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RESUMO
O revestimento asfaltico ¢ suscetivel a diversos defeitos, dentre eles o trincamento por fadiga.
O trafego e as condicdes climaticas durante a vida ttil impactam seu comportamento € podem
potencializar o referido defeito. A investigacdo em diferentes escalas da evolucao da fadiga sob
efeito da umidade ¢ uma das lacunas verificadas na literatura. Portanto, o objetivo desta
pesquisa € contribuir para a avaliagao dos efeitos do dano por umidade induzida no trincamento
por fadiga de materiais asfalticos em diferentes escalas: ligante, interface agregado-ligante e
mistura asfaltica. Os materiais utilizados no estudo sdo agregado gnaissico, ligante asfaltico
caracterizado por penetragdo como 50/70 e dois melhoradores de adesividade: o aditivo
organico a base de amina (DOPE) e a Cal Hidratada. A metodologia ¢ composta de ensaios
secos e condicionados a umidade e da simulacao computacional para previsao de trincamento
com duas ferramentas computacionais: CAP3D-D e FlexPAVE™. Foram realizados os
seguintes ensaios laboratoriais: de reologia (Frequency Sweep - FS e Linear Amplitude Sweep
- LAS) para o ligante; de arrancamento por meio do Asphalt Bond Strength (ABS) para a
interface agregado-ligante; e uniaxiais em misturas asfalticas (M6dulo Dinamico — |E*| e Fadiga
a Tracao-Compressao), além da Resisténcia a Tragao (RT) e do Dano por Umidade Induzida
(DUI) com o uso da Relagao de Resisténcia a Tracao Retida (RRT). As principais conclusdes
sao de que: (1) para a escala do ligante, ndo foram observadas variagdes significativas sobretudo
para o ensaio LAS; (i1) para a interface agregado-ligante, foi possivel verificar a influéncia da
taxa e da temperatura de arrancamento com a constru¢do de uma curva de falha sendo
recomendado realizar este ensaio em condi¢des proximas as de campo; (iii) para a mistura
asfaltica, o aditivo organico e a Cal Hidratada melhoram o comportamento quanto ao DUI,
sendo os valores de RRT bons indicativos para a classificacdo do |E*| e da fadiga condicionados;
(iv) a simulagdo computacional demonstra explicitamente a redugao da vida util em relagdo ao
trincamento por fadiga quando os danos por umidade sdo considerados; e (v) a realizagdao de
ensaios de Fadiga sem condicionamento pode superestimar a resisténcia ao trincamento dos

materiais devido as condi¢des ambientais.

Palavras-chave: trincamento por fadiga; dano por umidade induzida; melhorador de

adesividade; interface agregado-ligante; misturas asfalticas.



ABSTRACT
The asphalt surface course in pavements is susceptible to several distresses, among of which
there is fatigue cracking. Traffic and climate conditions during the pavement’s lifetime impact
its behavior and might enhance the referred distress. The investigation in different scales of
fatigue evolution under moisture effect is one of the verified gaps in the literature. Therefore,
the objective of this research is to contribute to evaluate the effects of moisture induced damage
on fatigue cracking on asphaltic materials in multiscale: binder, aggregate-binder interface, and
asphalt mixtures. The used materials are gneiss aggregate, asphalt binder characterized by
penetration as 50/70 and two adhesiveness promoters: an organic additive and Hydrated Lime.
The methodology consists of dry and moisture-conditioned tests and computational simulation

to predict cracking using two computational tools: CAP3D-D and FlexPAVE™

. The following
laboratory tests were performed: rheology (Frequency Sweep - FS and Linear Amplitude Sweep
- LAS) for the binder; Asphalt Bond Strength (ABS) for the aggregate-binder interface; and
uniaxial on asphalt mixtures (Dynamic Modulus - |[E*| and Tensile-Compression Fatigue), in
addition to Tensile Strength (TS) and Moisture-Induced Damage (MID) with the use of the
Tensile Strength Ratio (TSR). The main conclusions are as follows: (i) no significant variations
were observed for the binder scale, especially in the LAS test; (ii) the influence of pull-off rate
and temperature on the aggregate-binder interface was confirmed by constructing a failure
envelope. It is recommended to perform this test under conditions that closely resemble the
actual field conditions; (iii) the asphalt mixture exhibited improved behavior in terms of MID
when an organic additive and hydrated lime were used. The TSR values were found to be good
indicators for the classification of [E*| and conditioned fatigue; (iv) computational simulation
explicitly demonstrates the reduction of service life regarding fatigue cracking when moisture
damage is taken into account; (v) fatigue tests performed without conditioning may

overestimate the material's cracking resistance due to environmental conditions.

Keywords: fatigue cracking; moisture induced damage; anti-stripping agent; aggregate-binder

interface; asphalt mixtures.
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1 INTRODUCTION

Traffic loads associated with weather conditions might lead to fatigue cracking on
the asphalt mixture used on the pavement surface layer. This layer as well as the whole
pavement system must resist traffic loading, climatic conditions, and distresses evolution to
maintain user safety (HUANG, 2004; BERNUCCI et al., 2022). Despite great advance in
pavement mechanics and materials testing, it is not uncommon that current project’s predictions
do not properly match actual pavement service life. In some locations, especially after rainy
seasons, distresses emerge greatly affecting the pavement serviceability as perceived by road
users.

Moisture damage resistance is one of the key factors for asphalt mixture
performance reduction (LOTTMAN, 1978; HICKS, 1991). Distresses such as raveling, fatigue
and potholes evolution might be worsened due to moisture effects (KIM et al., 2008;
ALKOFAHI and KHEDAYWTI, 2021). Fatigue cracking is one of the most affected by moisture
due to the effects of water and the origins of cracks at the aggregate-binder interface, air voids,
or mastic (CARO et al., 2008; LAMOTHE et al., 2019; LUCAS JUNIOR et al., 2020).

Asphalt mixtures are constituted of mineral aggregates (elastic response particles)
and asphalt binder (viscoelastic response material) (HUANG, 2004; KIM, 2009). The overall
composite presents a thermoviscoelastic behavior. Additives and other constituents such as
hydrated lime, amine-based anti-stripping liquid agents, and polymers, among others, might
also be incorporated for a specific purpose such as improvement of fatigue and moisture
resistances, which would change materials ranking as more or less susceptible to such distress.

Some authors address moisture damage to the aggregate-binder interface properties
(SUDARSANAN et al., 2020; CALA and CARO, 2021; LUCAS JUNIOR et al., 2021; MAIA
et al., 2021), but others suggest that its occurrence is at the isolated binder (VASCONCELOS
et al., 2011). Either way, asphalt materials are susceptible to moisture damage and such distress
may be affected by constituent materials and interfacial properties. The effects of water on both

material and structure scales are illustrated in Figure 1.
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Figure 1 — Water effects on (a) aggregate-binder and (b) complete pavement.
b P
dop "\
ad . n ’
(@)

(Source: Author).

(b)

When it comes to test methods to investigate moisture susceptibility, a variety of
analysis are possible. Some authors focus on asphalt mixtures behavior as it relates to Indirect
Tensile Strength (RIBEIRO, 2011; ANITELLI, 2013; BARBOZA JUNIOR, 2018; LUCAS
JUNIOR, 2020), Dynamic Modulus (ALMEIDA et al., 2018; BRONDANI et al., 2022),
Fatigue (BARRA et al., 2012; ALMEIDA et al., 2018; LAMOTHE et al., 2019; CARDONA et
al., 2021); while others use different techniques to comprehend the interface itself (OROZCO
etal.,2019; NAZZAL et al.,2021; CALA and CARO, 2021), or to study binders and aggregates
individually, or still as interfaces to try to assess the overall mixture’s behavior (LUCAS
JUNIOR et al., 2019a, 2019b and 2021).

Based on the context presented, the effect of moisture on fatigue resistance of
asphalt mixtures is an important topic when it comes to roadway pavement projects. A given
material is expected to follow a certain pattern, but such pattern might change considerably
upon conditioning, thus the pavement’s design should consider the possibilities related to

conditioning.

1.1  Research problem

The comprehension of fatigue cracking evolution on the asphalt surface layer still
has knowledge gaps due to laboratory testing considerations and complexities in the field. Some
gaps are related to field-laboratory transfer-functions calibration, whereas there are also gaps
related to material-characterization methods. Characterization methods might consider effects
such as rest periods, thermal variation, and moisture presence. Thus, a deeper comprehension
of isolated effects on material characterization is important. Among them, one of the most
relevant to the mixture fatigue-life is adhesiveness, which relates to water impacts on different
scales of the composite.

The hypothesis of the investigation herein derives from previous research works on
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water effect, material characterization, and adhesiveness, indicating the need of this kind of
analysis. Understanding the effect of water on fatigue modeling parameters becomes of
relevance when considering both the technical aspects of material selection and the financial
efforts for promoting an increase in pavement lifetime. Therefore, the research problem of this
work remains in the following question: what happens to asphaltic materials’ performance when

in contact with water?

1.2 Objectives

The main objective of this research is an evaluation of moisture effects on fatigue
cracking of asphaltic materials at different scales (asphalt binder, aggregate-binder interface,

and complete asphalt mixture). The specific objectives are as follows:

At the binder scale:

e Compare Stiffness and Fatigue on dry and conditioned binders using Frequency Sweep and

Linear Amplitude Sweep tests.

At the interface scale:

o Investigate the influence of different additives on the interface between aggregate and binder
on the Pull-Off test with the construction of a Curve considering: loading rate, temperature, and

pull-off strength.

At the mixture scale:
e Evaluate the Damage Characteristic Curve sensibility due to moisture conditioning
considering the results obtained by the other objectives and scales.

e Compare real structures expected mechanical behavior without damage and with moisture

induced damage.

Analysis between scales:
e Establish relations between binders, interface, and complete asphalt mixtures’ behavior in

dry and conditioned states.
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1.3 Thesis structure

This thesis is divided into 5 main chapters although the work consists of 3 separate
experimental campaigns that lead to a single objective of contributing to an evaluation of
moisture effects on fatigue cracking of asphaltic materials on multiscale.

e Chapter 1: presents a brief introduction to the investigated theme, the research problem, the
objective of the work, and the overall document structure.

e Chapter 2: contains a literature review on (i) how water comes into contact with the
pavements’ surface layer; (ii) determination of fatigue life of asphalt mixtures, considering
laboratorial testing and analysis approaches; (iii) moisture damage in asphalt mixtures and tests
performed after the damage protocol; (iv) the influence of water in adhesion of binder-aggregate;
(v) the effects of water conditioning solely on asphalt binders.

e Chapter 3: describes the used materials in the research, the asphalt mixtures design
specifications, and the testing methods and analysis used on all data.

e Chapter 4: presents the obtained results from the 3 main experimental campaigns and the
simulation: (i) rheological testing of binders; (ii) aggregate-binder interface tests; (iii) asphalt
mixtures testing; (iv) simulation of real structures.

e Chapter 5: the final chapter is a summary containing all conclusions from the thesis and a

section suggesting future works.
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2 LITERATURE REVIEW

The literature review presented herein is organized into topics related with the
sections of the thesis: how water comes in contact with the pavement, the state-of-the-art on
fatigue behavior of asphalt mixtures, recent discussions about moisture-induced damage testing
regarding different damage protocols, moisture-induced damage on aggregate-binder interfaces

and asphalt binders.

2.1 Linear Viscoelasticity (LVE) and Complex Modulus (E*)

The mechanical behavior of different asphalt mixtures components defines the
material response (HUANG, 2004; KIM, 2009). Therefore, it can be divided into the main
components:

e Elastic solids-behavior: aggregates;
e Viscoelastic-behavior: binders.

Due to this combination, asphalt mixtures do not behave simply as purely elastic

nor as purely viscous material, but as a viscoelastic material. The relationship between applied

stress (o) and resulting strain (&) determines the mechanical response, as observed in Figure 2.

Figure 2 — Strain response to a given stress.
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During loading for elastic materials, the applied stress results in immediate strain;
contrary to that, for viscous materials, the same stress results in a time-dependent strain
response. This delay is described as the phase-angle (¢) between stress and strain signals

(Figure 3), and its range is 0° < ¢ < 90 °. For viscoelastic materials, a superposition of the

effects is observed.

Figure 3 — Stress, strain, and phase-angle on sinusoidal loading.
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(Source: Adapted from DNIT 416, 2019).

The stiffness parameter, which is the axial Complex Modulus (E*) for asphalt
mixtures and the Complex Shear Modulus (G*) for asphalt binder, is determined as the ratio
between stress and strain. The Complex Modulus can be obtained from the relations in
Equations 1 and 2. The norm of E* (Equation 3) is usually called the Dynamic Modulus (|E*|)
when referred to the testing protocol (PAPAZIAN, 1962).

o* opel®t

* — —_—
E* = * - Soei(wt—q.w) (1)
gpet gy gy .
o= Rl cos +i o sin ¢ 2)
|E"| =2 (3)
€o
Where:
0y, 0" = stress amplitude;

&, € = strain amplitude;
w = angular frequency;

t = time.
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Despite that, the domain in which the response of the material fits is determined
depending on strain amplitudes and the number of loading cycles that the material is evaluated.
In Figures 4 and 5, respectively, the binder’s and mixture’s behavior due to loading and strain

are presented.

Figure 4 — Mechanical behavior of the binder due to loading and strain.
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(Source: Adapted by LUCAS JUNIOR (2018) from MANGIAFICO, 2014).

Figure 5 — Mechanical behavior of the mixture due to loading and strain.
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As observed in Figures 4 and 5, for small strain amplitudes and lower loading cycles,
the material behaves in the linear viscoelastic domain. However, as strain levels increase non-
linear effects might take place, and excessive loading leads to damage such as Fatigue or

Permanent deformation.

2.1.1 Time-Temperature Superposition Principle (TTSP)

Temperature change the behavior of both asphalt binders, and asphalt mixtures due
to binder. Therefore, loading, frequency, and temperature are key factors to the mechanical
characterization of asphaltic materials. Due to this property, a wide range of combinations can
be observed as possible material responses. This could represent an issue since an extensive
spectrum requires multiple logarithm decades of data that both in time or frequency domains
would be prohibitive to determine for extremely low frequencies or longer times of stress/strain
analysis (FERRY, 1980; CHRISTENSEN, 1982; KIM, 2009).

As temperature, loading, and frequency determine the material response, some E*
results are likely to overlap in different frequencies and frequencies combinations. This means
that in plotting with all data, isotherms can be determined, and similar results are observed.

According to the Time-Temperature Superposition Principle (TTSP), a single curve
can be determined to describe the viscoelastic spectra using a time-temperature shift factors
(ar). These ar are responsible for horizontally shift curves to the equivalent points over other
data into a given reference temperature (T}.), for E* or ¢ values, these are the Master Curves
in both time and frequency domains (FERRY, 1980; CHRISTENSEN, 1982; KIM, 2009;
NGUYEN et al., 2009). TTSP describes that a temperature increase is equivalent to frequency
reduction, and temperature decrease is related to a frequency rise. Therefore, the prohibitive
testing time problem no longer exists. If the viscoelastic material obeys this relation, it is
considered a thermorheological-simple material (FERRY, 1980).

In addition to a single E* or ¢ Master Curve in time or frequency domain, other
characterization plots are determined as a function of real or imaginary parts of |[E*| and

unshifted curves, as illustrated in Figure 6.
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Figure 6 — Characterization Curves.
@ Master Curve

Isotherms |E*| Master Curve
L 4 A "-.0
................ PeLLLL ..' "‘
- i
R
*
— — B
* * *
25} 25} o —_ )
— —_ o o .
0‘. g %
B S
o A
O‘. "
--------- _‘". °«
ensammnmunsnstt® .l'..
F (Hz) Fred (Hz) Fred (Hz)
Isochrones Cole — Cole Black — Space
A ue r's A
.
".: ----- L]
..o.."‘.‘- Eﬁ ..; .
..o'.:‘.' g K 0.’ .............
—_— MR - : S e T
aem * '0‘.’ [=1)] s . —_ T,
= et E : * = .
o : ", = p
R
.o’ ‘o:,“ E N “. . ‘;'.
R — |z s, leeesceesssesssesssesmeneett
SIS 0 .
. e %
- » . o »
N "
T(®) |E | real ¢ (©)

(Source: adapted from CORTE and DI BENEDETTO, 2005).

2.1.2 Mechanical analogs and 2S2P1D rheological model

Material behavior can be estimated by different methods, such as mathematical

expressions adjusted by curve fitting or mechanical analogs that represent a physical description

of the observed phenomena.
As described in the literature (FLUGGE, 1975; CHRISTENSEN, 1982), a purely

elastic element, or Hooke analog, is depicted as a Spring with “E” Young’s modulus. Opposite
“n” viscosity.

to that, a viscous element, or Newton analog, is represented as a Dashpot with
These elements are illustrated in Figure 7.
Figure 7 — Elastic and viscous analogs graphical representation.

Dashpot

Spring
(Source: Adapted from LUCAS JUNIOR, 2018).

Although these elements might mirror a part of the materials behavior, as previous

shown in Figure 2, they do not completely behave as a viscoelastic material. Therefore, different

combinations are necessary to represent viscoelastic materials behavior. The Maxwell-fluid
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coupling uses a series coupling of a Hooke and a Newton element to represent the material,
while Kelvin-solid coupling associates these individual elements in a parallel distribution
(Figure 8). The distinct types of coupling imply different constitutive equations and, therefore,

stress-strain behavior.

Figure 8 — Maxwell-fluid and Kelvin-solid couplings.
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(Source: Adapted from LUCAS JUNIOR, 2018).

Multiple associations are also possible, as indicated in Figure 9, by using
combinations of Maxwell-fluid elements in parallel, resulting in the Maxwell-Wiechert-
Generalized Model (MWG), and Kelvin-solid in series as the Kelvin-Voigt-Generalized model
(KVG).

Figure 9 — MWG and KVG models.

Ex
MWy
o]
1 ’\'gv'\'—"'f;]x“—
z. ’\’sz'&—ﬁzzr‘—l_-»"
T T
i E, ny B
L?_I‘va_-ﬁm\_A
MWG-model KVG-model

(Source: Adapted from LUCAS JUNIOR, 2018).

These couplings are discrete spectrum representations known as Prony Series, but
do not describe asphalt materials behavior properly, and each of them carries characteristic
times: the former is defined as relaxation time (p), and the latter as retardation time (7). Their
ruling equations are for the Relaxation Modulus (E(t)) in Equation 4 and Creep Compliance

[I¥&21

(D(t)) in Equation 5. As observed, each “i” or “j” element has its own characteristic time and

relaxation or retardation modulus as well as the isolated spring E,.
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t

E(t) =22 = E, + ¥k Ee v (4)
PO ==Lz, La-e) 5)
T o Ee J=1E;

The use of a Parabolic-dashpot (Figure 10) element is responsible to approximate
the time-dependent behavior of asphalt binder. These elements have been associated to Hooke
elements in a linear parallel coupling to derive the so-called Huet and Huet-Sayegh continuum

spectra models (YUSOFF et al., 2011).

Figure 10 — Parabolic-dashpot element, Huet and Huet-Sayegh models.
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Despite the elements associations modifications over time, both Huet and Huet-
Sayegh models still present deviations on asymptotic portions of the master curves. Thus,
another continuous spectrum rheological model was developed by Olard and Di Benedetto
(2003) and is a good approximation of complex materials such as asphalt mixtures.

This model (Figure 11) is based on mechanical analogs associated with a
combination of 4 elements in series and 1 parallel to the other group 2 Springs, 2 Parabolic-

dashpots, and 1 linear Dashpot.

Figure 11 — 2S2P1D graphic model.
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This model is valid ranging from binders to complete asphalt mixtures, and

Equation 6 describes its behavior on sinusoidal loading.

Eg—Eoo

E'(iot) = Eo + 1+6(iwt) *+(iwt) P +(iwpT)"1 ©)

Where:

E,, = asymptotic modulus when frequency tends to zero;

E, = asymptotic modulus when frequency tends to infinite;

8, B = dimensionless constants;

k, h = exponents associated to the parabolic dashpots;

n = linear dashpot behavior obtained by 1 = (Ey — E)fT;

w = angular frequency;

T = characteristic time determined using time-temperature shift factors at a given temperature,

calibrated using 7, as the reference characteristic-time.

For further details on the development of 2S2P1D model, the reader is referred to
Olard and Di Benedetto (2003). As for the influence of calibration of the parameters, Dias (2016)
describes how they affect each of the LVE characterization curves (Cole-Cole, Black-Diagram,

and Master Curve).

2.2 Fatigue damage

Fatigue in each material is described as the loss of material resistance or material
properties due to repetitive loading which leads to cracking. The referred loss continues until a
complete rupture, or a pre-defined stiffness reduction is observed. This way, fatigue life can be
defined as the number of necessary solicitations to rupture a given material or until it reaches
an arbitrary stiffness reduction based on modulus values or other pre-defined failure criteria
(KACHANOV, 1986; LEMAITRE and CHABOCHE, 1990; HUANG, 2004).

Despite the concept based on cyclic loading, in the laboratory, this loading cycles
reproduction might reproduce effects not directly related to the expected damage. These parasite
effects can be permanent strain accumulation, creeping, self-heating, and thixotropy which

difficult the analysis based on parameters variation (MANGIAFICO et al, 2015;
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BABADOPULOS, 2017; BABADOPULOS et al., 2017 and 2019).

Along with these effects, the type of loading, sample geometry, temperature,
frequency, and the use of rest periods can alter damage evolution. Different types of loading
generate homogenous and non-homogenous stress states, whether they are stress or strain-
controlled. The controlling scheme used in cyclic tests results in different responses, as
observed in Figure 12. If a test is strain-controlled, it is observed that induced stress reduces,
while in stress-controlled tests, strains increase due to the constant applied load. Therefore, the

cracking growth rate depends also on the controlling scheme (MANGIAFICO, 2014).

Figure 12 — Representation of different types of stress-strain combinations.
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(Source: DI BENEDETTO and CORTE, 2005).

The testing geometry and loading path also contribute to the material response to
homogeneity: two and four-point prismatic bending, indirect tensile, and uniaxial tension-
compression. Among these, the uniaxial tension-compression is the only test that produces a
homogeneous stress-strain state at all sample points (DI BENEDETTO et al., 2004;
MANGIAFICO, 2014; ISAILOVIC, 2018). If a testing protocol does not result in constant
stress and strain at any given point of the sample, then it is not fully stress or strain-controlled,

but force or displacement-controlled (MANGIAFICO, 2014).

2.2.1 Simplified Viscoelastic Continuum Damage (S-VECD)

The Viscoelastic Continuum Damage model (VECD) is based on the Potential Work
Theory (PWT). According to PWT, the damage is quantified using parameters such as stiffness
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and, for the specific case of viscoelastic materials, pseudo-stiffness (SCHAPERY, 1990).

Damage is calculated primarily by the variation of these parameters. For asphalt
mixtures in direct tension state, an internal state variable “S” is used for the evolution of
microcracks (KIM, 2009). The pseudo-stiffness or integrity “C(S)” variable is then expressed
by a power law as in Equation 7.

C(S) =1— (15 (7)

Where:
Ci1 ¢ C;, =Power law fitting constants;
C (S) = integrity;

S = damage.

Previous works have characterized material integrity using monotonic tests (KIM
and LITTLE, 1990; PARK et al., 1996; LUNDSTROM and ISACSSON, 2003), but no real
fatigue property is defined using this type of test since there is no cyclic loading and damage.

The use of cyclic tests caused a new calculation problem since a prohibitive amount
of data was generated to determine the decrease in materials integrity. Therefore, a simplified
version of the former VECD was developed as the Simplified Viscoelastic Continuum Damage
(S-VECD) for the sinusoidal loading (UNDERWOQOD et al., 2009 and 2012).

According to Underwood et al. (2009 and 2012), a difference between S-VECD
and VECD stands in the calculation method. S-VECD assumes that fatigue occurs only during
tension and the pseudo-strain can be determined as the product of modulus and pseudo-strain.
The method also assumes that the integrity between cycles decreases linearly ignoring a
possible modification during the compression part of the cycle.

Using this method, as well as VECD, the expected fatigue results is the Damage
Characteristic Curve, and the integrity parameter (C) is normalized by the Dynamic Modulus
Ratio (DMR) further described in Section 3.3.8. The damage during cyclic tension is then
calculated from Equations 8 and 9, used to obtain the same C vs.S curve independent of

loading type, frequency, or test temperature, but exclusively due to the tested material.

C=F——r (8)

" eRxDMR

a
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Where:

C = pseudo stiffness;

o = axial stress;

&R = pseudo strain;

DMR = dynamic modulus ratio;
&R, = pseudo strain amplitude;
K, = shape factor;

a = rate of damage evolution.

Furthermore, Nascimento (2016) states that it is possible to model the behavior
from test results with Equation 10. Fatigue behavior is observed using strain as an input to
different maximum cycles or analyzing maximum strain levels to a given cycles number using

the Wohler curves.
1

Ci12 C12
>a—a612+1 A 1-G—aCio71

R 2a
1/ R 2 (a—aC12+1)(sm) K1
Gleft) €1 2

Ny = (10)

\ Y(a_aCC1122+1+1) /

Where:

Nf =number of cycles until failure;
fr = reduced frequency.

The Fatigue Factor of Mixtures (FFwm) parameter is also calculated to observe which
asphalt mixture should present better properties. It is defined as the area under the Wohler curve
between 100 and 200uS as described in Equation 11 (NASCIMENTO, 2015):

_ 10g(Nf,100)+108(N200) % [
2

FFM

log(200) — 1og(100)] (11)

2.2.2 Failure criteria

Due to the definitions of fatigue, multiple failure criteria are described in the
literature such as phase-angle abrupt drop; a predefined modulus loss such as 30, 50, and 70%
of its initial value; the maximum released pseudo-strain energy. Among these failure criteria,
the modulus decrease is usually criticized due to significant variations in fatigue life when

different modulus loss is used, specimens’ variability comes into the analysis or the loading
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scheme is altered (HOPMAN et al. 1989; SABOURI and KIM, 2014; BABADOPULOS, 2017).
Sabouri and Kim (2014) adopted a failure independent of loading mode, the G%
defined in Equations 13 to 14 in a log-log scale. When plotted, the G® vs. Nrcurve is fitted as

Equation 14 in log-log space.

1 2
Wikax = 5 (1= O)(eGta) "
N 2
GR = Whar _ Jo fgu-c)(gfjm) dn .
Ny (Np)
"=y (14)

Where:

GR® = mean rate of pseudo strain released energy;

W,R ., = maximum accumulated pseudo-strain energy release;
A =exponent from GR fitting;

Y = constant of GR fitting.

The D® parameter in Equation 15, developed by Wang et al. (2018), is another
failure criterion that is also independent of loading mode, and based on pseudo-strain released

energy, resembling DX,

N
fo f(l—c)dN
N¢

The main difference as stated by Wang et al. (2018) is that GF is determined in a
log-log scale, while the DR is calculated with a linear regression in an arithmetic scale. In
addition, D® passes through the origin, making it necessary to calculate only its slope, whereas
GR requires both the slope and the intercept of the linear regression to be determined. Moreover,
fewer tests are required for D® when compared to G®. According to the referred authors, the
main advantage is fewer errors during extrapolation of curves since one occurs in log-log scale
and the other in arithmetic scale. This mostly leads to lower possible deviations when using a
program such as FlexPAVE™ former LVECD — Layered Viscoelastic Pavement Analysis, for
Critical Distresses (ESLAMINIA et al., 2012) to simulate a real structure.

However, the same parameters are necessary to characterize fatigue. Thus, the

choice of DR or G® parameter should be evaluated for specific analysis or reporting needs.
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2.3 Water on asphalt pavements

Among other factors, it is well known that moisture is key to granular materials
stability in pavements, as studied by Bastos (2013) and Araujo (2019) for conditions and
materials of the state of Ceard, Brazil. Therefore, draining systems, drainable asphalt mixtures
and a project that allows water to flow through the structure without damage are necessary.

Specifically, for asphalt layers, Ribeiro (2011) investigated the effects of moisture
damage on different additives for asphalt mixtures especially Cashew Nut Liquid (LCC).
Ferreira (2013; 2015) analyzed permeability of asphalt mixtures which according to Azevedo
(2007) is partially responsible for the water imprisoned at the surface and under layers.

When water effects are evaluated on a complete pavements structure, there are
many ways in which this moisture might encounter the material layers especially the surface
layer (PEREIRA, 2003; SILVA, 2005; AZEVEDO, 2007; RIBEIRO, 2011; BEZERRA, 2018).

Figure 13 exemplifies how the different mechanisms listed below might occur.

Direct precipitation through cracks on surface layer;

Lateral percolation from sidewalks or slopes;

Water ascension due to groundwater reserve;

Residual materials moisture before construction.

Figure 13 — Water in contact with asphalt pavement.
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2.3.1 Moisture damage mechanisms

Hicks (1991) states that asphalt pavements’ durability depends on several factors,
moisture resistance being a key factor and it might be linked to the adhesion or cohesion
mechanisms. Due to the severity of these problems, different distresses might come in place
such as deformation, potholes, cracking, and raveling.

According to Caro et al. (2008), damage is “the degree of loss of functionality of a
system”, and moisture damage is defined as “the degradation of mechanical properties of the
materials due to the presence of moisture in a liquid or vapor state”. Other definitions rely on
adhesion failure modes which are the final steps from the complete damaging process. This
process is divided in two main steps that constitute the moisture damage mechanism: moisture
transport and the response of the system. The authors relate different attributes, moisture states
and system responses as follows:

e System Attributes: Surface energy; chemical properties; aggregates form properties; air
voids; construction issues;

e Moisture states: unsaturated flow, saturated flow, diffusion;

e Response of the system: detachment/debonding, displacement, dispersion, film
rupture/microcracks, desorption, spontaneous emulsification.

Other authors (KIGGUNDU and ROBERTS, 1988) still suggest that additional
mechanisms and a combination of them play a significant role in moisture damage such as: pH
instability, and the effects of climate/environment on the materials combination. Beside these
factors, according to Terrel and Shute (1989) different theories are often used to describe
adhesion in the aggregate-binder system: chemical reaction, surface energy, molecular
orientation, and mechanical adhesion. Even though the most likely to occur is a combination of
effects instead of a single theory, the chemical reaction theory is one of the most accepted or
discussed to promote aggregate-binder adhesion.

Little and Jones (2003) discuss that despite aggregate or binder have a charge
(positive or negative), due to the nonuniform charge distribution, they might act as having
charges which promotes the initial adhesion to the aggregate-binder system. However,
according to Hicks (1991), silicious aggregates tend to be classified as hydrophilic or prone to
stripping. Therefore, the hydrogen bonds connecting the Carboxylic Acid Group (-COOH) and
the Silanol (-SiOH) from aggregates are expected to break when in contact with water. On the
other hand, when Hydrated Lime exists in the mixture, the Ca(OH)> molecule dissociates and

Ca®" ions bond to COOH resulting in an insoluble calcium salt which leaves SiOH free to bond



33

with nitrogen (PETERSEN et al., 1987).

Considering these properties, it is necessary to highlight that the Brazilian standard
to determine the stripping potential of aggregate-binder is DNER 078 (1994). The procedure
does not require any aging process, although asphalt mixtures produced in laboratory and
incorporated on roads undergo a short aging process. This difference in testing conditions can
mislead interpretations. Ongoing research at LMP/UFC observed that short term aged (2h in
oven at the compaction temperature) aggregate-binder samples do not present loss in adhesion
after the DNER 078 (1994) protocol (TAVARES FILHO et al., 2023). Based on these findings
it is expected that the standard test protocol results do not correlate to the Moisture Induced
Damage Test (Modified Lottman Test) results and probably do not reflect what happens to the
material after aging or during service life. This corroborates the need of additional study of

aggregate-binder interface behavior and testing protocols that truly detect the water effects.

2.3.2 The use of Hydrated Lime as an anti-stripping additive

Moura (2001) studied the use of hydrated lime in proportions of 1 and 2% as a
replacement of stone dust. In this study, lime acted as an anti-stripping additive to gneiss
aggregates compared to a liquid anti-stripping agent. The author observed that the use of 1% of
lime or the liquid additive promoted a higher resistance to moisture damage when compared to
the neat mixture. However, when 2% was added to the mixture, no significant damage was
observed when comparing ITSR results.

Epps, Berger, and Anagnos (2003) indicate 1 to 2% of HL addition is enough to
improve moisture resistance while some mixtures might need up to 2.5%, and some mixtures
might have their asphalt content reduced due to the lime addition. According to Little and Epps
(2006), the use of HL in asphalt mixtures has many benefits such as:

e Reducing stripping;

e Stiffening of binders and asphalt mixtures;

e Low temperature cracking improvement;

e Reducing oxidation susceptibility;

e Improving stability by altering properties of fines such as clays present in aggregates.

Due to these characteristics, different techniques were tested to add HL to asphalt
mixtures such as: dry lime to the mixer drum, dry lime on dry or saturated aggregates, and lime
slurry. From these possibilities, lime slurry tends to add another variable to the mixture: the

higher moisture content on aggregates prior to heating, which could increase fuel consumption
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as well as equipment acquisition.

Kim et al. (2008) tested different HL addition methods to the asphalt mixture and
observed that these mixtures had better performance due to: stiffness increase, strength, and
mastic’s toughness against moisture damage due to the aggregate-binder bond improvements.
However, the authors highlight that these benefits decay when multiple freeze-thaw cycles are
performed on these mixtures.

Ribeiro (2011) evaluated the addition of HL to asphalt mixtures in dry condition
prior to heating. The author observed that the addition of 2% of HL resulted in 0.5% binder
content reduction as well as 0.7% lower air voids (AV) at 100 gyrations for mixtures design. As
discussed by the author, similar results were found by Budny (2009) who tested Calcite and
Dolomitic Hydrated Limes adding 1% of each HL to the evaluated mixture.

In a similar study, Bock et al. (2009) evaluated different adding techniques to add
1% of HL to the asphalt mixture as a replacement of stone dust: as a filler, dry over der coarse
aggregates, dry over wet coarse aggregates, and as lime slurry. Similar results of binder content
reduction were found by the authors as well as the higher ITSR results for the dry addition over

dry coarse aggregates.

2.3.3 Moisture damage of asphalt binders

As previously described, moisture damages asphalt materials acting as catalyst for
other distresses. Vasconcelos (2010) developed a study on the diffusion of moisture in binders
and fine aggregate mixtures using different techniques such as Fourier Transform Infrared
(FTIR) - Attenuated Total Reflectance (ATR) spectrometry, and Gravimetric Sorption
Measurements. The investigated process of diffusion consists in the transportation of part of a
given system to another by molecular movements such as moisture in asphalt binders. When in
humid environments, asphalt binders tend to absorb water which might modify physical and
mechanical properties as well as affect the aggregate-binder interface. This phenomenon is
influenced by pressure, temperature, and the physical state of water.

Some of the conclusions of the study were that the rate of diffusion is dependent on
moisture exposure’s history and increases with the time of exposure. Furthermore, the
diffusivity increased due to the history dependence after every exposure cycle. These
differences were addressed to microstructural modifications in the Binder. Also, residual
moisture evidence was verified and, but aggregate-binder adhesion debonding effects are

unknown.
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An investigation by Lucas Jinior ef al. (2021) was conducted with neat binder and
binder with amino-based anti-stripping agents. Among the testing methods, rheological test was
performed on conditioned binders. The conditioning method chosen was 24h water bath at
40°C of binder samples prior to testing. The authors observed that while the anti-stripping agent
reduced the binders’ resistance to permanent deformation and stiffness for the dry condition,
the moisture damaging protocol decreased these properties for both binders.

In another work, Akentuna et al. (2022) evaluated the moisture susceptibility of
both asphalt binders and mixtures using Frequency Sweep (FS) and the Hamburg Wheel Test
(Loaded Wheel Test — LWT) after different conditioning protocols. The authors have observed
a rising difference between the reference and conditioned samples related to the severity of the
conditioning protocol. One of the main observations was the increase in stiffness for binders
observed in FS results. For LWT results, the opposite was found, in an increased rutting depth
for asphalt mixtures after moisture damage.

Furthermore, Akentuna et al. (2023) emphasized the effects of both asphalt binders
and mixtures using different conditioning protocols: multiple freeze thaw cycles in accordance
AASHTO T 283 procedure, different MiST levels following ASTM D 7870 protocol. For
binders, the stress sensitivity in MSCR (Multiple Stress Creep and Recovery test) was observed
to decrease probably due to stiffness increase as cited in Akentuna et al. (2022). For asphalt
mixtures, the same decrease in moisture resistance was observed when the severity of the
conditioning protocol increased. Despite that, when compared to Indirect Tensile Strength Ratio

(ITSR), the authors did not observe an agreement to the other Ratios evaluated on tests.

2.3.4 Moisture damage at the aggregate-binder interface

For materials interface, Cui et al. (2014) used peel tests in both dry and wet
conditions to evaluate aggregate-binder adhesion. They used the same 40/60 bitumen combined
to four aggregates divided in basic and acid respectively: (i) limestone and marble; (ii) two
different granitic. Moreover, the authors evaluated the use of different anti-stripping agents: two
silane-based, a commercial amino-based anti-stripping and a styrene-butadiene-styrene (SBS)
polymer.

With these combinations, the authors could assess both mineral composition and
porosity properties as well as additive effects on adhesion. The peel test used consists of peeling

the adhesive layer (asphalt binder) adhered to an aluminum peel arm from the mineral substrate
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and evaluating the steady state residual force after reaching peak values. This test was
performed. The conditioning method used by the authors was immersion in distilled water at
20°C for multiple periods up to 10 days.

The authors observed that when compared, chemical composition is more relevant
than porosity for adhesion. As for the additives used, silanes were better suited for silica-rich
granites, amino-based anti-stripping had impressive results for limestone and one of the granites,
the SBS modification not only promoted a better adhesion, but also increased the fracture energy.

In other study, Sudarsanan et al. (2020) applied the time-temperature superposition
principle to the Pull-Off Asphalt Bond Strength (ABS) of tack coats applied to a metal surface
using the Binder Master Curve shift factors obtained from the Dynamic Shear Rheometer
(DSR). In addition to the viscoelastic effects on the ABS test with the construction and
adjustment of a Master Curve, these authors recommended an analysis on other surfaces in
which the texture imitates reality, such as aggregates or asphalt mixtures. Another finding from
the authors is the adhesive rupture probability in lower temperatures which could invalidate test
results.

Cala and Caro (2021) developed a predictive quantitative model for assessing the
asphalt-aggregate adhesion quality based on aggregate chemistry. They established a new Pull-
Off test in which the adhesiveness was evaluated directly from a small binder film applied to
the stone. The authors observed correlations from the oxides’ percentage to the moisture
damage susceptibility and proposed different analyses considering aggregates textures, asphalt
binders, additives, and aging.

Considering asphalt binders, mineral substrates, and asphalt mixtures discs, Lucas
Junior et al. (2021) verified the effects of moisture conditioning associated with the Digital
Image Processing techniques (DIP). The authors evaluated a pure and a modified binder
containing amino-based anti-stripping agent using ABS and DSR rheological tests. They affirm
that moisture affected the binders at the same intensity regardless of the additives presence.
Besides, a better correlation (R*> 0.75) was verified for conditioned samples than for dry ones
(R?<0.50) on IDP and ABS analysis for asphalt mixtures discs.

Nazzal et al. (2021), using Atomic Force Microscopy (AFM) determined the
adhesive and cohesive binding forces and correlated these results from micro to macro scales.
These authors used different additives to produce warm asphalt mixtures with a Performance
Grade (PG) 64-22 binder and the same binder modified (“M” suffix) with SBS to achieve a PG
70-22M. The obtained results indicate that the presence of the polymer was the main impact on

the cohesive or adhesive forces. Nevertheless, cohesive forces of binders are less susceptible to
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the moisture effect. In addition, the correlation between ITS and the cohesive force was R? >
0.90 on both conditioned and not conditioned samples.

Maia et al. (2021) motivated by the aggregate-binder interface problem studied the
properties of traditional bituminous mixtures containing acidic aggregates and a neat binder
modifying the nature of the filler (granitic crushed rock or limestone) or adding a specific
chemical component such as cellulosic fiber pellets. The authors evaluated four aggregate-
filler-binder combinations, not only for adhesion, but also moisture induced damage and rutting
properties. Their results indicate that the use of fiber pellets promote better adhesion. Similar
results considering ITSR were observed for both fiber pellets and limestone filler and this trend
was also observed for rutting. These findings point out that not only rupture testing are impacted
by moisture resistance but also rutting resistance could be enhanced with an anti-stripping agent,
whether it is a mineral filler or chemical additive. This is also corroborated by conclusions from
Mohammad et al. (2000).

Alkofahi and Khedaywi (2021) performed a literature review on the state-of-the-art
in adhesiveness of asphalt mixtures. The authors highlight several variables related to the study
and the impacts of aggregate, binder, and additives selection additionally to the pavement’s
construction and operation aspects, as well as field testing. Among the main conclusions on the
state of the art of the theme, one might cite (i) adhesiveness (or moisture damage) could be the
cause of pavements distresses in many countries; (ii) the CaO and SiO; contents are relevant to
adhesiveness; (ii1) Hydrated Lime is considered one of the cheapest and best adhesiveness
improving agent; (iv) the binders film thickness is a key point to understand the damage
resistance; (v) the development of a simple and precise test to evaluate adhesiveness is essential.

Although moisture damage or moisture conditioning tests were not the aims of the
work, Orozco (2021) developed a new test to evaluate thin asphalt films between rocks. The
test consisted of evaluating different films thickness in a uniaxial tension-compression state to
induce homogeneous loading to the sample using a Hydraulic Press to determine Pull-Off
Strength and LVE properties. Some of the main contributions of this new kind of test were an
indicative that asphalt binder is almost incompressible mainly in lower frequencies with a
Poisson ratio of approximately 0.498; the possibility of performing pull-off tests in thin films

in both strain and stress rate controlling.

2.3.5 Moisture-induced damage in asphalt mixtures

There are many moisture tests and conditioning methods, besides the many
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modifications performed by researchers in specific works. The literature points out different
adhesiveness-improving additives, methods to evaluate conditioned specimens, and moisture
effects on different scales. Hunter and Ksaibati (2002) mention Lottman, Static Immersion,
Tunnicliff and Root, Boiling, Immersion-Compression, Texas Freeze-Thaw Pedestal Test, and
Modified Lottman that evaluate the mixtures resistance to moisture.

Besides different conditioning methods, Ribeiro (2011) examines the response
regarding moisture-induced damage of liquid from cashew (LCC) comparing it to Hydrated
Lime. For the asphalt mixture containing Pure Binder, the author evaluated two alterations to
the “Modified Lottman” procedure as well as the standard considering 7% Air Voids (AV) and
-18°C freezing temperature.

Ribeiro (2011) modified the AV to 4% and cooled the samples only until 10°C since
-18°C is not a Brazilian representative temperature. To evaluate the additives, only the standard
procedure was performed. The author affirms that the 10°C cooling retains ITS above 80% for
pure mixtures, equivalent to using 2% of LCC or 2% of Hydrated Lime, even when these
mixtures were conditioned with the -18°C freezing.

Barra et al. (2012) studied the effects of fatigue in 3 conditions: dry, 60% saturated
samples immersed in water and 60% saturated immersed in water after a pre-conditioning of 3
blocks of 5 days immersion at 60°C followed by 3 days in an oven at 60°C without water. The
authors used a testing protocol of 2 points bending (2PB) in trapezoidal samples at 10°C and
25Hz and displacement control, and the adopted failure criteria was the drop of displacement
force to half of its initial value.

According to the findings for two asphalt mixtures: one with neat binder and
granitic aggregated and another mixture with limestone filler, Barra et al. (2012) observed that
limestone filler promoted and increase in fatigue life in all conditions evaluated. The authors
affirm that this behavior is due to the filler’s mineralogy and chemical properties.

Furthermore, the saturation conditioning of asphalt mixtures presents low capacity
of modifying binders’ viscosity, thus a long-term of water effect would be necessary to act as
an anti-stripping. This opposes the observation for a pre-conditioning involving multiple
immersion and temperature effects, as temperature highly impacts the effects of water on
asphalt mixtures.

For the use of the additives, Anitelli (2013) states that the use of Styrene-Butadiene-
Styrene (SBS) polymer or HL makes the asphalt mixtures more resistant or at least similar to
the control mixture considering the ITS Ratio (ITSR). Medeiros et al. (2017) studied the use of
Hydrated Lime as filler material in the proportions of 0, 2, and 4%. The ITSR and Resilient
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Modulus tests were evaluated as well as an Image Digital Processing (IDP) tool. The results
indicate that the use of Hydrated Lime in 2% or 4% is satisfactory to obtain ITSR above 70%.

According to Lucas Junior (2018), evaluating adhesiveness, the DIP analysis
presents a good correlation to the Moisture Induced Damage test. The author evaluated
Phonolitic and Granitic Aggregates with the variation of binder type: 50/70 mm™! penetration
binder, 50/70 + anti-stripping liquid agent, 50/70 + plastic bag residue. Moreover, the author
reinforces that the use of anti-stripping liquid agent improves the results of adhesiveness, ITSR,
and Tension-Compression Fatigue. However, the author did not perform analysis on
conditioned samples for Complex Modulus (|E*|) or Tension-Compression Fatigue. These are
recommendations from the author.

Barboza Junior (2018) evaluated the effect of moisture on stiffness, ITS, and rutting
of asphalt mixtures containing 50/70 binder, and Polymer Modified Binder (PMB) 60/85 with
or without the use of Hydrated Lime. The author emphasizes that the use of PMB 60/85 and
Hydrated Lime might improve the durability of pavements. It is also described that there is a
need for more research in Brazil about rutting, viscoelastic, and fatigue analysis considering
moisture damage. However, the author highlights that the Uniaxial Repeated Load Test might
not be the better protocol to evaluate the effects of moisture on rutting. Fatigue testing is also
recommended on conditioned samples.

Considering the effects of water on asphalt mixtures, Brondani (2019) investigated
the effects of two moisture damage cycles on |[E*| and only one cycle to ITSR. Although the
evaluated mixtures presented a loss of resistance after conditioning, the author relates that these
mixtures had the minimum 70% of ITSR which is one of the admitted limits. The author
mentions that for [E*|, the variation on characterization curves is more significant after the first
conditioning cycle. This consideration was made based on the 2S2P1D model. She also
highlights the distancing of characterization curves that reinforces the higher susceptibility of
50/70 Binder to moisture, as already described in the literature.

Lamothe et al. (2019) evaluated uniaxial homogeneous tension-compression
Fatigue tests in both dry and partially saturated with water (PSW) conditions. The conditioning
method used by the authors consisted of the application of vacuum in samples for 30 minutes
at 22°C followed by 90 minutes immersion in water. After this conditioning, a latex membrane
was used to preserve its saturation level prior and during testing. The indicated no significant
variation at initial modulus (|E*|). A reduction in fatigue life was observed for PSW samples
with high differences magnitudes between samples, and the difference was addressed probably

at the microstructural level between aggregate-binder interface damage. Despite that, when



40

using the Corrected Damage parameter (Dmic) (DI BENEDETTO et al., 2004), dry and PSW
samples would fail around 23% of Dic, and no significant difference was observed.

In another study, Cardona et al. (2021) proposed a Tension-Compression analysis
on conditioned samples using a new moisture-induced damage conditioning method. The
method consists of a water bath at 60°C for 168h, surface drying followed by -18°C freezing
for 24h inside a plastic bag with 100mL of water, and finally 30h of climate chamber heating at
40°C. According to the authors, this method accelerates moisture-induced damage without
causing microcracking due to saturation forcing. Among the evaluated asphalt mixtures, the
dispersion of Wohler curves results complicated the evaluation of a tendency other than
materials’ degradation on two of the three evaluated mixtures.

In a similar study, Almeida et al. (2018) evaluated an asphalt mixture regarding
both rheology using |[E*| and fatigue using 2PB. The core of the testing protocol also relies on
immerse versus dry testing with and without preconditioning cycles.

Although, a different conditioning method than the used by Barra ef al. (2012) was
chosen as well as the use of a Damage Factor (D) in the Huet-Sayegh rheological model to
evaluate the influence of water. Almeida ez al. (2018) performed 5 blocks of 18h at a 60°C water
bath followed by 6h in an oven without water at 60°C to condition samples. For fatigue testing,
the authors also used two temperatures, 10 and 20°C at 25Hz. The authors concluded using the
cited conditioning method that the combination of water and temperature considerably modifies
rheological properties of asphalt mixtures. That indicates that asphalt layers behavior in regions
with tropical climates would be notably altered under traffic’s action. On the other side, the
observed damage in viscoelastic properties is not linear as it is influenced also by other
parameters such as AV content. As for fatigue, the coupled effects of temperature and water
decreased €6 strains by 16 to 27% respectively due to temperature and temperature with
preconditioning and water immersion.

On another work, Brondani et al. (2022) investigated the effects of Moisture
Induced Damage at |[E*| using the conditioning protocol in AASHTO T 283 (2021) for a total
of 21 asphalt mixtures with different aggregates mineralogy, type of binder and penetration as
well as content, and Nominal Maximum Aggregate Size (NMAS). A new index (Dynamic
Modulus Area Ratio — DMAR) derived from |E*| master curves alterations in dry and
conditioned samples was also proposed. The findings using the DMAR and ITSR did not
present good correlations probably due to the loading scheme and the destructive characteristics
of ITSR compared to LVE characterization. Although, the use of the new index presented good

results to perceive the entire modulus spectra variation, so in the future it could be used in
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performance testing as well as field analysis to evaluate stiffness differences.

Different to conventional fracture or fatigue investigations, Frossard et al. (2022)
used Semi Circular Bend (SCB) tests to determine fracture parameters of different
aggregate/fillers used in asphalt mixtures when subjected to moisture induced damage. The
authors used natural aggregates combined with slag aggregates (SA) and fillers from natural
aggregate (NA), slag aggregate, hydrated lime (HL), electrostatic precipitator (EP) due to their
different chemical composition.

One of the authors’ observations was that without moisture damage, all five
designed mixtures had similar fracture behaviors, opposing to their results after the damaging
protocol. It was observed, as expected, a higher reduction for natural aggregates, followed by
SA, EP, mix of SA and NA powders and HL for maximum loading force. These results indicate
that some fillers are more susceptible to moisture damage and are likely to maintain or lose
ductility, becoming brittle materials. From the testing protocol, Frossard et al. (2022) indicated

that TSR and SCB’s maximum force parameter have a good correlation.

2.4 Final considerations

The previous topics presented a review of the literature from linear viscoelastic
properties, fatigue damage and water effects on pavements and its material damage
susceptibility. Some highlights are provided below:

e Asphalt pavements surface layer encounters water by different means at different stages of
service life: residual moisture of constituents, construction mistakes, precipitation, percolation,
groundwater ascension, and water vapor;

e Most asphaltic materials studies considering water conditioning (or moisture damage)
protocols usually focuses on one scale of analysis: binder, aggregate-interface, fine aggregate
matrix, or asphalt mixture;

e Moisture effects (or water conditioning) might influence results from the binders and mixture
scales with different proportions;

e The quantification of aggregate-binder interface studies has potential whether with the use
of widely known techniques such as Pull-Off testing or the development of new tests;

e Conditioning protocols might vary due to local standards and therefore testing results might
not be comparable. Hence, both |[E*| and fatigue results can determine scattered data or a

significant reduction in LVE or fatigue-life properties.
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3 MATERIALS AND METHODS

3.1 Summary of experimental program

This thesis aims to evaluate different asphaltic materials in three scales: binder,
aggregate-binder interface, and mixture. Therefore, a broad experimental plan consisting of
existing testing protocols: ASTM D 6575 (2015), AASHTO T 342 (2011), AASHTO TP 107
(2014), AASHTO T 361 (2016), AASHTO T 391 (2020), AASHTO T 283 (2021), AASHTO T
240 (2021). Figure 14 shows a summary of the selected experimental program to achieve all

objectives of this thesis.

Figure 14 — Experimental program summary.
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3.2 Materials

3.2.1 Asphalt binder

The used binder in this research is characterized by Penetration as 50/70mm™, and
is produced in Fortaleza, Ceara. It is classified by Performance Grade (PG) as 64-XX and is
widely used in paving works in Brazil. Table 1 presents the binders empirical characterization.
The lower temperature is not specified for the binder herein used as the temperature gradients

in Brazilian Northeast aren’t wide enough to require this specification.

Table 1 — Neat binder characterization.

Tests Neat Binder Limits
Penetration at 25.0°C (mm™) 46 50-70
Softening point (°C) 49 Min. 46
Brookfield viscosity at 135°C (cP) 399 Min. 274
Mixing range (°C) 150-156 Max. 177
Compaction range (°C) 140-144 Max. 177

(Source: Author).

3.2.2 Anti-stripping additives

As this research focuses on evaluating Fatigue Cracking resistance after moisture
conditioning, two different commercial anti-stripping agents were selected as follows:
e Amine-based anti-stripping liquid agent;

e Hydrated Lime (HL) classified as HL-1 (higher Ca(OH)> content).

These additives were not characterized in the thesis since it does not contemplate
different anti-stripping liquid agents, HL origins, or other adhesion promoters to compare their
efficiency. These materials were selected to understand how different anti-stripping agents
would behave along with the used methodology. For further information on HL production in
Ceara and hydration reactions to the material it is recommended to read Aratijo (2009) which
describes the application of HL to stabilize soils.

The anti-stripping amine-based agent used in this thesis was added to the binder at
the proportion of 0.7% weight/weight. For the rheologic characterization, a sample of 300g of
binder was modified using a mixing apparatus at 130°C for 30 minutes with an average 1000
RPM speed, as observed in Figure 15. This process was not performed for HL as the addition

was made directly over the aggregates before heating.
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Figure 15 — Anti-stripping amine-based agent and binder mixing process.

T

(Source: Author).

3.2.3 Aggregates

This work used aggregates available in Fortaleza’s metropolitan area, in the state of
Ceara, Brazil, due to the availability and applicability of the Thesis results to local specifications

(Figure 16).

Figure 16 — Quarry located in maps and aggregates piles.
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The used aggregates are classified as Gneiss and were collected from three different

Nominal Maximum Aggregate Size crusher piles with 19.0, 12.5 and 4.8mm. Figure 17 shows
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the aggregates grading curves. For anonymity purposes, the name of the Quarry is not presented.

The basic characterization of aggregates was performed according to Brazilian specifications

as presented in Table 2.

Figure 17 — Aggregates gradation.
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As observed in Table 2, Gneiss aggregates show poor adhesiveness properties as

the aggregated from this quarry are characterized as acidic (Lucas Junior et al., 2021).

Table 2 — Aggregates basic characterization.

Tests Standard 19.0mm 12.5mm  4.8mm
Los Angeles abrasion (%0) DNER 035/98 31 35 -
Absorption (%) DNIT 411/2019 and 412/2019 0.45 0.80 -
Specific Gravity (g/cm3) DNIT 411/2019 and 412/2019 2.665 2.664 2.775
Unsatisfactory
(Neat Binder)
Adhesiveness test DNER 078/94 Satisfactory - -
(+0.7% anti-stripping
liquid agent)

(Source: Author).

In addition to 19.0, 12.5, and 4.8mm aggregates for asphalt mixtures production,
larger rocks from the Quarry were collected (Figure 18) to perform the ABS testing with the
following combinations.

e Gneiss, and neat 50/70 binder;
¢ Gneiss, and neat 50/70 binder with anti-stripping liquid agent.



46

Figure 18 — Rocks at quarry and prismatic cut.
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3.3 Methods

3.3.1 Asphalt mixtures design

The asphalt mixtures design followed the Superpave methodology considering 4.0%
target Air Voids (AV) at 100 gyrations for the reference mixture (M1). All mixtures follow DNIT
031 (2006) standard inside the C-Range gradation limits (similar to Superpave 12.5mm NMAS).
Figure 19 presents the proposed gradation curve obtained combining the aggregates as 20% of

19.0mm, 35% of 12.5mm, and 45% of 4.8mm aggregates.

Figure 19 — Project gradation.
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(Source: Author).

As observed in Table 2, the used aggregates would demand an anti-stripping agent
to attend to the minimum requirements described at DNER 078 (1994). Therefore, both anti-
stripping amine-based agent and HL are used in this work with gradation, binder origin and
content fixed values to keep as many variables as possible constant.

Considering the selected materials, the asphalt mixtures produced are:
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e MI: gneiss, and neat 50/70 binder — Reference Mixture;
e M2: gneiss, and 99.3% 50/70 binder + 0.7% anti-stripping amine-based agent;
e M3:99.0% gneiss + 1.0% Hydrated Lime, and neat 50/70 binder.

It is highlighted that for M2, the anti-stripping liquid agent content was chosen after
testing which percentage promoted better results at an anti-stripping test. Therefore 0.7% of
anti-stripping liquid agent in relation to the binder weight in the mixture was used. The HL
addition was evaluated in different proportions from 1.0 to 2.0% of the aggregates’ weight into
the mixture to produce M3, but the chosen percentage was 1.0% to prevent too low Air Voids
(AV). The used method to incorporate HL into the mixture was the removal of 1.0% in weight
of the 4.0mm aggregates to incorporate 1.0% of HL before mixing the material with the
aggregates prior to heating the group to the mixing temperature.

A general production process of the asphalt mixtures is divided into: determining 3
initial binders contents to test which one results in a mixture with 4% AV at 100 gyrations, 4.0%,
4.5%, and 5.0% were used; separate aggregates following the gradation proportions to produce
3 small compacted specimens of 1200g to calculate the Maximum Bulk Gravity (G,,;) in
Equation 16, and 2 loose mixture samples of 1500g to determine the Maximum Measured
Gravity (Gp,,m) in Equation 17; the aggregates are heated to 10°C higher than the mixing
temperature, while the binder is heated to the mixing temperature; they are then mixed until a
homogeneous mixture is obtained; the loose mixture is placed inside an oven at the compaction
temperature during 2h to simulate a short aging period of the mixture; after aging, the 3 small

samples are compacted and the loose mixture is cooled until room temperature.

w
Gop = ary x 0.9971 (16)
Wsaturated— Wsubmerged
MW
Gy = dry x 0.9971 (17)
MWdry+ CWsubmerged_ MWsubmerged
Where:

Wayry = dry specimen weight (g);

Wsaturatea = saturated specimen weight (g);
Wsubmergea = submerged specimen weight (g);
MW g4y, = loose mixture dry weight (g);
CWsubmergea = submerged cylinder weight (g);

MWsybmergea = submerged cylinder with loose mixture weight (g).
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As previously mentioned, the same grading curve was used, and the asphalt content
was kept for the 3 mixtures. Therefore, M1 was designed with 100 gyrations, M2 also attended
4.0% AV with 100 gyrations, but M3 was produced with only 40 gyrations to achieve 4.0% AV
due to the HL effect. Considering the aforementioned procedure, Table 3 summarizes the

asphalt mixtures characteristics.

Table 3 — Asphalt mixtures design specifications.

Asphalt Mixture M1 CV (%) M2 CV (%) M3 CV (%)
Binder content (%) 4.4 - 4.4 - 4.4 -
Air voids (%) 3.9 4.6 3.8 9.0 4.2 1.7
Void bitumen ratio (%) 72.6 1.3 72.8 1.7 70.9 0.7

# Gyrations 100 - 100 - 40 -
Gmb 2.368 0.2 2.362 0.4 2.341 0.1
Gmm 2.463 0.0 2.456 0.1 2.444 0.1

(Source: Author).

It is observed from results in Tables 3 and 2, that the low absorption of the
aggregates most likely caused a lower Binder Content of 4.4% to be enough for the mixtures

design. Besides that, the 1% of HL would also reduce the need of Binder.

3.3.2 Moisture conditioning of asphalt binders

To address moisture damage on asphalt binders, two different conditioning periods
were evaluated before deciding which one to perform as standard to the research presented
herein. The first conditioning was achieved using 25.0mm asphalt samples of 1.0g
approximately on silicon molds submerged in distilled water at 40.0°C for 72h as Figure 20

shows.

Figure 20 — Moisture conditioning of binders.

(Source: Author).
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This procedure copies the conditioning method used to address stripping on coarse
aggregates as stated by DNER 078 - Adhesiveness Test (1994). Despite this criterion, 24h
conditioning at 40.0°C was also tested as it is a more practical period when multiple replicates
are required for binders or aggregate-binder interface. After the conditioning step, the binders
were let at room temperature so the residual surface water could evaporate, then all conditioned

samples were kept in a sealed recipient to prevent contamination.

3.3.3 Frequency Sweep

For the stiffness characterization, the Frequency Sweep — FS (ASTM D7175, 2015)
test is performed on the same DSR to reduce variability possibility. The FS is performed in a
wide temperature and frequency ranges varying from 4.0 to 82.0°C and from 0.16 to 25.0 Hz.
All binders were short-term aged using the Rolling Thin Film Oven (RTFO) (AASHTO T 240,
2021).

The test is divided into two steps: in the (i) step one, at lower temperatures [4.0,
16.0, 28.0, 40.0] °C at 8.0mm plate-plate geometry with a 2000.0um gap is used, and in the (ii)
step two, at higher temperatures [46.0, 52.0, 58.0, 64.0, 70.0, 76.0, 82.0] °C at 25.0mm plate-
plate geometry with a 1000.0um gap is used. This division is necessary due to the equipment’s

maximum torque. The procedure is illustrated in Figure 21.

Figure 21 — Frequency Sweep test representation.
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(Source: Author).

Therefore, the construction of a Master Curve at a reference temperature gives the

stiftness behavior of the binder. The procedure for that is simple as the DSR software has a



50

function to shift test results to any given reference temperature and calculate the shift factors
(ar). However, a step-by-step process using spreadsheets is also possible such as for asphalt

mixtures (Section 3.3.7).
As dry and wet tests are performed, the stiffness differences are analyzed by

Complex Shear Modulus |G*| values. This should answer if the binder is truly affected by water

during the conditioning protocol used in this work.

3.3.4 Linear Amplitude Sweep

For fatigue binder characterization, the Linear Amplitude Sweep — LAS (HINTZ
and BAHIA, 2013; AASHTO T 391, 2020) test is performed on a TA AR 2000 Dynamic Shear
Rheometer at 25°C. The use of this test temperature is due to the better output of LAS testing
at 25°C compared to 19°C for a neat PG 64-XX binder (SAFAEI and CASTORENA, 2016). As
Frequency Sweep, LAS tests are conducted after binders’ aging protocols.

AASHTO T 391 (2020) requires both RTFO or RTFO + Pressure Aging Vessel
(PAV) aging protocols. Although, as these test results will be compared to asphalt mixtures only
short-term aged, and this thesis does not evaluate different aging protocols, it was chosen that
only RTFO aging would be performed. Beside the same aging consideration, it is observed that
fatigue evolution might occur from early stages of asphalt layer service life due to traffic loading.

According to AASHTO T 391, the LAS test consists of a Frequency Sweep test at
0.1% strain from 0.2 to 30.0Hz at constant temperature followed by an amplitude sweep from

0.1 to 30% strain at 10Hz represented in Figure 22.

Figure 22 — LAS test representation.
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YJ y Y
=
= E ‘s
8 mm sample | %
2000 um gap 37'; <
25°C S 2
S '
=
- | .
S >
0.2Hz - 30Hz 310s @ 10Hz ¢t (s)

(Source: Author).
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LAS results as the Damage Characteristic Curve with the C1, C2 parameters and

the crack length (ar) are determined until the failure cycle and fitted to the S-VECD model
(SAFAEI et al., 2014). The last parameter usually is obtained at the maximum Pseudo Strain
Energy Release (PSE) and maximum torque observed at the DSR data (WANG et al., 2015).
The alpha (o)) parameter derives from the frequency sweep results and corresponds to a
measurement related to the material’s ability to relax stress (HINTZ et al., 2011). All
calculations for damage during the LAS test derive from the a; parameter calculated in
Equations 18 to 20, and the different output data charts are presented in



Figure 23.
4 k.2.h
|G*|o
4 4 kn
= 1.—
n l kl
ar=1,—7r1

Where: k = ratio of torque and deflection angle;
h = sample height;

|G*|o = undamaged complex modulus;

rn = is radius at cycle N;

ri = is sample initial radius;

kn = torsional stiffness at cycle N;

ki = initial torsional stiffness;

as = crack length.
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(18)
(19)

(20)
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Figure 23 — LAS resulting parameters graphics.
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(Source: Author).

As the test allows fatigue parameters to be determined in a fast way, Wohler Curves
are also constructed. Therefore, a simple analysis is performed with both fixed failure cycles
number (Ny) or fixed strain levels. To classify different binders, a tool developed by Nascimento
et al. (2014) is the Fatigue Factor of Binder (FFg). It is defined as the area under the Wohler

curve between 1.25 and 2.50% strains as described in Equation 21.

Frp = 280 '1-25%)2“°g(”f 25%) 3 [10g(0.025) — log(0.0125)] (21)

Considering the different binders’ parameters, it is possible to perform a comparison
between dry and wet results. The same way, a ratio between those parameters can be determined.

This is performed for both Wohler Curves and FFg.

3.3.5 Pull-Off Test

The Asphalt Bond Strength — ABS (AASHTO T 361, 2016) test with hydraulic
equipment evaluates the materials’ adhesion (Figure 24). Since it measures the pulling-off
maximum tensile strength, the “pulling-off” expression will be used throughout this thesis.

The test is performed using metallic stubs and a prismatic aggregate substrate with
approximate dimensions of [14.0 X 10.0 X 3.0] cm (Figure 24). The preparation procedure,
as described at AASHTO T 361 (2016), consists of the following steps:

I.Placing the aggregate substrate at an ultrasonic bath with distilled water for 1h to remove any
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residual dust or contaminants;

ii.Heating the substrates and metallic stubs at the mixing temperature for 1h;

iii.Preparation of binder samples in circular molds, approximately 0.4g each and 8mm in diameter;

iv.Placing these samples on a hot stub surface, approximately 20mm in diameter, with caution to
guarantee the complete melting of the binder and the stub surface covering. This group is then
pressed against the substrate for approximately 10s for adhesion.

v.The (iv) step is repeated until all samples are prepared. It is necessary to keep space to fit the
tension apparatus between stubs;

vi.The substrate and stubs are left to stand at room temperature (25.0°C) for 24h before testing.
An automatic hydraulic tension equipment performs the test, and the maximum value is
registered as the Pull-off strength (Figure 25). If water conditioning is used, the samples are

kept under water at the desired temperature during this 24h interval.

Figure 24 — Metallic stubs, prismatic substrate and sample ready for testing.

" Stub Prismatic substrate Prepared sample

(Source: Author).

After the dry tests, a second batch of samples is conditioned in a water bath at 40°C

for 24h. The same period and temperature are chosen to prevent different effects between scales.
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Figure 25 — ABS representation.

(Source: Author).

Besides the standard pull-off rate and temperature, this test was also performed with
other combinations to evaluate the viscoelastic effect considering: [0.3; 0.7; 0.9MPa/s] and
temperatures of [15.0; 25.0; 35.0°C]. This way, the obtained tension points are translated to a
single equivalent condition in a Pull-Off Master Curve also capturing the moisture effects and
the use of a commercial anti-stripping agent.

After testing dry and wet samples, it is possible to determine the Retained Pull Off
Strength (RPOTS) of samples as the ratio between wet and dry samples.

Due to the elevated number of tests, only the 24h water bath (Figure 26) was used
as a conditioning method. As for thermal equilibrium, after the 24h at 25.0°C for dry samples
or 40°C in the water bath for conditioned samples, a 4h period at test temperature was used as
a conditioning period if the test was conducted at a different temperature such as 15.0°C and

35.0°C.

Figure 26 — ABS samples in the water bath.

(Source: Author).
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3.3.6 Moisture Induced Damage Test and conditioning protocol of Asphalt Mixtures

The Brazilian specification DNIT 180 (2018) determines the procedure to evaluate
asphalt mixture resistance to moisture damage. This test requires 6 samples of asphalt mixtures
with 7.0£1.0% AV with an approximate dimension of 6.0 cm height X 10.0 cm diameter. The
testing preparation and procedure are described in the following steps:

I. Measure all specimens and determine their AV;

ii. Divide into 2 groups of 3 specimens each;

iii. Submerge 3 samples in a container connected to a vacuum pump. Apply a vacuum between
97.0mmHg and 502.5mmHg for 5 to 10 minutes;

Iv. Weight the 3 specimens to determine the volume of absorbed water. This volume determines
the Saturation level (S) and should be between 55% < S < 80%. If S < 55%, the second step
must be repeated, but if S > 80% then the specimens should be discarded;

v. Cover the 3 saturated specimens with plastic film, put them inside a plastic bag with 10mL of
distilled water and seal the bag;

vi. Place the 3 sealed bags in a freezer at -18°C for 16h, then remove the specimens from the bags
and submerge them in a water bath at 60°C for 24h. After this period, place them in water bath
at 25°C for 2 to 3h.

vii. The 3 non-saturated specimens are only conditioned at 25°C for 2h to 3h dry.

viii. The 2 groups are then tested for Indirect Tensile Strength. The ratio between conditioned
samples (ITSc) and non-conditioned (ITS) determines the Indirect Tensile Strength Ratio
(ITSR), as observed in Figure 27.

Figure 27 — Indirect Tensile Strength test.

ar ) T

(Source: Author).

Despite DNIT 180 (2018) only determines the procedure for small samples, an
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adaptation is performed to condition taller samples. The AV of Dynamic Modulus and Tension-
Compression Fatigue were chosen to be inside a range of 4.0+1.0%. This + 1.0% admitted
range is the same used for the Brazilian standard Moisture Induced Damage test of 7.0+1.0%
AV specimens.

To perform the water bath at 60°C, the saturated samples were kept in 2000mL
Beakers inside an oven (Figure 28) and the water temperature was verified at different periods
to observe if the samples were in thermal equilibrium with low variations. This was done to

avoid laying samples during a heating process, which could deform the samples.

Figure 28— Water bath at 60°C inside an oven.

(Source: Author).

To perform Uniaxial Dynamic Modulus and Tension-Compression Fatigue tests, all
conditioned samples are kept at room temperature for at least one week to prevent excessive
residual moisture (Figure 29). This minimum period was determined to prevent adhesion
problems with the Epoxy adhesives used to prepare samples. The same samples used in dry

dynamic modulus tests were used to perform conditioned dynamic modulus.

Figure 29 — Samples at room temperature for 1 week.

(Source: Author).



58

3.3.7 Uniaxial Compression Complex Modulus

The Brazilian Standard for the determination of the Dynamic Modulus (|[E*|) of
asphalt mixtures is DNIT 416 (2019), which describes a protocol similar to the one in AASHTO
T 341 (2011). The test is performed using 3 cylindrical specimens of 150.01+2.5mm height X
100.04+2.0mm diameter at the desired AV content.

These specimens receive metal pieces glued with Epoxy adhesive spaced 120° each
pair. This allows the instrumentation of Linear Variable Differential Transducers (LVDTs) to
the sample. The set of glued and instrumented sample is then placed inside the Thermal
Chamber of the Universal Testing Machine (UTM-25) centered to the actuator as Figure 30

illustrates.

Figure 30 — Dynamic modulus test instrumentation.

(Source: Author).

A cyclic sinusoidal loading is applied in compression mode varying from a
minimum contact value of 5.0% of the maximum stress. The stress level is defined to the axial
strain that remains inside the Linear Viscoelastic (LVE) limits between 50 and 150ue. A target
value of 34ue for half wave amplitude is used, therefore a level of 75ue from peak to valley.

The test is divided into three main parts (i) thermal conditioning, described in

Table 4; (i1) fingerprint; and (iii) dynamic modulus:
i. Thermal conditioning: all samples are kept inside the thermal chamber until temperature

equilibrium is reached, according to

iii. Table 4.

iv. Fingerprint: one sample is tested using 50% of the maximum stresses applied to a known
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asphalt mixture. This step results in axial strains for the specific loading pattern, but since it
is assumed, they are in a linear domain, a proportional estimation is performed to determine
the admitted maximum stress for 34 ue.
V. Dynamic Modulus: using the maximum stress estimated during the fingerprint stage, the test
is performed according to the frequencies and cycles defined also in
Vi.
vii. Table 4.

Table 4 — Dynamic Modulus test specifications.

Test temperature _ Minimum temperature equilibrium duration Frequency (Hz) Cycles
+0.3 (°C) Ambient Previous test 25 200
-10.0 Overnight Overnight 10 200
4.4 Overnight 4h 5 100
21.1 1h 3h 1 20
37.8 2h 2h 0.5 15
54.0 3h 1h 0.1 15

(Source: Adapted from DNIT 416, 2019).

In the end, the main output data are |E*| and phase angle (¢). |[E*| represents the
modulus and ¢ the delay between the applied stress and calculated strain during sinusoidal
loading, which describes the viscoelastic property of asphalt mixtures. These data are used for
the construction of the Dynamic Modulus Master Curve at a given reference temperature using
the Time-Temperature Superposition Principle (TTSP).

The master curve is constructed by changing the reference frequency of data. It uses
a shift factors (ar) calculated with different expressions, such as the Williams-Landel-Ferry or
WLF Equation described in Equations 22 and 23. The intermediate temperature of 21.1°C is

used as the reference temperature in the present work.

_ =C(T-Tr)
log(ar) = Co+(T—TT) (22)
fred = f sar (23)
Where:

ar = shift factor dimensionless;
C1 and C2 =model constants dimensionless and in K respectively;
T = tested temperature (K);

Tr = reference temperature (K);
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f =tested frequency (Hz);
frea = reduced frequency (Hz).

As this thesis evaluates not only dry, but also wet specimens, all master curves are
analyzed by comparing the behavior variations such as: absolute modulus variation, calibration
constants divergence, and the ratio between wet and dry samples. This ratio is then determined

during the test as |E*|r (Equation 24):

w] — [Elwet
B = g (24)

Where:

|E*|r = Dynamic modulus ratio (dimensionless);
|E*|pry = Dry dynamic modulus (MPa);

|E*|wee = Wet dynamic modulus (MPa).

3.3.8 Tension-Compression Fatigue

The fatigue resistance of asphalt mixtures can be determined by different testing
protocols, but a configuration that is known to only damage the sample with pure direct tension
is the Uniaxial Tension-Compression test. As there is no current Brazilian standard for this test,
the AASHTO TP 107 (2018) protocol with some adaptations is followed. The main difference
to the current protocol is related to the determination of the specimens’ initial strain levels.

This work still uses the Table 5 suggestion described in AASHTO TP 107 (2014).
As for the desired initial strain levels, this research uses actuator displacement-controlled tests
instead of strain-controlled ones. The number of testing samples and strain levels used in this
thesis was six specimens for each asphalt mixture in both dry and wet conditions with three
strain levels.

Table 5 — Initial strain levels.

Case £0s (CP2) £0s (CP3)
500<Nf<1,000 £0s1-100 £0s1-150
1,000<N¢<5,000 €0s11-50 £0s1-100
5,000<N<20,000 051150 €0s1-50
20,000<N<100,000 £0s1+100 £0s1+50
100,000<N; €0s1+150 £051+100

(Source: AASHTO TP 107, 2014).
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The test uses cylindrical samples molded at the desired AV content and the height
is reduced to 13.0cm to eliminate the extreme portions where most AV accumulates. Therefore,
almost only the middle part of the specimen, in which the LVDTs are positioned, is left to be
tested. Using this configuration, the chances to capture the initiation of cracking are more likely
than using uncut specimens.

To prepare the samples, metal pieces are glued 120° apart around their vertical
surface to position the LVDTs. After this step, the specimens are then put in another gluing
apparatus to attach the endplates at the extreme surfaces, as illustrated in Figure 31. Then the
specimens should stand at the apparat for at least 4h, but only tested after 16h to guarantee a
minimum Epoxy adhesive curing period and strength. This longer waiting period ensures that

the rupture occurs in the specimen, not the adhesive layer.

Figure 31 — Glued pieces and endplates.

(Source: Author).

The endplates are two different pieces connected to the UTM-25. One connects to
the actuator and the other one to the crosshead. In this way, the entire apparatus works as a
single object to distribute tension and compression due to the actuator’s vertical displacement

(Figure 32).
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Figure 32 — Fatigue specimen instrumented at UTM-25.

(Source: Author).

After preparing the sample, they must achieve thermal equilibrium inside the UTM-
25 thermal chamber for at least 4h before testing. The experiment temperature depends on the
Binder’s PG, but as the used binder in this work is similar to others already analyzed at LMP,
the 19°C temperature was chosen. During thermal conditioning and testing, a Dummy specimen
is kept inside the thermal chamber to monitor the core and surface temperature variation. There
are limits to temperature variations, as the target must fluctuate in a range of 0.5°C and the
difference from core to surface temperatures should not exceed 1.0°C.
To perform the test, after fixing the specimen into the press, there are 3 main steps:
I. Looseness and amplitude test: a sinusoidal loading of 15 cycles at 10Hz with 0.lmm of
actuator displacement amplitude is performed. The output signal is then analyzed to examine
if the specimen needs to be tightened, due to the presence of looseness points or use a bigger
displacement because of the poor signal response. This is an important step since other
problems, such as Proportional, Integral and Derivative controllers’ values, might influence
the preciseness of a sinusoidal signal. Any deviation of this shape must then be fixed,
otherwise, the test is invalid. With the acquired data, the user can determine the new
displacement level to generate the initial strain level desired for the test.
ii.Tension-Compression |[E*| fingerprint: the step consists of applying positive (compression)
and negative (tension) symmetrical stress levels. First, known mixture stress values are used
reduced to 50% as target stress in a fingerprint test to maintain the strain levels within the LVE
range. With the strain levels resulting from this test, the new stress levels are determined and
used to achieve 34uS after 5 to 10 minutes of rest. Unlike the standard compressive [E*|
testing, the Tension-Compression |E*| is performed in a reduced number of cycles, as its use

in this step is solely to determine the specimens’ |E*| and compare to the Uniaxial
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Compression |[E*| of the mixture. This comparison evaluates if it is in an acceptable range

using the Dynamic Modulus Ratio (DMR) in Equation 25.

DMR = |E |fingerprint (25)

|E*|LvE

Where:
|E*| fingerprine = Tension-Compression [E*| (MPa);

|E*|.ve = Uniaxial Compression |E*| (MPa).

iii. Tension-Compression Fatigue: the fatigue test initiates after 25 to 45 minutes of the |E*|
fingerprint. This rest period is necessary, so the strains and the previous loading history are
recovered. To initiate the experiment, the user defines the target displacement value obtained
at the “Looseness and amplitude test”. The press then performs cyclic loading at 10Hz
inducing tension and compression stresses to the sample. There are different possible failure
criteria to stop the test such as a predefined modulus reduction, the drop of phase angle, and
the evolution of microcracks to macrocracks. The tests carried in this work were stopped at
the occurrence of microcracks coalescence to macrocracks that completely divided some
specimens.

All data acquired from the test is then analyzed using MATLAB and a set of
spreadsheets to determine the parameters in AASHTO TP 107 (2018). With this procedure, the
dissipated energy, phase angle drop due to cyclic loading, material’s damage and integrity are
determined. With these parameters, a behavior analysis is performed by comparing dry and wet

results. Not only C vs.S results are compared, but also G? wvs. Ny and Wohler Curves. For
Wohler curves with constant N¢, the wet and dry ratio is also determined to evaluate a range

of possible damage acceleration expected during Fatigue Life. The same is performed with FFM.

3.3.9 Summary of conditioning protocols
As a comparative chart, Figure 33 summaries of the methods used to condition

samples of (a) asphalt binders, (b) aggregate-binder interface, and (c) asphalt mixtures. Sample

preparation prior to these conditioning protocols were explained in the previous sections.
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Figure 33 — Moisture conditioning of (a) binders, (b) aggregate-binder, and (c) mixtures.
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(Source: Adapted from Lucas Janior et al., 2019).

3.4 Simulation Software

Brazilian specifications require a project’s service-time analysis using the MeDiNa
software (DNIT, 2023). However, the method currently calibrated for this software considers:
diametral compression Resilient Modulus and Indirect Tensile Fatigue tests for elastic analysis.
Thus, it is not possible to use this method with the data acquired from: Dynamic Modulus and
Tension-Compression Fatigue.

Two analysis programs, CAP3D-D (HOLANDA et al., 2006; SANTOS, 2020;
VALE et al., 2022) developed at the Pavements Mechanics Laboratory — Federal University of
Ceara (LMP/UFC), and FlexPAVE™ (ESLAMINIA et al., 2012; WANG et al., 2018)
developed at the North Carolina State University (NCSU), are used herein to evaluate the
mechanical response of the tested mixtures in both dry and conditioned states.

The following subsections are meant to briefly describe how each tool work from
the user point of view for simulation purposes. For further understanding of the software, the
reader is encouraged to consult the referred works. Figure 34 illustrates the general expected

simulation and the expected results.
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Figure 34 — Simulated conditions for CAP3D-D and FlexPAVE™.
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(Source: Author).

3.4.1 CAP3D-D

The CAP3D-D software has been in constant improvement over the years and has
been used by different authors for both rutting (BASTOS, 2016; BASTOS et al., 2018, VALE
et al., 2022) and fatigue (SANTIAGO, 2017; SANTIAGO et al., 2018; SANTOS, 2020;
LUCAS JUNIOR, 2021) analysis. Figure 35 illustrates the software user graphic interface.

Figure 35 — CAP3D-D user interface.
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(Source: Author).
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According to Santos (2020), the program uses the Finite Element Method (FEM)
with a 240 Gauss points mesh to perform structural analysis; these Gauss points are distributed
in 60 elements, and 30 of them are directly below the loading source. CAP3D-D can evaluate
different models such: planes, axis symmetrical, and tridimensional. Despite the possibility of
using both C vs.S and G wvs. Ny for Tension-Compression Fatigue and a Sigmoidal model
with polynomial TTSP shift factors for |[E*|, or Indirect Tensile Fatigue (ITF) and Resilient
Modulus, CAP3D-D uses elastic-linear analysis to calculate stress, strain, and displacements at
the asphalt layer considering primarily Tension-Compression and |E*| due to the calibrated
Transfer Function.

Besides structural analysis, the program also incorporates temperature effects as a
function of air temperature and heat transfer capacity of the entire layer and a current work is
improving thermal analysis (FONSECA, 2023). However, it is also possible to use constant
temperature or import specific data into the analysis. Another concept incorporated in the
analysis is traffic speed which represents the equivalent frequency of loading in the simulation
as well as the vehicle simulation to loading.

CAP3D-D uses the concept of damage accumulation as the damage existing in the
nodal points of the mesh calculated as the ratio of N and Nf. This accumulated value is used
to determine the average damage (Davg). However, this damage evolution occurs at different
times, so it needs to be analyzed at an equivalent period in which Damage is equal to 35%
(Ty.35)- Therefore, Equation 26 calculated a shift factor to the month in which damage reaches
35% of cracked area. This result is used to calculate the reduced Damage (Dreds) in Equation 27
the output if finally used in the Transfer Function (Equation 28) to calculate the cracked area

(%AT).

S = 0.00281(Ty35) + 0.657 (26)
Dreds = Dgyg S (27)
5
%AT = 17506.3 (Ni reds> (28)
f

3.4.2 FlexPAVE™

FlexPAVE™, formerly known as the Layered Viscoelastic Continuum Damage

program (ESLAMINIA, 2012), is also in constant upgrade since its initial versions and works
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in a slightly different way than CAP3D-D. One of the main differences between the two

softwares is the Damage Contours generated at FlexPAVE™

, which indicate the expected
beginning of cracks in the asphalt layer and their evolution during the simulated service-life.

Figure 36 shows the user interface and a damage contour example.

Figure 36 — FlexPAVE™ user interface and Damage Contour.
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(Source: Author).

According to Wang et al. (2018) and the User Manual (FLEXPAVE 1.1 ALPHA,
2018), the program can be used for different pavements distresses such as rutting, thermal
cracking and the focus of this thesis: fatigue cracking. It also uses the Finite Element Method
(FEM) in a three-dimensional structure to calculate stresses and strains due to loading assisted
to the Fast Fourier Transform which reduces computation timing. Different from CAP3D-D,
FlexPAVE™ accepts different data formats for both |[E*| (Prony Series, raw values, or Sigmoidal
function with polynomial TTSP) and Fatigue (C vs.S and G® wvs. Nyor DR failure criteria).
For temperature considerations, the software works both with constant temperature, year
database or imported data.

The fatigue damage evolution is calculated using the concept of Damage Factor of
the analyzed area which, for the G® failure criteria is defined by the Minor's Law as the ratio

of the current cycle (N) to the failure cycle (Ny) in Equation 29. This damage Factor is then

used to calculate the %Damage of the simulated structure as a ratio of the sum of damage in
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each nodal element by the total area (Equation 30). This last value is finally used in a transfer

function to determine the cracked area as %Cracking (Equation 31).

Damage Factor = Ni (29)
f
%Damage _ Y. (Damage Factor);- A; (30)

M a;
50
1+Cf1e[cf2 (logcfg—log%Damage)]

%Cracking = 31

Where: Crq, Crp, and Cr3 = are calibration factors equal 0.342, 13.97, and 16.38 respectively.
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4 RESULTS AND DISCUSSIONS
4.1 Rheological Characterization

The testing campaign conducted in this research was thought to compare different
methods of evaluating binders’ behavior as it relates to moisture damage. Even though
Frequency Sweep and LAS tests have different parameters and purposes, it is expected that they

lead to similar results.

411 Frequency Sweep

Both neat binder (NB) and binder with anti-stripping agent (NB+D) had similar
behaviors for |G*| values, as observed in Figure 37(a) and 37(b). Both figures also indicate that
NB and NB+D outputs are similar when placed under moisture damage. The |G*| variation at
all temperatures is similar for both binders, as observed in the right axis as the plotted line of
“Ratio |G*|”, which stands for the ratio between |G*| values considering the non-conditioned

sample as the reference value (Equation 32).

Ratio |G*| = JGuwer! (32)

*
Gdry|

As indicated by the values inside boxes for each temperature in Figure 37, the
modulus Ratio is as high as 135% at lower temperatures (4°C), and drops to 108% at higher
temperatures (82°C) for NB. When NB and NB+D results are compared, it is noticed that the
anti-stripping liquid agent reduces |G*| from 8% at lower temperatures (4°C) to 23% at 28°C,
but no significant variation was observed from 40°C to 82°C. When all values are observed as
well as Master Curves are compared (Figure 38), no significant divergence is noticed. The same
trend of stiffness reduction is observed for wet samples when NB+D is compared to NB. The
stiffness loss is 14% at 28°C, 8% at 70°C, and 5% at 82°C. Despite the reduction, both NB and
NB-+D still shared the same PG.
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Figure 37 — NB and NB+D dry and wet comparative results.
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Contrary to what one would expect, both binders after 24h moisture conditioning at

40°C presented higher values of stiffness than without moisture conditioning. In fact, this result

disagrees with the ones presented by Junior et al. (2021). The results were consistent to the

studies by Akentuna et al. (2022 and 2023) which have indicated that moisture damage

increased the observed stiffness.

Considering the results, it seems like the conditioning method used affects mostly

the binder’s properties. An average value of 12.8% higher |G*| after moisture damage was

observed for NB, and 5.8% for NB+D.
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Figure 38 — Dry and wet |G*| and ¢ comparison.

1.E+09

1.E+06

|G*| (Pa)

ENB
¢ NB+D
@ NB-W
¢ NB+D-W

1.E+03

1.E-06 1.E-03 1.E+00 1.E+03
(a) Reduced Frequency (Hz)

80

60

¢ ()

ENB
B NB-W
20 & NB+D
¢ NB+D-W

40

0
(b) 1.E-06 1.E-03 1.E+00 1.E+03
Reduced Frequency (Hz)

(Source: Author).

Although 40°C is a significantly lower temperature than the 163°C used in RTFO,
aging is one of the expected reasons for higher |G*| values for wet samples. Thus, it is believed
that the aging (40°C) has possibly hidden the damage caused by moisture. The other hypothesis
is just a normal sample-to-sample divergence. However, similar results of higher stiffness were
observed for Akentuna et al. (2022) when using different conditioning protocols. Therefore, it
is assumed that this is the expected behavior for FS results after moisture conditioning.

It is highlighted that different portions of binders were divided into containers, to
prevent aging due to heating the same binder multiple times. The containers with binder that
underwent moisture conditioning were only heated before preparing the molds as described in
Section 3.3.2 while the containers of dry samples were heated just to separate samples prior to

testing.
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4.1.2 Linear Amplitude Sweep

LAS tests were conducted on the first try at 19°C, but the output data and test signal
were unsatisfactory. As LAS uses both crack length and maximum pseudo strain energy to
determine the failure cycle, these data made it almost impossible to clearly determine whether
it was truly the cracking point.

Thus, since fatigue results can be translated to other temperatures, 25°C was chosen
as the test temperature. As it is a PG 64-XX binder, it is likely that at lower temperatures an
adhesion problem happens during the test.

However, the used methodology to determine the failure cycle was the PSE with
S-VECD modeling. As observed in Figure 39(a), the materials’ characteristic curves are almost
the same, and in Figure 39(b) the Wohler curves are overlapping. This indicates that all tested
samples presented low variation in behavior. However, isolating NB and NB+D results in dry
and wet conditions, a slightly higher integrity decay is observed, as well as lower Wdhler curves.

The water conditioning might have slightly altered the binders’ resistance to fatigue.

Figure 39 — (a) C vs. S and (b) Wohler curves for dry and wet binders.
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(Source: Author).

When comparing binders’ resistance to fatigue, the FFz becomes easier to analyze
than Wohler Curves, especially when they have very similar behaviors. As the used materials
are similar, this is the better comparison method as it uses specific data from Wohler Curves to
determine the index (NASCIMENTO, 2015).

It is observed in Figure 40 that there is no significant difference between dry and
wet samples. NB had only a 3.4% reduction, while NB+D was 2.5%. Between binders, NB+D
1s 0.9% better in dry conditions and 1.9% in wet conditions than NB. This suggests that no real

difference is observed for fatigue of binders due to the used conditioning method.
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Figure 40 — Fatigue factor of dry and wet binders.
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The same assumption is made when comparing LAS parameters (Table 6). Figure
40 suggests that there is no significant difference between binders, just a small variation
between dry and wet conditions, as observed for FFg. As observed in the present research, LAS
captures some differences between dry and wet results, but they are not significant.

It looks as if the behavior is the same for all binder samples when comparing
different parameters: C1 and C2 fitting coefficients from C vs.S; damage evolution
constant (a); A and B fitting coefficients for Wohler Curves (Intercept and Slope, respectively).

Considering Frequency Sweep (Section 4.1.1) and LAS results, different
temperatures and testing frequencies are better to capture moisture damage to binders than a

single condition, even if this difference becomes smaller at some points.

Table 6 — LAS parameters.

Cc1 Cc2 11 A B

NB 3.75E-02 5.86E-01  2.142 3674581.605 -4.285

NB+D 3.41E-02 6.08E-01  2.131 4777198.915 -4.262

NB-W 3.43E-02 6.35E-01  2.181 2434387.165 -4.363

NB+D-W 3.01E-02 6.55E-01  2.163 3021886.706 -4.326
(Source: Author).

4.2 Asphalt Bond Strength (ABS) - Aggregate-binder interface testing

For the ABS testing campaign, it is common to use only one temperature and rate
of pull-off on triplicates due to the test’s variability associated to sample preparation and surface
conditions. However, based on binders’ viscoelastic properties, it was expected that variations
in pull-off rate and temperature should determine different maximum applied stresses.

Therefore, a failure envelope would be observed, such as a construction of a

“Master Curve of Pull Off testing” or “Failure Tensile Envelope”. Along with VEL properties,
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it was expected that the acid aggregates used in this research would result in a poor adhesion
property for NB when compared to the NB+D, since adhesiveness is strongly related to the
aggregate mineralogy.

The used range rates of 0.5, 0.7 and 0.9 MPa/s were a conservative choice based on
the equipment’s limitations around the usual value of 0.7MPa/s. On the other hand, the
temperatures range of 15, 25 and 35°C was chosen to match usual values of Dynamic Modulus
tests (Section 3.3.7). These 9 combinations in tension stress and rate for two binders, 2

conditions, and triplicate samples resulted in 108 pull-off tests.

4.2.1 POTs and RPOTs results

ABS tests on dry NB results are in accordance with the expected LVE behavior:
lower POTS values for higher temperatures. Although an irregular trend is observed
considering the pull-off rates, Figure 41(a), wet results (NB-W) have the same trend. They
follow no pattern of higher or lower values at the same pull-off rate.

Using Rpors as an indicator, it is observed in Figure 41(a) that the general
aggregate-binder adhesion properties were satisfactory for NB since the minimum average was
85% at 25°C considering all stress rates (0.5; 0.7; and 0.9MPa/s). An average value of 96%
RPOTSwas observed for NB considering all data.

For NB+D, dry results are similar to what was observed for NB. A higher POTS
at 15°C followed by lower POTS at 35°C, with an irregular trend with respect to pull-off rates,
as indicated in Figure 41(b). For wet results, at 0.7MPa/s and 15°C an irregular result was
observed with higher POTS. Despite the fact that triplicates were used in all tests, this result
might still be due to some test variability. However, RPOTS results considering all
temperatures average, 106%, the average of box values in Figure 41(b), indicate that the
aggregate-binder adhesion properties are not altered significantly as the average Rpors for

NB-+D (106%) and NB (99%) do not differ significantly.
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Figure 41 — ABS test results on wet and dry samples of (a) NB and (b) NB+D.
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If outlier values from both NB and NB+D at 15°C are excluded from the analysis
(0.9 and 0.7MPa/s rates respectively), NB RPOTS drops to 96% and NB+D RPOTSdrops to
98%. Still, NB+D indicates that the test captures the effects of the anti-stripping agent keeping
a ranking of moisture resistance as: NB+D > NB. However, the approximation of RPOTS
results from NB and NB+D are strange compared to results of other authors (LUCAS JUNIOR
et al., 2021). Even though moisture effects at the binder scale have history dependence
(VASCONCELOS et al., 2011), the low reduction after moisture conditioning is probably due
to the thermal equilibrium for 4h which might have altered the aggregate-binder state.

These results preserve the test’s expectations to observe both moisture susceptibility
of the aggregate-binder interface, and LVE properties observations incorporated as a complex
combined behavior to the pull-off test on the mineral substrate. However, it is believed that
rates and temperatures in the present study can be reconsidered. A lower value than 0.5MPa/s
could be used and an intermediate temperature, such as 30°C, may be considered in future works.
Another observation is that the binders’ creep behavior may have caused a drastic decrease in

POTS for both dry and wet samples. Therefore, such an effect is not the result of a true interface
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rupture, but something that can be affected by the creep behavior driven by the binder.

Despite the findings reported, the used combinations indicate the importance of
knowing the binders’ behavior to adhesion tests in other conditions for better aggregate-binder
properties evaluation. For failure classification, most of them remained adhesive-cohesive.
Especially at 35°C, despite the cohesive classification, longer binder filaments were created
which indicates a state transition instead of fracture, which did not happen at lower temperatures.
At 15°C, it was observed that some specimens failed not at the aggregate-binder interface or at
the middle of binder film, but at the binder-stub interface which was also observed by previous
authors (SUDARSANAN et al., 2020), like what could happen in lower temperature testing to
LAS (SAFAEI and CASTORENA, 2016). Data from binder-stub failures were removed from
the analysis as they could interfere with failure interpretation. Figure 42 illustrates the observed
differences with respect to failure classification. It reinforces the idea that the testing method

should use two aggregate plates with a binder adhesive layer in between them.

Figure 42 — Failure in different temperatures.
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4.2.2 Failure envelope construction

Since no strain measurement is possible with the used method to determine POTs,
no inference considering a limiting strain due to temperature or rate of pull is possible. Even
though the diameter and approximate height of samples is determined by Stubs’ volume, it is
not clear how high the pulling device elevated the stub before the rupture was determined.
Therefore, it is only possible to construct a failure envelope considering the maximum tensile

stress.
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This failure envelope is thought to be constructed in a strict linear shift of
experimental points. This procedure follows a similar path to what is done when determining
shift factors for [E*| or |G*|. It is reasonable to think that, since no clear trend was observed as
purely increasing or decreasing values among pull-off rates, this curve might not have a perfect
fit, but the trend might still be observable as a maximum stress variance was observed for
different temperatures.

The first step is the construction of isotherms in a log-log space using the maximum
stress in kPa and pulling-off rate (R) in (MPa/s) as Y and X axis (Figure 43(a)). Then, the 25°C
intermediate temperature is set as the reference temperature. The intercept (b) and slope (a) of
log-log isotherms are then determined. With the isotherms, the extreme points are determined
as coincident values for the regression expression to determine a single alignment of values

(Figure 43(b)). This expression (Equation 33) is used then to calculate the shift factors (ar).

(33)

Where:
ar = the experimental shift factor;
b1 = the intercept of reference isotherm;
b2 = the intercept of the second isotherm;
al = the slope of the reference isotherm;
a2 = the slope of the second isotherm;
o = the selected coincident value of slopes (MPa).
Using the shift factors, the log of pulling-off rate (log R) is shifted obtaining a trend
of aligned values, and finally a trend line is also determined. Such line, which is a linear

regression for the log-log space, is the failure envelope (Figure 43(c)).
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Figure 43 — Shift of experimental data to determine the failure envelope.
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This process was performed for both NB and NB+D data presented in Section 4.2.1.

The resulting failure envelopes for both dry and wet conditions and a comparison of NB are

observed in Figure 44 (a), (b), and (c).

Using this methodology to determine whether data is well adjusted, it becomes clear

that an intermediate temperature between 25 and 35°C should be used due to the lack of data

an around log R = 2. However, both lines present a good R? value, i.e., above 0.95. Due to the

log-log space, both regression lines in Figure 44 (a) and (b) look the same.

However, raw experimental data (Section 4.2.1) show that they are different.

Although a hypothesis for this similar result is the effect of the thermal equilibrium period

chosen to be 4h. It is expected that during these 4h samples have probably lost some of its

moisture. Thus, misleading maximum tensile strength results were obtained.
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Figure 44 — Failure envelopes for NB in (a) dry, (b) wet and (c) both conditions.
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The resulting failure envelopes for both dry and wet conditions and a comparison
of NB+D are observed in Figure 45 (a), (b), and (c). The same trend observed for NB is visible
for NB+D, therefore a temperature between 25°C and 35°C should also be tested. Both lines
present a good R? value, above 0.86. Although no significant difference was observed for the
NB experimental fitting curves, the trend is altered for NB+D.

NB+D appears to be affected by water conditioning, and this effect is more
noticeable at higher temperatures since anti-stripping liquid agent loses its resistance. This is
better understood when analyzing the slope of dry and wet samples of NB+D.

Different from NB results, NB+D have presented very different raw data. A
hypothesis for this behavior is also due the conditioning period of 4h associated to the anti-
stripping liquid agent behavior of resistance loss. The observed divergence in response possibly
caused the slopes to shift when comparing neat binder. In consequence, NB+D and NB+D-W
lines are not aligned, different than NB lines. This might also suggest that Pull-Off tests are not

precise enough for this kind of analysis when multiple rates and temperatures are evaluated.



Figure 45 — Failure envelopes for NB+D in (a) dry, (b) wet, and (c) both conditions.
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Figure 46 — Correlation between dry and wet POTS for (a) NB and (b) NB+D.
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The comparison of all regression lines (Figure 46) suggests something already
observed, that the effects of adding anti-stripping agents are probably better observed when
considering a mineral substrate and water conditioning. However, this difference is not as high
as expected.

The used method to determine the single envelope was successful, but no az’s
could be calculated using WLF equations to adjust a single model. This probably was due to
the lack of more temperatures with truly overlapping values, the test’s variability or WLF

should be used to LVE |[E*| or |G*| values, not maximum POTS values the LVE range.
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Figure 47 — Failure envelopes (a) separated by binder, and (b) collapsed data.
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This result suggests two main hypotheses:

(i) Anti-stripping liquid agent probably degrades during the mixing process due to the higher
temperatures (150 °C), but not completely. This was not verified during this research, but it is a
recommendation for future works, to determine how different anti-stripping agents preserve
their properties with and without aging, before and after mixture temperatures used in asphalt
mixing plants;

(if) The used protocol variability is higher than expected to determine a single failure envelope
that captures the water effect. This hypothesis is mainly related to almost no variation observed

for the NB when compared to NB+D which should have had better results.

4.3 Asphalt mixtures design

The Brazilian specification DNIT 031 (2006) describes some acceptance criteria
for asphalt mixtures, from materials quality to the final mixture layer constructed. Therefore,
quantitative quality aspects must be controlled, such as the minimum Indirect Tension

Resistance and Moisture Induced Damage Resistance.
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Figure 48 illustrates the asphalt mixtures ITS values obtained at 25°C, as described
by DNIT 136 (2018) with 4% AV. The minimum admitted value is 0.65MPa, although the
literature states that this criterion by itself is not enough.

All three designed asphalt mixtures (M1 — Neat Binder, M2 — Neat Binder + amine-
based anti-stripping liquid agent, and M3 — Neat Binder + Aggregates + Hydrated Lime)
attended the minimum requirements above specified. M1 had the higher ITS value of 1.62MPa,
followed by M2 with a slightly lower value of 1.44MPa, and finally the M3 with 1.07MPa.

This behavior could also be because M3 was compacted with only 40 gyrations,
while M1 and M2 achieved 4.0% AV with 100 gyrations, making them probably more stable
than M3. This finding is in accordance with what the literature described of amine-based anti-
stripping liquid agent reduction in ITS.

If M1 is taken as the reference mixture, M2 has an 11.0% loss in resistance and M3
loss is 34.0%. Since the test was conducted at 25°C, considering values |G*|, this would be

expected as anti-stripping liquid agent reduced |G*| by 17% between 16°C and 28°C.

Figure 48 — Indirect tensile strength results.
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A similar trend is observed when comparing the ITSR values (Figure 49). It is
highlighted that this test was performed with a higher AV of 7%. The unconditioned samples
have presented values of 1.20MPa for M1, 1.16MPa for M2, and 0.94MPa for M3, while the
conditioning resulted in 0.78MPa for M1, 0.85MPa for M2, and 1.22MPa for M3.

When comparing only ITS dry samples considering M1 as a reference value, M2
and M3 behave 4% and 22% lower than M1. However, if only ITS conditioned values are
observed, M2 and M3 results are 9% and 56% higher than M1, respectively.

If only ITSR values are observed, M1 presented a 35% loss of resistance, M2 a 27%
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loss, and M3 gained 30%. This was expected based on the literature for HL (MOURA, 2001;
KIM et al., 2008; BUDNY, 2009) as well as the bonds created with Ca?>" and water which
promotes adhesion between the aggregate and the binder to be maintained after moisture

damage (PETERSEN et al., 1987).

Figure 49 — Indirect Tensile Strength Ratio.
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Even though fatigue damage begins at the microscale, sometimes it is considered
to start at air voids working as initial cracks, other times in aggregates fractures or poor adhesion
points (CARO et al., 2008). Considering that the AASHTO T 283 (2021) protocol intends to
accelerate adhesion problems and other authors also mention cracking induction (CARDONA
et al., 2020), one could expect the observed behavior in ITSR to also occur during fatigue life.
Therefore, it is expected that the standard characterization usually overestimates the real
performance, as damage might occur at higher rates due to the water effects. Some authors have
observed that some conditioning procedures might significantly decrease fatigue life of asphalt

mixtures (BARRA ef al., 2012; ALMEIDA et al., 2018).

4.4 Asphalt mixtures uniaxial repeated loading tests

This testing program was designed to determine the |E*| and fatigue parameters of
asphalt mixtures as the usual testing protocols. These tests were also performed with
conditioned samples. However, neither Dynamic Modulus nor the Tension-Compression
Fatigue tests are required in Brazil as mandatory tests. Despite that, these testing protocols allow
a better understanding of materials’ behavior for temperature and frequency combinations of

modulus and indicative of cracking growth due to cyclic tensile loading.
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Different softwares such as FlexPAVE™, and CAP3D-D (HOLANDA et al., 2006;
SANTIAGO et al., 2018 and 2019; VALE et al., 2022) use LVE parameters and Tension-
Compression fitting coefficients to simulate a real structure fatigue life. Thus, it would be
necessary that the user chooses whether to consider conditioned data or not.

The testing herein described are intended to understand the implications of a severe
moisture-induced damage protocol on LVE properties and fatigue life parameters. With these
data, real structures simulations can be performed as well as a deeper understanding of the
expected fatigue life of asphalt mixtures variance considering the worst limiting scenario of a

previously damaged material.

441 Uniaxial Compression Complex Modulus

Dynamic Modulus test was performed as described in Section 3.3.7 for all mixtures
in both conditions: dry and wet. It was originally thought to perform the test on separate
triplicate samples for each condition, but as this test does not damage the sample when
performed within the LVE limits, the same specimens were used for wet tests. This
methodology was followed to avoid possible divergence sources.

In Figure 50 it is possible to observe experimental values to the nominal testing
temperatures and loading frequencies for all mixtures on both conditions and the percentage
loss of |[E*|, determined as the ratio of the difference between dry and wet samples to the dry

samples as described in Equation 34.

E:iry|_ |E\jvet|

Loss of |E*| = (34)

*
Edry|

For all mixtures, it is noticeable that this difference increases when temperature
rises and mixtures behave in a similar ranking trend as observed for ITSR with M1 < M2 <M3.
But contrary to what it is expected, when comparing dry and conditioned results, M3 has shown
some increase in |[E*| only at -10°C and almost no variation at the other temperatures except for

54°C.
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Figure 50 — Experimental values of dry and wet |[E*| comparison.
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(Source: Author).

When analyzing the raw data, the dry mixtures’ stiffness led to a rank in which M1 >
M3 > M2. After moisture-induced damage, this trend is modified to M3 > M1 > M2. It is
necessary to observe that these are just absolute modulus values. Figure 51 presents a
comparison where it is clearer that M1 has a higher modulus than the other mixtures when dry,
but M3 is the one with the highest modulus after conditioning for almost all frequencies and
temperatures. Except for M3 at -10°C, all other 14 out of 15 scenarios (5 temperatures for 3
mixtures) present increasing loss in stiffness with temperature. This is also observed for lower
frequencies for each temperature, as expected due to the time-temperature superposition
principle. This trend is also observed for master curves adjusted at the 21.1°C reference

temperature as well as the 2S2P1D fitted model (Figure 52).
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Figure 51 — (a) Dry and (b) wet modulus and ratio to M1 or M1-W values.
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Figure 52 — Dry and wet experimental |[E*| and 2S2P1D master curves.
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(Source: Author).

In Table 7 both WLF and 2S2P1D parameters are presented as they were fitted to
determine the experimental master curves and Rheological Model. For all 3 mixtures, the main
difference was verified on WLF constants and asymptotic modulus Eoo and Eo which represent
respectively the elastic behavior at lower or higher frequencies due the aggregates influence
(elastic-behavior constituents).

On the other hand, the parameters k, h, §, T, and [ did not diverge significantly



87

on each condition (dry or wet) analysis. This is explained as an influence of the binder’s
viscoelastic behavior. At the 2S2P1D the binder’s characteristics obtained by these constants
define the master curves shapes.

All 2S2P1D constants were initially found using MS Solver, followed by fine
adjusting. It is noticeable that WLF’s Mean Squared Error (MSE) is higher than the 2S2P1D
MSE.

After moisture damage, all parameters’ values became closer than they were before
conditioning, especially WLF constants. This indicates that for experimental purposes it is
likely that at lower strains, the mixtures would still behave almost the same. But M3 behavior
is almost the same after conditioning, and it is expected that it has a stiffer behavior compared

to M1 and M2, which could lead to faster cracks growth as well as a lower thermal susceptibility.

Table 7 — WLF and 2S2P1D parameters.

C1 C2 V'\\A/iIE: Eoo Eo k h & TE B 2¥§ED
M1 19.32 147.10 2E-01 90 41000 0.20 0.62 230 0.05 300 2E-02
M2 25.82 188.94 9E-02 70 38000 0.21 0.59 225 0.06 450 2E-02
M3 16.28 126.65 6E-02 80 38000 0.21 0.62 205 0.04 200 9E-03
M1-wW 14.84 113.94 5E-02 30 40000 0.20 0.62 275 0.02 200 2E-02
M2-W 15.63 120.31 2E-01 50 40000 0.20 0.63 295 0.03 300 2E-02
M3-W 15.63 120.31 6E-02 55 40000 0.22 0.66 296 0.06 300 2E-02

(Source: Author).

4.4.2 Uniaxial Tension-Compression Fatigue

The fatigue testing program was defined to use duplicates to strain levels within the
range of 250, 300 and 350ue for all analyzed mixtures at the dry and wet conditions. But due
to the equipment’s compliance factor of LVDTs’ strain to the actuator’s displacement, and
variations in sample preparation, these exact values were not achieved.

For dry specimens, each mixture had samples with at least one of the following:
rupture outside the capture range, unleveled gluing, and too few cycles until failure. For wet
specimens, the main problem was the strain levels that had to be reduced to the range of 100ue
to 300ue for M1 and 150ue to 300ue for M2. This modification was necessary due to faster
cracking growth before 500 cycles in wet conditions.

Figure 53 presents all Damage Characteristic Curves (C vs. S) with their respective
failure envelope determined by the Gr vs. Nf failure criteria. All asphalt mixtures tested

presented acceptable regression lines, with R? above 0.98 as well as DMR values above 0.8.
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This means that the used samples represent well each of the analyzed mixtures, without greater

deviations.

Figure 53 —Dry Cvs.S of (a) M1, (c) M2, (e) M3 and GR vs. Ny of (b) M1, (d) M2, (f)

M3.

1.E+05

1.E+05

1.00
0.75
—
=
S
B2 050
=
a0 W CP 23: DMR = 0,88 | ISA = 2178
S 025 | ®CP24DMR=082|15A=279us
- B CP 25: DMR = 0,91 | ISA = 2415
B CP 27: DMR = 0,92 | ISA = 1884S
0.00 L ™CP33:DMR=099]ISA=26%s
@) 0.E+00 5.E+04 1.E+05
a
Damage (S)
1
0.75
—
=
L
2 05
=
o #CP16: DMR =0,87 | ISA= 191pS
£ 025 | *CP18:DMR=082]ISA=2564
= U +CP19: DMR = 0,85 | ISA = 312pS
©CP21: DMR =0,83 | ISA= 191pS
©CP 22: DMR = 0,87 | ISA = 355pS
0
(c) 0.E+00 5.E+04
Damage (S)
1.00
0.75
—
=
L
2050
&
) ACP 24: DMR = 0,97 | ISA = 292§ ;%A
5 0.25 | acp26:DMR =095 ISA = 3038
ACP 32: DMR = 0,97 | ISA = 232yS
0.00 ACP 33: DMR =1,00 | ISA = 337uS
0.E+00 5.E+04
(e)
Damage (S)

(Source: Author).

1.E+04
m.
<1E+03 .
z .
L= \\
o 2
= 1.E+02 ~
LY
~
= "
8 1Er01 ||v=BE+O7x0
R%=0.9899
1.E+00
1E+02 1.E+03 LE+04 1E+05
(b] Nf
1E+04
Q\
~1E+03 ~
= .,
|5 -
=2 *®,
a1 E+02 ~
£ N
= L 28
[~ -9
S LE+01 [ _3p g7x13e7
R%=0.9906
1.E+00
1E+02 1.E+03 LE+04 1E+05
(d) Nf
1E+04
‘\
S1E+03 A
g .,
e LY
"y LE+02 Ny
= Y
S 1E+01 | [v=8E+07x1%
R%=0.9933
1.E+00
1E+02 1.E+03 LE+04 1E+05
Nf

Figure 54 presents the same graphs for damaged mixtures. Although GR vs.N f

graphs have great regression coefficients, fewer samples were tested and DMR values weren’t

as high as for undamaged samples. For M1, a total of 8 samples were prepared for testing, 3 of
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them failed before 500 cycles, and one had unleveled endplates. Therefore, only 4 samples

could be used, despite CP 34 DMR’s the data were consistent with the other samples

considering the failure criteria.

Figure 54 — Wet C vs.S of (a) M1, (c) M2, (e) M3 and GR vs. Nyof (b) M1, (d) M2, (f) M3.
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(Source: Author).

As observed in both Figures 53 and 54, the damage and Ny axis were kept the

same to observe shift in integrity’s rate of decay. This is relatable when comparing the reduction
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in Integrity and Damage values at failure mean values, Cr and S, respectively, in Table 8.

Table 8 — Cf, Sy, and DMR statistics.

St Ct DMR
Mean SD CV (%) Mean SD CV (%) Mean SD CV (%)
M1 167835.41 52643.67 31.4 0.20 0.07 347 0.90 0.06 6.7
M2 127096.91 60270.16 47.4 0.19 0.04 219 0.85 0.02 2.6
M3 177743.91 29311.31 16.5 0.18 0.04 232 0.97 0.02 24
M1-W 33886.29 5564.85 16.4 0.28 0.05 16.5 089 025 287
M2-W  41359.76 10157.70 24.6 030 0.06 21.2 0.89 0.09 10.0
M3-W 128963.28 27124.04 21.0 0.22 0.04 19.3 1.03 0.05 5.0

(Source: Author).

When observing just M3, a concern comes to mind: at a first look, it suggests that

HL preserves asphalt mixture integrity and strength, but what would be the behavior when aged?

That is an interesting question because HL after moisture damage resulted in almost no stiffness

difference, but it is known that stiffness usually increases with aging. That behavior might lead

to a reduction in viscous properties, approaching each time an elastic material.

To compare both model results, fitting curves of C vs.S and Wohler at fixed N

are plotted in Figure 55, which deserves special attention since it is where complete verification

is possible. Undamaged mixtures behave almost the same in both approaches, while

conditioned M1 and M2 significantly change their behavior while M3 almost does not change.
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Figure 55 — Fitting of (a) € vs.S model, and (b) Wohler curves.
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Considering all charts, it is seen that M1 and M2 have close reduction proportions

but constant ranking. In opposition, M3 presented almost the same behavior. These observations

are numerically noticed in Table 9 where all fitting coefficients are described.
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Table 9 — Alpha values, and fitting coefficients of C vs.S, GR vs.N f-

Cvs.S GR vs. Ny.
a C11 C12 Y A
M1 2961 3.82E-04 0.643 7.95E+07 -1.506
M2 3.030 3.74E-04 0.649 2.99E+07 -1.387
M3  2.896 7.39E-04 0.592 7.61E+07 -1.503
M1-wW 2839 544E-04 0.691 3.00E+08 -1.900
M2-W 2.882 554E-04 0.678 2.33E+07 -1.576
M3-W 2817  3.61E-04 0.658 1.09E+08 -1.588

(Source: Author).

Especially comparing Wohler curves in Figure 55(b), the g4 parameter (strain at
1E+06 cycles) provide an idea of how admitted traffic would decrease if these asphalt mixtures
were to be used in a real structure. Their behavior follows the modulus reduction in which M1
has the greatest reduction of 68.7%, followed by M2 with a 54.5% reduction, and last by M3
with just 12.0% decrease. An interesting observation is that even though M2 resists higher
strains when undamaged, the reduction after conditioning goes almost as deep as a pure asphalt

mixture (Figure 56).

Figure 56 — Strain levels at 1E+06 Ny.
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(Source: Author).

As a comparison of results, Figure 56 shows a similar trend for ITSR: M1 loses 45%
of ITS, M2 loses 27%, and M3 gains 30%. For fatigue results, analyzing strain levels at Ny of
1E+06, the admitted strain decreases way more than the mixture’s ITS reduction. Still, M3
behaves almost with no variation after losing only 12% of its admitted strain-level.

At last, the FFy calculation is enough to highlight the trend discussed up to this
point. For undamaged asphalt mixtures, the ranking would still be M2 > M3 > M1. But for
moisture-damaged mixtures, the ranking would be rearranged as M3-W > M2-W > M1-W
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(Figure 57). It is highlighted that the percentage reduction is different due to the same strain

level used, a different approach that translates more directly to the expected stress levels.

Figure 57 — FFM of dry and wet mixtures.
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Another highlight from the results is the observation of a similar trend from Figure
48. M1 showed the greatest reduction in ITS, followed by M2, while M3 gained strength. In
fact, comparing Figure 56 to both Figures 48 and 49, ITS results may be a good indicative of
fatigue ranking despite of mixtures stability observed from just dry samples at 4% AV in Figure
48. When stability was mentioned for those results, they were linked to the compaction energy,
as M1 and M2 samples needed 100 gyrations, while M3 just 40. It is worth noting that M2 used
the amine-based anti-stripping liquid agent, which for the presented results have shown a

reduction in resistance.
4.5 Asphalt mixtures simulation

45.1 CAP3D-D

Despite the use of a complete structure, CAP3D-D only calculates the cracked area
at the surface layer (asphalt layer). Therefore, the results presented here do not consider crack’s
propagation from other layers. For the simulation in CAP3D-D, the following scenario was
used: fixed temperature of 30°C, project duration of 120 months, annual traffic leading to a total
N = 1E+07, 20kN of loading, and 60km/h speed.

As expected from Wohler curves, all dry mixtures would perform well after 120
months of service life. Comparing Accumulated Damage (Figure 58) at 120 months, it is
observed that M1-W presents an accumulated damage 6.5 times higher than M1, M2-W is 10.3
times higher than M2, and M3-W is 2.0 times higher than M3. Dry mixtures behave
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significantly better than wet mixtures, and the ranking in damage accumulation changes. All
dry mixtures would have an accumulated damage under 0.2. On the other side, the conditioned
mixtures present damage from 0.2 to 0.6. From FFg, it was expected that M3 behaved better

than M1, but worse than M2.

Figure 58 — Accumulated damage in CAP3D-D.
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(Soure: Author).

Now considering the cracked area (Figure 59), all dry mixtures would be accepted
under the 30% limit (DNIT, 2023). The neat mixture when conditioned (M1-W) presents 30%
of cracked area already at the first 7" month and reaches 100% at 33 months. The mixture with
the anti-stripping liquid agent when conditioned (M2-W) still preserves its integrity longer,
reaching 30% of cracked area at the 36"™ month, and 100% at 117 months. Finally, the
conditioned mixture containing HL (M3-W) does not reach 30% of the cracked area. However,
this comparison needs special attention because both 30% and 100% cracked area were
achieved in different moments for the mixtures as already presented. This is a greater indicative
of fatigue resistance than the comparison of the total cracked area at the end of 120 simulated
months. Besides, it is highlighted that M2-W seems to be the worst mixture considering
moisture resistance due to its higher damage accumulation compared to the dry M2 mixture.
That said, comparing all three mixtures in terms of cracked area, M1-W still is the worst mixture

followed by M2-W, and finally M3-W which keeps its stability as previously discussed.
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Figure 59 — Cracked Area in CAP3D-D.
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45.2 FlexPAVE™

Using the FlexPAVE™ software calibrated with the Transfer Function proposed by
Wang et al. (2021), different structures were simulated as previously described in the
methodology section. Despite the presence of the whole structure, only fatigue evolution results
of the asphalt layer are herein analyzed. For this simulation in FlexPAVE™, the following
scenario was used: fixed temperature of 30°C, project duration of 120 months, constant traffic
of 274 vehicles a day leading to an N = 1E+7, 40kN of loading and in at 60km/h speed.

Figures 60 and 61 show, respectively, the damage factors (N/N¢) after 12 and 120
months of fatigue life simulation. In Figure 60, it can be observed that the mixtures M1 (NB)
and M2 (NB+D) are already damaged in the first centimeter (center of the loading axis) from
the bottom-up of the asphalt coating layer after only 12 months, while the mixture M3 (with
HL) showed lower intensity points in the same location than the others. This result shows that
the HL seems to delay the initiation and propagation of cracks in the asphalt mixture, possibly
due to the improvement of adhesive characteristics between the aggregate and the asphalt binder.

Still in Figure 60, it is possible to see that when these same three asphalt mixtures
(M1, M2, and M3) are moisture conditioned (M1-W, M2-W, and M3-W), the M1-W mixture
showed a higher damage factor in both the lower and upper parts of the asphalt layer, followed
by the M2-W mixture which showed higher damage factor in the lower part and a beginning of
damage in the upper part. Contrary to that, M3-W only showed damage in its lower part of the
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layer. All samples presented bottom-up cracking.

This result is important because it showed that the mixture with neat binder (M1-
W) suffered considerable damage due to moisture conditioning. This is in line with what is
expected in the literature (MOURA, 2001; LUCAS JUNIOR et al., 2019; FROSSARD, 2022),
since acidic/gneiss aggregates (with high silica content) such as those used in this study tend to
have adhesion problems with pure asphalt binders. In another analysis, M2-W presented a
reduction in cracking under moisture conditions when compared to the control mixture M1-W.
However, M3-W showed the best behavior against the damage caused by moisture.

These results seem to show that the difference between the amine-based
antistripping agent and HL is that the former additive seems to improve the adhesive bond
between the aggregate and the binder, while the latter acts much more on the cohesive properties
of the mixture. Thus, when the mixture undergoes freezing (there is water expansion inside it)
and heating as in the modified Lottman test, the better adhesion caused by the addition of the
amine-based antistripping agent is not able to combat the damage caused by
expansion/contraction, while the mixture with lime acts by conferring greater cohesiveness to
the mixture, and this makes the mixture maintain greater integrity when in contact with this

type of water conditioning.

Figure 60 — Damage factor (N /Ny) at 12 months.
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After 120 months of simulation (10 years of initial project), the mixtures continue
to show the same tendency of damage that they presented at 12 months of simulation but with
more intensity. In the dry condition, damage reached the lower 4cm and the upper 3cm of the
asphalt layer for M1, while M2 and M3 showed similar behavior in relation to the damage factor
(N/Ny), still M2 with better results than M3. On the other hand, when evaluated considering
the conditioning, M1-W showed higher N/N; followed by M2-W, indicating that the amine-
based antistripping agent even after 120 months of simulation continued to show better results
than the neat binder. The mixture with HL (M3-W) showed less damage than M2-W and M1-
W. As a comparison between Figures 60 and 61, it is possible to see that the M3-W mixture had
a damage factor with the smaller variations after 120 months of simulation while the M2-W
mixture had significant difference in the damage factor after 120 months of simulation, it shows
that HL is much more effective in combating moisture damage than the amine-based

antistripping agent.

Figure 61 — Damage factor (N/Ny) at 120 months.
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Figure 62 shows the evolution of the percentage of damage of the six asphalt
mixtures analyzed up to a design time of 120 months. It is noted that in the dry samples, M2

(with amine-based antistripping agent) had the lowest %Damage (25.8%) after 120 months.
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While the pure binder mixture (M1) had %Damage of 36.7%, followed by M3 (containing
hydrated lime) with 31.8%. On the other hand, when the same mixtures were conditioned to
moisture, they presented an increase in %Damage. The pure binder mixture conditioned to
moisture (M1-W) was the most affected by water action, and the %Damage after 120 months
increased 3.4 times, while the mixture with amine-based antistripping agent (M2-W) increased
its %Damage by 3.3 times, and finally, the mixture with HL conditioned to moisture (M3-W)
increased 1.6 times its %Damage. This result, considering the limitations of the number of
mixtures analyzed and other aspects of the simulation, indicates that the cohesion provided by
lime to asphalt mixtures seems to resist the effects of moisture better than the improvement in

adhesiveness conferred by the amine-based antistripping agent.

Figure 62 — Damage of asphalt mixtures in FlexPAVE™.
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Figure 63 shows the percentage of cracked area after 120 months and 1.0E+07
simple axle cycles per dual wheel. It was noted that in the dry condition, the M2 mixture had
the lowest cracked area with 48.9%, followed by the M3 mixture with 49.7% and M1 with
49.9%. When these same materials were conditioned to moisture, in the first month of
simulation, M1-W already had 49.9% of the cracked area, M2-W presented 49.86% of the
cracked area in the fourth month, and M3-W reached 37.55% only in the 45™ month. This result
shows that HL can significantly delay the beginning and propagation of cracks when in contact
with water, and that the amine-based antistripping agent is a material to be evaluated to improve
fatigue life in dry condition. Both the pure binder mixture (M1) and the amine-based
antistripping agent mixture (M2) showed poor behavior in moisture-conditioned samples, while

the lime mixture (M3) was the least affected by moisture.



98

Figure 63 — %Cracking at 120 months and 1E+07 cycles.
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4.5.3 Comparison of analysis programs’ output data

The initial idea of using both programs was not a comparison of results, but a
comprehension of how they would interpret conditioned results in the simulation. Both analyses
are suitable to rank mixtures as they resulted in the same classification and captured the
components’ differences as well as moisture effects. CAP3D-D uses a national database and
transfer functions while FlexPAVE™ uses an international database for the calibration.

As expected, these different Transfer Functions resulted in variations of cracked
area between the two software. While CAP3D-D continues the analysis until the mixture
reaches 100% of cracked area, FlexPAVE™ has a maximum cracked area of 50%. This
difference leads to difficulties comparing results at 120 months between programs. As a direct
effect, CAP3D-D output data seems more severe than FlexPAVE™ on the analyzed scenario.
An alternative to avoid this problem would be the comparison of Accumulated Damage instead

of cracked area.

4.6 Comparison amongst moisture damage protocols and scales

As observed from the results, the used method of analysis probably needs
adaptation especially for the binders’ scale. The minimum variation in FFB of dry and wet
samples indicates that it is hard to determine moisture susceptibility of the binder. Therefore,
the used conditioning protocol probably is not enough to induce damage to binders or at least
for the binder considered herein and the LAS test. It is not possible then to clearly estimate the
effects for the whole mixture for a conditioned scenario.

For the interface, the effects of moisture become clearer than for isolated binders.
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Following the same rationale of ratio between conditioned and dry tests, it is observed that a
ranking between the binders due to moisture does exist. Therefore, from this scale, results start
indicating an expected behavior for material selection due to moisture susceptibility and a
possible ranking between binders for the same mineral substrate.

Finally, for the asphalt mixture scale, the inferred materials’ classification from the
interface is observed among different testing methods (e.g., ITSR, |E*|, and Tension-
Compression Fatigue). However, if only ITS are observed, wrong conclusions are made as the
highest ITS value led to the minimum expected service-life for fatigue. For this reason, the
need of adopting modern tests such as Tension-Compression Fatigue to determine mixtures
minimum behavior is reinforced. Besides, the moisture conditioning protocol from AASHTO
T 283 (2022) is the most successful to induce damage to samples as demonstrated in Figure 49
for ITSR, Figure 51 for |E*|, Figure 55 for &, and Figure 56 FFm. However, using these two
last parameters ratio, an estimation of decrease in fatigue life becomes clearer as well as
materials ranking which is then proved with simulated data in Figures 57-62 for both CAP3D-
D and FlexPAVE™,
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5 CONCLUSIONS

This thesis presented an analysis of moisture-induced damage in different scales of
asphaltic materials considering isolated binders, aggregate-binder interfaces, and complete
mixtures. This was done using an acid aggregate (considered prone to adhesiveness problems),
neat binder, and the same binder with a commercial amine-based anti-stripping agent, as well
as hydrated lime. The primary goal was to evaluate the fatigue cracking properties of asphaltic

materials under the effects of moisture.

5.1 Main Observations

5.1.1 Moisture induced damage amongst scales and protocols

e LAS does not seem to capture moisture effects clearly.

e The conditioning protocols used seemed suitable to determine moisture-induced damage for
the materials and scales analyzed and similar results were observed for ranking purposes with
clear responses starting from the interface scale.

e To understand the effects of moisture, the conditioning protocol choice is as important as the
testing protocol itself. When using a given conditioning protocol, the selected test might capture
the effects of moisture while other testing protocol might not be able.

e For materials’ selection, ABS testing seems suitable to indicate a good combination of
aggregate-binder for rupture purposes in the necessary temperature.

e ITSR results compared to conditioned fatigue generate the same rankings between mixtures;
e Moisture conditioning reduces significantly the expected fatigue life of the asphalt mixtures

and the consideration of only dry tests might overestimate the actual service-life of pavements.

5.1.2 Asphalt binders

From the asphalt binders’ perspective, the used protocol most likely did not really
induce damage to the asphalts, or at least the observed variation could be discarded, especially
for fatigue properties. Considering |G*|, the difference was the same for neat binder and binder
with anti-stripping liquid agent, meaning that rheological characterization probably captures
some anti-stripping effect of stiffness reduction but not enough to determine variations in

behavior due to moisture. Therefore, their properties act strictly at the aggregate-binder
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interface. Some of the hypotheses for these findings are related to the conditioning protocol
used, as if this temperature and period is not enough to really induce any kind of damage. As
for LAS results, it seems that capturing the effects of moisture on binders’ fatigue is a more

complex task than for asphalt mixtures.

5.1.3 Aggregate-binder interface

At the aggregate-binder interface, a more significant modification in behavior was
observed for the same conditioning method used for asphalt binders. Considering all pulling-
off rates and temperatures, the most significant variable to alter adhesion-force was temperature,
as the greater variation in maximum stress was observed for this variable. No clear trend is
observed for raw data. When organized in a single curve, a trend in failure is observed as well
as the need of one more temperature.

Therefore, the failure envelope was determined as the initial aim of the binder-
aggregate interface testing. But, due to the lack of displacement measurements to calculate the
strains, this curve is not related to stiffness as initially thought, but probably to failure ranking
such as FFB and FFM or as an initial testing protocol to determine a range of variation in each
binder-aggregate combination.

As a result of aggregate-binder interactions, it is reinforced that these tests must be
conducted at both aggregate surfaces. Whether they are at an adaptation of Pull-Off Stubs or
DSR spindles. Using such adaptations, both tensile and torsional stresses are determined with

information from surface interactions.

5.1.4 Asphalt mixtures

For asphalt mixtures, the used damaging protocol resulted in the most successful
campaign. There is a clear trend in ITS, ITSR, |[E*| and fatigue resistance for all mixtures as
well as the conditioned samples.

The behavior of anti-stripping liquid agent reduces asphalt mixtures ITS values, and
|[E*|, but increases the admitted strain at fatigue. On the other hand, Hydrated Lime leads to a
gain in resistance due to water interactions reducing its environmental susceptibility and
increasing its stiffness. Nevertheless, it is necessary to determine whether this behavior is good
or not for other distresses as well as the influence of aging coupled to moisture effects.

The 2S2P1D calibration parameters did not diverge significantly after conditioning.
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Even considering isolated dry or wet results, most constants could be kept almost the same. The
major variations were in the WLF constants as well as E, and E.. While the WLF constants
are related to temperature susceptibility, the last two parameters are linked to the aggregates
and aggregate-binder interactions, thus they are expected to vary with the anti-stripping agent
or conditioning method used.

Another finding considering the reduction in fatigue life (i.e. strain at Nf of 1E+6)
is related to the evolution of damage in a real structure from simulation data. Both analysis

programs used, FlexPAVE™

and CAP3D-D, showed similar results for mixtures performances.

Although field data involves traffic, temperature, aging, construction mistakes and
other variability sources, the use of standard characterization can induce overestimation of
material’s fatigue-life. Consequently, the use of conditioned data leads to a minimum expected

fatigue life, and these data could be used for a weighted calibration of analysis software.

5.2 Suggestions for future works

Considering the findings of the research presented, following are suggestions for
further works:
e Evaluate the effects of moisture damage in rutting tests such as the Stress Sweep Rutting as
rutting is associated with great loading and high temperature. These are the combinations
expected to have the worst behavior due to moisture damage, according to the observed results.
Rutting tests also make use of models that describe the damage evolution, and further studies
could indicate which model parameters are affected the most by moisture.
e Determine whether rheological models such as 2S2P1D are adjustable to the ABS test data
in multiple temperature and pull-off rate despite the non-linearity of the test.
e Evaluate only HL modified asphalt mixtures, considering some aging protocol and moisture
damage coupled to fatigue damage. This might be an important observation due to stiffness
increase with aging that might reduce VEL properties of asphalt mixtures with HL. For this
analysis, the reactions between the fine particles of aggregates and HL must be investigated
supported by data from X-Ray Fluorescence (X-RF) characterizing HL and aggregates
composition.
e Evaluate mixtures using both liquid anti-stripping and HL to observe if this impacts mixtures’

results as both additives work on aggregate-binder chemical adhesion.
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o C(reate a database containing RRT and Conditioned Fatigue results with different: aggregates,
binders, and additives. With this data a minimum criterion of RRT could be determined for
fatigue life results.

e Propose a testing protocol that results in a minimum expected fatigue life, considering the
moisture damage possibility as part of the cumulative damage calculations. This proposition
could work as the Balanced Mixture design which considers volumetric parameters, but this
time it would consider levels of reliability in expected fatigue life.

e Verify the possibility of using accelerometers, moisture, and temperature sensors on
pavements to evaluate more accurate conditions of testing as well as obtaining instant field data
to calibrate performance models that considers temperature, stress, and moisture at the surface
layer.

e Analyze the opportunity of training Machine Learning models to estimate valid ranges of
|[E*| and fatigue life Nf’s considering the moisture-damaged result as the lowest possible

probability inside the confidence interval.
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