfactory
Satisfactory

Excellent
Good
Excellent
Satisfactory
Satisfactory
Excellent

Good

Good

Good
Satisfactory
Satisfactory

Satisfactory

Excellent
Quality Mix
Good
Quality Mix
Good
Quality Mix
Satisfactory
Quality Mix
Satisfactory
Quality Mix
Satisfactory
Quality Mix
Excellent
Quality Mix
Good
Quality Mix
Excellent
Quality Mix
Satisfactory
Quality Mix
Satisfactory
Quality Mix
Excellent
Quality Mix
Good
Quality Mix
Good
Quality Mix
Good
Quality Mix
Good
Quality Mix
Satisfactory
Quality Mix
Satisfactory
Quality Mix



DE

FL

Hi

KS

ME

MA

MD

MI

MS

NJ

NC

Dover
Tallahassee
Honolulu

Harlan

Council
Bluffs

Cherokee
Scott
Hermon
Sidney
Boston
Springfield
Jessup
Port Huron
Alpena

Marquette

Grand
Rapids

Jackson
Newark
Greensboro

Newark

Wet,
Freeze
Wet,
Freeze
Wet, No
Freeze
Wet,
Freeze
Wet,
Freeze
Wet,
Freeze
Wet, No
Freeze
Wet,
Freeze
Wet,
Freeze
Wet, No
Freeze
Wet,
Freeze
Wet, No
Freeze
Wet,
Freeze
Wet,
Freeze
Wet,
Freeze
Wet,
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet, No
Freeze

Low
Low
Satisfactory
Low
Low
Satisfactory
Low
Satisfactory
Low
Satisfactory
Low
Excellent
Satisfactory
Satisfactory
Low
Satisfactory
Satisfactory
Low
Low

Satisfactory
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Excellent
Excellent
Satisfactory
Good
Satisfactory
Excellent
Excellent
Excellent
Excellent
Excellent
Excellent
Excellent
Excellent
Excellent
Excellent
Excellent
Excellent
Excellent
Good

Excellent

Satisfactory
Good
Good
Good
Good
Good
Good
Good
Good

Satisfactory
Good

Satisfactory

Satisfactory
Good
Good
Good

Satisfactory

Satisfactory
Good

Satisfactory

Satisfactory
Quality Mix
Good
Quality Mix
Satisfactory
Quality Mix
Satisfactory
Quality Mix
Satisfactory
Quality Mix
Good
Quality Mix
Satisfactory
Quality Mix
Good
Quality Mix
Satisfactory
Quality Mix
Satisfactory
Quality Mix
Good
Quality Mix
Excellent
Quality Mix
Good
Quality Mix
Good
Quality Mix
Good
Quality Mix
Good
Quality Mix
Satisfactory
Quality Mix
Low
Quality Mix
Satisfactory
Quality Mix
Satisfactory
Quality Mix



OH

SC

TN

VT

WA

wv

WI

Columbus
Columbia
Memphis
Burlington
Seattle
Spokane
Martinsburg
Charleston
Hayward

Madison

Wet,
Freeze
Wet, No
Freeze
Wet, No
Freeze
Wet,
Freeze

Dry, Freeze

Wet, No
Freeze
Wet,
Freeze
Wet, No
Freeze
Wet,
Freeze
Wet,
Freeze

Low
Low
Satisfactory
Low
Excellent
Excellent
Satisfactory
Low
Good

Excellent
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Excellent
Excellent
Excellent
Excellent
Low
Excellent
Good
Satisfactory
Excellent

Good

Satisfactory
Satisfactory
Good
Satisfactory
Good
Good
Satisfactory
Excellent
Excellent

Good

Low
Quality Mix
Low
Quality Mix
Good
Quality Mix
Low
Quality Mix
Satisfactory
Quality Mix
Excellent
Quality Mix
Satisfactory
Quality Mix
Satisfactory
Quality Mix
Excellent
Quality Mix
Good
Quality Mix



