ABSTRACT
HOU, TIAN. Fatigue Performance Prediction of No@throlina Mixtures Using Simplified
Viscoelastic Continuum Damage Model. (Under thedion of Dr. Y. Richard Kim.)
Fatigue performance modeling is one the major ®picasphalt concrete modeling work.
Currently the only standard fatigue test availdbteasphalt concrete mixtures is the flexural
bending fatigue test, AASHTO T-321. There are s@véssues associated with flexural
fatigue testing, the most important of which are $tress state is not uniform but varies over
the depth of the specimen and equipment for fatmigabeam specimens is not widely
available. Viscoelastic continuum damage (VECDigia testing is a promising alternative
to flexural fatigue testing. Different researchbesre successfully applied the VECD model
to asphalt concrete mixtures using constant cr@sshate direct tension test. However, due
to the load level limitation of the new coming AsifitMixture Performance Tester (AMPT)
testing equipment, there is an immediate need telde a model that can characterize
fatigue performance quickly using cyclic test ddtathis study, a simplified viscoelastic
continuum damage model developed at NCSU is apfiedrious North Carolina mixtures,
which are used in the NCDOT HWY-2007-7 MEPDG localibration project. It is shown
that the simplified VECD model can predict fatigtests fairly accurately under various
temperature conditions and strain levels. It i© atown that the model can be further
utilized to simulate both the strain controllededir tension fatigue test and the traditional
beam fatigue test. In this thesis, simulation tssate presented. Conclusions regarding the

applicability of the new model are advanced as agkuggestions for further work.
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Chapter 1 Introduction

Fatigue cracking is one of the major types of didrin asphalt concrete pavements. This
form of distress results from the application gbeated traffic loading which causes failure
in flexible pavements. Depending on the failure hatisms and the location of crack
initiation, fatigue cracking can be classified iriottom-up fatigue cracking and top-down
fatigue cracking. Propagation of fatigue crack®tighout the asphalt layer will eventually
allow water to come into unbounded layer, and caleserioration of pavement structure and
its serviceability. Thus, accurate description @nediction of fatigue resistance of hot mix

asphalt (HMA) is extremely important to flexibleyaement design and preservation.

1.1 Fatigue Testsand Fatigue Modelsfor Asphalt Concrete

In order to simulate the fatigue performance ofha$ipconcrete in the field, different
scientists and researchers have developed vaabosatory fatigue tests and models. In this
section, two major fatigue test methods are dismjswhich are (1) flexural bending test,

and (2) direct tension test.

1.1.1 Flexural bending test

The most popular flexural bending test is the stathdbeam fatigue test, which measures the
fatigue life of a compacted asphalt beam subjetdedpeated flexural bending. The standard

procedure for beam fatigue test is described INAASHTO T-321 standard, and it was



adopted by researchers at University of CalifofBexkeley under the Strategic Highway
Research Program (SHRP) Project (SHRP 1994; Tayeahl. 1995). The standard
rectangular beam size used for the fatigue te88&mm long by 63 mm wide by 50 mm

thick. The specimen dimensions and test configomatare illustrated in Figure 1.1.

380 mm

A

v

Specimen Load Load
Clamp

L 50 mm
b

Figure 1.1 Beam fatigue test configuration and spenidimension

Reaction Deflection Reaction

To produce a uniformly distributed bending momdmbtghout the mid-span of the beam,
loads are applied at two third points. During tb&ttmid-span deflection, strain, and load are
recorded at each cycle. A control and data acguisgtystem is used so that it helps adjust
the load and ensures specimen undergoes a cometahtof strain on each load cycle.
Specimen stiffness at the "@bad cycles is used as an estimate of the irstifhess and
failure point is defined as the load cycle at whitle specimen exhibits a 50 percent
reduction in stiffness relative to that initialfiiess.

It has been accepted for many years that the &apguformance of asphalt concrete mixtures

can be characterized by either strain based gssb&sed equations:

N, = k{i} 2 (1.1)

&



N, = kl(iJ 2 12)

where

N = number of cycles to failure;

go anday = initially applied stain and stress amplitudes] a

ki, k. = material constants.
Later, it was suggested by Monismith et al. (1985)nclude the mixture stiffness term into
the equations so that the temperature effect catak®n into consideration as in Equation
(1.3).

ky

N, = ki(g—loJ (IE)"° (1.3)
In the recently developed Mechanistic-Empirical €aent Design Guide (MEPDG), the
mathematical model shown above is selected asmrt to predict fatigue performance of

HMA, except that a laboratory to field adjustmeanttbr is added.

1.1.2 Simplified fatigue test with viscoelastic continudamage model

All the traditional fatigue tests, such as the béaingue test described in the previous section,
are empirical in nature, which could introduce &rgrrors when used in material
performance prediction. Nowadays researchers apldalisndustry are moving toward the
mechanistic approaches, which include more rigorthusoretical considerations. The

viscoelastic continuum damage (VECD) model is sachechnique that makes use of



materials’ fundamental properties and helps develomuch simplified laboratory test
program.

The history of the VECD model started with Kim ahittle (1990), who first successfully
applied Schapery’s (1981) nonlinear viscoelastiostitutive theory for materials with
distributed damage to sand asphalt under cycliditga Later Lee and Kim (1998)
developed the VECD model and proved that it caagg@ied to asphalt concrete under both
controlled stress and controlled strain cyclic iogd The work of Daniel and Kim (2002)
showed that damage characteristics of asphalt etnés a material property and can be
determined using a simplified procedure such asteom crosshead rate monotonic direct
tension test. Later it was shown by Chehab et24l0Z, 2003) that the time-temperature
superposition (t-TS) can be extended from mateariéihear viscoelastic range to high
damaged levels, which helps reduce the requirathgeme significantly. The most recent
work was done by Underwood (2006), who appliedeh@inciples to mixtures tested at the
Federal Highway Administration Accelerated Load ifgc(FHWA ALF) in McLean, VA,
demonstrated the use of the modeling principlebdiln modified and unmodified asphalt
concrete mixtures, and successfully predicted th& mixture fatigue resistance ranking
using the simplified VECD model. The theoreticatkground behind the test method and
model is discussed in details in Chapter 2.

As a summary, the flowchart of simplified fatiguest program with the help of VECD
model is illustrated in Figure 1.2. The major adeges of this test program include: (1)

much shorter testing time; (2) ability to take imimcount many different conditions due to its



theoretically-based nature; and (3) ability to safem material property from structure

component.

Specimen Fabrication
Make 6 replicates at
desired air void

T~

LVE Characterization Damage Characterization
Perform constant crosshea
Perform complex modulus rate testat5 °C on 3
test on 3 replicates and replicates at three different
construct mastercurve rates and construct damag

characteristic curve

VECD Mode

\ 4
A

\ 4

Perfor mance
Prediction

Figure 1.2 Flowchart of the simplified fatigue tpsbgram

1.2 Research Needs and Resear ch Objective

As stated in the previous section, the VECD modeahuch simpler than traditional beam
fatigue test for fatigue performance characterwapurpose. However, there are still several
existing shortcomings. One is that the charactBomgorocess requires constant rate tests,

which is theoretically appropriate for the work guiial theory formulation, but there are



certain practical constraints with regard to tegtmachine load capacity requirements. This
issue is particularly important because the capauitthe Asphalt Mixture Performance
Tester (AMPT) is nearly equal to the threshold eaheeded for constant rate testing. Thus
there is an immediate need to develop a modehibtabnly applies to cyclic fatigue test data,
but also can be characterized quickly and easihlygusuch tests.

Different researchers have been working on devetp@ simplified mechanistic model.
Christensen and Bonaquist (2005) developed suchdeinbased on the approach suggested
by Kim et al. (2002), in which simplifications ameade in the calculation of pseudo strain
and in the idealization of the input conditions.t&uand associates (2008) applied a form of
the VECD model and showed that two different tesdtqrols, controlled stress and
controlled crosshead push-pull tests, yield the esatamage characteristic relationship.
Although these research efforts have shown posrgegelts, it is felt that they have certain
faults that limit their applications. Underwood (&) at NCSU proposed a more rigorously
accurate simplified model, which was able to cdrtee deficiencies in other models. The
model was developed to characterize asphalt canorettures using cyclic fatigue test.

The major objective of this research is to verifg simplified VECD model by applying it to
various types of asphalt concrete mixtures undegous conditions. Also, in the latter part of
this thesis, different applications of the simgdifatigue model are discussed, and results are
shown when using it to simulate and predict thégtet performance of different asphalt

concrete mixtures.



Chapter 2 Theoretical Background

2.1 Linear Viscodasticity Theory

For linear elastic materials, the stress-straimti@hship can be simply described using
Hooke's Law, i.e. the stress and strain are lieg@roportional to each other and the
materials’ response is affected only by the curieput. For viscoelastic materials, which
exhibit time dependent behavior, their respons®tsonly affected by the current input, but
also the past input history. For non-aging, lineacoelastic material, the stress-strain

relationship can be expressed by the following ¢@ovolution integrals.

; de

o=|E(lt-7)—dr 2.1
!( )4 (2.1)
F do

e=|D(t-1)—dr 2.2
! (-1 (2.2)

where

E(t) = relaxation modulus;
D(t) = creep compliance; and

7 = integration variable.

2.2 Complex Modulus

Besides relaxation modulu&(f)) and creep complianc®(t)), complex modulusE*) is

another important parameter that can capture theaii viscoelastic behavior of asphalt



concrete. Complex modulus is composed of two pattsage modulug() representing the
elastic portion, and loss modulUs”() representing the viscous portion. In complex nemb
notation, it can be written in the form of Equatih3), and in complex plane, it can be

represented graphically as shown in Figure 2.1.

E'=E +iE’ (2.3)

EX(E’, E”)

»
»

E1
Figure 2.1 Graphical representation of complex nhaglin complex plane

The important use of complex modulus involves itaobng relaxation modulus and creep

compliance by interconversion, and the details bellexplained in Section 2.4.

2.3 Time-Temperature Superposition Principle

For viscoelastic material such as asphalt concitstestiffness is dependent on time (or rate
of loading) and temperature. To capture the fulge stiffness tests need to be performed at
multiple loading frequencies and temperatures. H@anedue to the limitation of machine

capacity and testing time, such a task is alwafjedit to accomplish. The time-temperature



superposition (t-TS) principle can make great cbatron here by reducing the required
testing time significantly.
According to the principle, the same stiffness galtan be obtained either at low test
temperatures and long times or at high test tenyoesbut short times. In another word, the
time and temperature effect can be combined instgle parameter. This process can be
done by horizontally shifting modulus values afeti&nt temperatures to a certain reference
temperature (Figure 2.2).
The shifted frequency is called reduced frequefgywvhich can be obtained by multiplying
the original frequency by a shift factor, as shownEquations (2.4) and (2.5). A single
mastercurve can then be obtained, and it can bresepted by the sigmoidal function as
Equation (2.6). A typical dynamic modulus masteveuand a shift factor function curve are
presented in Figure 2.3 and Figure 2.4. A matenalhich a single mastercurve can be
formed by such shifting method is call thermorheatally simple (TRS) material.
fr=1fxa; (2.4)
where

f =frequency in Hz; and

ar = shift factor.
loga, =aT*+a,T +a, (2.5)
where

a1, oz andas = coefficients; and

T = temperature.



log|E' [Fa+— 2> (2.6)
1+

ed+gElog fr
where

a, b, c andd = coefficients; and

fr = reduced frequency.

100000
< -10.00
500 o © S S
10000 [ 22000 m == A A B
© 40.00 DN
o A
= O 54.00
< 1000 o
= D o ©
w o U
DE—
100 |
10
0.01 0.1 1 10 100

Frequency (Hz)

Figure 2.2 Horizontal shifting of |E*| value fronffdrent temperatures to reference

temperature (5°C)
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2.4 Interconversion between Unit Response Functions

Relaxation modulusE(t)), creep complianceéd(t)), and complex modulukf) are all called
unit response functions, as they are equivaletita@mutput due to a certain type of unit input.
For exampleE(t) is equivalent to the stress response due totastep strain input; anb(t)

is equivalent to the strain response due to asiaf stress input. These two unit response
functions are not easy to obtain experimentallytime domain; however, they can be
converted from complex modulus in frequency donthimugh linear viscoelastic theory. In
the converting process, storage module9 {s first determined by Equation (2.7) and then
expressed using Prony series representation inlan@requency domain as shown in

Equation (2.8).

E =|E" |cosp (2.7)
E(w)=E, +Z:)2’25+2i 2.8)
where

E- = elastic modulus;

o = angular frequency;

Ei = Prony coefficients; and

pi = relaxation time.
Using experimentally obtaindgl value and collocation method, Prony coefficiels] can
be determined. These coefficients are then usdgfjuation (2.9) to find out the relaxation

modulus.
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m -t
E(t) = Em+z Ee” (2.9

i=1
According to the theory of viscoelasticity, the etxeelationship between relaxation modulus
and creep compliance is given in Equation (2.10):

J,EC-1) dD(t)d’ (2.10)

Similar to relaxation modulus, the creep compliacae also be written in Prony series form

as given in Equation (2.11):
=1

D(t)=D,+3.D, {1—e"} 2.11)

If we substitute Equation (2.11), together with BEgon (2.9) into Equation (2.10), after

simplification and rearrangement, we can get aalirsdgebraic equation, Equation (2.12):

[A{D}=[H (2.12)
where
S pm m Pm _— t] _L .
[Al = ;{;pm_r {e e }+ Ii( J]
{D}=D,;and

== o e |
E + Em m=1

'00
m=1

This equation can then be solved and the Pronyficeelts D;'s can be determined to find

out the creep compliance.
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2.5 Elastic-Viscoelastic Correspondence Principle

Schapery (1984) suggested that the constitutivateans for elastic media and viscoelastic
media have identical forms, except that, for visasic media, those stress and strain terms
do not necessarily have any physical meaningseduisthey are defined as pseudo variables
in the form of convolution integrals. Accordingttds correspondence principle, viscoelastic
problems can be solved using elastic solutions wisssical stress (or strain) is by replaced

by pseudo stress (strain). The formulation of psestdhin is shown below as:

£R=ij.E(t—r)Edr (2.13)
Er % dr
where
¢R = pseudo strain;
¢ = actual strain;

Er = reference modulus which is an arbitrary camstand

E(t) = relaxation modulus.
If we substitute Equation (2.13) into Equation J2ute will get
0= E.eR (2.14)
It is very obvious that Equation (2.14) has a samiiorm as the Hooke’s Law for elastic
media, and a correspondence can be found betweeglaktic and viscoelastic stress-strain
constitutive relationships.
Moreover, a very important implication of pseudoast is that it is equal to the

corresponding stress when we BEgE 1. In other words, the value of pseudo strainaéxjto
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the stress response of linear viscoelastic matéualto a certain strain input. This important
property can be easily visualized in the stressisestrain plot for a monotonic tension test,

as shown in Figure 2.5:
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Figure 2.5 Typical test result from a constant shesd rate tension test: (a) stress-strain plot;
(b) stress-pseudo strain plot

In the stress-strain plot (Figure 2.5a), the na@dmbehavior starts at the onset of the test,

which indicates damage occurs at that early sthlgsvever, in fact, this nonlinearity is

related to time effect only, which can be provedha stress-pseudo strain plot, where the

time effect is removed. The linear curve in Fig@rBb suggests that no damage occurs at

least until stress reaches 500 kPa.

2.6 Viscodastic Continuum Damage Theory

Continuum damage theory ignores microscale behaamt characterizes material using
macroscale observations. The two essential parasrit continuum damage theory tries to

guantify are effective stiffness and damage. THectfe stiffness, which represents the
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material’s structural integrity, can be easily asee in the form of instantaneous secant

modulus; while damage, on the hand, is difficulgt@ntify and generally relies on rigorous

theories. One of the theories is the work potentiabry developed by Schapery (1990) for

elastic materials with growing damage based ortitienodynamics of irreversible process.

In Schapery’s theory, damage is quantified by aerial state variable (ISV) that accounts

for microstructural changes in the material. Byngsthe correspondence principle described

in the previous Section 2.5, the work potentialotiyecan then be extended to viscoelastic

media. In summary, the viscoelastic continuum danthgory is composed of the following

three basic equations:

1. Pseudo strain energy density function
WR= (R, 9

2. Stress-pseudo strain relationship

oWR

T agR

3. Damage evolution law

ot 0S
where

WR = pseudo strain energy density;
¢R = pseudo strain;

S =damage parameter (internal state variable];

16

(2.15)

(2.16)

(2.17)



a

= damage evolution rate.
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Chapter 3 Specimen Preparation and Experimental Program

3.1 Materials

In this study, all the materials come from the NCD®IWY-2007-7 MEPDG local
calibration project, which are eleven different do€arolina local mixtures. The aggregates
structures cover a wide range from 9.5 mm NMASSar#n NMAS. The blended gradations

are shown in Figure 3.1. The materials informatio@. mix type, binder grade, binder &

aggregate source, asphalt content) are listedhieTal.
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Figure 3.1 Mixture gradation chart
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All the materials are acquired from the exact lmoat listed in Table 3.1. To verify if there is

any difference between the actual gradation of @ediaggregates and that listed in the job
mix formula (JMF), dry and wet sieve analysis aagied out on each stockpile of each mix.
Also, the bulk specific gravity of aggregates isasw@wed for each mix, and mix design
verifications are carried out using optimum asplecaltent and aggregate structure in the

JMF before the start of specimen fabrication.
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Table 3.1 Summary of the Eleven Most Popular Mireorth Carolina

Mix Type Binder % AC Binder Source Aggregates Source
S9.5B PG64-22 6.1 Associated Asphalt / Inman /SC #6 Vulcan - Morganton
S9.5C PG70-22 5.2 Patriot Asphalt /Winston-Salem #21 Vulcan / N. - Winston Salem

RS9.5C | PG70-22 6.4 Citgo - Wilmington #31 Martin Marietta - Gamer

Rea Contractors - Garner
S12.5C PG70-22 55 Citgo - Charlotte #11 Vulcan - Rockingham
119.0B PG64-22 4.8 Associated Asphalt / Inman /SC #6 Vulcan - Morganton
Martin Marietta - Pomona
RI119.0B PG64-22 4.4 Associated Asphalt / Inman /SC #6 Martin Manettz?l - Central Rock
G.S Materials - Emery
Blythe Construction - Greensboro
B25.0B PG64-22 4.5 Associated Asphalt - Salisbury #12 Martin Marietta - Pomona
RB25.0B | PG64-22 4.2 Citgo - Wilmington #31 Martin Marietta - Garmer
S.T. Wooten Corp. - Clayton
. S Vulcan - Pineville
RS12.5C PG70-22 4.4 Citgo - Wilmington #31
g g Blythe Brothers - Charlotte
119.0C | PG64-22 45 Citgo - Charlotte #11 Vulean - Rockingham
Rea Contractors - Graham
RI19.0C | PG64-22 43 Citgo - Wilmington #3 Vulean - Pineville

Blythe Construction - Pineville
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3.2 Specimen Fabrication

All the specimens are compacted by Superpave gyratimpactor (SGC) to a diameter of
150 mm and a height of 178 mm. To obtain homogenepecimen and at the same time
fulfill the representative volume element (RVE) uggment, all the samples are cored and
cut to a diameter of 75 mm and a height of 150 rntdsting. Before proceeding to testing,
air void ratio is measured using the CoreLok metfmdeach specimen. All the testing
specimens used in this study have an air void radibin the range of 5.5+0.5%. To
minimize the aging effect, specimens are sealeplastic bag and stored carefully in the
cabinet if they are not tested immediately aftéritation. No specimens are tested later than

two weeks after they are cored and cut.

33 Test Set-up

All the specimens are glued to metal plates at eots using epoxy, before they are set up
in the machine for testing. Four loose core LVDTe mounted around the side of specimen
at an interval of 90 degree (Figure 3.2). The gdaggth is 100 mm. MTS 810 closed loop

servo-hydraulic machine is used for all the telSts.complex modulus tests, a 2 kip load cell
is used, while for controlled crosshead cyclicdgeat5 kip load cell is used. Test temperature
is maintained by the environmental chamber, togethith liquid nitrogen and a feedback

system. During the tests, axial load, machine tresd movement, and LVDT movement are

recorded using National Instrument LabView software
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Figure 3.2 Test set-up

34 Test Methods

Two major types of tests are performed in this wtud) complex modulus test; (2)
controlled-crosshead cyclic test. Laboratory experits are conducted according to the test

protocols described below.

3.4.1 Complex modulus test

The tension-compression complex modulus testsearfernmed at five different temperatures
(-10°, 5°, 20°, 40°, and 54°C) and six differeréquencies (25, 10, 5, 1, 0.5, and 0.1 Hz).
The testing order is from low to high temperatuaed from high to low frequencies in order

to minimize the damage to the specimens. A fiveut@nmest period is allowed between each
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two adjacent different frequencies and at leastawd half hours are waited after the testing
temperature is changed for thermal equilibrium. Tduget strain level is within 50 to 70
microstrains. All tests are performed in stresstadied mode according to AASHTO TP62-
03. Complex modulus is obtained from the final gjxles of each loading series, i.e., when
the material reaches steady state. Figure 3.3 shimsvstress and strain history plot in a

typical complex modulus test.
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o 7.5 7.52 54 / 7.56
E \4

-1 -

At Time (s)
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40
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o

T / 80
75 752 \1%/ 7.56

Time (s)

Figure 3.3 Stress and strain history plot in adgptension-compression complex modulus
test
The dynamic modulus and phase angle are calculasgty Equation (3.1) and (3.2),

respectively.

e gL (3.1)
&

0
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where

oo= Steady state stress amplitude; and

go= Steady state strain amplitude.
p=NAt2rf (3.2)
where

f= testing frequency.

3.4.2 Controlled crosshead cyclic test

Because a true controlled strain test using cyioadlispecimens is difficult to run and can
damage equipment if improperly performed, the aileid crosshead (CX) cyclic test is used
for fatigue performance characterization, in whictachine actuator’'s displacement is
programmed to reach a constant peak level at emchng cycle. All the CX tests used in
this study are conducted at a constant frequend@ ¢iz. Due to machine compliance issues,
the actual on-specimen strain is significantly ldsan the programmed level, as shown in
Figure 3.4a. Even though the on-specimen straimeaire tensile, both tensile and
compressive stresses are applied on the specinitbra @Wecreasing mean stress, as shown in

Figure 3.4b.
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Figure 3.4 Strain and stress history for first foyeles of a typical CX test
This kind of test result in a mixed mode of loadithgt is neither controlled stress nor
controlled strain. Christensen and Bonaquist (20@&)e proposed systems that allow users
to perform true controlled strain testing of cylil@él specimens. However, these researchers
often do not allow the test to run to completeuiia! In this study, the CX cyclic tests are

performed to complete failure, and the failureecsidn is discussed in the next section.

3.5 FailureDéefinition in Cyclic Test

In the CX cyclic test, dynamic modulus and phasgleaare tracked throughout the entire
fatigue life. Traditional fatigue analysis methodt@mines failure as the point where the
material’s modulus drops to 50% of its initial valuHowever, this method is purely
empirical, and a new approach suggested by Re®8¥)1is used, whereby the cycle at
which the phase angle shows a sharp decreasangdes the number of cycle at failuhMg)(
Figure 3.5 shows failure definition from a typiaggdod CX cyclic test. This approach is
strongly theoretically based, since it is belieteat the drop of the phase angle is caused by

macro crack localization, which is normally causgdhe coalescence of micro cracks under
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repeated cycles of loading. When macro cracks dpyall the work input is concentrated at
the crack tip, the remaining body relaxes, andefloee the time dependence of the global
stress-strain behavior reduces. This reductioméntime dependence causes the decrease in

phase angle.
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Figure 3.5 Fatigue life (N definition of a typical good CX cyclic test
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Chapter 4 Smplified VECD M oddl

4.1 Rigorous Modeling Approach

In the rigorous viscoelastic continuum damage nindebpproach, material’s effective
stiffness is expressed as the secant modulusasssprseudo strain plot, Equation (4.1):

_ g

ER

C (4.1)

C is called pseudo stiffness, which is a functiordafmageS. For uniaxial mode of loading,

the pseudo strain energy density function is glwelquation (4.2):
R 1 Ry 2
W =§(£ )2C (4.2)

Because in Equation (4.2), onfy is a function of damag&, when it is substituted into

Equation (2.17), the damage evolution law beconpsgion (4.3):

0S_(_1 r0CY

Several different methods have been used by rdsmardo solve the above damage
evolution law. The chain rule method proposed bg baed Kim (1998) is used throughout
the work presented in this thesis. This methodzesl the chain rule, Equation (4.4), by
substituting it into Equation (4.3).

dC _ dC dt
9S . dids (44)
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After simplification, the damage calculation eqaatirom this rigorous modeling approach
is given in the Equation (4.5). Note that the tistep termAt, is replaced by the reduced
time interval A, due to the verification of the time-temperatupesposition principle with

growing damage.

s =( -3 erac)” 08 @.5)

This model is successfully applied to constantsiiead rate monotonic test data. However,
if the rigorous approach is applied to cyclic ddkeen it requires the pseudo strain, pseudo
stiffness, and damage to be calculated and traickettie entire loading history. An average
test with 30,000 cycles to failure and 100 datanisoper cycle (to gain good cycle pulse
definition and avoid computational irregularitiegjould then require the analysis of
3,000,000 data points. Although this task is nopassible with modern computers, it is
cumbersome even using advanced computational sshémeher, experimental difficulties,
such as data storage and electrical interferenosgnand phase distortion), can lead to
significant errors. The simplified VECD model usedhis thesis is going to alleviate these

shortcomings.

4.2 Simplified M odeling Approach

The simplified VECD model used in this research waseloped by Underwoord (2009).
Before introducing the simplified modeling approaahset of variable is defined based on
the schematic view of controlled crosshead cyast,tto distinguish from those used in

monotonic test and rigorous approach. These vasadrle summarized in Figure 4.1.
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Figure 4.1 Schematic view of variables definedimptified modeling approach for

controlled crosshead cyclic test
As different from rigorous model, the pseudo safa termC*, used in cyclic test is a cyclic
magnitude based value, which is equal to the tataeen tensile stress amplitudey,, and
pseudo strain tension amplitudgy, for a given cyclei. oo,pp @Ndeg ppStand for peak-to-
peak stress and strain amplitude. These definitwifisalso affect the damage calculation,

which will be introduced later in this chapter.

4.2.1 Defining Alpha

Through theoretical arguments that use the maarkicrg phenomenon, the powet;, in the
damage evolution laus found to relate to linear viscoelastic time degence by Schapery
(1990). Motivated by earlier work on this subjdot¢ and Kim 1998a and b, Daniel and Kim

2002, Chehab et al. 2003, Underwood et al. 2008k the maximum absolute value of the

29



log-log slope of the relaxation modulus), is taken to represent the linear viscoelastic
response. According to Schapery’s theory, if théenia's fracture energy and failure stress
are constant, them = 1+1im, but if the fracture process zone size and fracemergy are

constant, therw = 1/m. Although different researchers have used diffginvalues, the

general suggestion of Lee and Kim (1998a and biciwis that it is most appropriate to use
a = 1+1im for the CX tests, is adopted in this researchs Hpuproach is supported by the
work of Daniel and Kim (2002) that uses the constaiture stress and energy criteria for the

CX tests.

4.2.2 ldentification of tensile loading time

Since crack growth is strongly related to tensiless rather than compressive stress, it is
critical to identify the actual time at which telesioading starts and ends for a given cycle, as

shown in Figure 4.2
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Figure 4.2 Loading history for a typical cycle dwgicontrolled crosshead cyclic test
In this research, the following analytical functidaquation (4.6), is used to describe the

stress history for any given cycle.

ot) _p_ 1
Ka—(ﬁ cos(t)) %) (4.6)
where

= angular frequency; and

_ (Upeak)i +(0valley)i

= for a given cycle.
| O pearcli +10,

B

peak |i alley |i

Whenp = 1, the entire stress history for that given cysléensile; wherg = 0, half of the

stress history is under tensile loading; and wlifes -1, the entire stress history is
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compressive. As described before, in a generakaited-crosshead cyclic tegt,value start
from 1, then decrease and maintain around O asuimder of loading cycle increases.
From Equation (4.6), the starting time of tensdead,&, and the end time%, can be found

for any given cycle, using the following two equais:

_ T _TT- cost(B)
@ @

é (4.7)

_m, n=-cos’(f)
@ @

¢ (4.8)

4.2.3 Simplification and adjustment factor

The simplification process starts with pseudo stcailculation. The rigorous approach solves
the convolution integral, i.e., Equation (2.13),iethprovides a very accurate calculation of
the pseudo strain magnitude and tracks any permasendo strain during the test. However,
this is not a practical way for cyclic test whidmnceasily have over 10 million data points. A
simplified calculation method is given by Equati¢h9), which helps save significant

amount of computational time without introducingrsficant errors.
1 _p+1 .

(e == 2 (o OE Lie) @9)
R

The simplified approach used in this research assuimat Equation (4.10) can be used to

simplify the more rigorous Equation (4.5) for dammaglculation.

a

a5 = -5 eac [ naa e Ky (4.10)
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As compared with Equation (4.5), Equation (4.1Q)laees pseudo strait with pseudo
strain tension amplitud€ 5, pseudo stiffnes€ with cycle based valug*, and time step&
with tensile loading time intervdl -&. This simplified model implicitly assumes that pde
strain is some constant value within a cycle. Tla is corrected by adding an adjustment
factor, Ky, which is a rigorously defined parameter dependenthe time history of loading,
(&), only. For the assumption that the damage grawthin an individual cycle is small, it

can be shown that the fact¢r is given by Equation (4.11):

{1
K= [ (1) dg (@.11)
3

<‘Tf_|

Wheref(¢) is the loading history function, which has thensgormulation as Equation (4.6).

4.2.4 Specimen-to-specimen variability

In all the previous VECD model characterization gass, the pseudo stiffness term is
normalized for specimen-to-specimen variabilityebfactor,|, which is defined typically as
the slope of stress-pseudo strain curve for asstesel up to 500 kPa. In this study, the
dynamic modulus ratio (DMR) is used for all thematization process, instead lof

It is found that the damage curves collapse betten using DMR that for all the North
Carolina mixtures in this study, and the graphamahparisons are made in Appendix B.

To define DMR, firstly, the fingerprint test dynasnmodulus value is computed using the
final six cycles of the test, and denoted|BY)|«s: Then, the LVE modulus for the particular
temperature and frequency of that given fingerptedt is computed using the Prony

coefficient function for the storage and loss mgdag shown in Equations (4.12)-(4.14):
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|E" Le=V(EY+(EY (4.12)

where
EQ’(2rf)
=E, + Zp @ty i and (4.13)
£ Ep(2rt)
Z}p, 2(2mrf)?+1 (4.14)

After getting|E*|estand|E*|Lve, DMR is computed as the ratio of these two numbers

DMR = [E*ly (4.15)
[E*e

LVE

4.2.5 Model formulation

The simplified VECD model used in this study use®mbined approach, to take advantage
of both rigorous approach and simplified approasfithin the model, it is suggested that
pseudo strain should be calculated piecewise, Wbldigg the first loading path the rigorous
calculation is used. This portion of the loadingtbiy is important because damage growth
in this first loading path can be substantial. Butall other cycles, the simplified calculation
is used, i.e., Equation (4.16). As a result of piecewise definition of pseudo strain, the
pseudo stiffness is also piecewise, as definedjuafon (4.17).
1 (¢ de
gR:E_RL E(E—r)adr £<é,

R = S (4.16)
o = o () TE L) €56,
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o

C=—F—— <
e*[DMR ¢
Cc= o (4.17)
* — 0ta >
el [DMR ¢4

Ota
For a similar reason and because significant damageoccur along the first loading path,
the rigorous calculation shown in Equation (4.5)used. After this time, however, the
simplified calculation method is used. For lackaoflearer term, this portion of the damage

calculation is referred to as the transient catcutaand the remaining calculations as the

cyclic calculations, i.e.,

1, g 20CY
(dsrransient) timestep j= (_E(E ) ]g_gj Eﬂ CE) j { < E [
dS= (4.18)

1, n,,0C Y
(dS:yclic)cycle i = (_E(Eo,ta) i Ej m CED) [q K) E > Ep
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Chapter 5 Test Resultsand Model Verification

5.1 Linear Viscodastic Characterization

Three complex modulus tests are performed for @aichto obtain the linear viscoelastic
properties. The results are then averaged to obtegpresentative mastercurve for each mix.
Figure 5.1 and Figure 5.2 show the average dynaroaulus mastercurves for all the eleven
mixes plotted in semi-log and log-log scale, retipety. These figures suggest that, in
general, surface mixes have low stiffness valuégreas intermediate mixes and base mixes
show relatively high stiffness values. Also it d@seen that the dynamic moduli of the RAP
mixes are higher than those of the non-RAP mixese@ for RB25B mix. Figure 5.3 and
Figure 5.4 show the phase angle and shift facsirresults, respectively, for all the eleven
mixes.

The relaxation modulus and creep compliance areulzded from the complex modulus
using linear viscoelastic theory. The slope of dyeamic modulus mastercurve in log-log
spacem, is another important property, which is directyated to the damage evolution rate,
a, in continuum damage model. These properties arthdr used for modeling work

presented in the next section.
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5.2 Viscoelastic Damage Characterization

The viscoelastic damage characterizations are dgngerforming controlled-crosshead
cyclic tests at different strain levels and differéemperature conditions. The choices of
crosshead strain magnitude are made based on memeal experiences, since the
relationship between machine crosshead strain etlaon-specimen strain can vary with
mix type and temperature. A proper determinatiorcraisshead strain is very important,
because it directly affects the on-specimen sttauwel and thus the fatigue life of the
specimen.

Among the total eleven mixes, the S9.5C mix is ehot be used for simplified VECD
model development purpose, because of its fineegradture and thus low testing variability.
For this particular purpose, a total number ofesxt tests are performed on this mix. After
the model is developed, it is verified by four atlaelditional mixes, which cover a wide
range of mix type. The four verification mixes usedhis study are S9.5B, 119C, B25B and
RS9.5C mixes. For each of these four mixes, siiicyests are performed at two different
strain levels and three different temperatures.eGhe model is verified, for the remaining
mixes, it is no longer necessary to perform fatitess at so many different conditions as
that for the first five mixes. Instead, only twdfdrent strain level fatigue tests (one at high
level and the other at low level) are performed aingle temperature (19°C), and the fatigue
behavior from other temperatures and strain lexsdspredicted using the simplified VECD

model. Table 5.1 summarizes the cyclic test redahltzall the mixes used in this study. As
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mentioned in Chapter 3, all tests are performea @nstant frequency of 10 Hz, and failure
is defined as the point at which the phase anghtssto drop.

Table 5.1 Summary of controlled-crosshead cyckt tesults

. Specimen |Crosshead . . Initi_ala Freq. |Temperature
Material Name Strain (me) Test Designation| Strain (H2) (C) Nt
(me)
S9.5C-28 1500 27-CX-VH 668 10 26.80 1600
S9.5C-29 1500 27-CX-VH (2) 638 10 26.80 420
S9.5C-30 1000 27-CX-H 437 10 26.80 17500
S9.5C-31 750 27-CX-L 303 10 26.60 86100
S9.5C-37 1200 27-CX-H2 520 10 26.95 780
S9.5C-38 600 27-CX-VL2 247 10 26.80 165000
S9.5C-43 550 27-CX-VL 225 10 27.40 190000
S9.5¢C S9.5C-13 1000 19-CX-H 240 10 19.05 45000
S9.5C-14 750 19-CX-VL 190 10 19.00 311000
S9.5C-22 1600 19-CX-VH 402 10 18.50 2280
S9.5C-39 1500 19-CX-H3 425 10 18.70 3780
S9.5C-40 1200 19-CX-H2 332 10 18.80 12100
S9.5C-26 1100 5-CX-H 150 10 5.00 70000
S9.5C-27 1000 5-CX-L 126 10 4.90 140000
S$9.5C-41 1400 5-CX-VH 213 10 4.60 1430
S9.5C-42 1200 5-CX-H2 189 10 5.30 1100
S9.5B-4 950 27-CX-H 500 10 27.40 12100
S9.5B-5 1200 19-CX-H 363 10 19.20 4570
S958 S9.5B-6 850 19-CX-L 266 10 19.30 47000
S9.5B-7 750 27-CX-L 353 10 27.30 87900
S9.5B-8 1150 5-CX-H 200 10 5.50 4600
S9.5B-9 950 5-CX-L 166 10 5.50 198000
119C-4 1000 19-CX-H 252 10 19.15 6500
119C-6 700 27-CX-H 264 10 27.40 19900
119C 119C-7 550 27-CX-L 236 10 27.40 217000
119C-8 800 5-CX-VL-not fall 106 10 5.40 >277200°
119C-9 700 19-CX-L 232 10 19.50 27000
119C-10 950 5-CX-H 133 10 5.15 16600
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Table 5.1 Continued

. Specimen |Crosshead . . Initigla Freq. |Temperature
Material Name Strain (me) Test Designation| Strain (H2) (C) \\
(me)
B25B-5 1000 19-CX-H 240 10 19.10 4780
B25B-11 730 19-CX-L 186 10 19.10 7160
B25B B25B-14 1000 5-CX-H 122 10 5.40 11000
B25B-18 725 5-CX-L 112 10 5.15 73800
B25B-20 400 27-CX-L 162 10 27.50 75000
B25B-22 500 27-CX-H 256 10 27.40 11000
RS9.5C-5 1100 19-CX-H 287 10 19.40 44000
RS9.5C-6 950 19-CX-L 232 10 19.60 148000
RSO.5C RS9.5C-7 900 27-CX-H 355 10 27.30 27500
RS9.5C-8 1100 5-CX-VL-not fail 155 10 5.15 >168000°
RS9.5C-9 800 27-CX-L 318 10 27.35 79000
RS9.5C-10 1200 5-CX-H 174 10 5.35 41000
S12.5C S12.5C-4 1150 19-CX-H 312 10 19.20 1250
S12.5C-5 750 19-CX-L 192 10 19.20 74100
1198 [19B-5 1000 19-CX-H 306 10 19.00 800
119B-6 650 19-CX-L 181 10 19.20 19000
RS12.5C RS12.5C-4 900 19-CX-H 186 10 19.10 9330
RS12.5C-5 750 19-CX-L 156 10 19.00 220000
RI19B RI19B-4 900 19-CX-H 187 10 19.45 6000
RI19B-5 650 19-CX-L 141 10 19.50 23700
RI19C RI19C-4 900 19-CX-H 180 10 19.35 3450
RI19C-6 700 19-CX-L 122 10 19.20 68900
RB25B RB25B-4 700 19-CX-H 175 10 19.20 950
RB25B-7 600 19-CX-L 133 10 19.20 7550

# On-specimen strain at the 50th loading cycle
® Test stopped at that number of loading cycle and specimen didn't fail

After each fatigue test, the pseudo stiffnégs¥) (and damageS] are computed according to
the method proposed in Section 4.2.5. Figure 50vshthe damage curveG* versusS) for

the S9.5C, S9.5B, 119C, B25B, and RS9.5C mixesmiationed before, these five mixes
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are used for model development and verificationictwimequire a large amount of tests at

various testing conditions.
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Figure 5.5 Damage curves for (a) S9.5C; (b) S9(BBI19C; (d) B25B; () RS9.5C mix.
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The results in Figure 5.5 show that most of the &M@ 19°C curves collapse well within
each mix, except the S9.5B mix, for which the 5Utves stay above the 19°C ones. And in
general, the 5°C curves are relatively shorter twhg caused by the brittle behavior of
material at low temperature. Another observati@mfithe above graphs is that all the 27°C
curves stay at the bottom. This phenomenon is stargi with those observed in low strain
rate or high temperature monotonic tests by otbsearchers, which can be explained by
viscoplasticity. Due to these reasons, the interatedemperature, 19°C, is chosen as the
testing temperature for the remaining mixes atterrmodel has been verified. It is believed
that 19°C is a suitable temperature for materi@iscoelastic damage characterization
whereas the material is not as brittle as at lomperature and meanwhile the effect of
viscoplasticity is negligible. Figure 5.6 shows tlemage curves for the other six mixes, i.e.,

S12.5C, 119B, RS12.5C, RI19B, RI19C, and RB25B.
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These graphs show that, for all the mixes, the cquwes, obtained from two distinct cyclic
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tests (one at a low strain level and the otherhagjla strain level), collapse very well.
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It should be noted that there are two types otifaibatterns (mid-failure and end-failure) of

all the CX tests used in this study as illustrateBigure 5.7.
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Figure 5.7 Failure locations of CX cyclic tests: ifad-failure; (b) end-failure

Mid-failure tests are considered as good testsalsx the LVDTs are able to capture the

major damage throughout the entire test. End-faitasts are not as good as the mid-failure,

since macrocrack localizes beyond the experimenedsurement range. For this reason,

material’s stiffness cannot be calculated accwyatdlleast, at the late stage of the test. The

failure locations of all the CX cyclic tests arersuarized in Table 5.2.
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Table 5.2 Summary of failure locations for all Cyclic tests

Specimen Failure Specimen Failure Specimen Failure

Name Location Name Location Name Location
S9.5C-28 middle S9.5B-5 end RS9.5C-6 end
S9.5C-29 middle S9.5B-6 middle RS9.5C-7 end
S9.5C-30 middle S9.5B-7 middle RS9.5C-9 end
S9.5C-31 middle S9.5B-8 end RS9.5C-10 end
S9.5C-37 middle S$9.5B-9 end S12.5C-4 end
S9.5C-38 end 119C-4 middle S12.5C-5 end
S9.5C-43 middle 119C-6 middle 119B-5 middle
S9.5C-13 middle 119C-7 end 119B-6 end
S9.5C-14 middle 119C-9 end RS12.5C-4 end
S9.5C-22 middle 119C-10 middle |RS12.5C-5| middle
S9.5C-39 middle B25B-5 end RI19B-4 middle
S9.5C-40 middle B25B-11 end RI19B-5 middle
S9.5C-26 middle B25B-14 end RI19C-4 end
S9.5C-27 middle B25B-18 middle RI19C-6 middle
S9.5C-41 middle B25B-20 middle RB25B-4 middle
S9.5C-42 middle B25B-22 middle RB25B-7 middle

S9.5B-4 middle RS9.5C-5 end

For damage characterization purpose, end-failwterésults are still considered as valid, and
this conclusion is substantiated by Figure 5.8 shatvs 19°C damage curves generated from
both mid-failure and end-failure tests for sevetifferent mixes. It is observed from these
graphs that end-failure test has a shorter damage ¢han the mid-failure one; in other
words, the end-failure test has a higher measuseddwo stiffness value at failure. This can
be explained by the macrocrack localization phemmneas stated earlier in this section.
However, this does not affect the damage charaeten, as the end-failure (short) curves

follow the trend of mid-failure (long) curves vewell. Thus, it is proved that the material’s
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damage curve can be characterized by uniaxial GXiccyests, regardless of their failure

locations.
1g 1e
! 0 $9.5B-6-19C-L s ©119C-4-19C-H
08 © $9.5B-5-19C-H 08 o 119C-9-19C-L
0.6 0.6
* x
[8) O %0000,
fo2
0.4 04 o
02 02
@ (b)
0 0
0.E+00 1.E+05 2.E+05 3.E+05 4.E+05 0.E+00 1.E+05 2.E+05 3.E+05
S S
1 1 ¢
0 RS12.5C-5-19C-L ©119B-5-19C-H
08 © RS12.5C-4-19C-H 08 © 0 119B-6-19C-L
0.6 0.6
* *
[$) 8}
04 | 0.4
02 02
() (d)
0 0
0.E+00 1.E+05 2.E+05 3.E+05 4.E+05 0.E+00 5.E+04 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05
S S
1g
o RI19C-6-19C-L
08 ¢ RI19C-4-19C-H
06
*
(@] e
04 r
02 -
(e)
0
0.E+00 5.E+04 1.E+05 2.E+05 2.E+05

S

Figure 5.8 Damage curves for CX cyclic tests witfedent failure locations: (a) S9.5B; (b)

119C; (c) RS12.5C; (d) I19B; (e) RI19C.
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All the 19°C test curves are fitted to analyticainis to obtain the damage characteristic
curves for each mix, which will be used for premtigtfatigue performance. The power law
function (Equation (5.1)) suggested by Lee and Ki®98) is found to fit the experimental

results better than the exponential function (Eiguafs.2)) used by Underwood (2005). The

fitted damage characteristic curves for all elengxes are shown in a single graph as Figure

5.9.
C =1-C,S™ (5.1)
C =¢&° (5.2)

The damage characteristic curves for all elevertures are plotted together in Figure 5.9. It
depicts mixture’s resistance to damage. Howevers iimpossible to compare mixtures’
fatigue performances by simply looking at the daenatharacteristic curves. Such

comparison can be achieved by fatigue test sinaatinich will be discussed in Chapter 6.
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Chapter 6 Model Application

6.1 Simulation Failure Envelope

The simplified fatigue model does not account foarying time dependency and, therefore,
it is not possible to observe a sudden decreadeqgihase angle in simulation, which is used
to define failure in the measured tests. For th@son, an empirical observation of all the
tested mixtures is used to determine the failuiteraon. The observation is shown in Figure
6.1 where the pseudo stiffness at failure is pib#tgainst test reduced frequency for multiple
mixtures. Note that only mid-failure test resulte ased here, since the measured stiffness

values are not reliable for end-failure tests gdared in the previous chapter.
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Figure 6.1 Failure envelope for fatigue test sirmafa

It is found from Figure 6.1 that the pseudo stiffmet failure increases with the reduced
frequency. For non-RAP mixtures, when the reducestjency is below 0.01 which

corresponds to approximately 27°C at 10 Hz, faiforethe cyclic tests occurs at a pseudo
stiffness of approximately 0.28, a value similathat observed by Daniel and Kim (2002)
for their tests, which were performed at 25°C. As teduced frequency increases, failure
tends to occur at a higher level of pseudo stindisis also observed that the rate of this
increment is aggregate size dependent; that INMAS increases, the rate of change in the
pseudo stiffness at failure as a function of reduttequency increases. Further, from the
data around a reduced frequency of 0.1, it is foRAP mixtures have a higher failure

pseudo stiffness value than non-RAP mixtures. Ssummary, a piecewise fitting function
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given in Equation (6.1) is applied for failure eribn development. Note that because

calibration data are not available when reduceguieacy is greater than 10 or less than 0.01,

it is assumed that the failure pseudo stiffnessheeiincreases nor decreases beyond this

range. The failure envelope within this range Isaar function in semi-log space, whereas

the slope is a function of NMAS and the interceptaffected by the inclusion of RAP in

mixture. The coefficients of the fitting functionedlisted in Table 6.1.

allog(0.01)+b f.< 0.01
C; =< albg(f;)+b 0.01< f,< 1C
allbg(10)+b f =10

where
fr = reduced frequency; and
a andb = coefficients.

Table 6.1 Coefficients for failure envelope

NMAS a b
9.5&12.5 | 0.040538 | 0.361945
Non-RAP 19 0.076546 | 0.433962
25 0.090027 | 0.460924
9.5&12.5 | 0.040538 | 0.490049
RAP 19 0.076546 | 0.562066
25 0.090027 | 0.589027

6.2 Fatigue Test Prediction

(6.1)

Once the simplified VECD model is calibrated, i@.; andC;, coefficients in Equation (5.1)

are found for each mix, the analytical function dadmage characteristic curve can be

substituted into Equation (4.18) for simulation pase. So the amount of damage can be
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calculated for a known pseudo strain history byassg an initial damage value, e.g., 0.1.

The predicted damage for a prescribed pseudo stistiory is then as follows:

Su= 5360 6087 K ©2)

The corresponding pseudo stiffness history can theepredicted if the damage history is
determined according to Equation (5.1). The prediend measured pseudo stiffness values
for a typical good prediction are shown in Figur@,6and results from a typical bad
prediction are shown in Figure 6.3. Finally, by lgppm the failure criterion developed in the
previous section, the fatigue life can be predidtedhat particular cyclic test with a known
pseudo strain history. By comparing the measuredpaedicted fatigue test results in strain
versus fatigue life plots (Figure 6.4 and FigurB)6it can be seen that the model does a

reasonable job of predicting the failure performeaatall temperatures.
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Figure 6.2 Typical good pseudo stiffness predic{lRH19B-5)
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Figure 6.3 Typical bad pseudo stiffness predic{l@a@C-10)
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Figure 6.4 Controlled-crosshead cyclic test simaiatesults for (a) S9.5C; (b) S9.5B; (c)

119C; (d) B25B; (e) RS9.5C mix.
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Figure 6.5 Controlled-crosshead cyclic test simaatesults for (a) S12.5C; (b) 119B; (c)

RS12.5C; (d) RI19B; (€) RI19C; (f) RB25B mix.

By looking at the comparison of measured and pteditatigue life (Figure 6.6), it is found

that there is a slight tendency to overestimatdahgue life.
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Figure 6.6 Comparison of measured and predictégliatife for all mixtures in (a)

arithmetic scale; (b) log scale

The overestimation can be caused by the followaagons:

(1) The power law function does not fit well witkxperimental damage curves. Some
mixtures, like RS12.5C and RI19C, have a rapid eles® in pseudo stiffness when specimen
is close to failure.

(2) End-failure specimens, e.g., all the tests 89BC and S12.5C mix, fail at a high pseudo
stiffness value, while the simulation failure eropmd is calibrated using mid-failure test
results only.

(3) Most of the 27°C test curves stay below thécaled damage characteristic curve due to
viscoplasticity. When using the damage characterirve to predict 27°C tests, it over

predicts the pseudo stiffness, and eventually puedlicts the fatigue life.
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6.3 Further Development of Failure Envelope Using Optimization Technique

One approach to make fatigue test prediction redétter is to come up with a new failure
envelope, which can reduce the difference betweeasored and predicted fatigue life. For
this reason, a general study on failure envelopeldpment is made based on mid-failure
cyclic test data using optimization technique.

Based on observation, the desired shape of fagdoxelope is similar to that developed in

Section 6.1, and the equation is shown as follows:

c = b fe <0.01
" lalog(f,)-log(0.0L))}+b 0.0k f,< 1l

(6.3)

wherea is a function of NMAS; ant is a function of RAP mixture versus non-RAP mietur
The shape of failure envelope is unknown when ¢aeiced frequency is greater than 10 Hz,
due to the availability of data points. The optiatian process is done by Evolver, which is a
genetic algorithm optimization add-in for Micros@&xcel. Two different objective functions
are used: (a) the total prediction error in arithmecale; and (b) in log scale. By changing

the values of coefficients in Equation (6.3), tikens of square of errors are minimized, and

the prediction results after optimization are shewhigure 6.8 and Figure 6.8.
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prediction error in arithmetic scale
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Figure 6.8 Fatigue life prediction result in (aitlanetic; (b) log scale after minimizing total

prediction error in log scale

By comparing the results after optimization usingse two different objective functions, it is

found that minimizing the total prediction error lomg scale gives better overall prediction

results, so all the further findings are based singithis objective function. The optimization

yields a group of coefficients, which are listedlable 6.2, and the resulting failure envelope

is presented in Figure 6.9.
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Table 6.2 Optimized failure envelope coefficients

Coefficient Value
NMAS 9.5 0.073018
a NMAS 12.5 0.185247
NMAS 19 0.033746
NMAS 25 0.002675
b Non-RAP 0.258598
RAP 0.301445
1
o S9.5C o S9.5B 119C x  119B
o RI19B o B25B RI19C o RB25B
o RS12.5C NR 9.5 NR12.5 —NR 19
--—--R125 -—~->-R19
0.8 =
0.6
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Reduced Freq.

Figure 6.9 Optimized failure envelope
The result in Figure 6.9 shows that the optimizedufe envelope matches with the
experimental data points. The value of intercemffacient, b, for RAP mixtures is greater
than that for Non-RAP mixtures. The value of slapefficient, a, decreases with the
increment of NMAS, except for 12.5mm mixture, whischs a much greater value than all

other aggregate sizes. This phenomenon can becchydbe lack of sufficient experimental
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data points of 12.5 mm mixtures, as we can see kaynly one RS12.5C data point used in

the optimization process.
A closer look of relationship between slope coéfit and NMAS is presented in Figure
6.10, and a linear regression line is generatethénsame graph. Note that due to the

availability of experimental data, the result f& 3 mm mixture is not considered as reliable,

and therefore it is not included in the regressinalysis.

0.2
*

0.15 -
S 01 y=-0.004502x + 0.116758
(@] . r
n R%=0.996108

0.05 -

0
0 5 10 15 20 25 30
NMAS

Figure 6.10 Optimized slope coefficients versus NB1A
A final version of failure envelope is proposed Hguation (6.4), and its graphical

representation is illustrated in Figure 6.11. Asoaclusion, this failure envelope covers a

range of cyclic tests whose reduced frequencieslem® than 10 Hz. It uses the pseudo

61



stiffness value as the criterion to define failuree value is assumed to be constant when the
reduced frequency is less than 0.01 Hz, whileaittstto increase as the reduced frequency
goes beyond 0.01 Hz. In addition, the increasing imdependent on mixture’s NMAS. For
mixtures with a same NMAS tested at a certain reduitequency, the value of pseudo
stiffness at failure for RAP mixture is greater rthlon-RAP mixture. This final failure
envelope is then applied to predict fatigue life fad-failure cyclic tests, and the result is

presented in Figure 6.12.

. b f,<0.01
Ci = (6.4)
alflog(f;)—log(0.0)b 0.0k f;< 1
where

a=-0.00450NMAS+ 0.1167F; and

_[(0.258598  RAP
" 10.301445 non- RAF
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Figure 6.12 Fatigue life prediction result usinggfifailure envelope
It is seen from Figure 6.12 that prediction ersofurther reduced by applying the new failure
envelope as compared with Figure 6.6, and the pwvediction problem is alleviated by

ignoring the end-failure tests. It should be notedt this failure envelope has not been
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validated yet due to the insufficiency of experitamata. Validation and improvement of

the current failure envelope is part of the furtresearch work.

6.4 Direct Tension Fatigue Smulation

One application of the simplified VECD model isgionulate purely strain controlled direct
tension cyclic test. The theoretical backgrounddescribed by the following equation
derivations.

First, the damage calculation equation (Equatiod8y can be rewritten with respect to
loading cycleN, as follows:

(Lm0 (AN
o ig (3

where feq is the reduced frequency of loading in Hz. Theatiehship between pseudo
stiffness and damage is known as the power lawtifumdn Equation (5.1), and the

derivative of pseudo stiffness with respect to dgena:

aC’ -
55 = CuCpS* (6.6)

Substituting Equation (6.6) into Equation (6.5) @&ualating the terms relating to damage:

ds{%(s&a)z qlqzja K{f—Nj( tye (6.7)
and thus:

e 1 ! 1
(S ™)@ ds= (E(é‘(’fta)z G QQJ K[_j dn (6.8)
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Integrating Equation (6.8) on both sides:

b (1 © 1
s as= (e a ) K| o 6.9)
Sh 1 2 ' fred

Sﬂ—aq2+l S 1 a 1
m = (E (EoR,ta)ZCnCuj KI(E]( Ny —1) (6.10)

Sni
Sa—aq2+l gl—aC12+1 a
f -— = (1 (EORta)ZCllclzj K L (N; -1) (6.11)

a-aC,+1 a-aC,+1 \ 2 " fed

Assuming tha§,<<$§ and thalN>>1, Equation (6.11) is simplified to:

go-aCu+l 1 a 1
— = (E (ggta)zcllcﬂj K{f_ (N;) (6.12)

a- aClZ +1 B red
Rearranging Equation (6.12), the fatigue INig,is given as follows:

— (fred)(za )S&fy_aClZﬂ
f (0’ - aClZ + 1) (C11C12)a (5 Ea)za Kl

(6.13)

Substituting the cyclic portion of pseudo strainBquation (4.16) into Equation (6.13) and
recognizing thaEgr = 1:

N, = (fred)(zﬁl)slfy_[)’Clerl
(@-aC, +D(CLC [ (B+DE ) E Le )" K,

(6.14)

For different strain amplitude, loading frequenayd demperature, different fatigue life can
be obtained using the above equation. The simulatgsults can then be fitted by the
empirical model (Equation (1.3)). Figure 6.13 anguFe 6.14 show the simulation results of

strain controlled direct tension cyclic tests ftrthe eleven mixes at 5, 19 and 27°C. Note
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that all the simulated tests are in a zero meaainstondition, i.e.fp=0, and the loading
frequency is 10 Hz. The failure criterion used imudation is the same as the one developed
in Section 6.3, i.e.S is calculated fromC’s through the power law function. Table 6.3
summarizes the regression coefficients of empirioaldel for all the mixes from direct

tension fatigue test simulation.
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Table 6.3 Summary of regression coefficients fopeiwal model from direct tension fatigue

simulation

mixture Ky ko ks
S9.5C 2.396E+10 8.253 -4.821
S9.5B 4.885E+04 8.253 -4.099
119C 8.860E-06 7.275 -2.327
B25B 4.752E-09 7.510 -1.951
RS9.5C 1.017E+02 7.547 -3.262
S12.5C 1.514E-01 7.902 -3.180
119B 7.212E-09 8.090 -2.329
RS12.5C 5.828E-09 8.000 -2.191
RI19B 5.068E-15 7.391 -1.135
RI19C 9.159E-09 7.609 -2.056
RB25B 1.134E-18 7.762 -0.913

Comparisons of simulation results at different temapures (5, 19 and 27°C) are made
through Figure 6.15 to Figure 6.17. It is seen #iadll three temperatures, mixture’s fatigue
performance drops as its nominal maximum aggregete increases, i.e., the 9.5 mm
mixtures exhibit most fatigue resistance, while Btemm mixtures are the most prone to
fatigue damage. Also, it is observed that, in gaheron-RAP mixtures are more fatigue
resistant than RAP mixtures at all temperaturesgpixthat at 5°C the RS9.5C mix has a
better performance than the S9.5C mix. In additibe, difference in fatigue performance
between different mixtures increases with the testperature. In other words, at a higher
temperature like 27°C, asphalt mixtures fatigudqrarance is more mixture type dependent

than that at a lower temperature.
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Figure 6.16 19°C strain controlled direct tensiatigue test simulations for all mixtures
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Figure 6.17 27°C strain controlled direct tensiatigue test simulations for all mixtures

6.5 Beam Fatigue Simulation

Another important application of the simplified VEGmodel is to simulate the traditional

beam fatigue test. In this study, the method preg@ds/ Christensen and Bonaquist (2005) is

used. During the analysis, the standard beam islativinto ten equal layers from top to

bottom, each with a thickness of 5 mm. The tedinsulated to be performed in a strain

controlled mode, i.e. the tensile strain amplitatéhe bottom of the beam reaches a constant

peak value during each cycle and back to zeroeaetid of each cycle. The entire loading

history is divided into logarithmically spaced intals, and the accumulated damage during

each interval is calculated using Equation (6.7)efach layer. The cyclic portion of pseudo

strain calculation in Equation (4.16) is used. Nttat g is equal to 1 in this case. The
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resulting pseudo stiffness can then be calculatettheaend of each loading interval. The
modulus of each layer is assumed not to changengluhie test, however, however, the
effective width of each layer is adjusted proparéibto the pseudo stiffness due to the
damaged caused in the previous interval, as Equégids).
(W) = (W), (G (6.15)
where

Wett = effective width;

Wini = initial width; and

i =layer index.
A new moment of inertia and neutral axis is thefcudated based on the new beam
dimension. Note that damage only occurs below #wral axis, for the layers which are
above the neutral axis, their effective widths remeonstant as they are subjected to

compressive stresses only. The simulation prosafisstrated graphically in Figure 6.18.

72



Cyclel Strain Pseudo stiffness

CycleN

Figure 6.18 Beam fatigue test simulation process

For each layer, when its pseudo stiffness toucheddilure envelope described in Section
6.3, its effective width is assumed to be zerotler rest of the analysis. For the entire beam
structure, failure is defined by the 50% stiffnesduction criterion, of which the stiffness

ratio at cycleN, is calculated by:

S(N) =:4 (6.16)

ni

whereli, andly are moment of inertia at the 8@nd N" loading cycle, respectively. Figure

6.19 shows an example of beam fatigue simulatisultre
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Figure 6.19 Example of beam fatigue simulation ltesu
Similar as that has been done in direct tensiorguat simulation, beam fatigue tests
subjected to different strain levels are simuldtedive different fatigue lives. Those results
are then fitted by the empirical model. Figure 6&tl Figure 6.21 show the simulation

results at 5, 19 and 27°C for all the eleven mi¥esd the regression coefficients for the

empirical model are summarized in Table 6.4.
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Figure 6.20 Beam fatigue test simulation resultgdy S9.5C; (b) S9.5B; (c) 119C; (d) B25B

and (e) RS9.5C.
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Figure 6.21 Beam fatigue test simulation resultgd) S12.5C; (b) 119B; (c) RS12.5C; (d)

RI19B; (e) RI19C and (f) RB25B.
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Table 6.4 Summary of regression coefficients fopeiwal model from beam fatigue

simulation

mixture Ky Ko K3
S9.5C 6.958E-01 6.235 -2.481
S9.5B 1.834E+00 7.056 -3.096
119C 2.708E-04 6.916 -2.595
B25B 1.059E-09 6.919 -1.784
RS9.5C 1.193E-02 6.914 -2.609
S12.5C 1.056E-07 7.688 -2.430
119B 2.647E-12 7.609 -1.829
RS12.5C 1.685E-13 8.454 -2.002
RI19B 5.452E-18 7.231 -0.859
RI19C 1.873E-11 7.203 -1.691
RB25B 1.011E-20 7.675 -0.807

Similar to what has been done in the direct tenfatigue simulation, comparisons of fatigue
performance between different mixtures at thretediht temperatures (5, 19 and 27°C) are
made in Figure 6.22 to Figure 6.24. The conclusimsconsistent with those drawn from
direct tension fatigue simulation, i.e., mixturéatigue resistance decreases as the nominal
maximum aggregate size increase, and non-RAP matbhave better fatigue performance

than RAP mixtures.
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Figure 6.24 27°C beam fatigue test simulationsafomixtures

It is found that the slopes of the fatigue envetofoe the different mixtures are quite close to
each other for both the direct tension and beamguattests. So, by comparing the positions
of those straight lines, it is easy to rank thégfat life of the different mixtures under the
same loading condition. The fatigue performanceiregs from both the direct tension and
beam fatigue simulations are summarized in Tabbe Bhe findings are encouraging that
those two different simulation approaches give lsiminixture performance rankings under

different test conditions.
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Table 6.5 Summary of fatigue performance ranking

Fatigue Resistance Rank from Direct Fatigue Resistance Rank from Direct

Mixture Tension Fatigue Simulation Tension Fatigue Simulation

5C 19C 27C 5C 19C 27C
S9.5C 2 1 1 1 1 1
S9.5B 3 3 3 3 3 3
119C 8 7 6 10 7 7
B25B 5 6 5 6 6 5
RS9.5C 1 2 2 2 2 2
S12.5C 4 4 4 4 4 4
119B 9 8 8 8 8 8
RS12.5C 6 5 7 5 5 6
RI119B 10 10 10 9 10 10
RI119C 7 9 9 7 9 9
RB25B 11 11 11 11 11 11
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Chapter 7 Conclusions and Future Resear ch Recommendations

In this study, a simplified form of VECD model i®nved, which is capable of utilizing
cyclic fatigue test data at multiple temperatuned strain magnitudes. The advantage of this
simplified model over the rigorous model is thatcén characterize HMA'’s fatigue
performance quickly using cyclic data without cormpg at each time step. This advantage
is extremely important for the newly released AM§ting equipment, which has a load
level limitation to perform constant rate tensiestt The model is verified by characterizing
different asphalt concrete mixtures in the Nortiralaa MEPDG local calibration project.
The results show that the model can be applieddarately predict the fatigue life of asphalt
concrete under cyclic loading at multiple tempereguand strain levels. The model is also
applied to simulate both strain controlled direstdion cyclic test and beam fatigue test.
There are a few areas where there is room to ingpnovthe future. The failure criterion
incorporated in predicting fatigue life is empilieead contains certain shortcomings. A more
theoretically-based failure criterion is needethtprove the accuracy of fatigue performance
prediction. The simulated direct tension and beatigidie results using the simplified VECD
model have not yet been verified by real experimente relationship between the simulated

results and experimental results would be a vatusddearch topic for the future.
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Table A.1 Summary of sigmoidal coefficients and $hctor coefficients for all mixtures

Sigmoidal Coefficients Shift Factor Function Coefficients

Mixture
a b d g a; as as

S9.5C 1.532122 | 2.875487 | 1.586880 | 0.456310 | 0.000553 | -0.158166 | 0.777001

S9.5B 1.676516 | 2.714347 | 1.955035 | 0.473981 | 0.000691 | -0.168455 | 0.825009

119C 1.810291 | 2.627181 | 1.540542 | 0.605129 | 0.000550 | -0.150735 | 0.739928

B25B 1.507309 | 2.945305 | 2.152708 | 0.509385 | 0.000714 | -0.165149 | 0.807893

RS9.5C | 1.553675 | 2.860244 | 1.733648 | 0.521016 | 0.000572 | -0.158831 | 0.779866

S12.5C | 1.918581 | 2.455040 | 1.567928 | 0.579862 | 0.000608 | -0.155955 | 0.764562

119B 1.561657 | 2.846584 | 1.691287 | 0.473519 | 0.000629 | -0.165659 | 0.812579

RS12.5C | 1.778298 | 2.687005 | 1.832713 | 0.511607 | 0.000588 | -0.159986 | 0.785233

RI19B 1.623906 | 2.820031 | 1.953727 | 0.540356 | 0.000580 | -0.161039 | 0.790686

RI19C 1.908373 | 2.589046 | 1.720861 | 0.574218 | 0.000614 | -0.157423 | 0.771772

RB25B | 1.659233 | 2.755876 | 1.870465 | 0.518901 | 0.000659 | -0.160955 | 0.788299
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Table A.2 Complex Modulus Test Result Data for E9Mixture

Frequency | Average |E*| Average
Temperature (C) (H2) (MPa) Phase Angle
(deg)
25 22926 5.0
10 21936 5.3
10 5 21103 5.5
1 18975 6.5
0.5 18067 6.8
0.1 15808 8.1
25 15856 8.7
10 14491 9.2
5 5 13507 9.7
1 11182 11.3
0.5 10241 11.9
0.1 8149 14.5
25 8593 16.2
10 7377 17.0
20 5 6418 18.7
1 4499 22.7
0.5 3814 24.1
0.1 2500 28.8
25 2386 30.9
10 1771 32.7
40 5 1420 33.1
1 800 34.5
0.5 655 34.7
0.1 397 33.5
25 810 36.4
10 606 36.4
54 5 487 35.8
1 289 314
0.5 228 30.5
0.1 162 26.1
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Table A.3 Complex Modulus Test Result Data for 8Mixture

Frequency | Average |E*| Average
Temperature (C) (H2) (MPa) Phase Angle
(deg)
25 22801 6.0
10 22007 6.1
10 5 21308 6.4
1 19151 7.2
0.5 18351 7.7
0.1 16189 9.2
25 15618 10.3
10 14190 11.2
5 5 13231 11.3
1 10872 12.6
0.5 9981 13.4
0.1 7868 16.4
25 7922 17.1
10 6715 18.9
20 5 5840 20.4
1 4014 24.1
0.5 3421 25.6
0.1 2192 30.3
25 1937 33.8
10 1376 36.0
40 5 1063 36.5
1 659 39.0
0.5 485 37.3
0.1 308 35.4
25 677 40.0
10 473 38.9
54 5 376 37.2
1 234 32.6
0.5 209 29.5
0.1 171 26.0
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Table A.4 Complex Modulus Test Result Data for 118ture

Frequency | Average |E*| Average
Temperature (C) (H2) (MPa) Phase Angle
(deg)
25 26807 2.9
10 25964 3.1
10 5 25118 3.3
1 22747 4.2
0.5 21808 4.6
0.1 19001 7.2
25 19066 7.4
10 17503 8.2
5 5 16262 8.9
1 13159 11.3
0.5 11970 12.4
0.1 9076 16.1
25 10286 16.7
10 8773 17.2
20 5 7304 21.0
1 4639 26.7
0.5 3780 28.9
0.1 2283 37.4
25 2393 37.7
10 1610 39.2
40 5 1202 40.0
1 661 40.8
0.5 508 39.8
0.1 279 32.3
25 749 42.9
10 476 38.7
54 5 376 36.8
1 225 30.0
0.5 193 26.3
0.1 143 20.8
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Table A.5 Complex Modulus Test Result Data for B28Rture

Frequency | Average |E*| Average
Temperature (C) (H2) (MPa) Phase Angle
(deg)
25 26784 7.1
10 25951 7.7
10 5 25204 8.0
1 22952 9.0
0.5 22031 9.0
0.1 19848 9.2
25 19010 10.7
10 17587 11.9
5 5 16457 12.5
1 13644 14.3
0.5 12521 15.3
0.1 9988 18.8
25 9919 20.8
10 8379 23.1
20 5 7124 25.0
1 4696 30.0
0.5 3904 32.4
0.1 2349 37.8
25 2298 40.5
10 1591 42.7
40 5 1206 42.7
1 635 43.6
0.5 501 41.8
0.1 290 36.8
25 742 45.6
10 480 42.9
54 5 351 40.7
1 207 33.5
0.5 172 29.1
0.1 134 23.5
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Table A.6 Complex Modulus Test Result Data for BEMixture

Frequency | Average |E*| Average
Temperature (C) (H2) (MPa) Phase Angle
(deg)
25 24854 3.4
10 24050 3.8
10 5 23269 4.0
1 21190 4.8
0.5 20327 5.1
0.1 18109 7.0
25 17749 7.1
10 16381 7.9
5 5 15266 8.3
1 12735 9.9
0.5 11656 10.9
0.1 9279 13.4
25 9758 15.2
10 8375 16.6
20 5 7281 18.3
1 4996 22.4
0.5 4211 24.2
0.1 2604 28.8
25 2500 32.0
10 1772 34.9
40 5 1353 35.6
1 812 40.1
0.5 539 35.8
0.1 304 32.8
25 722 37.6
10 528 38.1
54 5 400 35.8
1 230 31.2
0.5 191 28.5
0.1 129 23.6
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Table A.7 Complex Modulus Test Result Data for SC2Mixture

Frequency | Average |E*| Average
Temperature (C) (H2) (MPa) Phase Angle
(deg)
25 23301 4.1
10 22640 4.2
10 5 21963 4.4
1 19918 5.4
0.5 19185 5.6
0.1 16854 7.8
25 16770 7.9
10 15502 9.2
5 5 14465 9.6
1 11908 11.2
0.5 10917 11.8
0.1 8612 15.5
25 9275 16.6
10 7999 16.9
20 5 6849 19.3
1 4618 23.4
0.5 3902 25.2
0.1 2498 35.3
25 2507 35.7
10 1751 36.3
40 5 1346 37.0
1 805 38.9
0.5 576 36.5
0.1 357 33.9
25 879 40.4
10 600 37.7
54 5 473 36.6
1 291 31.6
0.5 257 28.5
0.1 203 25.1
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Table A.8 Complex Modulus Test Result Data for [18Bture

Frequency | Average |E*| Average
Temperature (C) (H2) (MPa) Phase Angle
(deg)
25 23712 5.6
10 23086 5.3
10 5 22375 5.4
1 20152 6.1
0.5 19347 6.3
0.1 17249 6.8
25 16923 8.5
10 15549 9.8
5 5 14527 10.1
1 12130 11.4
0.5 11196 12.0
0.1 9042 14.9
25 9113 16.6
10 7836 17.9
20 5 6900 19.3
1 4863 22.9
0.5 4160 24.4
0.1 2720 29.2
25 2545 32.9
10 1864 35.8
40 5 1472 36.7
1 816 38.1
0.5 666 38.2
0.1 406 36.8
25 861 38.9
10 600 38.4
54 5 465 36.8
1 272 32.8
0.5 229 30.6
0.1 161 26.7
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Table A.9 Complex Modulus Test Result Data for RSC2Mixture

Frequency | Average |E*| Average
Temperature (C) (H2) (MPa) Phase Angle
(deg)
25 28303 3.0
10 27436 3.3
10 5 26672 3.6
1 24456 4.4
0.5 23566 4.6
0.1 21115 5.4
25 21042 6.2
10 19549 7.3
5 5 18462 7.7
1 15696 9.0
0.5 14592 9.5
0.1 11991 11.4
25 12367 13.4
10 10838 14.3
20 5 9586 15.9
1 6945 19.3
0.5 5959 20.9
0.1 3951 26.6
25 3673 28.7
10 2756 31.6
40 5 2155 32.7
1 1309 37.0
0.5 963 34.5
0.1 541 32.1
25 1280 37.0
10 899 35.8
54 5 683 33.2
1 405 30.1
0.5 332 27.7
0.1 237 23.1
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Table A.10 Complex Modulus Test Result Data ford® Mixture

Frequency | Average |E*| Average
Temperature (C) (H2) (MPa) Phase Angle
(deg)
25 27737 3.3
10 26836 3.5
10 5 26045 3.7
1 23985 4.3
0.5 23119 4.4
0.1 20910 5.0
25 20786 6.0
10 19353 7.3
5 5 18272 7.6
1 15580 8.8
0.5 14529 9.5
0.1 11941 12.3
25 12152 14.0
10 10666 15.1
20 5 9404 16.8
1 6663 20.9
0.5 5752 22.6
0.1 3693 27.8
25 3379 31.4
10 2420 34.1
40 5 1879 35.5
1 1041 39.0
0.5 761 38.1
0.1 417 36.1
25 1021 40.4
10 711 40.2
54 5 532 38.5
1 295 34.3
0.5 237 31.5
0.1 163 25.5
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Table A.11 Complex Modulus Test Result Data ford®Mixture

Frequency | Average |E*| Average
Temperature (C) (H2) (MPa) Phase Angle
(deg)
25 31110 3.0
10 30162 3.3
10 5 29326 3.5
1 26815 4.4
0.5 25812 4.7
0.1 23035 6.1
25 22951 6.9
10 21283 7.9
5 5 19964 8.4
1 16707 10.0
0.5 15380 10.8
0.1 12203 13.1
25 13095 14.8
10 11255 16.4
20 5 9805 18.6
1 6662 23.4
0.5 5588 25.3
0.1 3459 31.2
25 3491 32.9
10 2489 36.8
40 5 1909 37.9
1 1013 37.6
0.5 802 37.4
0.1 454 32.6
25 1105 38.4
10 799 38.7
54 5 609 37.0
1 361 31.1
0.5 298 28.3
0.1 218 23.4
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Table A.12 Complex Modulus Test Result Data for BBMixture

Frequency | Average |E*| Average
Temperature (C) (H2) (MPa) Phase Angle
(deg)
25 25220 2.0
10 24469 2.2
10 5 23818 2.3
1 21907 3.1
0.5 21148 3.3
0.1 19276 3.7
25 18824 4.6
10 17460 6.0
5 5 16456 6.5
1 14048 7.9
0.5 13028 8.7
0.1 10672 11.2
25 11299 12.5
10 9766 14.5
20 5 8649 15.8
1 6178 19.8
0.5 5274 21.6
0.1 3479 27.0
25 3437 29.1
10 2523 32.8
40 5 1965 33.9
1 1100 36.1
0.5 883 36.3
0.1 474 32.7
25 1217 37.8
10 843 36.7
54 5 648 36.1
1 370 31.8
0.5 297 29.3
0.1 199 25.2
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Appendix B Comparison of DMR and |
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Figure B. 1 Damage curves for S9.5C mixture us&)dMR and (b) | as specimen-to-

specimen variability factor
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Figure B. 2 Damage curves for S9.5B mixture usa)ddMR and (b) | as specimen-to-

specimen variability factor
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Figure B. 3 Damage curves for 119C mixture usingd®R and (b) | as specimen-to-

specimen variability factor
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Figure B. 4 Damage curves for B25B mixture usingd®R and (b) | as specimen-to-

specimen variability factor
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Figure B. 5 Damage curves for RS9.5C mixture ugdMR and (b) | as specimen-to-

specimen variability factor
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Figure B. 6 Damage curves for S12.5C mixture uédMR and (b) | as specimen-to-

specimen variability factor
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Figure B. 7 Damage curves for 119B mixture usingd®R and (b) | as specimen-to-

specimen variability factor
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Figure B. 8 Damage curves for RS12.5C mixture ugdPMR and (b) | as specimen-to-
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Figure B. 9 Damage curves for RI19B mixture usiagld@MR and (b) | as specimen-to-

specimen variability factor
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Figure B. 10 Damage curves for RI19C mixture uga)doMR and (b) | as specimen-to-

specimen variability factor
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Figure B. 11 Damage curves for RB25B mixture ugajdPMR and (b) | as specimen-to-

specimen variability factor
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Appendix C Damage Char acterization Data
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Table C. 1 Viscoelastic damage characterizatioffficants for all mixtures

. Parameters
Mixture
Cu Cp a
S9.5C 0.003881 0.397445 4.126583
S9.5B 0.000900 0.518480 4.126662
119C 0.000297 0.618120 3.637603
B25B 0.000240 0.630360 3.753415
RS9.5C 0.000687 0.517349 3.773737
S12.5C 0.000592 0.554818 3.951061
119B 0.000348 0.611581 4.045163
RS12.5C 0.000425 0.559518 4.000179
RI19B 0.000220 0.635777 3.695799
RI19C 0.000578 0.548996 3.804381
RB25B 0.000156 0.687772 3.881082
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Appendix D Comparison of Different Failure Definitionsin Cyclic Test
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Although the advantage of using phase angle faitle®nition over the empirical 50%

stiffness deduction failure definition has beernestaclearly in Chapter 3, it is still interesting

to examine their relationships through actual testilts. The fatigue lives defined by these

two methods for all mixtures are listed in

Table D. 1, and they are plotted against each othdre following graphs, together with a

linear of equality. Note that those end-failurettessults are not included for failure

definition comparison.
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Figure D. 1 Comparison of different failure defiaits: (a) arithmetic scale; (b) log scale

Figure D. 1 shows that phase angle method tengiv¢oa slightly longer fatigue life than the

50% stiffness method. However, in general, theed#iices between these two methods are

quite small, usually within 25%.
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Table D. 1 Experimental measured fatigue livesviny different definitions

Material Specimen Name | N;(phase angle) | N¢ (50% Stiffness)
S9.5C-28 1600 1250
S9.5C-29 420 453
S9.5C-30 17500 8460
S9.5C-31 86100 41223
S9.5C-37 780 1580
S9.5C-43 190000 149208
S9.5C-13 45000 40927
S9.5C S9.5C-14 311000 290505
S9.5C-22 2280 1870
S9.5C-39 3780 3290
S9.5C-40 12100 9350
S9.5C-26 70000 70041
S9.5C-27 140000 157813
S$9.5C-41 1430 1290
S9.5C-42 1100 853
S9.5B-4 12100 8380
S9.5B S9.5B-6 47000 44587
S9.5B-7 87900 40200
119C-4 6500 6742
119C 119C-6 19900 16800
119C-10 16600 16765
B25B-18 73800 78729
B25B B25B-20 75000 56022
B25B-22 11000 8560
119B 119B-5 800 972
RS12.5C RS12.5C-5 220000 217336
RI19B-4 6000 6333
RI19B RI119B-5 23700 23835
RI19C RI119C-6 68900 69052
RB25B RB25B-4 950 643
RB25B-7 7550 8155
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Appendix E Fatigue Test Prediction Results
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Table E. 1 Summary of fatigue test prediction ressul

Material Sr;\le;:rlrr;neen Tem(p gr;ﬂure Lli)?:lzi\l:iroen Measured N; | Predicted N; Fgﬁgﬁ;i ;]
S9.5C-28 26.80 middle 1600 1420 11
S9.5C-29 26.80 middle 420 440 5
$9.5C-30 26.80 middle 17500 16369 6
$9.5C-31 26.60 middle 86100 103682 20
$9.5C-37 26.95 middle 780 1190 53
S9.5C-38 26.80 end 165000 278603 69
S9.5C-43 27.40 middle 190000 212829 12
S9.5C S9.5C-13 19.05 middle 45000 51806 15
S9.5C-14 19.00 middle 311000 385469 24
S9.5C-22 18.50 middle 2280 2245 2
S$9.5C-39 18.70 middle 3780 3360 11
S$9.5C-40 18.80 middle 12100 12088 0
S9.5C-26 5.00 middle 70000 84612 21
S9.5C-27 4.90 middle 140000 181083 29
S9.5C-41 4.60 middle 1430 1420 1
S9.5C-42 5.30 middle 1100 1310 19
S9.5B-4 27.40 middle 12100 10400 14
S9.5B-5 19.20 end 4570 5531 21
S95B S9.5B-6 19.30 middle 47000 50909 8
S9.5B-7 27.30 middle 87900 106620 21
S$9.5B-8 5.50 end 4600 6041 31
S9.5B-9 5.50 end 198000 257996 30
119C-4 19.15 middle 6500 5555 15
119C-6 27.40 middle 19900 22880 15
119C 119C-7 27.40 end 217000 113400 48
119C-8 5.40 >277200% 355473
119C-9 19.50 end 27000 31687 17
119C-10 5.15 middle 16600 18423 11
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Table E. 1 Continued

Material Sr;\le;:rlrr;neen Tem(p gr;ﬂure Lli)?:lzi\l:iroen Measured N; | Predicted N; FI;rrerg:c(t;Z ;]

B25B-5 19.10 end 4780 5176 8

B25B-11 19.10 end 7160 12364 73

8258 B25B-14 5.40 end 11000 16980 54

B25B-18 5.15 middle 73800 78020 6

B25B-20 27.50 middle 75000 104470 39

B25B-22 27.40 middle 11000 13812 26

RS9.5C-5 19.40 end 44000 49513 13

RS9.5C-6 19.60 end 148000 191711 30

RS9.5C RS9.5C-7 27.30 end 27500 44222 61
RS9.5C-8 5.15 >168000% 231008

RS9.5C-9 27.35 end 79000 111266 41

RS9.5C-10 5.35 end 41000 61350 50

S12.5C S12.5C-4 19.20 end 1250 2140 71

S12.5C-5 19.20 end 74100 106659 44

1198 119B-5 19.00 middle 800 600 25

119B-6 19.20 end 19000 23741 25

RS12 5C RS12.5C-4 19.10 end 9330 12716 36
RS12.5C-5 19.00 middle 220000 230711

RI19B RI19B-4 19.45 middle 6000 6071 1

RI19B-5 19.50 middle 23700 28732 21

RI19C RI19C-4 19.35 end 3450 5020 46

RI119C-6 19.20 middle 68900 85294 24

RB25B RB25B-4 19.20 middle 950 430 55

RB25B-7 19.20 middle 7550 7682 2

Test stopped at that number of loading cycle and specimen didn't fail
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