ABSTRACT

BAEK, CHEOL MIN. Investigation of Top-Down Cracking Mechanisms Using the
Viscoelastic Continuum Damage Finite Element Program. (Under the direction of Y.
Richard Kim.)

This dissertation presents an advanced analysis tool for predicting top-down cracking
(TDC) of hot-mix asphalt (HMA) pavements in arealistic manner. TDC is known to involve
acomplicated set of interactive mechanisms, perhaps more so than other HMA distresses.
Such complexity makes it difficult to predict TDC reliably using conventional material
models and analysistools. Over the years, the viscoelastoplastic continuum damage
(VEPCD) model has been improved to better understand and predict the behavior of asphalt
concrete materials. The ability of the VEPCD model to accurately capture various critical
phenomena has been demonstrated. For fatigue cracking evaluation of pavement structures,
the viscoelastic damage (VECD) model has been incorporated into a finite element code as
VECD-FEP++. To use this code in the prediction of TDC requires the enhancement and
incorporation of additional sub-models to account for the effects of aging, healing, thermal
stress, viscoplasticity and mode of loading. Although some of these models are not fully
refined due to incomplete knowledge of the underlying physics of the process, placeholder
models are incorporated into the framework so that they can be easily replaced when more
fundamental approaches are identified. Within this VECD-FEP++ framework, a systematic
parametric study is performed to identify the role of various mechanismsin TDC under
certain specific conditions. Analysis using the enhanced VECD-FEP++ is found to capture

some intuitive and important phenomena of TDC. Finally, to assess the capability of the



VECD-FEP++ framework, the Federal Highway Administration Accelerated Load Facility
(FHWA ALF) pavements are simulated and the results is found to agree well with the
measured field performance. After proper calibration, thistool could provide quantitative

predictions of the extent and severity of TDC.
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1. INTRODUCTION

Top-down cracking (TDC) has been proven to be one of the major distresses in hot-mix
asphalt (HMA) pavements in the United States. Many field studies have shown that different
patterns of TDC exigt, including cracks that start from the pavement surface and propagate
downward, cracksthat sart as atop-down crack and propagate horizontally at the layer
interface, and cracks that start from both the top and bottom simultaneously, forming a
conjoined cracking pattern. The complex state of stressthat existsin HMA pavements with
various layer materials and thicknesses makes it difficult to determine the location of crack
initiation and to predict crack propagation. For example, a crack may initiate at the bottom
of the HMA layer, but changes in the state of stress during the propagation of that crack may
result in the initiation and propagation of another crack at the top of the HMA layer. These
complex mechanisms involved in crack initiation and propagation make it difficult to
reliably predict the service life of HMA pavements using conventional HMA performance
prediction models and pavement response models.

With the goal of accurate pavement performance evaluation, researchers at North
Carolina State University (NCSU) have been developing advanced models for HMA under
complex loading conditions. Over the past decade, they have successfully developed
material models that can accurately capture various critical phenomena, such as:

microcrack-induced damage, which is critical in fatigue modeling; strain rate-temperature



interdependence; and viscoplastic flow, which is critical in high temperature modeling. The
resulting single model is termed the viscoelastoplastic continuum damage (VEPCD) model.

To extend the strengths of the VEPCD model to the fatigue cracking evaluation of
pavement systems, the viscoelastic continuum damage (VECD) model has been incorporated
into the public domain finite element code, FEP++ (10). The resulting product, the so-called
VECD-FEP++, dlows the accurate evaluation of boundary condition effects (e.g., layer
thickness) on the material behavior. In the VECD-FEP++, the damage is calculated for each
element based on its state of stress, temperature, loading rate, and boundary conditions.
Therefore, it is not necessary to assume a priori the location of distress initiation, nor the
path of distress evolution. Not having to make such assumptions is a feature of the VECD-
FEP++ that is essential in modeling TDC in various HMA pavements. The flexible nature of
the VECD-FEP++ modeling technique allows cracks to initiate and propagate wherever the
fundamental material law suggests. As aresult, much more realistic and accurate cracking
simulations can be accomplished using the VECD-FEP++.

The capability of the VECD-FEP++ to predict the performance of the pavement
structure has been validated using different pavement structures. One example uses the
Federal Highway Administration Accelerated Load Facility (FHWA ALF) pavements and
another example is the Korea Express Highway (KEC) test road in South Korea (16). In the
FHWA ALF research, twelve asphalt pavement lanes (that use various binders) were
constructed at the FHWA Turner-Fairbanks Highway Research Center to rapidly collect data
on pavement performance under conditions in which axle loading and climatic conditions

are controlled. The KEC test road was constructed in December 2002 to serve as the basis



for Korea s new pavement design guide, giving consideration to actual traffic loads and
environmental changes. Thistest road isa 7.7 km two-lane highway consisting of 25
Portland cement concrete (PCC) pavement sections and 15 asphalt concrete (AC) pavement
sections as well as three bridges and two geotechnical structures. The variables considered in
the Korean study for AC pavements are surface layer type, base layer type, base layer
thickness, and sublayer properties. Field performance surveys have been performed since the
test road was constructed and will be continued. Predictions made using the VECD-FEP++
for the KEC test road sections demonstrate field performance trends and also reveal a
generally positive relationship between model predictions and field observations for all the
sections.

The primary objective of this research is to identify and/or develop mechanistic-based
models for predicting TDC in HMA layers for use in mechanistic-empirical procedures for
the design and analysis of new and rehabilitated flexible pavements. This research
introduces the VECD-FEP++ as a means of accomplishing this objective. In an attempt to
demonstrate the ability of the VECD-FEP++ to integrate the effects of variables that are
important in TDC behavior, several sub-models are refined from existing models and
incorporated into the VECD-FEP++. These models account for aging, healing, thermal stress,
viscoplasticity and mode-of-loading. The Enhanced Integrated Climatic Model (EICM) is
also integrated into the framework. It must be noted that these sub-models are incorporated
into the VECD-FEP++ framework as place-holders only. Their accuracy needsto be verified
and calibrated with further testing using various mixtures and in-depth analysis of the results.

However, the reasonableness of the VECD-FEP++ with these sub-models is demonstrated



using sensitivity analysis and a parametric study. After all, FHWA ALF pavements are
simulated to evaluate the ability of the enhanced VECD-FEP++ for predicting the
performance of actual pavements. The comparison of the predicted and measured

performance is found to agree very well.



2. BACKGROUND OF TOP-DOWN CRACKING

TDC isaflexible pavement distress defined by cracks that begin at the surface of the
AC layer and propagate downward with time. Recently, much effort has been devoted to
better understanding this type of distress, but much work remains before the reasonable
prediction of TDC is possible. In this section, a general background of TDC is given by
reviewing the literature, which includes field observations, causes that are commonly

considered, and various mechanisms.

2.1 : TOP-DOWN CRACKING FIELD OBSERVATIONS

Despite the many observations by different researchers, various locations of TDC, and
the age of the pavement, no single characterization of TDC has been identified. For example,
TDC may be found either within the wheel path or out of it, and it may be initiated at the
pavement surface or some distance below the surface. Moreover, its time of initiation has
been reported to be 1 to 5 yearsin Japan, 3to 5 years in France, 3 to 8 yearsin the State of
Washington, USA, 5to 10 years in Florida, USA, and 10 years in the United Kingdom (8).
However, many researchers consider that most TDC instances initiate at the edge of the
wheel-path and pavement surface, and that the initiation and progression of TDC follow
three stages (34):

The first stage of TDC consists of asingle, short, longitudinal crack that appears just

outside the wheel-path;



Over time, TDC grows into a second stage in which the longitudinal short cracks
grow longer and sister cracks develop parallel to and within 0.3 to 1 m of the
original crack;
Finally, TDC evolvesinto athird stage in which the parallel longitudinal cracks are
connected via short transverse TDC.
Figure 2-1 (a) shows pavement sections that exhibit the third stage of TDC, and (b)
shows close-up top and side views of a core obtained from a conventional flexible pavement

section.

(b) g . o
Figure2-1. (a) Thethird stage of TDC; (b) a core obtained from a conventional
flexible pavement section



Flexible composite pavements consist of an asphalt overlay layer over an existing
concrete dab. According to field observations made by the Transport Research Foundation
in the United Kingdom (24), reflection cracks initiate at the surface of the asphalt layer and
propagate downwards, as shown in Figure 2-2. This observation is contrary to the general
understanding that reflection cracks propagate upwards from an existing crack in the
concrete. This field evidence also indicates that reflection cracks in as-laid composite roads
are caused by thermally induced stresses rather than traffic induced stresses. The main
factorsthat affect this behavior are:

The thermal expansion coefficient of asphalt is much higher than that of concrete;
Larger temperature changes occur in the asphalt layers;
Age hardening causes the asphalt that is close to the surface to become the most

brittle region of the asphalt layer.

- P ‘/'
P

Figure2-2. Corefrom Fécently initiated reflection crack



Another uncommon field observation was made by Matsuno and Nishizawa (20) in
Japan. They reported that cracks initiate at the pavement surface during the day when the
asphalt is hot and relatively flexible. They also observed that cracks seldom formin the
shadows under overpasses. They used mechanistic analysisto examine the effect of loads on
various pavement structures and found that surface strain peaked for low stiffness at the

edge of thetire.

2.2 : TOP-DOWN CRACKING MECHANISMS

So far, research in this field has focused mainly on stress analysis by applying different
combinations of surface tractions and using the Finite Element Method (FEM) to identify
causes that are most likely to induce tensile stress at the surface. Material heterogeneity was
gualitatively recognized as a cause; however, no analytical and experimental methods have
been developed to investigate how material heterogeneity would cause tensile stress and
how significant the tensile stress would be (42). Recently, some researchers have tried to use
alternative methods, such as micromechanics and doublet mechanics, to identify the TDC
mechanisms that can account for the microstructure of the materials in more detail.

According to Matsuno and Nishizawa (20), high tensile contact stresses, generated on
the road surface close to the tire edges, cause the appearance of small cracks. Before aging,
some of these small cracks may disappear due to the kneading action of the tires and the
healing effect that is inherent of asphalt, and while surface stiffness is low as aresult of high
temperatures. When the temperature decreases (daily or seasonally), the surface contracts

and the remaining cracks set, thus becoming TDC. TDC progression relies on traffic stress



distribution inside the pavement, which is significantly important at the crack tips when the
temperature is high or the gtiffnessis low.

Some laboratory tests conducted by several researchers indicate that only a combination
of high dissipation energy at the surface, shear stresses, temperature induced stresses and
residual stresses could cause cracking at the surface. The latest studies indicate that the
construction quality regarding gradation, segregation, compaction, and mixture spreading
contributes considerably to the initiation of TDC (8).

According to the study by Myers (22), cracks propagate perpendicular to principal
stresses. For short cracks, propagation is driven purely by tension, and such cracks progress
straight down into the pavement. At intermediate depths, cracks change direction, because
the state of stress in the asphalt layer changes with depth. Progression speed depends on
crack length, asphalt layer thickness and grading. It increases with pavement thickness and
with coarse grading.

On the other hand, Nesnas and Nunn (24) argue that crack propagation of surface cracks
occur mainly in shear mode. Yielding due to shear stresses (with all principal stresses being
compressive, although not of equal magnitude) could result in shearing cracks (yield planes),

as a conseguence of the introduction of secondary tensile stresses.

2.2.1 : The Causes of Top-Down Cracking
The main TDC mechanisms are the critical stresses and strains (tensile and shear)
induced at the top of the pavement structure that sem from a combination of many factors,

which are discussed in the following.



Critical stresses may result (43):
at or near the pavement surface due to contact stresses between the tire and the
pavement surface; if the stress exceeds the local tensile strength, it will provoke
wheel path cracking;
from a sudden change in the asphalt layer temperature gradient (especially at very
low temperatures and extreme cooling rates where stress relaxation and material
healing are significantly reduced at the same time); such change results in thermal
shrinkage and provokes transversal cracks,
from traffic loading at low temperatures when traffic-induced stresses are
superposed by thermal stresses; thus, combined stresses may provoke early
longitudinal cracking outside the wheel path at a distance between 400 and 900 mm
from the load axis, with increased distance if the temperature decreases,
from material-related factors, such as asphalt aging and particle segregation due to
stripping of the binder;
from early construction microcracks that are induced by the asphalt roller.

Six main factors have been reported to contribute to TDC initiation and propagation (9):
Climatic conditions (e.g., temperature);
Traffic conditions, including the load and inflation pressure of truck tires;
Aging of the binder;
Structural conditions, including layer thickness;
Mixture properties, including binder type and aggregate gradation; and

Construction quality, including segregation and compaction procedures.

10



The following subsections navigate the ways that each factor affects the initiation and

propagation of TDC, and the interactions of each factor.

2.2.1.1 : Temperature

It is generally understood that TDC and rutting are not related to each other. Whereas
TDC isrelated to low temperature, rutting is related to high temperature. Freitas et al. (9)
conducted alaboratory test using a wheel-tracking device with 17 AC slabs at three
temperatures (30°C, 40°C, and 50°C). It was observed that the number of wheel passes
corresponding to the first crack decreased substantially with an increase in temperature. It
should be noted, however, that this device does not realistically replicate the horizontal
contact stresses applied by tires at the surface of a pavement. Furthermore, the laboratory
testing results were supported by numerical simulation using a 3-D nonlinear viscoelastic
finite element model. From this numerical simulation, normal stresses were found to be
predictably similar for the three temperatures smulated, whereas shear stresses appeared to
increase with temperature, and at 50°C shear stresses appeared to exceed normal stresses in
the vicinity of the load.

Such results correspond to the conclusions drawn by Wang et al. (42) who utilized the
micromechanics approach, which can account for the microstructure of the materials in more
detail. From laboratory testing with beam specimens subjected to repeated loads at various
temperatures, and from image analyses of the cut section, Wang et al. concluded that:

TDC may not necessarily initiate only at the pavement surface. It may also initiate at

some distance below the surface;
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Both tensile and shear cracking could initiate TDC;

TDC mogt likely initiates when the mastic is weak or the pavement temperature is
high, dueto increased shear stress. These cracks may open up or propagate during
other seasons and after additional loading cycles. Therefore, a mix that is sensitive

to rutting may also be sensitive to cracking.

2.2.1.2 : Asphalt Aging

The hardening of asphalt after it has been subjected to heat or to the environment is

referred to as aging. The three major contributorsto asphalt aging are:
Loss of oily components by volatility or adsorption;
Changes in composition by reaction with atmospheric oxygen; and
Molecular structuring that produces the steric hardening.

Aging affects the asphalt binder properties and typically occursin two phases, short and
long term. Short-term aging occurs as aloss of volatile components and oxidation in the
binder during the mixing and placement of the AC. Long-term aging occurs as progressive
oxidation of the asphalt binder after placement. It has been observed that aging increases the
stiffness and brittleness of the binder with a corresponding effect on the AC mix. Because of
increased exposure of the surface course to sunlight and oxygen, long-term aging mainly
affectsthe AC surface course, whereas the lower courses may not be affected.

The aging of certain asphalts is strongly mitigated by some aggregates, but not by others.
The extent of mitigation appears to be related to the strength of the chemical bonding

(adhesion) between the asphalt and aggregate (3).
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2.2.1.3 : Pavement Structure

The typical understanding of TDC isthat it occurs mainly in thick AC pavement, which
is aviewpoint supported by many research efforts. Uhlmeyer et a. (41) observed that TDC
in Washington State occurs in and around the wheel paths in pavements 3 to 8 years old with
AC thicknesses of more than 16 cm from the field. Hence, they concluded that pavement
thickness has an effect on the initiation of TDC. On the other hand, Matsuno and Nishizawa
(20) and Meyers et al. (21) concluded, also from field observations, that pavement structure

has little effect on the surface tensile stress and strains.

2.2.1.4 : Segregation

According to Schorsch et al. (32), segregation typically occurs in two forms,
temperature segregation and particle segregation. Both are specific to the manufacturing and
placement of the asphalt. Temperature segregation occurs when the asphalt leaves the paver
at anon-uniform temperature. Because asphalt cement is a temperature susceptible material
that exhibits different engineering characteristics at different temperatures, a non-uniform
temperature distribution can result in non-uniform compaction of the asphalt.

Particle segregation occurs when the coarse and fine aggregates are not uniformly
distributed throughout the mix. Particle segregation may occur at any time during the mixing,
transportation and construction operations. Various researchers have correlated the effects of
segregation to underperformance of asphalt pavements. Brown et a. (4), in an investigation
of segregation of asphalt mixtures in Georgia, showed that the tensile strength of the

mixtures decreases with an increasing proportion of coarse particles. Thus, it can be seen
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that both temperature and particle segregation contribute to the shorter fatigue life and a high
susceptibility to age hardening. Figure 2-3 shows a photograph of a site exhibiting TDC,

with the cracks in the segregated areas.

Figure2-3. TDC in segregated area.

2.2.2 : Summary of Top-down Cracking Mechanisms

Based on the literature review, the flow chart of TDC mechanism is developed as shown
in Figure 2-4. Repeated mechanical loading produces the tensile stress and shear stress, and
repeated thermal loading produces the tensile stress at pavement surface. These stresses
result in the damage in pavement and the damage is affected by a combination of healing
and aging mechanisms. Such damage is accumulated with the time and then if the
accumulated damage exceeds the strength of the material, the crack initiates at the surface of
pavement. Occasionally, the significant tensile stress developed by acute temperature

decrease or the significant shear stress by rutting at high temperature could result in the early
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crack initiation. Once crack is developed, the shear stress near the crack is increased and the

crack propagates throughout the asphalt layers.

Repeated Mechanical L oading
(Non-uniform Tire-pavement Contact Pressure)

v

[ Tensile Stress + Shear Stress ] —{ Healing
Repeated f_l_ " ) g N
Thermal || S?r”'ise »< Siff, Mixture
Loading | | J 4 Brittle [€7| Aging
Damage Accumulation S g
(.. N -
Acute Sgnlflcanq (Significant Rutting
Temperature—» Tensile >le Shear [+ atHigh
Decrease L Stress J \ 4 L Stress ) Temperature

Crack Initiation

, v

Shear Stress Increase

Crack Propagation

Figure 2-4. Flow chart of top-down cracking mechanisms
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3. FRAMEWORK

The overall framework guiding the VECD-FEP++ analysis is shown in Figure 3-1. The
analysis is divided into five sub-modules: the input module, the material properties sub-
models, the analytical sub-models, the performance prediction module and the output
module. These modules provide an analytical/computational method for identifying the
location and time of crack initiation in the pavement structure. Each sub-model requires
specific parameters to be obtained and/or determined. Table 3-1 summarizes the inputs for
the VECD-FEP++ model along with the quantity of interest and test method for each input.

A detailed description of the laboratory specimen fabrication and test method is given in

Section 3.2.1.
Table 3-1. Inputs Required for the VECD-FEP++ M odéel
Input Quantity of Interest Test Method
LVE Material coefficients (E, ,E ,r,) Temperature/frequency sweep test
. - Monotonic direct tension test at 5°C,
VECD Material coefficients (&, b) Constant crosshead cyclic test at 19°C
Aging LVE and VECD with time Same as above and long-term oven aging

Failure Criteria

Critical pseudo stiffness

Constant crosshead cyclic test

Change in pseudo stiffness with

Random loading and healing period cyclic

Healing rest duration tests
Viscoplasticity Material coefficients (p,q,Y) Monotonic direct tension test at 40°C
Thermal Thermal expansion coefficient Thermal expansion test, or from literature
EICM Temperature distribution within a i

pavement structure

Structural Aging

Effective age of pavement
materials with depth

Binder viscosity or |G | (A and VTS)

Damage Factor

Viscoplastic sensitivity

Traffic

Number of Equivalent Single
Axle Loads (ESAL count)

Extrapolation

Number of analysis segments
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Figure 3-1. VECD-FEP++ model framework

3.1 : INPUTS MODULE

Preprocessors have been developed to facilitate easy and rapid analysis of pavement
systems using the FEP++. Specifically, the preprocessor helps in the rapid development of
input models for analysis and also helps in making consistent changes for repeated analysis.
Thistool is ANSI-compliant and developed with portable libraries, thus making it easy to

transfer to other platforms.
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The preprocessor provides:
Graphical forms for user input;
Pavement loading with support for multiple moving loads,
o0 Material datawith support for elastic, viscoelastic, and viscoelastic
continuum damage (VECD) models; and
0 Analysis parameters and finite element (FE) mesh customization;
Pavement temperature profiles generated from the EICM;
Data validation and consistency checks;
Visualization of the finite element model (FEM), consisting of:
0 Graphical view of the model and mesh;
o Standard graphical operations, such as zoom, pan, rotate, etc.; and
0 Mesh information, such as node and cell numbers,
Data persistence using a database for storing and retrieving input data; and

One-click installer and user documentation.

3.2 : MATERIAL PROPERTY SUB-MODELS
3.2.1 : Laboratory Specimen Fabrication and Test Method

All specimens were compacted by the Servopac Superpave gyratory compactor,
manufactured by IPC Global of Australia, to dimensions of 178 mm in height and 150 mm
in diameter. To obtain specimens of uniform quality for testing, these samples were cored

and cut to aheight of 150 mm and a diameter of 75 mm.
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After obtaining specimens of the appropriate dimensions, air void measurements were
taken via the Core-Lok method, and specimens were stored until testing. It is noted that the
air voids for all tests in this research are between 3.5% and 4.5%. During storage, specimens
were sealed in bags and placed in an unlit cabinet to reduce the aging effects. Further, no test
specimens were stored for longer than two weeks before testing.

Prior to all testing, the steel end plates were glued to the specimen using DEVCON steel
putty. Extreme care was taken to completely clean both the end plates and the specimen ends
before each application to prevent failure at the glued area. To ensure the specimens were
properly aligned, a special gluing jig was employed so that the end plates were parallel, thus
minimizing any eccentricity that might occur during the test.

Measurements of axial deformations were taken during testing at 90° intervals over the
middle 100 mm of the specimen using loose-core linear variable displacement transducers
(LVDTSs). Load, crosshead movement and specimen deformation data were acquired using a
16-bit National Instruments data acquisition board and collected using LabVIEW software.
The data acquisition rate varied depending on the nature of the test so that the appropriate
amount of data could be acquired for analysis. A MTS closed-loop servo-hydraulic loading
frame was used for all the tests. Depending on the nature of the test, either an 8.9 kN or 22
kN load cell was used. An environmental chamber, equipped with liquid nitrogen coolant
and a feedback system, was used to control and maintain the test temperature. Figure 3-2

shows the gluing jig for the tension specimen and the MTS machine.
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Figure 3-2. Gluingjigand MTS machine

Three different types of laboratory testing were performed for the aging study: the
complex modulus test, constant crosshead rate test, and cyclic fatigue test. The complex
modulus test and constant crosshead rate test were carried out with the aim of capturing the
aging effects in the current VECD model. For amore direct investigation of aging effects,
cyclic fatigue tests were performed in controlled crosshead (CX) and controlled stress (CS)
modes.

The complex modulus test was performed in stress-controlled uniaxial tension-

compression mode. The test was performed at frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz
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and temperatures of -10°, 5°, 20°, 40°, and 54°C. The load level was adjusted for each
condition to produce total strain amplitudes of about 50 to 75 microstrains, which isin the
linear viscoelastic (LVE) range. The constant crosshead rate test was conducted in uniaxial
tension mode at different on-specimen LVDT strain rates at both 5°C and 40°C until failure.
Instead of testing several replicates at a limited set of rates and temperatures, tests were
conducted at three different rates with one replicate per rate.

Both types of cyclic fatigue tests, CX and CS, were conducted only in tension mode
with a haversine loading at afixed level. Because atrue controlled strain test using
cylindrical specimensisdifficult to run and can damage equipment if improperly performed,
the CX test was utilized. Such atest results in a mixed mode of loading that is neither

controlled stress nor controlled strain.

3.2.2 : Linear Viscoelastic (LVE) Model
3.2.2.1 : Linear Viscoelasticity

Viscoelastic materials exhibit time and temperature dependence, meaning that the
material response is not only a function of the current input, but the entire input history. By
contragt, the response of an elastic material is dependent only on the current input. For the
uniaxial loading considered in this research, the non-aging, LVE constitutive relationships

are expressed in the convolution integral form, as shown in Equations (3-1) and (3-2):

t
s =(‘)E(t-t)$dt and (3-1)
0
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ezc‘jD(t-t)((jjt—Sdt , (3-2)

where E(t) and D(t) arethe relaxation modulus and creep compliance, respectively

(thet termistheintegration variable). The relaxation modulus and creep compliance are
important material properties, along with the complex modulus, in LVE theory. Because
these two properties are the responses for respective unit inputs, they are called unit response
functions. These unit response functions can be obtained either by experimental tests
performed in the LVE range or by converting another unit response function, as suggested

by Park and Schapery (25).

3.2.2.2 : Unit Response Functions and Their I nterrelationships

The unit response functions presented in Equations (3-1) and (3-2) are often measured
in the frequency domain via the complex modulus test, because it is often difficult to obtain
unit response functions in the time domain due to the limitations of the machine capacity or
testing time. The complex modulus provides the congtitutive relationship between the stress
and strain of a material loaded in a steady-state sinusoidal manner, e.g., in the frequency
domain. The storage modulus can be determined from the complex modulus and it can be

converted to atime-dependent property, such as E(t) and D(t), through LVE theory. When
the storage modulus is expressed in terms of reduced angular frequency, w,, asshown in

Equation (3-3), it can be expressed using the Prony series representation given in Equation

(3-4) (25, 29).
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E'(We) =|E" ()| *sin(f (wg)) and (3-3)

2
: _ =
E(WR)_E¥+-a1WZr2+1’
i=1 WRr I

(3-4)

where

E, =theélastic modulus,

wg = the angular frequency (= 2p f;Dt),

Dt = thetime lag between the stress and strain,

E = the modulus of the i Maxwell element (fitting coefficient), and

r. = therelaxation time (fitting coefficient).

The coefficients determined from this process are then used with Equation (3-5) to find
the relaxation modulus.

E()=E, +4 Ee (35)

i=1
Using the theory of viscoelasticity, the exact relationship between the creep compliance

and the relaxation modulus is given by Equation (3-6).

tc‘)E(t-t)O"?jt(t)dt =1 (3-6)

0

If the creep compliance can be written in terms of the Prony representation (Equation
(3-7)), substituted into Equation (3-6) along with Equation (3-5) and simplified, the result
can be expressed as a linear algebraic equation, Equation (3-8). The coefficients, { D} in this

eguation, are solved by any proper numerical method.

D(t)=D,+a D, fé? ot % and (3-7)
j=1 %]
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[Al{D} =[B], (3-9)

where
weéy  p et =0 e tLou
[A]=3 63 —"ge'"- €' ++E, cl-e"
j=18m:lrm_tj & aj
{D}:Dj;and
e N o
[B]=1- — = —CE, +3 Ee"

E+AEE ™ B
m=1 .
Once the coefficients, D, , are determined, they are substituted into Equation (3-7) to

find the creep compliance.

3.2.2.3 : Time-Temperature Superposition Principle for Linear Viscoelastic
Material

The effects of time and temperature on viscoelastic material behavior can be combined
into a single parameter, called reduced time, through the time-temperature superposition
principle. Viscoelastic properties obtained in the LVE range at different temperatures can be
superposed to develop a single mastercurve by shifting them horizontally to a certain
reference temperature. The horizontal distance required to superpose a curve to areference
curve in logarithmic space is the log of the time-temperature shift factor (a; ). A material
that exhibits a single mastercurve by this method is called thermorheologically smple.

Equation (3-9) represents the general mathematical definition of reduced time.
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()= 0, (39)

a, = the time-temperature shift factor.

When the temperature is constant, for example in a relaxation modulus experiment,
Equation (3-9) simplifies to the more common form shown in Equation (3-10). For
frequency domain conditions, such as when measurements are taken in a dynamic modulus

test, the reduced frequency is similarly computed using Equation (3-11).

X = (3-10)

L
a

fred =f* aT (3'11)

3.2.3 : Viscoelastic Continuum Damage Model (VECD)
3.2.3.1 : Continuum Damage

On the simplest level, continuum damage mechanics considers a damaged body with
some stiffness as an undamaged body with a reduced stiffness. Continuum damage theories
thus attempt to quantify two values. damage and effective stiffness. Further, these theories
ignore specific microscale behaviors and, instead, characterize a material using macroscale
observations, i.e., the net effect of microstructural changes on observable properties. In the
macroscale, the most convenient method to assess the effective stiffness isto use the
instantaneous secant modulus. As discussed in the subsequent sections, direct use of the

stress-strain secant modulus in asphalt concrete (AC) is complicated by time dependence.
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Damage is oftentimes more difficult to quantify and generally relies on macroscale
measurements combined with rigorous theoretical considerations. For the VECD model,
Schapery’ swork potential theory, which is based on thermodynamic principles, is
appropriate for the purpose of quantifying damage. Within Schapery’ s theory, damage is
quantified by an internal state variable ( S) that accounts for microstructural changes in the

material.

3.2.3.2 : Correspondence Principle

The correspondence principle states that viscoelastic problems can be solved with

elastic solutions when physical strain is replaced by pseudo strain.

1! de
ef=—(cf(t-t)—dt -12

where E isaparticular reference modulus included for dimensional compatibility and

typically taken as one. Using pseudo strain in place of physical strain, the constitutive
relationship presented in Equation (3-1) can be rewritten as

s =Ege". (3-13)

It is seen from Equation (3-13) that aform corresponding to that of a linear elastic
material (Hooke's Law) is used when strain is replaced by pseudo strain. In a practical sense,
pseudo dtrain issimply the LVE stress response to a particular strain input. The most
important effect of pseudo strain is seen when plotting stress, because any time effects are
removed from the resulting graph. This property of the stress-pseudo strain relationship is

used in the modeling approach presented here.
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The basic consideration of the continuum damage theory isthat any reduction in
stiffness is related to damage. Graphically, this phenomenon is seen in areduction of the
stress-strain modulus; recall that continuum damage theories typically use a secant modulus
to quantify the effect of damage. For viscoelastic materials, a reduction in the secant
modulus is also related to the time effects. However, in stress-pseudo strain space the time
effects are removed, and any reduction in the pseudo secant modulus (the secant modulusin

the stress-pseudo strain space) is a direct consequence of damage.

3.2.3.3 : Viscoelastic Continuum Damage Theory
Continuum damage theory states that the stiffness reduction is defined by the pseudo
secant modulus (pseudo tiffness). This quantity is typically normalized for specimen-to-

specimen variability by the factor, | , and denoted as C (Equation (3-14)).

C=— (3-14)

The LVE relationship represented by the pseudo strain in Equation (3-13) can be
modified to Equation (3-15) when the microcracking damage grows (30). Then, by
substituting Equation (3-15) into Equation (3-2), the nonlinear constitutive relationship for

strain is given in Equation (3-16).

s =C(S)e" (3-15)
d% s O
cr-plit) 05
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Equations (3-15) and (3-16) require the determination of an internal state variable, S.
Thisinternal state variable quantifies any microstructural changes that result in observed
stiffness reduction. The relationship between damage (S) and the normalized pseudo secant
modulus (C) is known as the damage characteristic relationship and is a material property

that is independent of loading conditions.

3.2.4 : Aging Model

The effect of aging in asphalt binders on the performance of asphalt-aggregate mixtures
iswell recognized. Traditionally, the effects of binder aging on mixture performance have
been investigated using two approaches. The first is to subject different asphalt bindersto
various aging conditions and measure the resultant changes in physical properties to assess
the aging potential of the different binders. However, this approach does not account for the
effect of aggregate particles and does not yield accurate and realistic information about the
performance of the mixtures. The other approach isto subject the asphalt-aggregate mixtures
to various aging conditions and then measure the physical properties of the aged mixtures.
Although this method is more realistic because the aging process is conducted directly on
the mixtures, little work has been done to determine the best method for incorporating these
changes in mixture properties due to aging into the framework of constitutive modeling or
fatigue performance modeling (7).

The original VECD uniaxial constitutive model is based on the assumption that the

material is a non-aging system. This study focuses on establishing an
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analytical/experimental methodology for incorporating the effects of aging in the current

constitutive model.

3.2.4.1 : Aging Method for Laboratory Mixtures

The NCHRP 9-23 project has found that the Strategic Highway Research Program
(SHRP) protocol is not sufficient to simulate field-aging behavior in the laboratory because
of itsinability to account for variables such as field-aging conditions and mix properties (27).
Nevertheless, the SHRP method has some advantages to be considered for this study: 1) it is
simple to implement; 2) it provides a general relationship between laboratory and field-aging
behavior; and 3) it has been used successfully for previous studies conducted at NCSU (7).
In addition, because this part of the study focuses on developing a place-holder relationship
for the aging effects in the current VECD model rather than on matching the laboratory
aging to that of the field, it was decided to use the SHRP aging method in this study. Four
levels of asphalt mixture aging were simulated, as follows (3):

Short-term aging (STA): The loose, uncompacted mixture is conditioned at 135°C
for 4 hours and then compacted. Specimens are cored and cut for testing.
Long-term aging, Level 1 (LTAL): The aging procedure is the same as for STA,
except the specimens are conditioned at 85°C for 2 days before testing after coring
and cutting.

Long-term aging, Level 2 (LTA2): The aging procedure is the same as for STA,
except the specimens are conditioned at 85°C for 4 days before testing after coring

and cutting.
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Long-term aging, Level 3 (LTA3): The aging procedure is the same as for STA,
except the specimens are conditioned at 85°C for 8 days before testing after coring
and cutting.

These aging processes for asphalt mixtures follow the AASHTO R30 specification (2),
with the exception that three different long-term aging times are used. To minimize slump in
the specimens during the oven aging procedure, the method suggested by the NCHRP 9-23
project (13) was adopted whereby the specimens are wrapped in wire mesh, and the mesh is
held in place by three steel clamps. All specimens were measured according to diameter,
height, weight, and air void percentage before and after oven aging. The differencesin the
dimensions are negligible; the dry weights were reduced by 0 to 0.5 g, and the air voids (%)
increased by 0 to 0.5%, depending on the level of aging. It is noted that the maximum
specific gravity (Gnm) value may also change with aging; however, a single G, value for
the STA mixture was used for all the aged specimens. Therefore, it was concluded that there

was no apparent damage due to aging.

3.2.4.2 : Materials for Laboratory Testing

Two different mixtures were used for the aging study. The first mix, the A mix, isone
of the most common mixture types used in North Carolina. The granite aggregate was
obtained from the Martin-Mariettaquarry in Garner, NC, and the aggregate structureis a
fine 9.5 mm nominal maximum aggregate size (NMAS) mixture comprised of 36% #78M
stone, 25% dry screenings, 38% washed screenings, and 1% baghouse fines. The blended

gradation is shown in Figure 3-3. An unmodified asphalt binder (PG 64-22) from Citgo in
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Wilmington, NC was also used for this study. The asphalt content for the A mix is 5.7% by
weight of the total mix.

After a series of laboratory tests, the results of which are shown below, it was
determined that this mix was insensitive to aging and thus did not meet the study goals. A
trend was found between the VECD characterization parameters and the aging times, but the
strength of this trend was weak. As aresult, a second mix, designated as the AL mix, was
selected because it was known to be prone to aging.

This second mix, the AL mix, consisted of AAD-1 asphalt binder and local limestone
aggregate. The AAD-1 binder (PG 58-28) was obtained from the Materials Reference
Library (MRL), and the local limestone aggregate was obtained from the Martin-Marietta
Castle Hayne quarry. The aggregate structureis afine 9.5 mm Superpave mixture comprised
of 50% # 78M stone, 33% 2S-sand, 14.5% dry screenings, and 2.5% baghouse fines. The
blended gradation is shown in Figure 3-3. A Superpave mix design procedure was
performed, and an optimal asphalt content of 6.2% by weight of total mix was chosen. The
mixing temperature and compaction temperature used for the study are 147°C and 135°C,

respectively.
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Figure 3-3. Mixture gradation chart

3.2.4.3 : VECD Characterization of Aged Mixtures

The A Mix

The material characteristics of primary importance in VECD modeling are the LVE and
damage characteristics. Figure 3-4 (a) and (b) present the replicate averaged dynamic
modulus (| E" |) master curves for four different aging levels of the A mix in both semi-log
and log-log scales. It is observed that, in general, the stiffness increases with aging time, but
that the stiffness increases are small. This finding suggests that the short-time aging kinetics
are more active than the long-time aging kinetics. It is also observed from Figure 3-4 (a) and
(b) that the STA mixture exhibits similar stiffness characteristics at higher reduced
frequencies (physically representing cooler temperatures and/or faster loading frequencies)

than the LTA mixtures, but deviates from the LTA mixtures at approximately 1 Hz. Below
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this reduced frequency, the STA mixture shows lower modulus values than the LTA
mixtures. Such atrend is expected because it is known that as temperature increases or
frequency reduces that the modulus gradient between the asphalt binder and aggregate
particles becomes larger. As aresult, the effect of the asphalt binder properties on the total
mixture behavior may become more noticeable. Similar trends can also be seen in the phase
angle master curve graph, shown in Figure 3-5; that is, thethree LTA mixtures exhibit
similar phase angle values for all frequencies, but the STA mixture shows a different phase
angle in the lower frequency range.

With regard to the damage characteristics, Figure 3-6 indicates that the LTA3 mixture
exhibits the most favorable damage characteristic curve, followed next by the LTA2 and
LTAL mixtures and, finally, by the STA mixture. The differences among the aged mixtures
are not significant, and cannot be used directly to assess fatigue performance, because Figure

3-6 does not account for stiffness effects, boundary conditions, or failure characteristics.
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The AL Mix

Figure 3-7 presents the averaged dynamic modulus mastercurves for the four different
levels of aging of the AL mix in both semi-log and log-log scales. It is observed that,
compared to the A mix, the effect of aging on the dynamic modulus mastercurves is more
significant over al of the frequency ranges. Moreover, a clearer trend with regard to aging
time is observed with the AL mix when compared to the A mix. A similar trend can be seen
in the phase angle mastercurves graph, shown in Figure 3-8.

To evaluate the statistical differences among the mastercurves for the various aging
levels, all replicates results have been analyzed by the step-down bootstrap method. Details
of the analysis and results are presented in Section 3.2.4.4. The results reveal that test data
for the four aging levels are overall statistically different, except under the most extreme
reduced frequencies.

With regard to the damage characteristics, the trend is the same as for the A mix where
the damage characteristic curve for the LTA3 mixture is positioned the highest of all,
followed next by that of the LTA2 and LTA1 mixtures and, finally, by the STA mixture, as
shown in Figure 3-9. However, the differences among the aged mixtures are more significant
than those of the A mix.

Care should be taken in concluding from these observations that aging affects the
mixture properties relative to performance. The aging effects must be quantified by
considering both resistance to deformation (stiffness) and resistance to damage. Hence, the

aging effects on pavement performance should be evaluated by conducting the simulations
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on pavement structure and therefore, both resistances can be simultaneously interacted and

as aresult, affect the stress-strain redistribution in pavement structure.
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3.2.4.4 : Statistical Analysis for Dynamic Modulus Test Results of the AL Mix

A datistical analysis of the dynamic modulus (| E’ |) data at different aging levels for

the AL mixture has been performed to determine the significance of the graphical
observations. Because all the tests were not conducted under exactly the same conditions,
each replicate was first processed using interpolation to build a data set for precisely the
same temperature and frequency conditions. The specific temperatures and frequency
combinations that were compiled are: -10, 5, 20, 40, and 54°C and 25, 10, 5, 1, 0.5, and 0.1
Hz, respectively.

Asafirst cut analysis, the average dynamic modulus value from each long-term aging
level (LTAL, LTAZ2, and LTA3) isplotted against STA dynamic modulus values a a
consistent temperature and frequency condition, as shown in Figure 3-10 (a@) and (b). Error
bars are shown in these figures and represent a single standard deviation from the mean. The
analysis of these figures clearly shows that the test results, i.e., the means plus asingle
standard deviation, of the LTA specimens are higher overall than those from the STA
specimens.

Although this graphical technique may conclude that the differences between the STA
and LTA samples are significant, a more comprehensive statistical analysis of these values
using the step-down bootstrap method has also been performed. This method isused in lieu
of multiple paired t-tests dueto the effect of experiment-wise error rates, which can result in
incorrect conclusions when making multiple comparisons. Failing to account for this error
rate increases the probability of finding significance when none is present. The statistical

analysis results are shown by temperature and frequency in Table 3-2. Note that in this table,
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the conditions under which the means are statistically similar (based on a 95% significance
level) are highlighted.

From Table 3-2 the first comparisons to review are those between adjacent aging level
test results, i.e., STA versusLTAL, LTAL versusLTA2, and LTA2 versus LTA3. Overall,
statistically different values are found between each adjacent aging level except at the
extreme conditions, i.e., afast frequency at alow temperature and a slow frequency at a high
temperature. Based on the standard deviation values shown in Figure 3-10, this finding may
be explained by the higher degree of replicate variation under extreme conditions as
compared to that under less extreme conditions. A comparison of the two extreme aging
conditions, STA versus LTA3, shows that significant differences exist for amost all the
conditions except 0.1 Hz at 54°C. Because this condition has the highest amount of
variability and is also the most likely to contain experimental errors due to accumulated
permanent strain, it is reasonable to conclude that overall a statistically significant effect on

the dynamic modulus exists due to the laboratory aging procedures.
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Table 3-2. Statistical Analysis Summary of Dynamic M odulus of AL Mix

Temperature|Frequency p-value
°C) (H2) STAVvs. LTAlvs. | LTA2vs. STAVvsS. LTAl vs. STAvs.
LTAl LTAZ2 LTA3 LTAZ2 LTA3 LTA3
-10 25 0.486 0.070 0.100 0.045 0.019 0.019
-10 10 0.589 0.071 0.105 0.044 0.016 0.005
-10 5 0.694 0.047 0.087 0.040 0.014 0.004
-10 1 0.855 0.038 0.034 0.023 0.005 0.005
-10 0.5 0.730 0.035 0.033 0.022 0.006 0.003
-10 0.1 0.460 0.005 0.015 0.001 0.003 0.001
5 25 0.241 0.008 0.031 0.004 0.009 0.009
5 10 0.194 0.012 0.026 0.005 0.010 0.006
5 5 0.142 0.010 0.025 0.004 0.003 0.005
5 1 0.029 0.002 0.040 0.002 0.003 0.006
5 0.5 0.021 0.001 0.033 0.003 0.002 0.008
5 0.1 0.012 0.001 0.024 0.003 0.006 0.011
20 25 0.031 0.004 0.011 0.004 0.006 0.006
20 10 0.047 0.003 0.008 0.006 0.003 0.008
20 5 0.009 0.002 0.012 0.001 0.005 0.005
20 1 0.019 0.002 0.013 0.001 0.003 0.003
20 0.5 0.014 0.003 0.013 0.001 0.003 0.004
20 0.1 0.002 0.000 0.029 0.001 0.008 0.006
40 25 0.429 0.003 0.026 0.006 0.007 0.020
40 10 0.015 0.002 0.011 0.003 0.003 0.001
40 5 0.020 0.001 0.008 0.001 0.003 0.001
40 1 0.023 0.006 0.011 0.002 0.010 0.025
40 0.5 0.025 0.006 0.008 0.001 0.004 0.001
40 0.1 0.054 0.066 0.048 0.017 0.022 0.006
54 25 0.022 0.013 0.021 0.002 0.013 0.002
54 10 0.009 0.001 0.002 0.001 0.003 0.001
54 5 0.022 0.007 0.029 0.002 0.006 0.005
54 1 0.074 0.022 0.140 0.016 0.009 0.016
54 0.5 0.151 0.038 0.132 0.032 0.014 0.023
54 0.1 0.419 0.265 0.507 0.199 0.147 0.132

3.2.4.5 : Incorporation of Aging Effectsinto the VECD Model

To incorporate the effects of aging into the VECD model, two major parameters must
be evaluated: the viscoelastic property and damage characteristics. It is analytically possible

to include the effects of aging in the formulation of the current constitutive model using
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another time variable that accounts for the aging time, as shown in Equations (3-17) and
(3-18). The major advantage of this approach is that the interaction between loading and
aging can be modeled realistically, thus allowing a more accurate evaluation of the effects of
aged binders on mixture properties and the performance of the mixtures. Accounting for the
effects of aging on the damage growth of asphalt-aggregate mixtures using fundamental
damage mechanics principles is probably the best approach to redlistically simulate the
interaction between damage and aging that occurs simultaneously in actual pavements.

The pseudo strain of an aged material under uniaxial conditions is represented by the
hereditary integral (Equation (3-17)).

17 de
e =— AE(t,x)—dx 17
e F(tx) g (3-17)

Two time variables are used in this integral: the aging time, t, and the loading time, X .
The variable, t, isthe time that has elapsed since the specimen was fabricated. From this
eguation, the relaxation modulus accounts for the aging effects. The relaxation modulusisa
function of aging time, loading time, and temperature, and is given as

E=E(t,t-t,T) = E(t,x), (3-18)
where x =(t-t)/a,, and a, isthe time-temperature (t-T) shift factor. Theoretically,

Equation (3-18) results in the mastercurves of different aging times at a specific reference
temperature. However, the relaxation mastercurves of the different aged mixtures could not
simply be shifted horizontally or vertically to construct a single mastercurve that includes
the effects of aging. Moreover, solving Equation (3-17) with the two-dimensional relaxation

modulus, Equation (3-18), isanalytically difficult. Thus, an alternative, quasi-static approach
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was followed that takes advantage of the relatively long time scale of aging as compared to
the time of loading.

As aresult of an analytical investigation, it was found that the coefficients for the
dynamic modulus mastercurve and damage characteristic curve, shown in Equations (3-19)
to (3-22), generally vary as a power law or exponential model with aging time. To develop a
final set of relationships between these coefficients and in-service aging time, the lab aging-
to-field aging times suggested by SHRP (3) were selected. Thisrelationship is as follows: 1
year for the STA mix, 4 years for the LTAL mix, 7.5 years for the LTA2 mix, and 18 years
for the LTA3 mix.

The relationships between aging time and the LVE and VECD model coefficients are
summarized in Equations (3-23) to (3-26). From these equations it can be observed that the
models have been formulated by using the ratio of aged valuesto original (un-aged) values.
This normalized formulation was chosen so that the final function could be applied
universally to other mixtures to simulate the aging effects. The model considers ways that
the LVE and damage characteristics of a material vary with age. As expected, the model
suggests that AC becomes stiffer and less time-dependent with age.

The graphical relationships between aging time and the LVE and VECD model
coefficients are shown in Figure 3-11 to Figure 3-13. Generally, the sigmoidal coefficients,
shift factor coefficients, and the damage evolution rate (a ) vary as a function of aging time
in power relationships. The damage coefficients change with aging time by following the
sigmoidal type of function shown in Figure 3-13. The best fit relationship between the

experimental results and the sigmoidal function was selected to represent the VECD model



and, as aresult, the relationship appears to be somewhat arbitrary. It cannot be stated

definitively that the rapid transition the model suggests should occur between years 7 and 12
may or may not occur in reality. However, a more thorough investigation into the correlation
between the oven aging and field aging times for damage characteristics is beyond the scope

of the current research.

log|E*| =a+ bl (3-19)
1+ d+glog( f
gi*e og( fr)
log(a; )=a,T*+a,T +a, (3-20)
1
a=1+— (3-21)
m
C=e™ (3-22)
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3.2.5 : Failure Criteria as Functions of Aging and Temperature

Aging effects on the performance of asphalt mixtures must be evaluated in terms of the
combined effects of stiffness, damage, and failure criteria. A series of cyclic fatigue tests has
been conducted to investigate the effects of aging on these characteristics directly and
closely. One important finding from this experimental work isthat the failure of the
specimen occurs a different degrees of damage, depending on the aging level of the mixture
and the testing temperature. This section presents comparisons of the fatigue performance
for mixtures aged at different levels, then presents a new method to analyze cyclic fatigue

tests, and finally, presents the failure criteria used to interpret the FEP++ results.

3.2.5.1 : Cyclic Fatigue Tests

Cyclic fatigue tests using the AL mix were conducted for all four aged mixtures under

controlled stress (CS) and controlled crosshead (CX) cyclic conditions. Two amplitudes,
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high and low, were applied at two temperatures, 5°C and 19°C. The test conditions and some
important results, especially the number of cyclesto failure (N, ), are summarized in Table
3-3.

To define the number of cyclesto failure, the phase angle criterion suggested by Reese
(28) is utilized because it seems to work well under both CX and CS test conditions. The
phase angle quickly drops in the CX tests and suddenly increases in the CS tests once the
gpecimen fails. One example from the test results for the AL-STA mixture is shown in
Figure 3-14. Overall, the dynamic modulus decreases and the phase angle increases
according to the number of cycles until the specimen fails, which is when the localization of
on-specimen strain starts.

Using the cyclic test results, comparisons can be made with regard to four conditions: 1)
magnitude of the input, 2) testing mode, 3) temperature, and 4) aging level. However, care
must be taken in comparing these results, because the conditions to be compared are not
always the same; e.g., there may be a difference in on-specimen strain for each aged mixture.
Nonetheless, the comparisons led to the following conclusions:

Regardless of testing mode, temperature, and aging level, fatigue resistance
decreases as the magnitude of the input increases,

From the CX test results, and comparing at a sSimilar initial strain magnitude, as the
temperature decreases or the aging time increases, the resulting initial stress

magnitude increases and the number of cyclesto failure (N, ) decreases, and
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From the CS test results, and comparing at a similar initial stress magnitude, as the
temperature decreases or the aging time increases, the resulting initial strain

magnitude decreases and the number of cyclesto failure (N, ) increases.

Overall, the different testing modes result in the opposite fatigue performance; e.g., the
STA mix shows better performance in the CX tests, but the LTA3 mix shows better
performance in the CSteds. It is known, based on energy principles, that siff materials tend
to perform better in CS test protocols, whereas soft materials yield better performance in CX
tests, all other factors being equal. In this case, however, all the factors are not equal because
aging has occurred, which has somewhat embrittled the LTA mixes. The experimental data
suggest that this embrittlement may not be as significant for the CStests. As noted above,
soft materials should perform better in the CX test protocols, and because the softest mixture
is also the least embrittled, i.e., the STA, the CX test results cannot be used reliably to
determine the exact effects of this embrittlement process.

However, it should be noted that these cyclic test results correspond to the findings from
other researchers. Kutay et al. (17) reported that, depending on the mode of loading (i.e.,
stress- or strain-controlled), the ranking of the mixtures can be quite different. Kutay et al.
also concluded that stress-controlled push-pull tests reveal areverse trend when compared to
field fatigue data obtained from the FHWA Accelerated Load Facility (ALF). On the other
hand, strain-controlled tests provide the correct trend even though the degree of correlation

with the field results is poorer than that of stress-controlled tests.
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Table 3-3. Cyclic Fatigue Test Summary (Frequency of 10 Hz)

Mix ID Specimen '_I'est . Ampllirlglti iSr:r'IG:':ision Initia_l Pea}k-to-Pe_ak N¢
ID Designation (kPa) Strain (Microstrain)
AL229 19%-CX°-H° 1,700 582 3,091
AL232 19-CX-H 1,400 415 8,908
AL231 19-CX-L 610 162 > 150,000
AL246 19-CS-H 750 152 1,610
AL-STA AL238 19-CS-L 250 50 46,200
AL233 5-CX-H 2,870 274 3,498
AL239 5-CX-L 980 87 > 280,000
AL248 5-CS-H 1,500 120 4,000
AL247 5-CS-L 900 76 44,700
AL228 19-CX-H 1,790 466 3,613
AL242 5-CX-H 2,900 259 3,100
AL-LTAl AL244 5-CX-L 920 74 > 280,000
AL243 5-CS-H 1,500 107 4,590
AL245 5-CS-L 900 66 77,000
AL225 19-CX-H 2,020 483 2,753
AL250 5-CX-H 3,210 264 713
AL-LTA2 AL241 5-CX-L 1,180 84 > 280,000
AL249 5-CS-H 1,500 99 4,200
AL240 5-CS-L 900 64 97,200
AL220 19-CX-H 2,030 419 1,383
AL234 5-CX-H 3,220 253 800
AL-LTA3 AL235 5-CX-L 1,810 134 > 280,000
AL237 5-CS-H 1,500 95 8,900
AL236 5-CS-L 900 52 167,000

2 Tegt temperature in degrees Celsius;  Test mode; ¢ Relative magnitude: H=high, L=low
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3.2.5.2 : VECD Analysis of Cyclic Test Results

Simplified VECD Model

Recently, a new simplified model for the analysis and prediction of cyclic data has been
developed using the current VECD model constitutive functions. The major difference
between this simplified VECD (S-VECD) model and the more rigorous VECD model isthe
use of a simplified pseudo strain calculation methodology for the cyclic portion, as shown in
Equation (3-27). The overall effect of such a simplification on the value of pseudo strain is
found to be small, but the simplification is found to save a great deal of computational time
without causing a large error in the calculations. In addition, the resulting formulation
unifies the results of the CS, CX, and monotonic testing and supports earlier findings that the
damage characteristic curve is a material property independent of temperature and test type.

The simplified model formulations are shown in the following equations with descriptions of

the variables (38).

boro 12 ( )
i e =—QEX-t)—=* £X

ef = |l EbQ p (3-27)
. +
;(e;ﬁ) T((eoypp) *|E*|LVE) X=X,
] 1 &
: (dSrransent )tmmtepj ? E(eR)j mj 6 (D)()j%+a X £Xp

dS=j a (3-28)
I I 2 it +a - +a
¥(dSCYdic)Cydei =& E(e(ia)i DC*; p (Dxp).% (R)% X=X,
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i C= T XEX,
c=1{ < (3-29)
Icr=—22 x>x,
) €oal
S +H(S
bi —_ ( peak )I ( ”ey )I (3_30)
S po 15
1 Xf\ 2a
R= *(f(x)) *dx (3-31)
Xf - Xi X;
where x, = reduced pulse time of the loading pulse,
es = cyclic pseudo strain amplitude,
|E*|,,. = linear viscoelastic dynamic modulus of the material at the
particular temperature and frequency of the te<,
C* = cyclic pseudo stiffness,
e, = cyclic strain amplitude (only tension amplitude if loading isin tension
and compression),
b = afactor that allowsdirect quantification of the duration that a given
stress history istensile,
R = formadjustment factor,
X, = reduced time within loading cycle when tensile loading begins,
X, = reduced time within loading cycle when tensile loading ends, and
f(x) = normalized time function found from loading type assumption.

The transient portion of the loading history, i.e., the first half of the first cycle, is
important because it is used to define the specimen-to-specimen correction factor, | , and
because damage growth in this first loading path can be significant. The a in the simplified

model formulations is defined as I/m+1 for the constant rate and CX tests, and as 1/m for

the CStests. This definition of a is based on theoretical arguments and has been verified
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using short-term aged (STA) materials only. Its universality with regard to materials tested
at other aging conditions was not verified in the original work (38).

Because the CS and CX tedsfail in different patterns, two different criteriaare
necessary. From the study by Underwood et al. (38), two criteria have been adopted to
define the cycle in which data can be used in the VECD characterization process:. 1) the
phase angle criterion, and 2) the threshold criterion. The phase angle criterion is the same as

that used in defining the number of cyclesto failure (N, ) suggested by Reese (28). The

concept of the threshold criterion is that when processes other than damage mechanisms,
such as viscoplasticity, begin to have a significant effect, then atest no longer can be used
directly for characterization. It is believed that the onset of other mechanisms is closely
related to the total amount of permanent strain experienced by the specimen. From
experience with the constant crosshead rate tests a 5°C, it is known that for any given
mixture, tests performed at certain rates show similar strain levels at the peak stress, as
shown in Figure 3-15 (a). In this figure, the straight lines represent the averaged strain levels
for each aged mixture, and these strain levels are clearly ranked according to aging level.
These mixture-dependent strain levels represent a known level below which VECD
mechanisms dominate. The cycle in the fatigue tests at which the permanent strain
(backcalculated from the measured permanent pseudo strain) exceeds this threshold is taken
as the point after which the data cannot be used for VECD characterization. Figure 3-15 (b)
shows the cut-off point schematic for the AL-STA mix. As can be seen, the cut-off criterion

is applied only to the CStests.
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Figure 3-15. (a) Strain at peak stressfor AL mix and (b) Cut-off viscoplastic strain
level for AL-STA mix

Damage Characteristics from Cyclic Tests

From the work by Underwood et a. (38), it is known that the damage characteristic
curves obtained from CS, CX, and monotonic testing collapse into a single curve, indicating
that the property represented by these curves is fundamental and independent of temperature
and test type. Initially, the cyclic data for the aged mixtures were analyzed following the
method by Underwood et al. (38), but the damage characteristic curves obtained from the
different modes of testing did not collapse well, although the collapse in each test mode was
acceptable. This analysis showed that the samples conditioned for the LTA mixes produced
poorer results than those conditioned only for the STA mix. Thus, some trials were
conducted, and the resultant damage characteristic curves collapsed reasonably using two
options taken from the originally suggested analysis method: 1) the a function is defined as

1/m+1 for the monotonic test and I/m for the CX and CStests, and 2) the correction factor,

| , isset to one for al the cyclic tests. It should be noted that these differences in the current

and earlier work for analyzing cyclic test results still need to be investigated. Because the



definition of a inthe original model is based on theoretical arguments and has been verified
using STA materials only, its universality with regard to materials tested at other aging
conditions was not verified in the original work (38). Figure 3-16 shows the damage
characteristic curves of the AL-STA mixture obtained from the monotonic, CX, and CStests.
All the cyclic test dataare included in this plot and collapse well with each other. The
damage characteristic curves for all four aged mixtures are shown together in Figure 3-17

for only the tests that have been performed under the same testing condition, i.e., 19-CX-H.
The collapses are good except for the discrepancy between the monotonic and cyclic results

of the LTA1 mixture.
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[ ]
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Figure 3-16. Damage characteristic curves of AL-STA mix (all cyclic test data
included)
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Figure 3-17. Damage characteristic curvesof: (a) STA, (b) LTAL, (c) LTAZ2, and (d)
LTA3 aged mixtures of AL mix

3.2.5.3 : Failure Criterion

The general failure criterion developed in previous work (12) is based on reduced
frequency and does not include the aging effect on the failure. Because the failure criterion
does not include aging time and because the reduced frequency basis approach is not
amenable for use with the VECD-FEP++, atemperature-only based failure criterion has
been developed that includes the aging effect in the failure definition.

In Figure 3-18, the pseudo stiffness (C) values at failure are plotted against the test
temperatures for the CX tests for all aged mixtures. It is observed that the C values at

failure decrease as the temperature increases for al aging levels. It is also found that the
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aging effect on failure is most noticeable at 19°C. Such atrend can be expected because of

the aforementioned tendency of AC to embrittle with age. On the other hand, all the aging

mixes failed at smilar C values at 5°C. Thisresult is due mainly to the fact that AC is

brittle enough at low temperatures that the aging effect is not significant.
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Figure 3-18. Variation of C at failure from cyclic fatigue tests

Because of limited test data, it is assumed that the failure criterion varies linearly

between 5°C and 19°C and is constant beyond this range. It is also noted that all data a 5°C

are averaged, and that the LTA1 and LTAZ2 data are averaged because they show similar

values, as shown in Figure 3-19. Therefore, the piecewise function is used for the failure

criterion, as shown in Equation (3-32). Like the aging model, the failure criterion is
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formulated by the ratio of the aged value to the original (un-aged) value so that it can be

universally applied to other mixtures according to the aging effect.
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Figure 3-19. (a) Failurecriterion; (b) and (c) variation of coefficients 4 and x as
functions of temperature and aging, respectively
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3.2.6 : Healing Model

As aplace-holder for afully mechanistic, potentially micromechanically motivated
healing model, a simplified version of the phenomenological mechanical model, which was
derived, characterized and verified by Lee and Kim (18), has been applied into the model
framework. A simplified version of this model is used here in light of the fact that the
previous formulation, of which the healing model is a part, has certain shortcomings in its
rigor, and the fact that modifying the material model for the FEP++ would require
significant time. The primary disadvantage of this model is the lack of characterization and
verification data under various conditions that are needed for the FEP++ simulations. For
this reason, an empirical adjustment has been made to improve the engineering
reasonableness of the simplified model. This section presents the development and

evaluation of the simplified healing model by Underwood (39).
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3.2.6.1 : Previous Formulation

The healing model formulation is encapsulated in the general framework of the VECD

model, asit is coded in the FEP++. However, the healing model includes two additional
damage parameters (S, and S,) and pseudo stiffnesses (C, and C,) that the current model
does not include. Recall that the VECD model, shown in Equation (3-33), includes only a
single damage parameter, S, and material integrity term, C,. The additional terms are

included mathematically in the healing function shown in Equation (3-34) where they are
shown to physically represent the increase in pseudo stiffness during the rest periods,

C,(S,), and the reduction in pseudo stiffness as the healed material is redamaged, C,;(S,).

These material functions are independent of the amount of damage in the virgin material, i.e.,

C(S)-
s =C,(g)e" (3-33)
s =[C, +H]eF (3-34)
where

R R

| g

H =88 +C, (S, )iG (8)- G(S)- &

1
=

if both the healed and virgin materials are damaged (see Region 1 in Figure 3-20); or

if only the virgin material is damaged (see Region |1 in Figure 3-20).
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The meaning of the pseudo tiffnessterm, SF , isgiven in Figure 3-20 where the model
behavior for asingle rest and reloading period is shown schematically. The evolution laws
forthe S, and S, damage parameters are given in Equations (3-35) and (3-36), respectively.
The relationships between these damage parameters and their respective material integrity

parameters are given by Equations (3-37) and (3-38). The coefficients for these equations, as

characterized by Lee and Kim (18), are summarized in Table 3-4.
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0
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Figure 3-20. Effect of rest period on pseudo stiffness
to, - a,
p e
S, = g (") o2y (3-35)
0 62 ﬂsz u
é SR, o2 fC,u°
g:é%(eR) g 2 (3-36)
é S0
_ Cz
C,(S,)=Cx +Cy(S,) (3-37)
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Cs (Ss.) = Cso - Csl (Ss.)c32 (3'38)

Table 3-4. PreviousHealing Model Formulation Coefficients

Coefficient ‘ AAM Value ‘ AAD Value

Function C,

Cuo 0.9900 1.1000

Cu 0.0065 0.0764

Ci2 0.4400 0.2000

a; 2.6950 2.7860
Function C,

Cao -0.3750 0.0015

Co 0.0941 0.0004

Cax 0.2000 0.6200

a, 1.7000 1.5000
Function C4

Cso 1.0100 1.0100

Cs1 0.0019 0.0114

Cs 0.5500 0.3000

as 2.1000 2.0000

t-T Shift Factor

a; 0.0009 0.0012

a, -0.1602 -0.1843

as 3.3709 3.9471

Tr 25 25

3.2.6.2 : Simplified Formulation

The basic trends found in the above formulation and numerous experimental studies (7,
14, 15) are shown in Figure 3-21. In short, the more time that elapses between load
applications, then the more the pseudo stiffness will recover, and hence, the longer the
fatigue life will be extended. The amount of recovery is most sensitive to the rest period

duration, but the model also suggests that recovery is a function of the previous load
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intensity and the total cumulative amount of damage that existsin the material. The previous
formulation includes these factors by including multiple parameters and damage functions.

For the simplified model, an attempt is made to use only a single material function, C,(S),

to accomplish the same objective. A closer examination of the previous formulation shows
that it is not possible to directly quantify the increase in pseudo stiffness with asingle
function because, as shown in Figure 3-20, the healed material is more sensitive to loading

than the virgin material.

DC
3 Sv B
Sz DS,
S,, DS,
Xr%t

Figure 3-21. Effect of rest period on material healing

The basic concept of the simplified model is diagrammed schematically in Figure 3-22
where damage characteristic curves are shown for the first three cycles of loading. The
points evenly labeled (0, 2, and 4) represent the pseudo stiffness values at the beginning of
load pulses 1, 2 and 3. The points labeled with the odd numbers (1, 3, and 5) represent the

pseudo stiffness values at the end of load pulses 1, 2 and 3. The single damage parameter
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model will predict that during the first cycle, damage will grow from point O to point 1. The
simplified model would then suggest that during some rest period the material would heal
back (i.e., recover) to point 2. Then, when loading begins for the second cycle, the damage
would grow to point 3. Upon resting after the end of the second cycle, healing would
increase the pseudo giffness to point 4. Finally, after the third loading cycle, the damage
would grow to point 5. Intotal, then, there are three different segments where damage is
assumed to occur in the virgin material: from point O to point 1; from point 1 to point 3
(second cycle); and finally from point 3 to point 5 (third cycle). Similarly, there are only two
segments where damage is assumed to occur in the healed material: from point 2 to point 1

(second cycle) and from point 4 to point 3 (third cycle). Between each of these points,

though, a single damage function, C,(S)), is used to compute the damage.

Pseudo Stiffness

Damage, S

Figure 3-22. Conceptual schematic diagram for the ssmplified model



In order to use the previous formulation, a systematic factorial data set was created for
the different rest periods (x 7), damage levels (x 9), and energy inputs, DS (x 7), which
have values that could be expected in any given FEP++ simulation. For each of these
combinations, the previous formulation was used to predict the pseudo stiffness at the end of
the cycle after therest period, i.e., point 3. Then, S, in Equation (3-39) was determined
through optimization to give the same pseudo siffness value after aload pulse; e.g., damage
was found at point 2, so when calculating damage growth, the resulting pseudo stiffness was
equal to that at point 3. The pseudo siffness at this healed damage level was then calculated
using Equation (3-40), and finally used to compute the value of the change in pseudo
stiffness (DC ), which is the difference between the pseudo stiffness values at point 1 and
point 2. In order to apply the outcomes universally, the damage level, S and energy input,

DS, were normalized to the damage level at failure, S, , and the change in pseudo stiffness

was normalized to the pseudo stiffness level.

S8+ 85 152 (3-39)
CH (34 ) = ClO - Cll (34 )C12 (3'40)

After calculating the change in pseudo stiffness for the multiple conditions, aregression
model was characterized for easy use. The basic model is shown in Equation (3-41) where
the coefficients are found to depend on the damage level and energy input, as seenin
Equations (3-42) to (3-50). Note that the model is presented in terms of reduced rest time,

X4 » Which is defined in Equation (3-51) by combining the physical rest period, t.., and the
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t-T shift factor function, which is a second order polynomial, at some reference temperature,

T, (25°C).
DCre _ K _ (3-41)
C ® xp o CA
l+c—= +
é X B
s o
k =k, ge—+ (3-42)
gSf P
b5, 9
k, = ae s (3-43)
(_jd
k, =- Cféessf s (3-44)
s 0”
b=bc—x (3-45)
gSf P
) 9h+i
b, = fo &5 5 (3-26)
k5 O
b, =- jo ¥ (3-47)
g= gl (3'48)
S 9
g =le s (3-49)
& 0 .o
: (0}
d=n+ 0 8 (3-50)
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ty _ t
a, - 1Oa1(T2— T3 )+a,(T-Ta) (3-51)

— Test
Xreﬂ -

The coefficients for this model are summarized in Table 3-5 for Lee and Kim's AAD
and AAM mixtures (18). These two mixtures represent, respectively, a light healing and a
heavy healing material. Because the model is normalized, i.e., it predictsthe ratio of change
in pseudo stiffness to current pseudo stiffness, DC/C , it can be applied universally to other
mixtures to simulate heavy healing and light healing. The strength of the characterized

model is shown for the AAD mixture in Figure 3-23.

Table 3-5. Simplified Healing M odel Coefficients: Summary of AAD and AAM

Mixtures
Coefficient ‘ AAM Value ‘ AAD Value
Function a
a 0.1679 0.1657
b 2.2695 2.8865
c 0.0548 0.0261
d 0.2572 0.2379
Function b
f 27.3913 1.5144
g -1.5887 -4.7659
h 30.1058 5.0763
i -5.8228 -3.3953
j 0.5070 0.5290
k -8.1700 -3.0063
Function g
I 1.4707 1.2448
m -1.6387 -1.6425
Function d
n -0.3593 1.0526
0] 30.1626 7.2289
p 2.8853 1.7666
q -0.2850 -2.0453
r -0.0843 -0.1597
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3.2.6.3 : Healing Potential Factors

One shortcoming of the simplified model, which has transferred from the previous
formulation, is its handling of rest periods that are introduced before the healed material has

been entirely redamaged, e.g., the rest periodsin Region |. Thisissue is represented
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schematically in Figure 3-24, but was not encountered during the development of the more
robust healing model because Lee and Kim (18) never performed experiments in which the
subsequent healing and redamaging occurred in Region | of the previous healing cycle. This
situation is important in the context of FEP++ simulations because each load pulse is
followed by arest period, and only a single load pulse is applied after each rest period. It is
believed that the behavior suggested by the previous formulation, and shown in Figure 3-24,
isunrealistic, because the repeated redamaging of the healed material should actually limit
the healing potential; thus, the response schematically depicted in Figure 3-25 is deemed

more appropriate than that shown in Figure 3-24 (previous formulation).

A\

undamaged

Pseudo Stiffness (kPa)

No. of Cycles

Figure 3-24. Effect of damage and healing in Region | using previous for mulation
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Figure 3-25. Engineering reasonableness representation of expected material behavior

Because not all damage occurs in the healed material, a correction factor was
formulated to be a function of the total summed damage that occursin the material. This
correction factor is hereafter referred to as healing potential factor-C. Damage related to the
redamage of healed material is considered to be negative damage, and the damage related to
virgin material is considered to be positive damage. Referring to Figure 3-22, the damage
that occurs from point 0 to point 1, point 1 to point 3 (second cycle), and finally point 3 to
point 5 (third cycle) is calculated as a positive value. Then, the damage that occurs from
point 2 to point 1 (second cycle) and from point 4 to point 3 (third cycle) is calculated asa
negative value. If there is a net positive value, then the full healing potential suggested by

Equation (3-41) is achieved. If, however, there is a net negative value, then the full healing
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potential is not reached, and the healing potential factor-C is less than one. The exact
mathematical function used is shown in Equation (3-53).

Another correction factor, healing potential factor-O, is applied with the consideration
that the healing potential generally reduces as the material becomes more damaged. In other
words, even when the healing in a cycle occurs a newly damaged sites, i.e., when the total
net damage is positive, the healing potential should nonetheless decrease as the damage
grows. This situation is believed to be related to the fact that high damage levels represent
both an increase in crack density as well as an increase in the average size of the cracks. As
the size of the cracks increases, the overall potential for healing should be adjusted. The
mathematical formulation for this healing potential factor is shown in Equation (3-54). The
state variable used to track the value of healing potential factor-O is the maximum damage
level (S) inthe history and, thus, healing potential factor-O always suggests an overall drop
in healing potential in damaged materials regardless of the type of damage, new or rehealed.

Figure 3-26 schematically shows the healing potential factors, and Figure 3-27
represents each healing potential factor that actually will be used in the FEP++ simulation.
The healing potential factor-C and healing potential factor-O are more important,
respectively, in asingle cycle and in overall periods within the simulation; therefore, both

factors should be considered together, as shown in Equation (3-55).
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DC e = DChie * Healing Potential Factor (3-52)
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Healing Potential Factor - C = | 1 0 (3-53)
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1 + ewaLZZ*(S(W/Sf )
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1 1

| 1+ ey2+22* (Smax/St ) S[ 20
Healing Potential Factor = | 1 1 (3-55)
:
T 1+ ey1+z1*|og(-1*s) * 1 +ey2+z2*(sm/sf) S[ <0
where
S = maximum S in history,
S, = S atfailure,
S = total net damage, and
vyl y2, Z1, z2 = constant.

3.2.7 :Viscoplasticity

Viscoplasticity is commonly considered to be a material level factor related to rutting
distress. However, as results from the NCHRP 9-30A project suggest, viscoplasticity may
interact with the pavement structure to change the distribution of stress and strain within the
pavement. Modifications to these distributions may drastically alter the potential for bottom-
up cracking because these structural viscoplastic effects have been shown to be the most
drastic near the pavement base.

To develop and implement a rigorous viscoplastic model into the FEP++ code would
require substantial effort beyond the scope of this research. Therefore, viscoplasticity is
considered in terms of the sensitivity ratio to viscoplasticity of the given material and
structure, the so-called damage factor (DF). The DF is calculated by using a simple strain-
hardening viscoplastic material model and pavement responses predicted using the FEP++

without damage for the pavement structure under evaluation.
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To model the viscoplastic behavior of AC under tensile loading Uzan et al. (40) and

Schapery (31) suggest asimple relationship, evidenced by Equation (3-56), which assumes

that viscosity obeys a power law in viscoplasticity. Several researchers (5, 36) have shown

that the model is applicable to monotonic behavior in tension.

o =96) (3-56)

stress function and
h = viscosity.
Assuming that h is apower law in the viscoplastic strain, Equation (3-57) becomes

«
—
(2]
~
1

_9(s)
évp - Aevpp ' (3‘57)
Where A and p are model coefficients. Rearranging and integrating yield
S )dt
elde, = 9(s)dt g (3-58)
t
ev‘;*l _ P+l 0°) (s ) dt. (3-59)
A 0
Raising both sides of Equation (3-59) to the 1/(p+1) power yields
1 1
) Op+l
&1 (s )dts . (3-60)

e, = e
pgAﬂgo [}

Letting g(s ) =Bs “, and coupling coefficients A and B into coefficient Y, Equation

(3-60) becomes
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1

1 =
Ao+l 8 Op+l
e, :?éep—”?’ o e (3-61)
Y 2 é& [/

In the current work, the coefficients, p, q and Y, are pressure-dependent quantities.

A
Axial Strain

T Time

Figure 3-28. Strain decomposition from creep and recovery testing

Typically, viscoplastic models are characterized using creep and recovery tests. These
tests allow relatively easy separation of the viscoplastic and viscoelastic components, as
shown in Figure 3-28. However, it isdifficult (if not impossible using some machines) to
maintain zero load during the recovery period of the creep and recovery test in tension.
Therefore, in tension, viscoplastic characterization uses constant rate testsin which the

VECD model is used first to predict the viscoelastic strain. This viscoelastic strain isthen
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subtracted from the measured strain to provide the viscoplastic strain that is needed for curve

fitting to Equation (3-61).

3.2.8 : Thermal Stress

Another main source of TDC in asphalt pavements is thermal stress. Thermal stress can
contributeto TDC in two ways. 1) through thermal fatigue, expressed by repeated,
thermally-induced tensile stress at the pavement surface, which can gradually damage the
pavement and contribute to surface-induced cracking; and 2) through acute thermal cracking,
where very low temperatures cause sudden fracture of the pavement surface.

In evaluating thermal cracking and traditional bottom-up cracking, failure is determined
when the maximum tensile stress exceeds the tensile strength of the asphalt concrete.
However, the situation is more complicated in TDC analysis, because the stress induced at
the surface of the pavement involves both normal and shear components.

The ability of the viscoelastoplastic continuum damage (VEPCD) model to accurately
characterize the tensile behavior of AC under thermally induced loading has been confirmed
by Chehab and Kim (6). Measured responses and fracture parameters from thermal strain-
restrained specimen tensile (TSRST) strength tests were compared with those predicted
using the VEPCD, VECD, and LVE models. Excellent agreement between the measured and
predicted responses was found, especially in the VEPCD and VECD models, as explained in
the next paragraph.

The stress histories predicted for the three cooling rates via the three models are plotted

in Figure 3-29 as a function of time. Also plotted are the average measured stress values
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from all replicates tested at each rate. Asis apparent from visual inspection, the stress
predicted using the LVE model is greater than the measured stress, with the difference
increasing as time increases and the cooling rate decreases. This discrepancy is due to the
fact that the LVE model does not account for stress relaxation due to microcracking. The
error between the VECD-predicted stress and the measured stress is much smaller than that
for the LVE case for al cooling rates. Moreover, the error lessens with an increase in time
and a decrease in cooling rate. The VEPCD-predicted stress matches the measured stress
very well, with discrepancies being greatest at the slowest cooling rate. From a comparison
of the predicted stresses among each other, it is evident that the VEPCD model yields the
most accurate predictions, slightly better than the VECD model. Another important
observation is that the rate of increase in VECD-predicted stress with time deviates from

stress that corresponds to the measured and other predictions.
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Figure 3-29. Average measured and predicted stress historiesfor different material
models and cooling rates
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3.3 : STRUCTURAL SUB-MODELS

To predict the pavement performance, the material sub-models must be converted to, or
implemented into, structural models to consider the different structures, boundary conditions,
climate conditions, etc. Consequently, three structural sub-models have been developed: 1)

structural aging model, 2) damage factor (DF), and 3) temperature variation.

3.3.1 : Structural Aging Model

Details of the development of a material level aging model are provided in Section 3.2.4.
The time scale used for the material level aging model corresponds physically only to that
used for the top layer of areal pavement cross-section. To apply this model to different
depths, the age of each sub-layer relative to that of the surface must be found. This goal is
achieved by coupling the principles of the Global Aging System (GAYS), first proposed by
Mirza and Witczak (23), with an effective time concept. A ten-year-old pavement can serve
as an example of the effective time concept whereby after ten years of service, the surface
layer has aged ten years, but the material at a depth of three inches may behave as the
surface layer behaved when the pavement was only four years old. In this example then, the
effective time of the sub-layer three inches from the surface ten years after construction is
four years. To compute the material properties of this sub-layer at year ten, material aging
models described in Section 3.2.4.5 (from Figure 3-11 to Figure 3-13) can be used to find
the value of the coefficients at four years.

Due to the time and resource limitations of this study, the GAS model is used to

determine the effective time of a given pavement structure. The GAS model predictsthe
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viscosity of the asphalt binder as a function of depth, mean annual air temperature (MAAT)
representing the effect of geographical location, and rolling thin film oven (RTFO) binder
viscosity. The effective time is determined by finding, for some physical time and depth, the
time that gives the same viscosity for the binder at the pavement surface. A flow chart of the
structural aging model, including the equiviscosity concept as well as the plot of effective
time versus depth for atypical simulation, is shown in Figure 3-30.

Asthe GAS model is a function of the MAAT, the effective time varies for different
climatic regions. To represent the wide range of conditions encountered in the United States,
fiveregions are included in the study. These regions were selected based on the AASHTO
climatic classification (1) and include: wet, freeze-thaw cycling (Washington, D.C.); wet,
hard freeze, spring thaw (Chicago, lllinois); wet, no freeze (Tallahassee, Florida); dry,
freeze-thaw cycling (Dallas, Texas); and dry, hard freeze, spring thaw (Laramie, Wyoming).
Figure 3-31 isthe plot of effective time at 20 years versus pavement depth for the five
regions. The temperature in the legend isthe MAAT for each region. It can be observed that
the higher the MAAT, the higher the effective time at the same depth, which indicates that

the aging effect is more significant for a higher MAAT region.
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3.3.2 : Damage Factor (DF)

The current framework uses the VECD material mode! and thus does not account for
viscoplasticity. Ignoring the viscoplastic strain, however, results in an overprediction of
stress, which in turn results in a spurious increase in damage, and therefore, an
unrealistically rapid deterioration of the pavement. An approximated scheme used in the
current framework to handle this problem is discussed next.

The viscoplasticity of a given material and structure is considered by applying the
damage factor (DF). The DF is calculated by combining the simple strain-hardening
viscoplastic material model discussed in Section 3.2.7 with the LVE stress and strain

responses of the pavement under consideration. These responses are predicted by using the
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FEP++ software and turning off the damage functionality. The linear strain responses are
adjusted to account for viscoplasticity, and then these adjusted strain responses are used to
find an effective viscoelastoplastic modulus. A second run of the FEP++ was performed
using the effective modulus. Comparisons made between the responses of the first and
second FEP++ runsreveal the sensitivity of the given pavement structure and materials to
variations in viscoplastic strain. This sensitivity is reflected by a damage factor, which varies
from O to 1. A value of O reflects a condition where the material is either very sensitive to
structural viscoplastic effects and/or materially sensitive. Conversely, avalue of 1 reflectsa
condition where the viscoplastic effects, both structural and material, are not very important.
This latter condition may exist, for example, during winter.

The idea behind this scheme is that a pavement simulation is neither in control stress
nor control strain mode but somewhere in between. In a stress-controlled situation, the strain
computed in the simulation corresponds to the viscoelastic strain and fully contributes to
damage. However, in a strain-controlled situation, the viscoelastic strain that contributes to
damage is significantly weaker than the strain computed in the simulation. Thus, depending
on which end of the spectrum the analysis lies, the amount of strain that contributes to
damage varies significantly. To account for this unpredictability, the DF has been introduced

and is defined as
dmg O
DF =(1- b)eoe 2+b, (3-62)
gefem @

where

€., = thestrain computed by an FEP++ simulation,
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dmg
€

b

the strain contributing to damage, and
afactor that is O for control strain and 1 for control stress.

Thus, the problem of significant damage due to total strain can be handled by using the
DF to scale the strain used in the damage calculation. The method used to calculate the DF is
as follows.

Asafirst step, the stress and strain in the pavement are computed using viscoelastic
analysis. Because the main interest is vertical cracking, the radial stress and strain are used

in thisanalysisand denoted as s, and e

e » Fespectively. Now, the viscoplastic strain, e,
can be approximated using the simple strain-hardening material model, Equation (3-61), and
the viscoelastic stress computed in the previous step. Then, to approximate the structural
effects of this viscoplastic strain, an effective viscoelastoplastic relaxation modulus is

computed by scaling the Prony coefficients in Equation (3-5) using Equation (3-63), where

E¥" arethe effective modulus.

2 6
B =g -E (3-63)
fe ey 5

A second analysis was performed, but instead of using the viscoelastic Prony
coefficients, the effective viscoelastoplastic Prony coefficients were used. The stress and

strain obtained from this analysis are referred to asthe effective stress and strain and denoted

S eff eeff .
as ~ve and “ve , respectively.

The mode-of-loading factor b isthen obtained by comparing the effective stress and

grain (s & and el ) to the original stressand strain (s, and e, ):
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Ee‘f
Sy =(1-b)—s +bs,,
Se (3-64)

— Edf
€t = (1_ b)_eve + beve
E,

where b isafactor that is O for control strain and 1 for control stress. Equation (3-64)

givestwo values of b , and hence their average is taken as the degree of control stress:

e eff I
o :gg -1.0° Z 102
b,y =05G¢L0- 22—+ e = (3-65)
107 5 .10

G¢ 107 -10°
& E' T 5 BT T,

Finally, the DF is given by

PR
coe-10 ¢ Se.102

DF =O.595"e—+gl.0- eE——— (3-66)
- 1.0 1 -10..
g 0y e

Overall flow chart of DF calculation using VE-FEP++ is shown in Figure 3-32. Note
that because the strain-hardening viscoplastic model is valid only for tension, the DF is taken

to be 1 for the region in which the radial stress is compressive.
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Figure 3-32. Flow chart of damage factor calculation

3.3.3 : Temperature Variation

The variation of temperature in a pavement has two effects: a change in stiffness of the
AC and achange in the thermal stress due to thermal expansion of the material. Thermal
stressis generated in the pavement depending on the boundary conditions. These two effects
of temperature have been implemented in the FEP++.

The actual temperature variation that is used for the pavement performance prediction is
generated from the EICM. Temperature profiles generated from the EICM are input directly

into the FEP++ preprocessor.
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3.3.3.1 : Temperature Profile

Five regions have been selected based on the six climatic zones identified by AASHTO
(1) to represent the wide range of temperature variation in the United States. The regions
selected for this analysis are the same as those used in evaluating aging. They are: wet,
freeze-thaw cycling (Washington, D.C.); wet, hard freeze, spring thaw (Chicago, Illinois);
wet, no freeze (Tallahassee, Florida); dry, freeze-thaw cycling (Dallas, Texas); and dry, hard
freeze, spring thaw (Laramie, Wyoming). Figure 3-33 and Figure 3-34 show the variation of
temperature and temperature rates in 2001 for each of the five regions; the numbersin the
legend signify the month. It should be noted that each month’s data are the averaged data for
that month at 0.7 cm below the surface of the pavement. Although a detailed method for the
pavement performance prediction is explained later, it has been determined that analysis on
amonthly basis with three segments of a day might be appropriate for long term simulations,
such as 20 years. Based on temperature and rate profiles, three segments of aday are
indicated by vertical divisionsin the plots, as follows: 5:00 AM — 1:00 PM (5:00 — 13:00)
for the heating cycle; 1:00 PM —9:00 PM (13:00 — 21:00) for the cooling cycle; and 9:00
PM —5:00 AM (21:00 —5:00) for the constant cycle. Temperature profiles according to
depth can also be obtained for the same time segments and will be input for the simulation.

Further, these segments generally follow daily traffic distributions.
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Figure 3-33. Temperature variation at 0.7 cm below pavement surface for 5 study
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Figure 3-34. Temperaturerate variation at 0.7 cm below pavement surface for 5 study

3.3.3.2 : Stiffness Change as a Function of Temperature

For material level modeling, the change in stiffness in AC due to temperature is taken

88

into account using the concept of reduced time, which is discussed with regard to Equation



(3-9). Thet-T shift factor is obtained from the characterization of the relaxation modulus of
the material using dynamic modulus tests at different frequencies and temperatures. The
reduced time is calculated with respect to areference temperature and captures the history of
temperature variations in the material.

In the computational implementation, all analyses were performed in terms of physical
time, but the relaxation modulus was adjusted to the temperature of interest. This adjustment
approach is similar in concept to the reduced time approach and is possible due to the use of
a state variable formulation for stress and strain (36), and can be performed efficiently by

adjusting the relaxation times in Equation (3-5) by

F(t) =—~. (3-67)

3.3.3.3 : Thermal Stress

Thermal stress in the material is incorporated by defining the mechanical strain,e,, (t) :
as follows:

{e. () ={e®)}-{a}(T- 7). (3-68)

where

{e.(t)} = thestraininthe material,

{a} = the coefficient of isotropic thermal expansion for the material in
three dimensions,

T = the current temperature, and

T, = thereference temperature a which there is no initial stress.
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The congtitutive law for aviscoelastic material undergoing damage is given as

{s}=[D]{er}. (3-69)
where

{s} = the stress vector,

[D = the stiffness matrix that is a function of damage, and

{eFT} = the vector of mechanical pseudo strain, computed using the state

variable solution to Equation (3-12) (36).

3.4 : PERFORMANCE PREDICTION MODULE

The performance of a pavement can be characterized by predicting the damage
accumulation in a pavement under the realistic conditions. In this research, the VECD-
FEP++ which was originally coded by Guddati et al. (10) was utilized as a mean of
predicting the pavement performance. To integrate the effects of variables that are important
in TDC behavior, the sub-models presented in Section 3.2 and 3.3 have been incorporated
into the existing VECD-FEP++, which was implemented by Thirunavukkarasu (35) with the

development of extrapolation method.

3.4.1 : VECD FEP++

The VECD FEP++ isafinite element implementation of the VECD model proposed by
Schapery and implemented in Hinterhoelzl and Schapery (11). The model assumes that a
material is isotropic when undamaged and that damage growth under loading leads to local
transverse isotropy; i.e., the material has alocal axis of symmetry oriented along the

maximum principal stress direction, which is perpendicular to the crack direction. This
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model is currently used in modeling tensile damage and has been found to adequately
predict damage growth and experimental results until localization for uniaxial monotonic
tensile loading. It offers the following modeling capabilities:

It provides the damage progression in a viscoelastic material;

It provides the three-dimensional state of stress and strain;

It accounts for the effects of anisotropy in the material as aresult of cracking in one

direction.

The current framework of the VECD FEP++ is formulated for the axisymmetric case
but can be extended easily to three dimensions. The finite element model (FEM)
implementation enables the redistribution of stress in pavements that are being damaged,
which is an important phenomenon, to be captured. The FEM implementation is also useful
in studying the effects of layers with different stiffness values. By running the FEM
simulation of a pavement for numerous cycles of fatigue loading, the progression of damage
in the pavement over time may be observed, and critical points in the pavement that show
early degradation can be noted. Using a suitable failure criterion that relates the damage
parameter to the onset of cracking in auniaxial test, the crack initiation points in the
pavement under fatigue cracking can be predicted, and the life of the pavement can be better
understood. Additionally, the program can be used in ranking the performance of pavements
constructed from different asphalt mixtures.

The performance of a pavement can be characterized by predicting the damage
accumulation and using a failure criterion to judge the state of the pavement. This evaluation

can be achieved by using an FEM simulation with the VECD model over the period of
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interest. However, when the period of interest isin the order of years, it becomes
computationally impossible to simulate the pavement performance. In these cases,
approximate schemes are introduced o that the simulations run in a more time-efficient
manner.

The FEP++ uses an extrapolation scheme that can significantly reduce the running time
while still capturing the essential characteristics. The current scheme computes the damage
caused by load and thermal variations at representative times in a day. These data are then
extrapolated using a nonlinear scheme to obtain the total damage accumulation in agiven
month. This damage is then applied to the pavement as the initial condition for the next
month’s simulation. This process is continued for the entire simulation period. The
extrapolation scheme presented in Section 3.4.3 was derived and implemented into VECD-

FEP++ by Thirunavukkarasu (35)

3.4.2 : Traffic

Traffic loading is a complicated characteristic to quantify and include in pavement
simulations. Complexities arise due to the satistical distribution of the numerous different
axle types that are available, each with its own load level distribution. Predicting the exact
distribution of these various vehicle loadings and their accompanying load level distributions
isan imprecise science at best, and predicting the order of the loadings is impossible.
Furthermore, predicting the sequential effects of different loading configurations becomes
computationally time consuming. So, although it istruethat, a any instant in time, the exact

traffic history will determine the pavement performance, over time an averaging effect
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occurs, so the exact sequence of loading is not that critical. In light of this statistical effect
and in order to simulate pavement performance in a reasonable amount of time, the concept
of equivalent single axle loads (ESALYS) is utilized.

For all of the subsequent pavement simulations, loading consists of ten million ESALS
for the think pavement (12 in thickness of AC layers) and one million ESALSs for the thin
pavement (4 in thickness of AC layers) equally distributed over the three daily simulation
periods (as defined in Section 3.3.3.1) and for a 20-year period. This distribution translates
to approximately 41,700 loadings each month or 460 loadings for each of the three daily
simulation periods for the thick pavement while 4,170 loadings each month or 46 loadings
for each of the three daily segments for the thin pavement. Traffic growth factors and
loading distributions other than uniform distribution could have been used, but these factors
were not investigated due to time and resource limitations. Each load is assumed to last for
0.1 second and, as a consequence of the uniform loading distribution, the rest period
between each loading is constant and equal to approximately 62.2 seconds for thick
pavement and 622 seconds for thin pavement. These loading and rest times ensure
compatibility between the total simulation time and the physical time.

The representative load consists of a single axle with an 80 kN (18 kip) load and tires
inflated to 689 kPa (100 psi). It was assumed that the axle would be wide enough that the
damage induced by each tire would be independent of that of the other. This assumption was
verified through examinations of the damage contoursthat revealed little damage growth at
distances of 0.5 m (1.6 ft.) from the wheel center. Due to this damage independence and due

to the axisymmetric nature of the current work, the simulations can take advantage of
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symmetry and analyze a single side of thetire load. Currently, the effect of wheel wander is

not considered in the simulations.

3.4.3 : Extrapolation
The basic idea behind extrapolation is to use the damage growth law to obtain an

approximate expression for the damage growth rate. The growth law is given by

1S _ee W8 e 1CE ex (3-70)
ft & 1S5 & 1Sp 2

where

W, = pseudo srain energy density function, W, = %(eR)C :

€, = pseudo drain,

t = total duration of aload cycle,
C = pseudo iffness, and

S = damage.

Using a change of variables and Equation (3-70), the growth rate of the pseudo iffness

can be written as

a+tl o
E _ 1S9C _ ACO e_R (3_71)

Tt IS &1Sp 2
or equivalently as

a+l
iCc _‘&Co €3
= —_— —dt 3-72
mn %715y 2 (372)

The pseudo stiffness and damage parameters, C and S, arerelated by

In(C) = as’, (3-73)
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which, upon differentiation, yields
’111_2 = a’bc (InC) . (3-74)

Finally, assuming the pseudo gtrain, e, remains constant during a cycle,

’111_;3 = ACt (Inc)® el (3-75)

where A isthe constant over the duration of the cycle.

The above relationship can be solved numerically using the results from the FEM
simulation as the initial condition to obtain an approximate value of the pseudo stiffness and,
hence, the damage, at the end of the extrapolation period. The equations for the numerical

scheme to solve Equation (3-75) are given by

i+1 i+1 i+1 i +1
Citie](:;in - Clend + DCIheal , (3‘76)
Ciend _ Cibegin

(Clbegm)(aﬂ) , (_ In(Clbegin))(a+l)(l- AN

ced = cheun 4 A(c;_begin)‘a 0 ( In(cron ))(a ) |

A=

where

CP9" = the pseudo stiffness at the beginning of cycle i,
ce = the pseudo iffness at the end of cycle i, and

DC™ = the recovered dtiffness due to healing in cycle i .

3.4.4 : Damage Calculation Summary
A flow chart of the total damage calculation process, including extrapolation, is shown

in Figure 3-35. This flow chart outlines the combination of elements discussed previously:
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traffic loading, thermal considerations, damage factor, daily divisions for damage calculation,
healing, etc. To verify the accuracy of some of the simplifications, particularly the
extrapolation scheme, a simulation was performed using the FEP++ software without any
extrapolation. In areal pavement simulation, the number of cycles simulated in an analysis
step would be closer to 13,000, but predicting this many cycles without extrapolation would
require a significant amount of time. Instead, the simulation was carried out for only about
1,300 cycles, and comparisons were made at this number of cycles. The results of two
different cases, (a) a healing dominant case and (b) a damage dominant case, are shown in
Figure 3-36, dong with the results based on the extrapolation. To compute the extrapolated
value, the damage growth in the selected cell for the first cycle was extracted from the
VECD-FEP++ analysis and input into a spreadsheet-implemented version of the
extrapolation algorithm. The spreadsheet-based algorithm is used here for convenience only.
In afull simulation, the extrapolation process is completed automatically in the VECD-
FEP++ software. It is seen from Figure 3-36 that the extrapolation algorithm effectively
matches the output from the complete analysis at 1,300 cycles. Also seen in Figure 3-36, the
agreement between the reference simulation and the extrapolated simulation decreases as the
number of cycles increases; however, coincident with this increasing disagreement isa
tendency for the pseudo stiffness to approach an asymptotic value. Thus, it is expected that
the differences observed in the extrapolation to 1,300 cycles would be similar to the
differences observed at 13,000 cycles. Direct proof of this hypothesis could not be
performed due to the time necessary to create areference simulation for 13,000 cycles. Note

that in this simulation the thermal loading is not included because the time basis of one cycle
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for mechanical loading and thermal loading is different, i.e., 62 second versus 1 hour, and
therefore, the thermal model and its extrapolation scheme need to be separately developed

and evaluated, which will be presented in Section 3.4.5.

Anaysisperiod = 20 yrs
Design ESALs =10 million
Duration of analysis segment = 8 hrs
Number of analysis segments per day = 3
Number of ESALS per segment = 13889
Number of days per block = 30
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Figure 3-35. Extrapolation flow chart
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Figure 3-36. Effect of extrapolation calculation on predicted damage growth: (a)
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3.4.5 : Thermal Model

The extrapolation algorithm shown in Section 3.4.4 was developed mainly to address
large traffic volumes over the pavement life. Similarly, thermal loading, which is due to
temperature variations according to time and depth, also occurs throughout the entire
pavement life. Therefore, the extrapolation method for thermal loading needs to be
developed and combined with the extrapolation algorithm for mechanical loading. This
section presents the development and validation of the thermal model and the extrapolation

method.

3.4.5.1 : Full-time Thermal Loading Simulation

A full-time thermal loading simulation was performed to validate the thermal
extrapolation model and investigate some factors that may affect the thermal stress and
damage calculations. These factorsinclude a reference temperature (or so-called stress-free

temperature), the reference time for which the reference temperature reaches to the actual
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start temperature of the simulation, and the number of time-steps for the reference time.
Full-time simulation means that the actual hourly temperature obtained from the EICM is
used as the input to calculate the thermal stress and damage for each time-step, which isone
hour in this simulation, and no extrapolation is included.

Because there are no laboratory or field datato verify the results of the full-time thermal
loading simulation, it was assumed that the cumulative damage from the full-time simulation
using certain temperature profiles would be the same after along period of time, i.e., more
than a few years, regardless of whether the simulation started from noon or midnight ina
day, or from June or December in a year. Therefore, eight sets of simulations were run with
two extreme temperature profiles (Florida and Wyoming), two different starting seasons
(June and December), and two different starting times (noon and midnight). For this
simulation, thin pavements consisting of a 3-inch AC layer over infinite subgrade were used
because temperature variations according to depth are not significant below 3 inches from
the surface. The temperature profile and the reference temperature for each case are shown
in Figure 3-37. The temperature at the starting time for each case is considered to be the
reference temperature, and such reference temperature is consistent for the entire simulation.

The reference temperature, or so-called stress-free temperature, is an important variable
in the thermal model because the thermal strain is calculated directly based on the difference
between the reference temperature and the current temperature, as defined in Equation
(3-68). The reference temperature, however, is also a conceptual temperature, which is
almost impossible to measure because it may vary according to time, depending on

conditions that the pavement may encounter.
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Figure 3-38 presents the damage accumulation due to thermal loading for the eight
different cases. From the results it was found that different starting times result in different
damage accumulations for the same temperature profile; in particular, the case that starts at
noon in June for Forida (FL-Jun-Noon) deviates significantly from other cases with the
same temperature profile. Such discrepancy proves that the reference temperature is critical

in the thermal model.
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Figure 3-37. Temperature profilesand reference temperaturesfor: (a) FL and (b) WY
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Figure 3-38. Full-time ssimulations of thin pavements starting from: (a) FL-Jun, (b)
FL-Dec, (c) WY-Jun, and (d) WY-Dec

To reduce the time needed to run the simulations, a single element simulation was used
for the thermal model development. It was expected that the single element simulation
would capture the overall trend because stress and strain under thermal loading are not as
complicated as under mechanical loading. Even though the single element simulation cannot
capture some effects that may exist in an actual pavement structure, such as interactions
between layers, boundary conditions, Poisson’ s ratio, and so on, it was assumed that those
effects may be insensitive for the thermal loading condition.

To verify if the single element simulation could capture the overall trend of the thin

pavement simulation, four cases from the thin pavement simulations were selected and run
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with the same temperature profile and reference temperature. The size of asingle element is
1.4 cm by 1.4 cm, which is the same size of one element in the thin pavement simulation.
Both of the horizontal ends are fixed, but the element is free to move up. Figure 3-39
compares the results from the single element and thin pavement simulations and, as expected,
the overall trend was properly captured by the single element simulation. Therefore, it was

decided to use the single element simulation to investigate the various factors.
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Figure 3-39. Full-time simulations of thin pavements and single elements starting
from: (a) FL-Jun, (b) WY-Dec

From the results shown in Figure 3-39, it was found that the constant reference
temperature for the entire pavement life is not appropriate, and therefore, the varying
reference temperatures according to time required further investigation. The idea behind a
varying reference temperature is that the thermal stress generated by the temperature
variation should relax after a certain time, and hence, the stress-free condition isre-
introduced. However, relaxation of thermal stress is completely dependent on all conditions,

such as temperature, material, structure, the continuous application of thermal loading, etc.
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Therefore, it isimpossible to find or measure the relaxation time of the thermal stress. It
could be one hour, one day, or one month, depending on the various factors.

With such uncertainty in terms of the reference temperature, a systematic analysis was
performed to assess varying reference temperatures. The concept of moving averages for
various periods was utilized to create varying reference temperatures, as shown in Figure
3-40 (a) and (b). Inthis simulation, the reference temperature was changed for each time-
step, i.e., one hour; therefore, this approach was deemed impractical for implementation into
the extrapolation scheme. Because the extrapolation scheme for mechanical loading ison a
one-month basis, a more practical approach here is to take the average temperature for one
month as the reference temperature for the next month, as shown in Figure 3-40 (c¢) and (d).

Figure 3-41 compares the damage accumulation for the various cases of varying
reference temperatures. The results from the various approaches are not particularly
sensitive as compared to those shown in Figure 3-38. Therefore, a 30-day constant average

was selected as the reference temperature for the thermal model.
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Other factors that need to be studied are the reference time for which the reference
temperature reaches to the starting temperature of the simulation and the time-step for that
reference time. In the previous simulation (Figure 3-41), the reference time was not
considered, i.e., at the starting time of the simulation, there was no stress generated by the
difference of the reference temperature and the starting temperature. Hence, a series of
simulations with various reference times and numbers of time-steps was performed. The
reference temperature for these simulations was determined using the 30-day constant
average concept. As shown in Figure 3-42, the reference time appears to be slightly sensitive,
and the number of time-steps needed for the damage calculation is not sensitive. This finding
could be due to the fact that the temperature varies linearly from the reference temperature to
the starting temperature. Based on the fact that the reference time and the time-step are not
sensitive and that a 30-day constant average temperature was decided to serve asthe
reference temperature, a 15-day reference time and one time-step were selected for the final

simulation.
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Figure 3-42. Variousreference time effects using the 30-day constant aver age concept
for the climates starting from: (a) FL-Jun and (b) WY -Dec
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With the approaches determined based on the sensitivity analysis, the full-time thermal
loading simulation was performed using the single element simulation and the results are
shown in Figure 3-43. For these simulations, two different starting months (Jun versus Dec)
for both FL and WY temperature profiles were utilized. As decided from the sensitivity
studies, the reference temperature was a 30-day constant average temperature of the previous
month and a 15-day reference time with one time-step was applied. As seen in Figure 3-43,
especially for the Wyoming temperature profile, the damage accumulations for the different
starting times are different for the initial months, but both cases (FL and WY show amost
the same damage level at the end of ten years of simulation. These results will be utilized for

the validation of the thermal extrapolation model.
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Figure 3-43. Representative full-time thermal loading smulation results
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3.4.5.2 : Extrapolated Thermal Loading Simulation

Figure 3-44 shows the proposed extrapolation scheme that presents how the thermal
stress and damage are calculated and how the thermal loading is combined with the
mechanical loading. This schematic representation was developed based on the method
shown in Figure 3-35. First, the thermal stress due to temperature change in a segment
during the negative time-step is calculated. The thermal stress is combined with the
mechanical stress for 0.1 second, and the combined stress is then used to calculate the
damage. After 0.1 second, the mechanical stress is released, but the thermal stress till
remains and accumulates the damage. In the same way, the damage from the other two
segments is calculated, and the damage accumulation results for all three segments are

summed and then extrapolated by the amount of traffic to obtain the damage for a month.
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Figure 3-44. Extrapolation scheme for thermal and mechanical loading

In Figure 3-44, the temperature profile for thermal stress calculation, i.e., betweent = -

28800 sec and t = 0 sec, could be arithmetic average or based on the weighted average,
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whereas the temperature for damage calculation, i.e., betweent = 0 sec and t = 62.2 sec,
could be the end temperature of the temperature profile for thermal stress calculation
(referred to as End) or the average temperature of the temperature profile for thermal stress
calculation (referred to as Avg). These two options have been investigated to determine
which approach yields the same results for the full-time simulation.

In the current ssimulation extrapolation scheme, the temperature for a given month is
averaged for each of the time segments identified in Section 3.4.4. This method is perfectly
acceptable for computing the stress and damage due to mechanical loading, but could yield
erroneous thermal damage results because it effectively smoothes some of the extreme
events. The thermal stress-related damage calculations are much more sensitive to changes
in temperature than the mechanical stress-related damage calculation, because these damage
calculations are directly proportional to the temperature raised to the VECD damage power,
a . This proportionality can be observed by substituting the thermal strain, Equation (3-68),
into the pseudo strain calculation, Equation (3-12), and then combining the results with the
derived evolution law, which is part 1 of Equation (3-28). Conversely, the temperature
dependence for mechanical damage enters indirectly into the constitutive model by changes
in reduced time in the calculation of the pseudo strain. Thisindirect entry does not mean that
the mechanical damage is not sensitive to temperature, only that it is less sensitive to
temperature than is thermal damage.

To compute the thermal damage more accurately, the theoretically observed
proportionality between thermal damage and temperature raised to the VECD a was used.

Equation (3-77) shows the averaging function that was applied to generate the weighted
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average temperature. Figure 3-45 provides a comparison between the average and weighted
average temperature values computed for adaily temperature cycle. In this figure, the lines
represent the daily temperature cycles for the 31 days of December for Laramie, Wyoming.
In Figure 3-45, the circles represent the mathematical average temperature, and the squares
represent the weighted average temperature. It is seen from Figure 3-45 that the overall

average temperatures are not that different from each other.

¢
Ton =6 - (3-77)
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Figure 3-45. Original vs. weighted average temperature and temperature rates for
WY -Dec

Based on the findings from the full-time simulation, the effects of reference temperature,
time, and time-step in the extrapolated thermal loading simulation were evaluated, and the
results are shown in Figure 3-46. The effects of such factors on the extrapolated simulation

appear more sensitive than they do on the full-time simulation. However, considering
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engineering reasonableness and the practicality of the time needed to run the simulations, it

was decided to employ the methods used in the full-time simulation.
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Figure 3-46. Effectsof reference temperature, time, and time-step in the extrapolated
thermal loading ssimulation starting from: (a) FL-Jun and (b) WY -Dec

To determine the appropriate thermal extrapolation model, a set of simulations was run
for the Florida and Wyoming temperature profiles. Four different cases were created by
using a combination of arithmetic and weighted average methods for the thermal stress
calculation portion (during the negative time-steps) and using the end or average
temperatures for the damage calculation portion (during the rest periods). The reference
temperature used is the average temperature of the previous month, and the reference time is
15 days with one time-step. To directly compare the full-time simulation results shown in
Figure 3-43, the single element simulation was utilized. Damage accumulations for the four
cases are plotted together with the results of the full-time simulation in Figure 3-47. As seen
in the results for the Wyoming temperature profile, the combination of the weighted average

temperature for the thermal stress calculation and the average temperature for the thermal
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damage calculation is perfectly matched to the full-time simulation result. However, in the
Florida temperature profile, the full-time simulation result is close to the combination of the
arithmetic average and the end temperature method, or to the middle of the end and average
temperature method using the weighted average temperature.

To discern whether certain temperature profiles cause such discrepancies in matching
the combinations of the extrapolation schemes, both the Florida and Wyoming temperature
profiles were shifted down or up so that new sets of temperature profiles, with different
yearly average temperatures and the same daily temperature fluctuations, were created. The
difference in the yearly average temperatures between Florida and Wyoming is 30°F. In
other words, the original FL temperature profile was shifted down by 30°F, whereas the
original WY temperature profile was shifted up by 30°F. The same sets of combinations
using the newly created temperature profiles were simulated, and the results are provided in
Figure 3-48. The opposite trend was found. For the FL-30°F shifted down profile, the full-
time simulation was perfectly matched to the combination of the weighted average and the
average temperature method, whereas for the WY -30°F shifted up profile, the full-time
simulation was situated in the middle of the end and average temperature method using the
weighted average temperature. This trend could be caused by different effect of errors from
averaging temperature for the extrapolation in warm and cool temperature profiles.
Nevertheless, it was decided that the combination of the weighted average temperature for
the thermal stress calculation and the average temperature for the damage calculation is
acceptable as the thermal and mechanical extrapolation methods. This combination has the

following advantages. 1) overall, it is perfectly matched to the full-time simulation for the
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cool temperature profile (WY, which creates severe thermal damage; 2) theoretically, the
weighted average temperature captures daily temperature fluctuations; and 3) the average

temperature used for the damage calculation is more representative than the end temperature.
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Figure 3-47. Comparison of the extrapolated ssimulation and the full-time ssimulation:
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Figure 3-48. Comparison of the extrapolated ssimulation and the full-time ssimulation:
(a) FL — 30°F shifted down and (b) WY — 30°F shifted up

With the thermal extrapolation scheme developed using the single element simulation,
the final sets of the simulation were run for athin pavement structure. For these simulations,

two climate conditions, Florida and Wyoming, and two asphalt mixtures, Control and SBS
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from the ALF pavements (mixture information can be found in Section 4.1), were utilized.
Figure 3-49 (@) and (b) present the comparisons between the full-time simulation and the
extrapolated simulation for the Control mix and SBS mix, respectively. Note that the
damage accumulation was determined from the first top layer, which shows the most
significant damage due to the largest variation in temperature. The overall trends arethe
same for the single element simulation results. The SBS mix exhibits much less thermal
damage than the Control mix, especially in the Wyoming temperature profile. Thisresult is

expected because the SBS mix is softer than the Control mix.
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Figure 3-49. Thermal model validation for actual pavement structurefor FL and WY
temperature profilesusing: (a) FHWA Control mix and (b) SBS mix

3.5 : OUTPUT MODULE

The output module consists of the tools and techniques necessary to view and interpret
the VECD-FEP++ performance predictions. It creates a single file that can be opened,
processed, and manipulated to view visual interpretations (contours) of the predicted damage,
stress distribution, or other quantities of interest. This file can also be processed to extract

different indices to quantify the visual observations.
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3.5.1 : Output in the Form of a Contour Plot

Example contour plots and typical values are shown in Figure 3-50 (@), (b), (c), and (d)
for radial stress, radial strain, pseudo stiffness and the condition index, respectively.
Through qualitative observations of these contour plots, the damage distribution and
evolution in the overall pavement structure can be captured easily. More importantly,
because the VECD-FEP++ does not assume the location where the damage is concentrated,
and usually the severe damage occursin small areas (i.e., a few structural elements as
compared to several thousands of elements within the whole pavement structure), the
damage concentration needs to be tracked for the entire structure. The contour plotsin
Figure 3-50 show the grids that represent the elements that build the AC layersin the
pavement structure. For the sensitivity analysis, the element size of 1.4 cm by 1.4 cmwas
determined for the AC layersin this research. Moreover, significant damage in an element of

this size could be considered to be the initiation of cracking, based on field observations.

0.4 o ] ] . 0.3 04

Figure 3-50. Examples of contour plotsfor: (a) radial stress, (b) radial strain, (c)
pseudo stiffness, and (d) the condition index
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3.5.2 : Quantification of Cracking Prediction

A scaled parameter, referred to as the condition index (ClI) and defined by Equation
(3-78), was computed for each element in the pavement structure to interpret the lossin
material integrity. Asthis equation indicates, the Cl is a variable that ranges from O to 1,
with O being failure according to the material level criteria discussed in Section 3.2.5.3 (see
Figure 3-19), and 1 representing a completely intact body.

Ci - Cf,i

Cl=——, (3-78)
Cintad - Cf,i
where
Cl = the condition index,
C..« = theintact pseudo stiffness value,
C = pseudo siffnessat instant i, and
C,, = failurepseudo stiffnessat instant i .
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4. MODEL INTEGRATION

4.1 : INTRODUCTION

Reasonableness and sensitivity studies were carried out by a series of FEP++
simulations to show whether or not the framework development and integration into the
VECD-FEP++ were performed correctly. First, a reasonableness check was performed to
verify the proper implementation of the VECD model, and hence, the sub-models (healing,
aging, thermal damage, etc.) were not included. Second, a sensitivity check was conducted
to investigate the effect of each analytical sub-model on pavement performance. From the
sensitivity studies it was revealed that the sub-models affect pavement performance in
different ways and to varying degrees. Finally, the example simulation was run with two
purposes. 1) to assess whether the enhanced VECD-FEP++ which includes all sub-models
works properly without any erroneous result and 2) to present how the damage contour in
the pavement changes along the months and evolves until the pavement fails.

Two pavement structures, as shown in Figure 4-1, were investigated: thin (127 mmor 5
in.) and thick (304.8 mmor 12 in.). Two AC mixes, the Control and SBS mixes used in the
FHWA ALF research, were selected for the simulation because all the necessary model data
for both mixes were available, and it has been reported that both mixes show significantly
different performance behavior (17). The aggregate gradation, asphalt content, and target air

void levels are the same for both mixtures, as shown in Table 4-1.
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Table4-1. Volumetric Propertiesof Laboratory Mixturesfor ALF Pavements

ALF
Mix Designation Control SBS
Binder Type Unmodified Styrene Butadiene Styrene
Binder Grade PG 70-22 PG 70-28
Binder Content 5.30%
NMSA* 12.5 mm
Target Air Voids 4%
Sieve Size Gradation, % Passing
37.5mm 100.0
25.0 mm 100.0
19.0 mm 100.0
12.5 mm 93.8
9.5mm 85.2
4.75 mm 56.0
2.36 mm 35.6
1.18 mm 25.1
0.600 mm 18.4
0.300 mm 13.1
0.150 mm 9.3
0.075 mm 6.7

* Nominal Maximum Size Aggregate

Results from the material characterization also show large differences in the material
responses, as shown in Figure 4-2. The base layer for the thin pavement structure was 203
mm (8 in.) thick, and the subgrade for both structures was considered to be semi-infinite.
The AC layers were modeled using the VECD model and additional analytical modelsto
include such factors as aging, healing, damage factors, and thermal stress. The unbound
material layers were assumed to be linear elastic at three different levels of modulus values
(weak, moderate, strong), as presented in Table 4-2. The modulus values of both the base
layer and subgrade materials were varied to yield either aweak, moderate, or strong support
condition. Depending on the purpose of the simulation, the appropriate pavement

temperature was selected from the five regional temperature profiles generated from the
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EICM. The temperatures varied in accordance with time and depth within a given AC layer.
To simulate the variations in temperature with depth, each row of elements in the FEM mesh
was assigned a different temperature consistent with the EICM output at the average depth
of the row. A moving load was simulated by applying a 0.1 second haversine loading pulse
with a magnitude of 40 kN (9 kip) and contact pressure of 689 kPa (100 ps) on the
pavement surface, followed by 62.2 seconds or 622 seconds of rest for thin and thick

pavement respectively.

¢ Thin Pavement ¢ Thick Pavement

pauni
ik

Subgrade (infinite) Subgrade (infinite)

Figure4-1. Pavement structuresfor FEP++ simulation

Table 4-2. Elastic Modulusused for Unbound Layers

Layer Elastic Modulus, MPa (Kksi)
Weak Moderate Strong
Base Layer 138 (20) 276 (40) 552 (80)
Subgrade 41 (6) 83 (12) 166 (24)
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Figure4-2. Characteristics of Control and SBS mixturesfor FEP++ simulation: (a)
|E*| mastercurvein semi-log scale; (b) |E*| mastercurvein log-log scale; (c) phase angle
mastercurve; and (d) damage characteristic curve

4.2 : REASONABLENESS

To verify the modeling framework, first areasonableness check is performed. Because
the purpose here isto verify that the VECD model is implemented correctly, the analytical
sub-models (healing, aging, thermal damage, etc.) are not included. Table 4-3 summarizes
the simulation details for the analysis to verify reasonableness. Three factors were chosen
based on the general effects that are expected of such factors from experience. Four
temperature profiles were selected to represent the critical conditions. Tallahassee, Floridain

the summer (FL-Jun) at 5:00 AM (5:00) and at 2:00 PM (14:00), and Laramie, Wyoming in
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the winter (WY -Dec) at 5:00 AM and at 2:00 PM. The temperature profiles for these four
conditions are shown in Figure 4-3. For both geographical locations, the 5:00 AM
temperature profile shows a low temperature at the top of the pavement and a high
temperature at the bottom. Due to heat from the sun, the opposite trend occurs for both
locations at 2:00 PM. Differences between the average temperatures for the two locations
are also evident from Figure 4-3. The two pavement structures shown in Figure 4-1 and the

two asphalt mixtures from the ALF study (Control and SBS) were utilized in these

simulations.
Table4-3. Simulation Details for Reasonableness Check
Item Number of Detail
Cases
Region 4 FL-Jun-5:00, FL-Jun-14:00, WY-Dec-5:00, WY-Dec-14:00
Structure 2 Thin (127 mm or 5in.), Thick (304.8 mm or 12 in.)
AC Material 2 ALF Control, ALF SBS
Support Condition 1 Moderate
Aging 1 No Aging
Healing 1 None
Thermal Stress 1 None
DF 1 None
Total Number of Cases 16
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Figure 4-3. Temperature profilefor reasonableness check

Simulation results are presented in Table 4-4 to Table 4-6 in terms of the radial stress
and strain at the peak loading time (0.05 second) for all 16 test cases. For easier comparisons,
all contours for the same variables (stress or strain) are plotted using the same scale. From
the contours shown in Table 4-4 to Table 4-6, the following comparisons can be made:

Highest versus lowest temperature profile by region (Florida and Wyoming)
Florida versus Wyoming by time of day (5:00 AM or 2:00 PM)
Control versus SBS mixtures under the same condition(s)
Thin versus thick structure under the same condition(s)
A key observation from the plots shown in Table 4-4 to Table 4-6 is that the tensile

strain at the pavement bottom is greater a higher temperatures. The magnitude of stress also
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shows a change, a decrease, with increasing temperatures. This effect is expected because
the support conditions are constant for al cases, and the modulus value of the asphalt layer
increases with reductions in temperature. However, it is interesting that daily temperature
variations have little effect on the stress distribution. Instead, a large difference in the mean
temperature is needed in order to change the stress distribution noticeably. This effect is
more obvious in the thin pavements than in the thick pavements, and results from increased
bending-related stress in the thin pavements. Of course, because the stress distribution
changes very little due to temperature variations, the strain magnitude increases with the
temperature because the material is softer a higher temperatures. Unlike the stress
distributions, though, these changes in strain magnitude may be noticeably different during
daily temperature fluctuations.

Comparisons of material type reveal that when the SBS materials are used, higher strain
magnitudes result. If the temperatures shown in Figure 4-3 are combined with the data
shown in Figure 4-2, i.e., the mastercurve, appropriate time temperature shift factors, and a
guasi-approximate time-frequency conversion (37), it can be seen that the most extreme
temperature in the simulations, 41°C, and the loading time of 0.1 second, correspond
approximately to areduced frequency of 6.0 x 10° Hz. At this reduced frequency, the SBS
material shows a softer LV E response than the Control mixture, as seen in Figure 4-2. If, on
the other hand, the simulation is performed at the high temperature PG grade (continuous
grade-based) of the two mixtures, 72°C, then the approximate equivalent reduced frequency
would be 1.5 x 10" Hz. At this reduced frequency, the SBS mixture is stiffer (in terms of

linear viscoelasticity) than the Control mixture, and it should be expected that the radial
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strain would be less for the SBS mixture than for the Control mixture. Table 4-7 shows the
contours for athin pavement at 0.05 second and at 72°C for both the SBS and the Control
mixtures. From this table it is seen that the SBS mixture shows less total strain than the
Control mixture, which, along with the datain Table 4-4 to Table 4-6 and Figure 4-2,
confirms the reasonableness of the response predictions with regard to material type.
Finally, comparisons between the thin and thick pavements show that the magnitude of
the tensile strain at the bottom of the thin pavement is always greater than the strain in the
equivalent thick pavement case. The difference is more noticeable in the Wyoming
simulations because of the scaling used in the contours and because the Wyoming conditions
result in a mixture with a high modulus. The Florida simulations show similar gray scale
patterns of the thick and thin pavements, which is aresult of setting a scale capable of
delineating strain under all of the conditions shown. These cases are thus misleading; in
reality, the strain in the thin pavement case is greater than in the simulations. It isalso
observed that the approximate pavement shear center, as indicated by a bulb of radial strain
extending near the loading edge, isrelatively higher in the thick pavement (at 20% of total
depth) than it isin the thin pavement case (at 40% of total depth). This behavior isto be

expected in layered analysis.
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Table 4-4. Radial Stress and Strain Contoursfor Reasonableness Check: Thin
Pavements— Florida and Wyoming

Case Radial Stress at t = 0.05 sec (kPa) Radial Strain at t = 0.05 sec
. Ty
FL-Jun-5:00 0_05
Thin-Control o
x : : : :
FL-Jun-5:00 0_05-
Thin-SBS o
x : : _ :
FL-Jun-14:00 008
Thin-Control N
Umum'm ' ' ' '
FL-Jun-14:00 008
Thin-SBS N
T ' ' '
WY-Dec-5:00 0_05
Thin-Control N
P TTTY ' ' '
WY-DeC-5:00 | ot
Thin-SBS N
T ' ' ' NTTRTYRATYY
WY-Dec-14:00 0_05
Thin-Control N
' ' ' ' ' NTRTTRNTY
WY-Dec-14:00
Thin-SBS
Contour Srr: -1200 -1000 -800 -600 -400 -200 0 200 400 600 800
Legend IR

E

=

I. -1.6E-04 -1.3E-04 -1.0E-04 -7.0E-05 -4.0E-05 -1.0E-05 2.0E-05 5.0E-05 8.0E-05 1.1E-04 14E-04
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Table 4-5. Radial Stress and Strain Contours for Reasonableness Check: Thick

Pavements - Florida

Case

Radial Stress at t = 0.05 sec (kPa)

Radial Strain att = 0.05 sec

FL-Jun-5:00
Thick-Control

0

0.05

FL-Jun-5:00
Thick-SBS

FL-Jun-14:00
Thick-Control

NERREENRREY!

0.05
0.1
0.15
0.2
0.25

0.3
0 0.1

FL-Jun-14:00
Thick-SBS

NERREENRREY)

0.05
0.1
0.15
0.2
0.25

0.3
0

Contour
Legend

Srr: -1200 -1000 -800 -600 -400 -200

0 200 400 600 800

Err: -1.6E-04 -13E-04 -1.0E-04 -7.0E-05 -4.0E-05 -1.0E-05 2.0E-05 5.0E-05 8.0E-05 1.1E-04 14E-04
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Table 4-6. Radial Stressand Strain Contoursfor Reasonableness Check: Thick
Pavements - Wyoming

Case Radial Stress at t = 0.05 sec (kPa) Radial Strain at t = 0.05 sec

0

0.05

WY-Dec-5:00
Thick-Control

WY-Dec-5:00
Thick-SBS

. . . - ! i} 0.1

NERREENRREY!

0.05

0.1

WY-Dec-14:00
Thick-Control

0.15
0.2
0.25

0.3 .
0 0.1 . . . . 0 0.1

NERREENRREY!

0.05

0.1

WY-Dec-14:00
Thick-SBS

0.15
0.2
0.25

0.3

Contour Srr: -1200 -1000 -800 -600 -400 -200 0 200 400 600 800
Legend ] \

Err: -1.6E-04 -13E-04 -1.0E-04 -7.0E-05 -4.0E-05 -1.0E-05 2.0E-05 5.0E-05 8.0E-05 1.1E-04 14E-04
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Table4-7. Radial Stressand Strain Contoursfor Reasonableness Check: Thin
Pavements— Full Depth 72°C

Case Radial Stress at t = 0.05 sec (kPa) Radial Strain at t = 0.05 sec
G

NRERERRENRE

HighTemp.
7200 0.05F
Thin-Control 01

0.05

0.1

0.1

RERNRRNRERY!

HighTemp.
7200 0.05F 0.05
Thin-SBS 01
0.3 0.4 . 0
I
Contour Srr: -400 -350 -300 -250 -200 -150 -100 -50 0 50
Legend [ ] | | [ T

Err: -1.0E-03 -8.0E-04 -6.0E-04 -4.0E-04 -2.0E-04 0.0E+00 2.0E-04 4.0E-04 6.0E-04

4.3 . SENSITIVITY

This section discusses in detail the effect of each analytical sub-model on pavement
performance. Simulation details are shown in Table 4-8. Here, the pavement structure and
asphalt material are fixed as the thick pavement and Control mix, respectively. Temperature
data for two regions (Florida and Wyoming) are utilized for 1 year or 20 years, depending on
the purpose. It was decided that the DF should be included in all cases, because this factor
has a significant effect, especially in Florida, which experiences relatively higher
temperatures than Wyoming. For the support condition, sensitivity is evaluated
independently of the other factors, but a specific condition was chosen for the sensitivity
analysis of each variable (i.e., aweak support condition was used to assess the DF, and a
moderate support condition was used to assess aging). The rationale behind selecting which
support condition to use for which variable is to amplify the effect of the variable under

investigation; i.e., the support condition is chosen to represent the worst case scenario. Note
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that the sensitivity of the healing model was not investigated in this research because the
effect of the healing model cannot be properly captured in a simple simulation and thus,
simulations performed for this research will utilize only one type of healing model

coefficients regardless AC materials due to limited resource.

Table 4-8. Simulation Detailsfor Sensitivity Check

Item Number of Details
Cases
Region 2 FL, WY
Structure 1 Thick (304.8 mm or 12 in.)
AC Material 1 ALF Control
Support Condition 3 Weak, Moderate, Strong
Aging 2 No Aging, Aging
Healing 0 None
Thermal Stress 2 High vs. Low Thermal Coefficient
DF 2 1-yr EICM or 10-yr EICM
Total Number of Cases 32

4.3.1 : Support Condition Effect

Table 4-9 displays a comparison of the damage contours for Florida and Wyoming to
show the effects of varying the support condition. From thistable it is evident that a strong
support condition leads to an overall reduction in damage distribution. The effect is most
significant for the top-down damage, but also affects the damage at the bottom of the
pavement. It is also seen that the effect of the support condition is most noticeable in the

case of the Florida climatic condition.
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Table 4-9. Support Condition Effect in Florida and Wyoming

Conditions FL WY

[RRREERANN

Control Mix
SC — Weak
DF
No Aging
No Healing
No Thermal

Control Mix
SC — Moderate
DF
No Aging
No Healing
No Thermal

Control Mix
SC - Strong
DF
No Aging
No Healing
No Thermal

4.3.2 : Aging Effect

To investigate the effect of aging, FEP++ simulations were conducted, and the results
are shown in Table 4-10 and Table 4-11. In the simulations a single year run was performed,
but the input material properties correspond to either the un-aged properties (denoted as No
Aging) or the 20 year-aged properties (denoted as Aging). Because the amount of field aging
isrelated directly to environmental conditions, two extreme cases, Laramie, Wyoming and
Tallahassee, Florida, were used in this sensitivity analysis. The ALF Control mixture was
used for both cases. Note that, because the purpose of the first simulation runs was to assess

only the sensitivity of the aging model, the healing and thermal damage models were not
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active. The following observations can be made from the contours shown in Table 4-10 and
Table 4-11:
Aging can have a noticeable effect on the damage growth in a pavement, particularly
at the pavement surface;
The effects of aging are more significant in climates with higher annual pavement
temperatures (Florida) than in cooler climates (Wyoming);
Although the effects of aging are most noticeable at the pavement surface, aging
affects the way stress distributes throughout the pavement and, thus, the way that

damage accumulates throughout the whole pavement structure.

Aging also increases the C at failure and thus, thisincreased C, maximizesthe

aging effect as can be seen in Table 4-11.

Table 4-10. Aging Effect in Florida and Wyoming - C Contours

Conditions FL WY
T

Control Mix
SC — Moderate
DF
No Aging
No Healing
No Thermal

Control Mix
SC — Moderate
DF
Aging
No Healing
No Thermal
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Table4-11. Aging Effect in Florida and Wyoming - Cl Contours

Conditions

FL

WY

Control Mix
SC — Moderate
DF
No Aging
No Healing
No Thermal

[REREERRNN

Control Mix
SC — Moderate
DF
Aging
No Healing
No Thermal

4.3.3 : Thermal Stress Effect

Thermal stress isthe direct result of structural constraints on material expansion. When

amaterial is heated or cooled it tends to expand or contract by an amount directly

proportional to the change in temperature. The constant of proportionality is known asthe

thermal coefficient, and for the purposes here is assumed to be a material constant. This

parameter is not typically measured for AC, but it can be estimated from Equation (4-1) (19).

A parametric study using this equation with typical in-service input values shows that this

property may range from 1.3 x 10° to 2.5 x 10° e/ °C . For the sensitivity analysistwo a

values of the minimum and maximum from the range, 1.3 x 10° and 2.5 x 10 e/ °C , were

used.

_VUMA*a,. +V, *a

a

mix

where
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a . = thermal coefficient of the mixture,

mXx

a, = thermal coefficient of the asphalt cement (3.45 x 10 e/°C),

a,, = thermal coefficient of the aggregate particles (6.5x 10° e/ °C),
VMA = percentage of voids in the mineral aggregate,

Ve = percentage of aggregate in the mixture, by volume, and

Vi = percentage of total volume, 100.

Laramie, Wyoming and Tallahassee, Florida are the regions selected for these
simulations and one year simulation was performed starting from October. The results are
shown in Figure 4-4 for the four different conditions. From this figure it is clearly observed
that the damage is greater with the larger thermal coefficient. The effect of the thermal
coefficient varies by region because the modulus is affected by the mean temperature. In the
case of the Florida simulation, the material is much more viscous than it is in the Wyoming
case. Asaresult, the material is more likely to relax and absorb thermally-induced
dimensional changes and, therefore, experience less damage. Because the overall effect of
thermal damage is reduced, the apparent effect of the thermal coefficient is also reduced for

Florida.

0.12

0.10

0.08 -

0.06 -

0.04

Reduction of C

0.02

0.00 : :
WY _Low WY _High F_Low FL_High

Figure 4-4. Sensitivity of thermal damage growth to selected thermal coefficients
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4.3.4 : Viscoplastic Effect

The effect of viscoplasticity on pavement performance, especially cracking, could be
significant, depending on the material, structure, and/or temperature. As described in Section
3.3.2, the effect of viscoplasticity on the pavement performance can be handled through the
Damage Factor (DF).

To evaluate the viscoplastic effect, smulations were conducted by making only the DF
analytical model active. The other sub-models — healing, aging and thermal — were inactive.
Some typical results are shown in Table 4-12. To amplify the effects of the DF, the support
conditions for the contours are al wesak, as shown in Table 4-12. These simulations were run
for one year with and without the DF. Asis clearly seen in Table 4-12, the DF noticeably
reduces the total damage growth for both the Wyoming and Florida regions. The effects of
the DF are somewhat more pronounced in the Florida case and much more pronounced near

the pavement base.

Table 4-12. Viscoplastic Effect in Two Extreme Regions. Florida and Wyoming

Conditions FL — 1 year WY — 1 year
L

Control Mix
SC — Weak
No DF
No Aging
No Healing
No Thermal

Control Mix
SC — Weak
DF
No Aging
No Healing
No Thermal
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Another important aspect of the DF that should be examined is the temperature used in
the computations. This issue is important because most of the temperature data compiled in
the EICM are less than 10-year data, and to simulate a pavement condition requires
repeating the data. The effect of sequential year temperature data on the DF calculation was
evaluated. Two methodsto calculate the DF were chosen:

Calculate the DF using 1-year EICM data and repeat both the temperature profiles
and the DF 20 times.

Calculate the DF year by year and use annual specific temperature profiles by
repeating the 10-year EICM data

Aswith the other DF sensitivity analysis, no other analytical sub-models were active in
these simulations. For simulation purposes, the D.C. temperature data were selected as
representative for all regions. The ALF Control mix and a moderate modulus were utilized
for the asphalt layer and subgrade, respectively. As shown in Table 4-13, the two methods
generate similar results. As aresult of the analysis shown in Table 4-13, it is concluded that
the DF calculation is not sensitive to yearly temperature fluctuations and, as aresult, only a
single annual temperature profile needs to be used in computing its value. Because thermal
effects were considered by sequentially repeating five years of EICM data, the DF was

computed based on the average of five years of EICM data.
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Table 4-13. Sensitivity of the Damage Factor Calculation

Conditions Method DC -20 years
EICM-1 yr
DF-1yr
Control Mix
SC — Moderate
DF
No Aging
No Healing
No Thermal
EICM-10 yr
DF-20 yr

4.4 : EXAMPLE SIMULATION

4.4.1 : Simulation Details

An example simulation of the FEP++ using the VECD model and all accompanying

analytical sub-models was carried out to demonstrate the capabilities of the modeling

approach. For this example problem, a single region — wet, freeze-thaw cycling for

Washington, D.C. —was chosen. Only a single support condition, moderate, was used for

this example, and all other factors were fixed except the pavement thickness, which was

evaluated at the 101.6 mm (4 in.) and 304.8 mm (12 in.) levels. All of the sub-models were

active for these simulations. The simulation details are summarized in Table 4-14.
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Table 4-14. Simulation Detailsfor Example Simulation

Number of

Item Details
Cases
Region 1 DC
Structure 2 Thin (101.6 mm or 4 in.), Thick (304.8 mm or 12 in.)
AC Material 1 ALF Control
Support Condition 1 Moderate
Aging 1 Yes
Healing 1 Yes
Thermal Stress 1 High Thermal Coefficient
Damage Factor 1 5-yr Average EICM
Climate 1 5-yr EICM Repeated
Load Level 1 40 kN (9 kip)
Contact Pressure 1 689 kPa (100 psi)
Total Number of Cases 2

4.4.2 : Simulation Results and Discussion

Results from the simulations are shown as a series of contour plots. The variable of
interest in these contours is the condition index (Cl). The resulting contour plots for this
simulation condition are summarized in Table 4-15. In this table, the month column contains
two items of information: the cumulative number of months (all simulations began in
October) and the corresponding month. Simulations were performed until any element
reached a condition index (Cl) value of 0. As aresult, the thin pavement was failed after 14
months while the thick pavement was failed after 75 months. Table 4-15 shows the contours
for the months of January through November of the first simulation year for both the thin
pavement and the thick pavement. In addition, the contours for the months of the final year
for the thick pavement simulation are shown in the far right column of the table. All

contours could be interpreted in terms of the extent and severity of the damage.

136



Table 4-15. Condition Index (Cl) Contoursfor Example Simulations

Mon. t-C-M-DC T-C-M-DC (1™ Year) Mon. T-C-M-DC (6" Year)
VL
4 64
(Jan) (Jan)
6 66
(Mar) (Mar)
8 68
(May) (May)
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10 70
(Jul (Jul
12 72
(Sep) (Sep)
14 74
(Nov) (Nov)
75
(Dec)
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A few observations can be made from Table 4-15. The thin pavement was failed at the
bottom and center of the AC layer while the thick pavement was failed at the top and wheel
load edge of the AC layer. Such results follow the generally accepted knowledge, e.g., thin
pavement tends to show the bottom-up cracking whereas thick pavement tends to show the
top-down cracking. It was also observed from examining the damage evolution between the
months of May and July that pavement healing may constitute a major component of a
pavement’s total fatigue performance. However, it is seen, through the mechanisms
associated with repeated loading, healing and aging, that the thick pavement shows an area
of concentrated damage at the pavement surface near the wheel load edge. Therefore, it
appears that healing is more effective near the pavement surface of a thin pavement than that
of athick pavement; i.e., the thick pavement appearsto heal better at the bottom of the
pavement than does the thin pavement.

Another observation was that the thick pavement shows relatively significant thermal
damage at the surface of AC layer, especially right under the wheel load, while the thin
pavement does not show any noticeable damage due to the thermal loading. Thermal stress
generated by temperature variation is not sensitive to the structure and the same magnitude
of mechanical loading results in relatively higher stresses in the thin pavement than in the
thick pavement. Thus, the effect of thermal stress generated by the same temperature profile

is much less in the thin pavement than in the thick pavement.
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5. MODEL EVALUATION

5.1 : PARAMETRIC STUDY
5.1.1 : Introduction

A systematic evaluation using the VECD-FEP++ code was carried out to gain insight
into the parameters most responsible for the development and/or dominance of TDC.
Combinations of three regions (FL, DC, and WY)), two structures (thin and thick pavements),
two materials (Control ALF and SBS ALF) and three support conditions (weak, moderate,
and strong) wereinvestigated in order to study the simple and interactive variables. The
factorial levels are summarized in Table 5-1.

Table5-1. Simulation Detailsfor the Parametric Study

Item Number of Details
Cases
Region 3 FL, DC, WY
Structure 2 Thin (101.6 mm or 4 in.), Thick (304.8 mm or 12 in.)
AC Material 2 ALF Control, ALF SBS
Support Condition 3 Weak, Moderate, Strong
Aging 1 Yes
Healing 1 Yes
Thermal Stress 1 High Thermal Coefficient
Damage Factor 1 5-yr Average EICM
Climate 1 5-yr EICM Repeated
Load Level 1 40 kN (9 kip)
Contact Pressure 1 689 kPa (100 psi)
Total Number of Cases 36 Combination of all Cases

The most important factors identified, for which all the necessary inputs are available,
are: material type (modified versus unmodified), pavement thickness (thin versus thick),

climate (wet, freeze-thaw cycling versus wet, no freeze versus dry, hard freeze, spring thaw),

140



and support condition (weak versus moderate versus strong). Both asphalt content and air
void content are known to be important factorsthat affect the cracking performance of HMA
pavements; however, sufficient experimental data were not available for which the only

independent variables were asphalt content and air void content.

5.1.2 : Simulation Results and Discussion

Table 5-2 summarizes the simulation results for the parametric study, including the
cumulative number of months to failure for each case. Simulations for al cases were run
until any element reached a condition index (Cl) value of O or until 20 years had been
simulated. Some cases, especially those with the Florida climate, did not fail after 20 years.
The simulated CI contours are shown for the thin pavements in Table 5-3 and for the thick
pavements in Table 5-4 and Table 5-5. Note that the contours show the pavement condition
at failure, except for six cases that did not fail in 20 years. For those six cases, the contours
were determined for January of the 20th year because those contours represent the maximum
damage. The cumulative number of months to failure and the corresponding month are
shown below each contour. One finding that is derived from the month at failure is that most
cases fail during the cold season, i.e., from October to February, except for four cases that
failed during the warm season, i.e., from April to July, and those four cases are under the
Florida climate condition. Failure during the cold season in most cases was caused by a
combination of low healing potential, thermal damage, and a high failure criterion. Also, it
can be seen from the contours of the four cases that failed during warm months that the

damage is highly concentrated at the top and load edge.
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Table5-2. Simulation Resultsfor the Parametric Study

Cumulative number of
Structure AC Sublayer Climate ID months to failure
Top Bottom
FL t-C-W-FL 16
Weak DC t-C-W-DC 5
WY t-C-W-WY 3
FL t-C-M-FL 51
Control Moderate DC t-C-M-DC 14
WY t-C-M-WY 13
FL t-C-S-FL 2 -
Strong DC t-C-S-DC 27
Thin WY t-C-S-WY 26
(4in.) FL t-S-W-FL 34
Weak DC t-S-W-DC 3 3
WY t-S-W-WY 2 2
FL t-S-M-FL 115
SBS Moderate DC t-S-M-DC 3
WY t-S-M-WY 3
FL t-S-S-FL - -
Strong DC t-S-S-DC 41
WY t-S-S-WY 40
FL T-C-W-FL 100
Weak DC T-C-W-DC 27
WY T-C-W-WY 26 26
FL T-C-M-FL 116
Control Moderate DC T-C-M-DC 75
WY T-C-M-WY 28
FL T-C-S-FL 220
Strong DC T-C-S-DC 122
Thick WY T-C-S-WY 28
(12 in.) FL T-S-W-FL 115
Weak DC T-S-W-DC 39
WY T-S-W-WY 26
FL T-S-M-FL - -
SBS Moderate DC T-S-M-DC 123
WY T-S-M-WY 38 38
FL T-S-S-FL - -
Strong DC T-S-S-DC - -
WY T-S-S-WY 38

& Pavement did not fail in 20 years.
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In Figure 5-1 to Figure 5-4, the cumulative number of monthsto failure is plotted for
each parameter, i.e., the structure, AC mix, sublayer, and climate, in order to investigate the
effect of each parameter, and each point is taken from the same condition except the main
parameter that is under consideration. In addition, in some of these figures, the points are
distinguishable by a different mark that is indicated in legend. Note that the left side figures
arein arithmetic scale and the right side figure are in logarithmic scale for the same data.

The naming convention used for the different simulations is by letter and in the
following order: pavement type, thick (T) or thin (t); material type, ALF Control (C) or ALF
SBS (S); and support condition, weak (W) or moderate (M) or strong (S). For example, t-C-
W indicates a thin pavement with an ALF Control material layer over aweak supporting

layer.
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Table 5-3. Parametric Study Simulationsfor Thin (t) Pavements

Condition FL DC
R
t-C-W
0.2 0.3 0.2 0.3
16° (Jan) 5 (Feb)
t-C-M
t-C-S
232 (Jan') ~ Not Failed
R
t-S-W
34 (Jul)
t-S-M
115 (Apn)
t-S-S

232 (Jan') ~ Not Failed

& Cumulative number of months to failure.
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Table5-4

. Parametric Study Simulationsfor Thick (T) Pavements. Control Mix

Condition FL
T-C-W
0.2 0.3 0.2 0.3 0‘.2 0.3
100 (Jan) 27 (Dec) 26 (Nov)
LU T
T-C-M
0.2 0.3 0.2 0.3 0.3
116 (May) 75 (Dec) 28 (Jan)
T TR
T-C-S

0.2 0.3

0.2 0.3

220 (Jan)

122 (Nov)
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Table 5-5. Parametric Study Simulationsfor Thick (T) Pavements: SBS Mix

Condition FL
T-S-W
0.2 0.3 . . . 0.2 0.3 . . ) . 0.2 0.3
115 (Apr) 39 (Dec) 26 (Nov)
[ERNERAREE) (R NERARRN)
T-S-M
0.1 0.2 0.3 0.4 . "0 . 0.2 0.3 . . ) . 02 . 0.3
232 (Jan) — Not Failed 123 (Dec) 38 (Nov)
RERRRRREREY! (R NERARRN]
0.05
0.1
T-S-S 0.15
0.2
0.25
0'30 0.1 0.2 0.3 0.4 05 "0 0.1 0.2 03 0.4 . . . .
232 (Jan) — Not Failed 232 (Jan) — Not Failed 38 (Nov)
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5.1.2.1 : Effect of Structure

Overall, as shown in Figure 5-1, athin pavement shows much earlier failure than athick
pavement, even though the amount of traffic for athin pavement is ten times less than for a
thick pavement. This phenomenon could be caused by using the same ESAL loading for
both pavements. In general, athin pavement is used for local roads that tend to serve
relatively light vehicles, whereas a thick pavement is used for highways that serve relatively
heavy vehicles. For the same magnitude of loading, as can be seen in Table 4-4 to Table 4-6,
the stress and strain levels in a thin pavement are much higher than those in a thick
pavement, and as a result, the degree of damage produced by one loading is much more
severe in athin pavement than in athick pavement. Such high stress and strain levelsin a
thin pavement make the effect of thermal stressrelatively small, because thermal stressis
not affected too much by the thickness of the AC layer, and as a result, more bottom failure
occursin athin pavement and more top failure occursin athick pavement.

The structural effect does not clearly show any differentiated trend for the interactions
with other parameters. From the contour plots at failure, shown in Table 5-3 to Table 5-5,
the damage area is narrow for athin pavement whereas the damage area is wide for athick

pavement.
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Figure5-1. Comparison of number of cyclesto failurefor thin pavements and thick
pavements

5.1.2.2 : Effect of Asphalt Mixture Properties

From the thick pavement simulations, it is clear that the SBS material resultsin much
improved performance with regard to the cumulative number of months to failure for all of
the sublayer and climate conditions. It also showsthat with a strong sublayer and warm
climate, the difference in the cumulative number of months to failure between the Control
and SBS mixes s large. This difference occurs because the damage in the SBS pavements
tends to slow considerably during the summer months due to the overall lower modulus of
the SBS mix relative to the Control mix and the tendency of the SBS pavement to exhibit
more viscoplastic behavior at high temperatures, and thus, to have a more favorable damage
factor than the Control pavement. It is also expected that the difference between themiis
large if the mix specific healing potential is applied, because based on other research (33),
the SBS mix is generally expected to exhibit a more favorable healing potential than the

Control mix.
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The same basic mechanisms that are active in the thick pavement also apply to the thin
pavement, except for the four cases with weak sublayers and cold climates. Those four cases

failed in only two to three months, which may be because the soft SBS mix under the worse

conditions could not endure the ESAL load during the first winter season.
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5.1.2.3 : Effect of Unbound Layer Property

From Figure 5-3, the effect of the sublayer stiffness clearly indicates, as was expected,

that strong sublayers always result in along pavement life in cases that have the same

parameters. This effect is more pronounced in thin pavements than thick pavements. When

weak sublayers interact with the soft SBS mix, the damage tends to be significant at the top

of thin pavements and results in top failure, asis shown in Table 5-2.
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5.1.2.4 : Effect of Region

Asindicated in the contour plots, the colder climates, as compared to warmer climates,
tend to show a higher damage distribution at both the top and bottom of both thin and thick
pavements. This phenomenon could be due to the relatively stiff PG70-22 binder that is used
in the mixtures. Thus, mixtures with these binders are not likely to be used in a climate such
asthat of Wyoming, and as Figure 5-4 shows, failure occurs much more quickly in cold
climates than in warm climates. The key factorsthat may lead to this early failure are: 1)
increased thermal damage potential, 2) decreased healing potential, and 3) ahigh failure
criterion. The results of these factors can intensify due to large temperature variations and
due to generally low temperatures. The regional effect does not exhibit any specific trend

with regard to the interaction of other parameters.
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5.2

SIMULATION OF FHWA ALF PAVEMENTS

The ultimate evaluation of the VECD-FEP++ isits ability to predict the performance of

real pavements that show TDC and to have all of the necessary input parameters available.

Currently, no such real pavement exists; instead, in this research, FHWA ALF pavement

data are utilized for the model evaluation. In the FHWA ALF research, twelve asphalt

pavement lanes (that use various binders) were constructed at the FHWA Turner-Fairbank

Highway Research Center to rapidly collect data on pavement performance under conditions

in which axle loading and climatic conditions are controlled. The controlled FHWA ALF
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experiment allows a direct comparison between measured and predicted fatigue performance

because all the necessary inputs and field measurements are available.

5.2.1 : FHWA ALF Pavements

The current experiment at the FHWA ALF consists of twelve lanes of unmodified,
polymer-modified, air-blown and fiber-reinforced asphalt concrete mixtures. Each lane is
large enough to contain four different test sites: two for rutting, one for fatigue, and one
currently unassigned. The fatigue tests and rutting tests are performed on both 100 mm and
150 mm test sections, as shown in Figure 5-5 (26). Also from Figure 5-5 it is seen that each
asphalt concrete layer rests on top of 560 mm or 510 mm of crushed aggregate base, which,
inturn, ison top of an AASHTO A-4 subgrade. For the fatigue tests on the 100 mm thick
sections, the pavement is loaded with a 425/64R22.5 (super-single) tire moving at 17 kmv/hr
(10.5 mph), aload of 73.8 kN (16.6 kip), a contact pressure of 827 kPa (120 psi), and a
temperature of 19°C (66.2°F). The fatigue test lanes are instrumented using both transverse
and longitudinal strain gauges, as illustrated schematically in Figure 5-6. During loading, the
percentage of cracked areais measured at regular intervals; the results of these
measurements are shown in Figure 5-7. For the purposes of this study, lanes 2, 4, 5, and 6
are of primary importance because the materials for these lanes have been characterized for

all the parameters necessary to run the VECD-FEP++ model, as shown in Figure 5-8.
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Lane 1 1 3 4 & ] 7 5 9 10 11 12

CRAZ| pg | Ai- | 35BS | CR- | Ter
pG70-22| 70-22 | Blown | LG T2 |poelymer| Fiber

PG 5BS Air- SBS Ter-
T0-22 G4-40 | Blown LG | polymer

Flemoved 100 mm ;

Of Existing CAB 100 mm of Mew Mo, 21A CAB Under A1l 12 Lanes

Bemoved 30 mm of Existing CAB

Existing VDOT Mo 21A Crushed Agzzregate Baze (CAB)
(25-mm Wominal Maximum Azsregate Siza)

Bottom of CAB to Pavement Surface is 880 mm

Fe-compacted AASHTO A4 Suberade Soil

Lape 1: CR-AT = Crumb Fubber Asphalt Binder, Arizonz DHOT Wet Process

Lape 2 & 8: PG T0-22 = Unmodified Asphal Bindar Coarel (Intermediate Grads Temperamre T = 26.17°C)
Lape 3 & 10: Air-Blown = Air-Blown Asphalt Binder (T =22.6°C)

Lape 4 & 11: 3BS LG = Sryrene-Bumadiens-Styrens Modified Asphalt Binder with Linear Grafiing (T,; =18.17C)

Lane 5: CR-TB = Cmml Rubber Asphal: Binder, Terminzl Blend (T =17.9°C)

Lape & & 12: Terpolymer = Ethylene Terpolymer Modified Asphalt Binder (Trs = 14.39C)

Lape 7 Fibar = Unmodified PG T0-22 Asphalr Bindar with 0.2 Percent Polyestar Fiber by MMass of the
Aggregate.

Lame 32 SBS 64-40 = Sryrene-Bunadisne-Sryrene Modified Asphalt Binder Graded PG 64-40 (T =5.6%C)

Figure 2. Layout and cross-section of the 12 as-built pavement lanes.

Figure5-5. FHWA ALF layout and cross-section of the 12 as-built pavement lanes (Qi
et al. [26])
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The modulus values of the base and subgrade layers were determined via
backcalculation from falling weight deflectometer (FWD) tests performed on the surface of
the base layer at different load levels and locations for each test site. Table 5-6 summarizes
the lane-specific modulus values for each lane and the averaged modulus values of all four
lanes. During the backcalculation process, it was found that the variation in modulus values
is somewhat large even within the same lane. Therefore, both lane-specific modulus values
and average modulus values were utilized for the ALF simulation, and then each result was

compared with the field measurement.

Table 5-6. Backcalculated M odulus Values of Base and Subgrade Layersfor ALF

Pavements
ALF . Backcalculated Modulus, MPa (ksi)
Lane Mixture

Base Subgrade
2 Control 160.0 (23.2) 46.0 (6.7)
4 SBS 132.0 (19.1) 42.0 (6.1)
5 CRTB 105.0 (15.2) 37.0 (5.4)
6 Terpolymer 108.0 (15.7) 36.0 (5.2)
Average 126.3 (18.3) 40.3 (5.9)

5.2.2 : Simulation Details

A series of VECD-FEP++ simulations using ALF pavement inputs was performed to
investigate how each sub-model affects the fatigue performance. Four sets of simulations
were run with: 1) only mechanical loading, 2) mechanical loading and healing, 3)
mechanical loading and damage factor, and 4) mechanical loading and damage factor and

healing. The aging model and thermal model were not included because the ALF
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experiments were conducted within a fairly short period and the temperature was constant at
19°C. Extrapolation of 1,000 cycles which was determined by conducting asimple
sensitivity simulation was applied after each single loading. All simulations were run until
the C of any element reached 0.25, which is defined as the failure point for the ALF
simulation.

Simulation conditions, such as structure, load amplitude, and temperature, were the
same for the ALF experiments, except for the moving load. To simulate the moving load, 0.6
second of haversine loading followed by 10.4 second of rest period were applied. The
loading time and rest period were determined based on the strain responses from the ALF
measurements and from the three-dimensional FEP++ simulation that uses the ALF moving

load (38).

5.2.3 : Simulation Results and Comparison with Field Data

The number of cyclesto failure (N, ) for al simulations is summarized in Table 5-7.

Example damage contour plots at the failure are shown in Table 5-8 for the case in which all
three sub-models are included and average sublayer modulus values are used. From these
results, several observations can be made regarding the effect of each factor and overall
trend:
The damage factor significantly improves the fatigue performance for all cases.
This effect could be due to the relatively long loading times and weak sublayer
moduli (comparing to those in Table 4-2). Both conditions can make the pavement

more sensitive to structural and material viscoplastic effects.
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Healing is not dominant, mainly due to the moderate temperature.

The inclusion of sub-models does not change overall rankings, which could be due
to; 1) structural viscoplastic effect is more dominant than material viscoplastic effect
and thus, the damage factors for each asphalt mix are similar and 2) applying the
same healing potential to al mixes. For instance, it is known that the SBS-modified
mix has more healing potential than the unmodified mix (33).

Sublayer moduli can change the pavement performance ranking, as seen in, for
example, the Control versus CRTB mixes. In addition, relatively small differences
in sublayer moduli can more than double the pavement life.

It should be noted that all simulations failed at the bottom of the AC layer, even
though some damage occurred at the top as well. Such bottom-up cracking could be
expected for thin pavements under the moderate temperature condition and, in fact,

the ALF findings reported that all fatigue lanes showed bottom-up cracking (26).

Table5-7. Number of Cyclesto Failure from VECD-FEP++ Simulationsfor ALF

Pavements
Lane Mix Lane-specific Sublayer Average Sublayer
Mm? M+H> | M+D® | M+D+H M M+H MiD | M+D+H

2 Control 20,000 | 22,000 | 48,000 | 52,000 9,000 11,000 | 23,000 | 25,000

5 CRTB 7,000 7,000 30,000 | 32,000 | 13,000 | 14,000 | 70,000 | 75,000

4 SBS 35,000 | 38,000 | 167,000 | 185,000 | 29,000 | 31,000 | 135,000 | 149,000

6 |Terpolymer| 64,000 | 70,000 | 256,000 | 292,000 | 134,000 | 148,000 | 540,000 | 652,000

2 Mechanical loading: * Healing: © Damage factor
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Table 5-8. Damage Contours of AL F Pavements using Average Sublayer M odulus

Values
Mixture Damage Contours at Failure N¢
Control 25,000
CRTB 75,000
SBS 149,000
Terpolymer 652,000

Comparisons of the fatigue performance results between the AL F measurements and
VECD-FEP++ simulations are shown in Figure 5-9. Failure in the ALF experiments is
defined as the cycle at which 20% of the lane has cracked, based on the results of Kutay et al.
(17). Additionally, Kutay et al. noted that certain problems relating to the distribution of
hydrated lime throughout the Terpolymer test lane may have affected the ALF test results.
Therefore, two comparisons are shown in Figure 5-9: one that includes Terpolymer and one

that does not include Terpolymer. Note that the comparisons are drawn using the predictions

159



of the VECD-FEP++ simulation that includes the damage factor and healing. It was found
that the comparison by predictions without the damage factor and/or healing shows the same
trend.

Overall, in acomparison of field measurements, the prediction that uses lane-specific
sublayer modulus values is worse than the prediction that uses average sublayer modulus
values. Thisresult is somewhat unexpected because lane-specific sublayer moduli are
considered to be similar to those found under actual field conditions. However, given that
the variation in the backcalculated moduli was fairly large, even within each lane, using the
average moduli may be more appropriate for this simulation because the sublayer modulus
values seem to be sensitive in predicting the pavement life and even the ranking. Figure 5-9
(a) showsthat the predictions do not match well with the measurements, regardless of
whether Terpolymer isincluded. However, from Figure 5-9 (b), it is clearly seen that if

Terpolymer is not included, the comparison is much better.
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Figure 5-9. Comparisons of cyclesto failure between AL F measurementsand VECD-
FEP++ predictions with damage factor and healing for: (a) lane-specific sublayer
modulus values and (b) average sublayer modulus values

Underwood et al. (38) developed a simplified modeling scheme for predicting the ALF
pavement fatigue performance. In short, this scheme takes advantage of the three-
dimensional FEP++ that is capable of predicting the viscoelastic response under a moving

load. Then, the viscoelastic response, which is the tensile strain at the bottom of the AC
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layer, becomes an input for the ssimplified VECD model to predict the fatigue performance.
In this approach, all conditions and input parameters, except the moving load, are the same
as those of the VECD-FEP++ simulation, but the Underwood approach does not include any
viscoplastic effects and healing. Note that the Underwood approach utilizes the lane-specific
sublayer modulus values.

The results of this simplified model are compared with the ALF field measurements, as
shown in Figure 5-10. It can be seen that the simplified model predictions are similar to the
VECD-FEP++ predictions that use the average sublayer modulus values, even though the

magnitude is different.
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Figure 5-10. Comparison of number of cyclesto failure between ALF measurements
and smplified model predictions

Therefore, comparisons were made between the VECD-FEP++ predictions and the

simplified model predictions, as shown in Figure 5-11. It was found that the VECD-FEP++
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prediction that usesthe average sublayer modulus values agrees very well with the
simplified model prediction that uses the lane-specific sublayer modulus values, even
including the Terpolymer pavement. It should be noted that the simplified model scheme
appliesthe initial strain inputs over the entire pavement life so that the different sublayers
affect only the initial strains. On the other hand, in the VECD-FEP++ model, the different
sublayers play an important role in overall pavement life by affecting the stress and strain

redistribution for each time-step.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE RESEARCH

6.1 : CONCLUSIONS

An enhanced VECD-FEP++ model for predicting the TDC in HMA layers has been
established in this research. This effort was accomplished by developing, modifying, and/or
investigating several important material property models, such as an aging model, healing
model, failure criteria, viscoplasticity, and thermal stress, and then finally incorporating
these sub-models into the existing VECD model. The material models were converted to
and/or combined with the structural models. These sub-models were implemented into the
VECD-FEP++, and an extrapolation method for TDC prediction was developed.

Reasonableness and sensitivity studies were undertaken to verify that the framework
development and implementation into the VECD-FEP++ were performed correctly. A
sensitivity study to investigate the effect of each sub-model on pavement performance
reveals that each sub-model affects pavement performance in different ways and to varying
degrees. To demonstrate the full capabilities of the VECD-FEP++, two example simulations
were carried out, and the results indicate that the interactions among the sub-models and
overall trends in terms of pavement behavior were captured successfully.

A systematic evaluation using the VECD-FEP++ was carried out to gain insight into the
parameters most responsible for the development and/or dominance of TDC. In general,

more damage at both the top and bottom of the pavement was observed in the case of a cold
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climate, thin structure, weak support layer, and the use of the Control mixture. It was also
found that thin pavements tend to fail at the bottom of the pavement, whereas thick
pavements tend to show a higher concentration of damage at the top of the pavement and
eventually turninthe TDC.

FHWA ALF pavements were predicted and the fatigue performance was compared
against the field measurements and the simplified model scheme prediction that was done by
other researcher. It was found that VECD-FEP++ captured the overall trend established from
field and/or the simplified model scheme.

It should also be noted that the material property sub-models developed for each of the
two models should be regarded as place-holders only. Further development and evaluation
of the material property place-holder relationships are highly recommended for future work,
particularly for models developed to predict fracture energy, damage rate, damage

characteristic curves, healing potential and aging.

6.2 : RECOMMENDATIONS FOR FUTURE RESEARCH

Further developments associated with VECD-FEP++ model are summarized as follows.
The relationship between the laboratory aging method and field aging: The
laboratory aging method used for this research follows the SHRP method whose
aging levels roughly match those of field aging. However, such arelationship may
be heavily dependent on material type, environmental conditions, traffic conditions,
pavement structure, etc. In addition, the extent to which the laboratory aging levels

used in this research age the asphalt mixtures has not yet been proven.
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Healing model: A simplified version of the phenomenological-mechanical healing
model was used in this research; hence, an empirical adjustment has been made to
improve the engineering reasonableness. This model should be characterized and
verified using data under various conditions that are needed for the FEP++
simulations.

Advanced material models using the FEP++: Currently, the FEP++ code includes
modules for linear elastic unbound paving materials. For more accurate predictions,
enhancements are needed to: include a nonlinear elastic material model, consider the
effects of moisture gradients in pavement systems, and incorporate anisotropy of the
HMA and slip elements at the pavement/base interface.

Refinement of analysis program: The current VECD modeling is aided by aresearch
grade software package that is still in the development stage. The VECD-FEP++,
therefore, cannot be used for rapid pavement assessment due mainly to the many
variables (sub-models) that have been incorporated into the analysis framework.
However, these sub-models have not been implemented for complexity’ s sake;
rather, after thorough review and improved understanding of the TDC phenomenon,
it was determined that these models are necessary. As many studies have reported,
TDC appears in various patterns and occurs in various conditions due to various
causes. Thisfinding is in opposition to the phenomenon of bottom-up cracking,
which is more easily understood and, as aresult, can be predicted using simpler
means by considering the tensile strain at the bottom of the asphalt layer. Currently,

it isimpossible to smplify the mechanism to predict TDC by selecting universally
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applicable critical scenarios (e.g., thetire edge at the surface, pavement thickness,
climatic region, traffic loading, thermal loading, asphalt materials, other pavement
materials, etc.). This complexity arises because it is found that the TDC
phenomenon is sensitive to all of these properties. It is believed that the approach
taken in this research, wherein all of these sub-models are included in the analysis
framework, is the most appropriate course of action. It is also expected that through
the improvement, refinement, and calibration of these sub-models, the required time
to reliably predict TDC will be significantly reduced.

Model calibration and/or validation using field data: In this research, the simulations
were performed using simplified pavement structures. In the field, however, it is
unlikely that the pavement structure has the same asphalt mix in the entire bound
layer — especially for the thick pavement. The VECD-FEP++ is generic enough that
different layers can contain different AC materials. However, it is expect that some
modifications may be necessary to the structural aging model and healing and
damage factors. Additionally, constant ESAL loading distribution was used in this
research. It would be more realistic to use an equivalent daily loading history that
has a more representative load spectra and distribution (i.e., more trucks during
certain times of the day). As mentioned in the Introduction, the KEC test road would
be a good candidate for the validation of the enhanced VECD-FEP++ because the
KEC test road consists of various pavement structures subjected to real conditions,
and all measured field data, such astraffic, climatic, and performance data, are

available.
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