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ABSTRACT

The use of reinforcing fibers in asphalt concrete (AC) has been documented in many
studies. Published studies generally demonstrate positive benefits from using mechanically
fiber reinforced asphalt concrete (M-FRAC); however, improvements generally vary with
respect to the particular study. The widespread acceptance of fibers use in the asphalt
industry is hindered by these inconsistencies. This study seeks to fulfill a critical
knowledge gap by advancing knowledge of M-FRAC in order to better understand,
interpret, and predict the behavior of these materials. The specific objectives of this
dissertation are to; (a) evaluate the state of aramid fiber in AC and examine their impacts
on the mechanical performance of asphalt mixtures; (b) evaluate the interaction of the
reinforcement efficiency of fibers with compositions of asphalt mixtures; (c) evaluate
tensile and fracture properties of M-FRAC; (d) evaluate the interfacial shear bond strength
and critical fiber length in M-FRAC; and (e) propose micromechanical models for
prediction of the tensile strength of M-FRAC. The research approach to achieve these
objectives included experimental measurements and theoretical considerations.
Throughout the study, the mechanical response of specimens with and without fibers are
scrutinized using standard test methods including flow number (AASHTO T 378) and
uniaxial fatigue (AASHTO TP 107), and non-standard test methods for fiber extraction,
direct tension, semi-circular bending, and single fiber pull-out tests. Then, the fiber
reinforcement mechanism is further examined by using the basic theories of viscoelasticity
as well as micromechanical models.

The findings of this study suggest that fibers do serve as a reinforcement element
in AC; however, their reinforcing effectiveness depends on the state of fibers in the mix,



temperature/ loading rate, properties of fiber (i.e. dosage, length), properties of mix type
(gradation and binder content), and mechanical test type to characterize M-FRAC. The
outcome of every single aforementioned elements identifies key reasons attributed to the
fiber reinforcement efficiency in AC, which provides insights to justify the discrepancies
in the literature and further recommends solutions to overcome the knowledge gaps. This
improved insight will translate into the better deployment of existing fiber-based
technologies; the development of new, and more effective fiber-based technologies in

asphalt mixtures.
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CHAPTER 1

INTRODUCTION

1.1 Background

Roadway pavements are an essential constituent of the transportation infrastructure.
Pavements built with asphalt concrete makeup roughly 90% of the paved roads in the U.S.
and over 99% of paved roads globally (USDOT 2010). Asphalt concrete is the popular
paving material thanks to its lower initial cost compared with other alternatives,
availability, ease of constructability, and ability to be used at both low volume and high-
volume traffic conditions with equal success. Still, these roadways are under ever growing
demands to carry heavier traffic loads. With weathering and continued usage, asphalt
pavements endure deterioration and need several maintenance activities during their
designed service life. Production of better-performing asphalts may not always be feasible
through refining and processing improvements. Hence, modification of the asphalt
concrete by incorporating new additives either in the bitumen or in the asphalt mixture is
one of the common strategies to enhance the service lifetime of asphalt pavements. To this
end, there are different types of modifiers, including various resins, rubbers, polymers,
sulfur, metal complexes, fibers and chemical agents (Park 2012).

Fibers have been used as reinforcement for asphalt materials for many years in
various parts of the world. Fiber Reinforced Composites have been used in engineering
applications where a conventional material cannot fulfill the particular set of engineering
properties that are needed (Bentur et al. 2006). This research study particularly refers to
fiber reinforcement by means of randomly distributed short or chopped fibers. If properly
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used, the overall cost for incorporating fiber reinforcement is generally low since relatively
small quantities are needed to realize major benefits and no modifications or only small
modifications are needed in the existing production processes (Park 2012). In general,
Fibers are into asphalt for one of three reasons: (1) to prevent draindown or raveling of
porous asphalt (PA) and stone matrix asphalt (SMA) (McDaniel 2015), (2) to improve
resistance to mechanical performance, i.e. cracking and rutting resistance (Abtahi et al.
2010, Slebi-Acevedo, Lastra-Gonzalez, et al. 2019), and (3) to enable multifunctional
applications (Park 2012). The potential use of fiber as a reinforcement material in asphalt

concrete (AC) has been documented in many studies.

1.2 Problem Statement

While published studies generally demonstrate positive benefits from using FRAC,
it is not always the case, and when improvements are found they vary with respect to the
types of fibers, properties of fiber (length, dosage, state), mix type and the mechanical
experiment. In some cases, no statistically significant improvement has been identified
from using fibers into asphalt mixtures. Due to this inconsistency, the widespread
acceptance of fibers use in asphalt industry is plagued. The current state of knowledge with
respect to fiber-reinforcement in AC materials has been mainly driven by experimental
basis, with little fundamental investigation.

It is commonly accepted that the primary effect of fibers is that they improve the
cracking resistance of composite materials by simply additional bridging mechanism
across cracks which exist in different characteristic sizes and natures. The main mechanism
that dictate their effectiveness is attributed to the effectiveness of the load transfer across
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the interface between fiber and asphalt matrix. This study identifies key reasons attributed

to the reinforcement mechanism of fibers and further proposes solutions to justify and/or

possibly overcome the discrepancies in the literature. The governing factors that has

significant impact on the reinforcement efficiency of fibers in asphalt mixtures are briefly

explained as follows:

The effect of fiber state as the basic, fundamental mechanisms that govern the
mechanical response of FRAC is an undeniable issue. Stated differently, the
reinforcement efficiency of fibers in composite are strongly dependent on the
fiber state, inclusive of how the fibers are dispersed (dispersion), where the fibers
are located (distribution), how they are arranged (orientation) and surface
morphology (Noorvand et al. 2018). Although these effects have been recognized
in previous studies, little to no systematic study has been done to attempt to
quantify and correlate the effect of fiber state to the mechanical properties and
performance improvements.

The reinforcement efficiency of fibers is linked to the gradation, binder content,
binder types and other volumetric properties of asphalt mixtures. There is no
systemic study to relate the efficiency of fiber reinforcement to the composition
of asphalt concrete.

Asphalt concrete is a viscoelastic material that shows time and temperature
dependency and, except at low temperatures, viscoplastic non-recoverable strain.
This means that the reinforcing effect of fibers on the tensile strength, toughening
and fracture energy properties of asphalt might vary at different time (frequency,

loading rate) and temperatures as well as fiber properties and mix types. There is
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no study considering the synergic effect of mechanical testing type, mix design
type, time-temperature dependency of asphalt, and dosage and length of fibers to
study the tensile and fracture properties of M-FRAC.

Interface between fibers and matrix including the shear bond characteristics as
well as efficiency of load transfer govern the failure mechanism of fibers in the
asphalt. Because of the viscoelastic nature of FRAC, the shear bond strength
between the fibers and the asphalt matrix are affected by temperature and loading
rate. So, there is a need to develop a relationship between the shear bond strength
and the stiffness of asphalt binder, mastic or concrete in the mix. This can provide
fundamental understanding on the mechanisms of shear bond strength with
reference to how easily the fibers pull out from the asphalt mastic and how easily
the fibers break. Moreover, since shear bond strength is a parameter used to
determine the critical fiber embedded length, an established shear bond-asphalt
modulus relationship allows one to propose a practical fiber critical length in the
asphalt concrete.

A full factorial experiment to study all above parameters, while needed, are time-
consuming and costly. Alternatively, mathematical models can be used to
similarly examine the relationships between the mentioned parameters to predict
the mechanical properties of fiber reinforced composites. Despite its popularity
in any fiber reinforced composites field which shed light to further understanding
fibers reinforcement, its use in FRAC is surprisingly non-existent to the best

knowledge of this author.



1.3 Objective

The objective of this study is to develop a framework and a generalized theory for
evaluating the fundamental mechanism of fiber reinforced asphalt concrete using
experimental and theoretical methods. The specific objectives of this research are as
follows.

e To quantify the state of aramid fiber including their distribution, dispersion,
morphology, and orientation in the asphalt mix, and then to examine the impacts of
fiber state on laboratory modulus, rutting, and fatigue performance of asphalt
mixtures.

e To evaluate the mechanical properties of various asphalt mix designs reinforced
with and without aramid fibers; then identify and quantify the key factors in the
composition of asphalt mixtures attributed to the reinforcement mechanism of
fibers.

e To evaluate the synergic effect of temperature and loading rate, mix types, fiber
dosage, and fiber length on the cracking resistance of asphalt concrete with and
without fibers using different tensile tests.

e To develop an analytical framework to determine and correlate the empirical shear
bond strength from pull out test to the modulus of asphalt mastic and asphalt
concrete in the mix; and then recommend a practical fiber length as a function of
temperature for use in asphalt concrete.

e To present a variety of micromechanical techniques that could be potentially
instructive in predicting the tensile strength of mechanically-fiber reinforced

asphalt concrete.



1.4 Dissertation Outline
This dissertation consists of six chapters.
Chapter 1: Introduction
This section provides an overall introduction and background of this study, the

needs for this research as well as the research objectives.

Chapter 2: Literature Review

This chapter provided a review of topics related to fiber reinforced asphalt concrete
(FRAC) technology, critical assessment of experimental work on the mechanical behavior
of FRAC, reinforcement mechanism of fibers in the composites as well as asphalt, and an
overview of existing micromechanical models used for prediction of fiber reinforced

composites.

Chapter 3: Effect of Fiber State on Mechanical Performance of Fiber Reinforced Asphalt
Concrete

This chapter investigates and quantifies the state of fibers (distribution, dispersion,
morphology, and orientation) in the asphalt mix using different test methods. Then, it
studies how the state of fibers would influence the mechanical properties of asphalt

mixtures with respect to their laboratory modulus, rutting, and fatigue performance.



Chapter 4: Evaluating Interaction of Fiber Reinforcement Mechanism with Mesostructure
of Asphalt Concrete

This chapter first develops an optimal laboratory mixing process of fibers in an
effort to improve the dispersion of fibers in asphalt mix. Then, it evaluates the mechanical
properties of various asphalt mix designs reinforced with and without aramid fibers.
Finally, it identifies and quantifies the key factors in the composition of asphalt mixtures

attributed to the reinforcement mechanism of fibers.

Chapter 5: Mechanism of Mechanically-Fiber Reinforced Asphalt Concrete in Tension
This chapter evaluates the effect of temperature and loading rate on the tensile

property of M-FRAC using a time-temperature superposition principle. Then, it studies

mechanical behavior of M-FRAC with respect to different mix design types, fiber dosage,

and fiber length using uniaxial fatigue, direct tension, and semi-circular bending tests.

Chapter 6: Evaluation of Interfacial Shear Bond Strength and Critical Fiber Length in
Fiber Reinforced Asphalt Concrete

This chapter describes the analysis of shear bond strength using the experimental
pull-out test at different displacement rates. Then, it establishes a relationship between
shear bond strength and apparent modules of asphalt mastic using elastic-viscoelastic
correspondence principle. Finally, it uses the relationship in combination with mechanical

tensile testing from Chapter 5 to determine a temperature dependent critical fiber length.



Chapter 7: Development of Micromechanical Model for Predicting the Tensile Strength of
Fiber Reinforced Asphalt Concrete

This chapter presents several well-established micromechanical models to predict
the mechanical behavior of composites. These models are then modified with some
efficiency factors which are based on both theoretical calculation and experimental
parameter obtained from Chapters 3 and 4 of this study. The accuracy of predicted tensile
strength from the models are compared with the experimental measurements obtained from

Chapter 5 and another experimental study in the literature.

Chapter 8: Summary, Conclusions and Future Work

This chapter Provides summary of the findings and conclusions from this research

and the needs for future work.

A summary of the proposed research plan is shown in Figure 1-1.
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CHAPTER 2

LITERATURE REVIEW

2.1 Fiber Reinforced Composites

Fiber reinforced composites have been used in engineering applications where a
pure material cannot fulfill the certain number of properties that are needed. Composites
by definition refers to inclusion of one or more discontinuous phases (known as
reinforcement) in a continuous phase which is a weaker material (known as matrix) (Clyne
and Hull 2019). In any composite material, fibers are added to enhance the properties and
behavior of the material. Four major types of matrices have been commonly used including
polymers, metals, ceramic and carbon. Most of the composites used in the industry today
are based on polymer matrices (Bentur and Mindess 2006, Gibson 2011).

Composites are classified by the shape or continuity of the reinforcement as shown
in Figure 2-1, in which they are described as continuous or discontinuous relative to their
continuity and as particulate or fiber relative to the shape of the reinforcement. The
reinforcement is introduced in the form of long (continuous) or short (discontinuous) fibers,
disks or plates, spheres, or ellipsoids. This research study particularly refers to fiber

reinforcement by means of randomly distributed short fibers (Mobasher 2011).

Dispersion Particle Short fiber Continuous fiber and
strengthened reinforced reinforced | textile reinforced

Nonlinear fracture Nonlinear fracture
mechanics mechanics

Conventional fracture
mechanics

Figure 2-1. Composites Classified by Reinforcement Shape (Mobasher 2011).
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2.2 Fiber Technology

Fibers are available in a variety of sizes, shapes, and materials. Fibers can be either
natural or synthetic. Fibers have a very high strength-to-diameter ratio, with near crystal-
sized diameters. In general, materials have several types of internal defects at the atomic
scale, such as point defects, missing atoms and line defects, as shown in Figure 2-2.
Fracture usually starts at the location of these defects. Since fibers have very small
diameters, with near crystal-size, they have very few atomic defects. These minimal
atomic defects make fibers very strong as compared to bulk materials. For example, a glass
plate fractures at stresses of 10-20 kPa, yet glass fibers have strengths of 3-5 GPa or more

(more than 300 times stronger) (Mamlouk and Zaniewski 2006).

NN Y Y Do ===
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impurity atom

Substitutional
impurity atom

Vacancy

Line defect

(a) Point Defects (b) Line Defect

Figure 2-2. Internal Atomic Defects in Bulk Materials (Mamlouk and Zaniewski
2006).

Fibers are physically characterized by several important terms, definitions,
parameters, and features, which are essentially dependent on fiber geometry rather than
fiber type (i.e., metallic, polymeric, etc.). Some of these important relevant definitions are

briefly mentioned as follows (Lofgren 2005, Mobasher 2011).
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e aspect ratio: the ratio of length to diameter;

e Filament: a single and long continuous fiber with a largely circular shape

e Yarns (or filament yarns): bundle of fibers consisting of several hundreds or
thousands of filaments of microfibers;

e Denier: a unit of fiber fineness defined by the weight in grams of 9000 m of yarn.
For example, 1 denier equals to 1 g/9000 m.

e Chopped strand: fibers chopped to different lengths;

o Fibrillated: the continuous networks of fiber, in which the individual fibers have
branching fibrils

e Monofilament: a large-diameter continuous fiber, typically with a diameter larger

than 100 pum;

Multifilament, a yarn consisting of many continuous filaments or strands.

2.3 Fiber Reinforced Asphalt Concrete

Fibers have been used as reinforcement for asphalt materials for many years in
various parts of the world. The use of short random fibers into asphalt concrete is practical
in a sense that it does not require much further effort in installation of asphaltic pavement,
and additionally fiber reinforcement can be used in combination with other chemical
modifiers for further efficiency in mechanical performance of asphalt concrete as needed
(Park 2012). In general, Fibers are into asphalt for one of three reasons: (1) to prevent
draindown or raveling of porous asphalt (PA) and stone matrix asphalt (SMA) (McDaniel
2015), (2) to improve resistance to mechanical performance, i.e. cracking and rutting

resistance (Abtahi et al. 2010, Slebi-Acevedo, Lastra-Gonzalez, et al. 2019), and (3) to
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enable multifunctional applications (Park 2012). More than half of state agencies in the
United States use fibers in AC mixtures, mostly for the purpose of stabilizing agents in PA
and SMA (McDaniel 2015). The first documented evidence of fiber reinforcement in
asphalt concrete (AC) occurred in the early 1950s as a strategy to prevent reflective
cracking in an asphalt concrete overlay (Zube 1956). Later in 1980’s, several field studies
tried to the use fibers to improve mechanical performance of asphalt concrete pavement
(Toney 1987, Maurer and Malasheskie 1989, Huang and White 1996, Serfass and Samanos
1996). These experimentally filed applications indicated some improvement in the rutting
and fatigue resistances of asphalt concrete using fibers; however, the benefits of fiber
reinforced asphalt concrete (FRAC) was not adequate according to these studies to
overcome its initial construction costs (Maurer and Malasheskie 1989). Nevertheless, the
use of fibers for the purpose of mechanical reinforcement in asphalt concrete pavements,
particularly dense-graded mixtures, has received more attention recently with advancing
knowledge of fiber reinforcement technology in the pavement industry (Park 2012). The
potential use of fiber as a reinforcement material in asphalt concrete (AC) has been in fact

documented in many studies.

2.4 Types of Reinforcing Fibers Used in Asphalt Mixtures

A wide variety of fiber types has been used in asphalt mixtures, including natural
fibers (cellulose, lignin, date-palm, oil-palm), mineral (asbestos, rock wool), synthetic
polymer (polyester, polypropylene, polyacrylonitrile, Aramid), and glass fibers. Recycled
fiber materials such as newsprint, carpet fibers, and recycled tire fibers have also been used.
These different types of fibers have benefits and disadvantages that make them better suited
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for some applications than others. McDaniel also documents the use of synthetic polymeric
fibers (i.e. polypropylene, aramid, polyester, polyacrylonitrile, nylon), glass fibers, and
waste or recycled fibers (i.e. recycled carpet) for the purposes of providing mechanical
reinforcement and improving rutting and cracking in asphalt concrete (McDaniel 2015).

Cellulose and lignite natural fibers are used in the production of paper and textiles.
These fibers are not strong in tension, but it is absorbent and holds asphalt, therefore it is
well-suited to reducing draindown in open-graded mixes but not for reinforcing dense-
graded concrete. Metallic fibers (steel and carbon fibers) have been used, not only as
reinforcing materials but also, to develop electrically and thermally conductive asphalt
concrete materials. The conductive asphalt concrete can be used for asphalt-self healing
purpose and multiple other applications such as snow melting/deicing thereon, sensing and
actuation, electromagnetic interference (EMI) shielding, and energy harvesting/storage
(Park 2012, Pan et al. 2015).

Synthetic polymeric fibers (i.e., polypropylene, polyester, aramid, and nylon), glass
fibers, and recycled fibers are also used for the purposes of providing mechanical
reinforcement and improving rutting and cracking in AC, referred to generically as
mechanically fiber reinforced asphalt concrete (M-FRAC) (McDaniel 2015). Previous
studies investigated the potential benefits of different synthetic fibers using a variety of AC
mixtures, and laboratory tests such as indirect tensile tests, pull out tests, repeated load
permanent deformation tests, triaxial shear strength tests, and uniaxial fatigue tests (Huang
and White 1996, Lee et al. 2005, Tapkin 2008, Kaloush et al. 2010). Basic physical

properties of the listed fibers are summarized in Table 2-1.
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Slebi-Acevedo et al. (2019) used multi-criteria decision-making analysis methods
to select the best fiber candidates for the purpose of mechanical reinforcement in asphalt
Concrete. Their study indicated that the synthetic fibers with high tensile strength and
elastic modulus were the most suitable option for the reinforcement of asphalt concrete
mixtures. One of the ideal candidates is synthetic aramid fibers due to their very high tensile
strength ad modulus, which is also used in this study. Therefore, its characteristics are

explained further in following section.

Table 2-1. Physical Properties of Some Fibers (Léfgren 2005).

Diameter Specific Tensile Elastic Ultimate
gravity strength modulus elongation

Type of Fibre [um] [g/cm3] [MPa] [GPa] [%]
Metallic
Steel 5-1 000 7.85 200-2 600 195-210 0.5-5
Glass
E ¢glass 8-15 2.54 2 000-4 000 72 3.0-4.8
AR glass 8-20 2.70 1 500-3 700 80 2.5-3.6
Synthetic
Acrylic (PAN) 5-17 1.18 200-1 000 14.6-19.6 7.5-50.0
Aramid (e.g. Kevlar) 10-12 1.4-1.5 2 000-3 500 62-130 2.0-4.6
Carbon (low modulus) 7-18 1.6-1.7 800-1 100 38-43 2.1-2-5
Carbon (high modulus) 7-18 1.7-1.9 1 500-4 000 200-800 1.3-1.8
Nylon (polyamide) 20-25 1.16 965 5.17 20.0
Polyester (e.g. PET) 10-8 1.34-1.39  280-1 200 10-18 10-50
Polyethylene (PE) 25-1 000 0.96 80-600 5.0 12-100
Polyethylene (HPPE) - 0.97 4 100-3 000 80-150 2.9-4.1
Polypropylene (PP) 10-200 0.90-0.91 310-760 3.5-4.9 6-15.0
Polyvinyl acetate 3-8 1.2-2.5 800-3 600 20-80 4-12
(PVA)
Natural - organic
Cellulose (wood) 15-125 1.50 300-2 000 10-50 20
Coconut 100-400 1.12-1.15 120-200 19-25 10-25
Bamboo 50-400 1.50 350-50 33-40 -
Jute 100-200 1.02-1.04 250-350 25-32 1.5-1.9
Natural - inorganic
Asbestos 0.02-25 2.55 200-1 800 164 2-3
Wollastonite 25-40 2.87-3.09 2700-4 100  303-530 -
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2.4.1 Characteristics of Aramid Fiber

Aramid is primarily classified into two classes: meta-aramid and para-aramid and
their production are known under trademark names Nomex and Kevlar, respectively.
Kevlar (Para-aramid) is further discussed as this is class type used in this study. Kevlar®
Para-Aramid is an aromatic polyamide characterized by long rigid crystalline polymer
chains. “Para” refers to the specific linkage position of the aromatic rings (Yang 1993).
Para-aramid fibers have relatively tensile strength and modulus while low elongation at
break. It also has a high strength to weight ratio which is five times as strong as steel, ten
times as strong as aluminum and up to three times as strong as E-glass. Aramid fibers,
which is golden brown in color, are resistant to chemicals and heat; they are hard to melt
and can retain their mechanical properties at temperatures of up to 300-350°C (Mera, H. &
Takata 1989, World Health Organization 1993, Yang 1993). Para-Aramid fibers are used
predominantly in advanced composite materials to enhance stiffness, strength, stiffness,
durability, and heat resistance. Since these improvements are achieved by fibers without
adding much weight, it is used commonly in the aerospace industry, sports equipment, and
for military purposes (World Health Organization 1993). Other common applications as
the reinforcing materials in ceramic composites (i.e. portland cement concrete),

thermoplastics, tires and mechanical rubber goods (Mobasher 2011).

2.5 Laboratory Study of Mechanically Fiber Reinforced Asphalt Concrete

There are the plenty of available literature based on using different types of fibers
for reinforcing asphalt concrete properties; however, many of these studies are basically
repetitions of what has been found in previous studies with very little insight to further help
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understand the reinforcement mechanism of fibers. To provide a meaningful review on the
current state of knowledge with respect to fiber-reinforcement in AC materials, the
literature work on laboratory studies of M-FRAC is discussed in two different sections.
The first section reviews the general laboratory findings on mechanical performance of M-
FRAC using various types of fibers, and section two specifically focuses on the mechanical

test results associated with the use of synthetic fibers in asphalt mixtures.

2.5.1 Machinal Performance of Asphalt Concrete with Fibers

Previous studies have shown that addition of fiber in dense graded and open graded
asphalt concrete mixtures could change the viscoelasticity of the mixture (Huang and
White 1996), and improve different properties of asphalt mixtures including increasing
dynamic modulus (Shaopeng et al. 2007), relaxation ability and rutting resistance (Peltonen
1991, McDaniel and Shah 2003, Mahrez et al. 2005, Behbahani et al. 2009), resistance to
the low-temperature anti-cracking properties, fatigue cracking and reflective cracking
(Maurer and Malasheskie 1989, Tapkin 2008, Wu et al. 2008, Ye et al. 2009, Qian et al.
2014, Park et al. 2015), and tensile strength and therefore improve moisture susceptibility
(Serfass and Samanos 1996, Putman and Amirkhanian 2004).

Jahromi and Khodaii (2008) used Marshall Stability, creep, indirect tension, and
repeated load indirect tensile tests to examine the characteristics of carbon fiber-reinforced
asphalt mixtures. Improvement in the fatigue life and permanent deformation of the asphalt
mixtures was observed with presence of carbon fibers. Park et al. (2015) used pull out and
indirect tension tests performed at -20 °C to investigate the reinforcement mechanism of
steel fibers in the asphalt mixtures in comparison with non-reinforced specimens. The

17



results suggested improvement of the indirect tensile strength, fracture energy and
toughness up to 62.5%, 370% and 895%, respectively.

Mahrez et al. (2005) examined the creep and rutting resistance of glass fiber-reinforced
asphalt mixtures using wheel tracking test and observed higher resilient modulus, and
higher resistance to permanent strain and rutting for asphalt mixtures with glass fibers.
Mohammed et al. (2020) studied fatigue cracking resistance, moisture damage resistance
and fracture toughness of asphalt mixture modified with different contents of glass,
cellulose, and steel based on different tests. The test results showed that fibers had a
siginfcant impact on the fracture toughness and stiffness modulus of asphalt mixtures at
20°C test temperature. However, the tensile strength or the moisture damage resistance of
asphalt mixtures did not change with presence of fibers.

Lee et al. (2005) performed indirect tension strength test to study the fatigue cracking
resistance of asphalt concrete reinforced with nylon fibers using fracture energy. The
results showed 85% higher fracture energy for asphalt mixtures fabricated with fibers of
1% volume and the length of 12 mm compared with non-reinforced asphalt mixtures,
indicating increased resistance to fatigue cracking. Both Tapkin (2008) and Huang and
White (1996) found asphalt mixtures reinforced with polypropylene fibers improved
fatigue life and increased resistance to rutting. Tapkin (2008) reported enhanced resistance
to rutting and reduced reflection cracking in asphalt mixture modified with polypropylenes.

Shaopeng et al. (2007) investigated the effect of polyester, cellulose, and mineral fibers
at dosages of 0.3 %, 0.3 %, and 0.4 %, respectively on dynamic properties of asphalt
mixtures and found higher dynamic modulus for fiber-modified asphalt mixtures compared
with the control mixture. It is worth mentioning that such high content of fiber use in
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asphalt mixture requires modification in the mix design by increasing binder content, which
might limit their use as reinforcing agent. In a different study by Serfass and Samanos
(1996), they utilized asbestos, rock wool, glass wool and cellulose in asphalt mixtures and
examined the low-temperature direct tension, resilient modulus, rutting resistance and
fatigue resistance of the mixtures. They reported improvement in the fatigue life and rutting
resistance and reduction in the temperature susceptibility of asphalt mixtures modified with
the fibers.

Xu et al. (2010) examined the effect of polyester, polyacrylonitrile, lignin, and asbestos
on rutting, flexural strength and strain, tensile strength, fatigue, and resistance to freeze-
thaw cycles of asphalt mixtures. It was observed that resistance to rutting, toughness,
flexural strength and ultimate strain, fatigue life of asphalt mixtures improved with
incorporation of all four types of fibers. While the improvement in rutting resistance,
fatigue life and split indirect tensile strength was greatest for polymer fibers (polyester,
polyacrylonitrile) compared with asbestos and lignin, the flexural strength of asphalt
mixtures reinforced with asbestos and lignin fibers was higher. Nevertheless, the freeze-

thaw study did not show any improvement for asphalt mixtures modified with fiber.

2.5.2 Machinal Performance of Asphalt Concrete with Synthetic Fibers

The literature in general reports benefit of synthetic fibers in improving the
mechanical performance of asphalt concrete mixtures. However, this has not be always the
case. There are studies that did not find any notable benefit from using fibers in asphalt
mixtures which are discussed as follows. Note that since aramid fibers has gained
popularity in recent years including this work, the following review is mainly focused on
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reporting the studies related to mechanical performance of synthetic aramid FRAC, while
the conclusion of following studies can be applicable to any types of synthetic fibers.

Kaloush et al. (2010) investigated the fracture properties of asphalt mixture reinforced
with synthetic polypropylene and aramid fibers at -10 °C, 0 °C, and 10 °C using IDT test.
They reported improvement in the tensile strength and fracture energy of fiber-reinforced
mix in the range of 25-50 % and 50-75 %, respectively compared with their no fiber mix
(Kaloush et al. 2010). On the contrary, using similar fiber blend type, length and content
to Kaloush’s study, Muftah et al. (2017) showed no significant improvement to the tensile
strength of dense-graded asphalt mixtures with and without fibers using IDT test at -10 °C.
However, they used Semi Circular Bending (SCB) test to examine the fracture properties
of their asphalt mixtures by incorporating higher dosage level of aramid fibers at 5°C, 20
°C, and 37 °C. Their results showed that while fibers did not have improve the performance
of the mix before the peak load where the crack initiates, fibers were found to reduce crack
propagation significantly during the post peak region. The improvement seemed became
more siginfcant along with increasing testing temperature.

Klinsky et al. (2018) examined the effect of 19 mm and 0.05% aramid-polypropylene
fiber blend on the fracture resistance of a conventional dense-graded hot mix asphalt at
21°C using the semicircular bending (SCB) test. They found 20% and 30% increase in the
tensile strength and fracture energy of the fiber-reinforced mixture, respectively relative to
no fiber mixtures. In contrast, Apostolidis et al. (2019) studied the tensile strength of
asphalt mortars reinforced with same fiber blend and the same length and content using a
direct tension (DT) test set-up at 20°C. Their results did not show any difference in the
tensile strength of fiber and no fiber specimens. Whether this inconsistency in the test
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results is due to the different mix types (asphalt concrete vs asphalt mortar) or test type
(SCB vs DT) need to be addressed. Moreover, they showed increasing fiber dosage
increased the tensile strength at -5, 5, and 20°C, while increasing the length of fibers did
not further increase the strength values.

Additionally, some studies report improvement, however, their results appear to be
either statistically insignificant. For example, Jaskuta et al. (2017) evaluated the low
temperature cracking susceptibility of aramid-polyolefin fiber reinforced asphalt concrete
at -20°C. They reported fibers improved the low temperature pavement performance;
however, a closer look at their results revealed that it is very likely that their test results
between fiber and no fiber specimens were statistically insignificant. Qian et al. (2014)
compared aramid fibers with polyester fiber using multiple-fiber pullout test and found that
aramid fibers require much longer embedment length to fully activate its bond with asphalt
than the polyester fiber does. However, without a mechanical test result, their conclusion
must be taken with great caution. Slebi-Acevedo et al. (2020) studied the tensile properties
of porous asphalt mixtures reinforced with 0.05% of 19 mm aramid-polyolefin fiber blend
and 12mm and 4 mm homopolymer polyacrylonitrile fibers using IDT test at room
temperature. Although they concluded that fibers improved the toughness of asphalt
mixtures, their results appear to be insignificant regardless of the fiber type and length. In
a recent study by (Motamedi et al. 2020), the fracture toughness of asphalt concrete
reinforced with aramid-polyolefin fiber blends was examined using the Edge Notch Disc
Bend (ENDB) specimen. They investigated the effect of several variables including
different fiber contents, low temperatures and loading rates on fracture toughness of asphalt
mixtures. Their results showed that increasing fiber content consistently increased the
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toughness values at all the three temperature and loading rate. The effect of loading rate
was not found significant in their studies; however, at testing temperature of -5, -15, and -
25°C, the average toughness of asphalt mixtures increased by approximately 30, 15, and
10%, respectively. This indicates that the effect of fiber reinforcement efficacy start
diminishing by reducing temperate which might be attributed to fiber breakage point due
to exceeding the aramid fiber critical length. Unfortunately, their study did not report any
standard deviations and statistical analysis for their toughness results in order to draw

conclusion with complete confidence.

2.6 Fiber Mixing Methods

It is known that a good dispersion and distribution of fibers is a key in maximizing
the reinforcing benefits in any composite materials. While pre-established procedures for
the preparation of asphalt mixtures with conventional bitumen exist, there is a lack of a
generally applicable laboratory method to introduce the fibers into asphalt concrete
mixtures (Slebi-Acevedo, Lastra-Gonzalez, et al. 2019). Two methods are commonly
known. Dispersion and distribution particularly become more important when the
introduction mechanism include bundles that may hold thousands of individual fibers. The
first method is called wet procedure. In this method, the fibers are previously mixed with
the binder before aggregates and filler are incorporated. In this technique a good dispersion
between fibers and bitumen should be achieved in order to avoid the formation of clusters;
the combination of sonication and high shear mixing procedures helps to achieve a high
degree of dispersion (Khattak et al. 2012). The second method is known as dry procedure
and consists of mixing fibers and aggregates before bitumen is incorporated to the blend
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(Abtahi et al. 2010). In general, the dry procedure is the most used as it enables a good

dispersion of the fibers and reduces the variability in the experimental tests of the asphalt

mixtures (Abtahi et al. 2010, Slebi-Acevedo, Lastra-Gonzélez, et al. 2019).

Researchers at Arizona State University have already developed a theory of fiber

mixing strategy (unpublished work) to determine the optimum laboratory mixing process

to create fiber reinforced asphalt concrete (FRAC) and also to understand the impact of

various changes to these processes. The study focused on mixing aramid and polyethylene

fiber blends, and multiple cases were evaluated based different mixing parameters (time,

mixer type, fiber blend, and mixing processes). The summary of the findings are as follows:

When the fibers are first introduced to the aggregate, the polyethylene fibers will
initially shrink, crinkle, and start melting at temperature greater than 130-135°C.
As the aramid fibers begin to separate, either by being pulled away in individual
and clumped form by the polyethylene or by friction during agitation, the exposed
surface area of the fibers will increase resulting in an increase in the overall static
charge of the system and an increase in the attraction between the fibers (e.g.,
clumping).

In the case of the aramid fibers, there may also be additional thermal degradation
or loss of a surfactant coating that helps to reduce static charge. This was supported
by TGA analysis, which showed an approximate 2% loss in mass in the aramid
fibers at 160°C.

If at the same time that these processes occur the asphalt cement is introduced, then

the static charges are apparently reduced, and the individual aramid fibers carried
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by the melting polyolefins and dislodged through aggregate friction effects remain
separated.

e The adhesive properties of the asphalt may begin pulling the initially agitated
bundles of aramid fibers apart even more. In the case of the aramid fibers, the
impacts from this third mechanism is theorized to result from differential viscosity
at coated and uncoated particles and is therefore believed to become very small

once the mixture is fully coated.

2.7 Effect of Fiber State on Mechanical Performance of FRAC

Fundamentally, fibers are used as the reinforcement for enhancing the tensile
strength properties of composites. Such mechanism may result in increasing the amount of
strain energy which can be absorbed during the fatigue and fracture process of the mix
(Abtahi et al. 2010). However, one essential key to fully take advantage of fiber
reinforcement is the distribution of fibers within the mixture as well as the state of fibers
which are distributed. Partl et al. (1994) studied the effect of various contents of cellulose
fibers in a study of stone matrix asphalt (SMA) using indirect tensile test and thermal stress
restrained specimen test (Partl et al. 1994). No noticeable improvement in SMA with
cellulose fiber was observed considering the two tests performed. The authors however
noticed the clumping of fiber during the mixing process and concluded that the poor
distribution of cellulose fibers in SMA was the reason for poor performance (Partl et al.
1994). Although the importance of fiber dispersion on the performance of asphalt mixtures
have been addressed in previous studies, there is very little systematic study to the best
knowledge of authors that have quantitively assessed the distribution of fibers and
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attempted to link that distribution to the mechanical performance of asphalt mixtures.
Noorvand et al. (2018) recognized that the importance of fiber state on the mechanical
performance of AC. Their results indicated that a higher level of dispersion and micro-
fibrillation of aramid fibers enhanced the rutting resistance of asphalt mixtures.

Knowledge of fibers states with respect to their orientation within the matrix is
another key factor in the characterization of the fiber reinforced composites (Fu et al.
2009). The subject of orientation preference of distributed short fibers in different parts of
a structural element is a controversial issue and has been under debate in the scientific
community for so long (Suuronen et al. 2013). Various empirical and theoretical
techniques exist in the literature to directly determine the orientation of fibers (Bentur and
Mindess 2006). Some common methods are X-ray tomography, a magnetic technique, AC-
impedance spectrometry, and slicing photometry, (Suuronen et al. 2013). Stereological
concepts have also been predominantly used to infer the fiber orientation in the composites
such as cement concrete (Bentur and Mindess 2006). Stereology is based on geometry and
probability theory, and it is the three-dimensional interpretation of two-dimensional cross
sections of materials. It provides practical methods for obtaining measurable data about a
three-dimensional material from measurements carried out on two-dimensional planar
sections of the material. A good review of the concept and methods of application can be
found in (Stroeven and Hu 2006). The orientation of fibers effect on composites have been
experimentally and theoretically measured by i.e. fiber pull-out tests under different fiber
inclination angles (Li et al. 1990a).

In fiber reinforced asphalt concrete, the study of fiber orientations is very limited.
One main reason is due to the complexities and difficulties associated with common
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experimental technique such as X-ray approach, due to similarity between the density of
natural and synthetic fibers and asphalt. Nevertheless, Mohammed et al. (2020) examined
the orientation and distribution of short steel fibers in the asphalt mix, which has a higher
density than asphalt, by using X-ray CT and image analysis. They found that steel fibers
exist in a variety of angles, forming a three-dimensional network throughout the asphalt

concrete specimens.

2.8 Understanding the Reinforcement Mechanism of Fibers in Composites

From the perspective of this author, there are two main mechanisms that need to be
understood when dealing with the cracking and fracture behavior of fiber reinforced
composites. Those include 1) fiber bridging mechanism and 2) the shear stress transfer
between fiber and matrix. These two factors have general applicability to the reinforcement
roles of fibers in composites regardless of the type of matrix one deals with. However,
when the matrix is time/temperature dependent such as asphalt concrete, additional
mechanisms takes place that also need to be understood. These will be discussed partly
here with refence to shear stress transfer mechanism and some in the body of this work,

particularly in Chapter 5.

2.8.1 Fiber Bridging Mechanism

2.8.1.1 Mechanics of Crack Formation and Propagation

It is commonly accepted that the primary effect of fibers is that they improve the
cracking resistance of composite materials by simply additional bridging mechanism

across cracks which exist in different characteristic sizes and natures. These cracks are
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formed and through the composite materials under repeated loading (Anderson 2017). To
understand how and to what extent fibers can act as reinforcing elements in composite
materials, fracture process of a quasi-brittle concrete material (i.e. portland cement
concrete, asphalt concrete at 10-20°C) subjecting to a uniaxial load is schematically
presented in Figure 2-3 (Lofgren 2005). During a loading process, microcracks will start
to grow, initially at the interface between the FAM and the coarse aggregates (A) and at a
higher loading level, the microcracks at the interface start to branch inside the FAM phase
(B). At the peak stress (C), structure is populated with a certain distribution of microcracks
with varying lengths. Most of these micro-cracks are stable, with perhaps one, maybe two,
cracks that are about to become unstable. It is the unstable crack in the micro-crack
population at peak-load that triggers macro-crack propagation and localization. The stress-
drop (D) is the consequence of the macrocracks propagation through the specimen. Crack
bridging and crack branching is the primary mechanism responsible for the long softening

curve (D-E) observed in experiments (Van Mier and Man 2009).
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Figure 2-3. Schematic Description of the Fracture Process in Uniaxial Tension and the

Resulting Stress-Crack Opening Relationship (Lofgren 2005).
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2.8.1.2 Bridging Mechanism of Microfiber Reinforced Asphalt Concrete in Tension

Mechanically, the tensile stress versus displacement curves with a softening
response (the case in this study) for AC and M-FRAC can mainly be divided into two
different regimes: (1) the pre-peak regime and (2) post-peak regime (softening curve after
the peak load). These regions, while related, each represents distinct phenomenon.
Microscopically, while pre-peak region is characterized by the formation, coalescence, and
propagation of micro-cracks, post-peak region is identified by macrocrack growth and
localization along a single crack (Anderson 2017).

The conventional notion of the fiber reinforcement in composites with softening
behavior is that they are commonly used to improve the performance of post-peak region
rather than the tensile strength (L6fgren 2005). The fibers used for such purpose in these
composites are typically 500 um in diameter and 25-50 mm in length. The effect of these
macrofibers is pronounced after macrocrack initiation where stresses after matrix cracking
are effectively transferred leading to toughness improvement (Li and Maalej 1996). In
order to improve the tensile strength, microcracks need to be arrested and their coalescence
into a dominant macrocrack delayed to higher stress levels. Macrofibers have the ability to
bridge and interact with macrocracks due to their large dimensions. Besides, these fibers
are spaced too far apart to arrest and interact with small cracks because of the small number
of fibers per square meter even at relatively high-volume content which is typically 2 vol%
(Yi and Ostertag 2001). On the other hand, it has been shown that the use of microfibers
(10-20 pm in diameter) in composites such as asphalt concrete (Kaloush et al. 2010,
Takaikaew et al. 2018, Apostolidis et al. 2019) or portland cement concrete (Betterman et
al. 1995, Banthia and Sheng 1996, Lawler et al. 2003) increased the tensile strength
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through delaying the widening of microcracks (see 2-4). Therefore, the distinction in
reinforcement mechanism between microfibers and macrofibers should explain some of
the inconsistency in the experimental test results between different types of fibers which

have been used for the reinforcement of asphalt concrete.
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Figure 2-4. Schematic Representation of the Microfibers Effect on the Fracture Process in
Uniaxial Tension (L6fgren 2005).

2.8.2 Shear Stress Transfer Mechanism

The fiber-matrix interface controls the quality of the bond and load transfer between
the fiber and matrix within a composite material (Zhandarov and Mé&der 2005). When
composites are exposed to different loading environments, the effectiveness of the load
transfer across the interface plays an imperative role in the general performance of the
composite (Mobasher 2011, Teklal et al. 2018, Clyne and Hull 2019). It is this load transfer
that allows the composite to satisfy its mechanical function. So, understanding the

mechanisms that govern stress transfer provides the foundation for predicting the stress—
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strain curve of the fiber reinforced composite. Such understanding along with measurable
prediction may also serve as a basis for developing composites of better-quality
performance through modification of the fiber—-matrix interaction. This might be
accomplished, for instance, through modifications in the geometry of fiber, or fiber surface
treatment. A common way to characterize the quality of bond between fiber and matrix is
by evaluating the interfacial shear strength which has been found the key to composite
toughening and fracture properties (Bentur and Mindess 2006, Gibson 2011, Park et al.
2017, Clyne and Hull 2019). Several experimental and theoretical methods exist for
characterizing the effect of fiber-matrix interface on the load bearing capacity of

composites. These will be discussed in the following sections.

2.8.2.1 Experimental Characterization of Fiber-Matrix Interface

Experimental characterization of the interface property is a challenging task and
there is no specific test standard available. These have been explored on various levels:
either by indirect approaches such as macroscopic mechanical tests on bulk composite
specimens, or by more direct approaches such as micro-droplet/pull-out, push-out (or
indentation), compression test (Slice test), micro-bond or fragmentation tests (Teklal et al.
2018). These tests consider various scales and specimen geometries to measure the bond
quality at the fiber-matrix interface by different parameters. For example, those include the
interface shear (bond) strength (IFSS), t;, for the bonded interface; and the interface
frictional strength (IFS), 7, for the debonded interface.

Fiber pull-out test (or debonding test) is a very common micromechanical test used

to characterize the interfacial boning between fiber and matrix. In a pull-out test, developed
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in a variety of test configurations, a single fiber is embedded in a block of matrix (usually
a resin) and the fiber is pulled out from the cured resin by applying a tensile force on the
fiber (Banhozler 2004, Mobasher 2011, Teklal et al. 2018). Several modes of fiber pull out
stages have been observed; fiber debonding, post debonding friction of fiber against
debonded surfaces, and finally, either the fiber breaking or matrix being pulled out by the
fiber (Naaman et al. 1991a, Mobasher 2011, Teklal et al. 2018). It should be noted that the
chemical and physical bonds are not distinguishable from the test results of a single fiber
pullout, and their interaction is only realized in the context of the initial debonding and

frictional sliding.

2.8.2.2 Experimental Characterization of Fiber-Asphalt Matrix Interface

Very few studies have characterized the interfacial properties between fibers and
asphalt matrix. Yoo and Kim (2014) performed mechanical test to indirectly evaluate the
average interfacial bond strength of thermo-plastic fiber in asphalt concrete through direct
tension test. However, these indirect methods take several parameters into account, among
which the one linked to the interface is not essentially the most significant. They can only
help qualitatively assess materials of the same type, in which the process of rupture
involves the interface in the similar way. Others have addressed the bond between fibers
and matrix and the effect of fiber length on the properties of FRAC using direct approach
(Lee et al. 2005, Qian et al. 2014, Park et al. 2017, Apostolidis et al. 2019). The studies
used different fiber types, test configurations, test conditions, and methods of analysis.

Qian et al. (2014) conducted multiple fiber pull-out test from asphalt mastic using
a modified ASTM D6723 test procedure used for direct tension test. Polyester (20 mm
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diameter) and aramid (14 mm diameter) fibers were used. Using the multiple fiber pull-
out test at -18°C, the authors concluded that the critical embedment lengths required to
fully develop interface bond for the polyester and aramid fibers were about 8 and 19 mm,
respectively. Therefore, they recommended total fiber lengths of 15 and 38 mm for both
fiber types, respectively, however, they did not elaborate whether the critical fiber length
was defined by the maximum force from the fiber pull out test or the force at which fiber
fractures. Moreover, they reported the value of shear bond strength in order of thousands,
which is unrealistic. Upon revision of the paper and recalculating their average shear bond
strength by the author of this work, it turned out that the shear bond strength of aramid and
polyester fibers are in the range of 0.5-1 MPa and 0.1-0.5 MPa, respectively.

Park et al. (2017) investigated the interaction between a straight steel fiber and the
surrounding asphalt matrix using single fiber pull-out tests and numerical simulations.
Based on their experimental observations, the pull-out process is governed by one of three
modes of failure: 1) interface failure mode, 2) matrix failure mode, or 3) mixed-mode
failure. The numerical simulations showed that the stress distribution along the fiber
surface varies substantially with temperature and fiber dimensions. The simulation results
showed that the shear bond strength between steel fibers and asphalt binder is 6.9 MPa,
and it is independent of temperature, pulling rate, and fiber dimensions within the ranges
used in the study. However, its independence from temperature would be really
questionable and the value of 6.9 MPa seems excessively high given the fact that the shear
strength value cannot be higher than tensile strength. In the context of a Mohr-Coulomb

failure criterion, in the presence of shear and tension, the strength under shear is
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significantly lower than the tensile strength. So, if critical shear strength is 6.9 MPa, tensile
strength should be around 10 -12 MPa which is questionable.

Lee et al. (2005) conducted single fiber pull-out tests from asphalt binder at a
constant pulling rate of 5 mm/s at 20°C. They concluded that the critical embedded length
was 9.2 mm, which was obtained by the fiber fracture. In another study by (Mohammed et
al. 2018), they used the adhesion tensile test (ASTM D4541) to measure the cohesive and
adhesive properties of an asphalt-fines mastic by measuring pull-off strength. In this test,
a steel piston is allowed to adhere to the mastic and pulled at a certain rate. The stress at
which the piston is pulled is recorded as the adhesive strength between the two materials
or cohesive strength within the mastic, whichever is smaller. The results showed that the

cohesive or the cohesive-adhesive strength ranged between 1.5 — 2.5 MPa.

2.8.2.3 Theoretical Calculation of Shear Stress Transfer in Fiber Reinforced

Composites

Theoretical analyses dealing with the stress state (shear and normal stress) at the
interface region are critical to understanding how and to what degree the properties of
interface effect the mechanical behavior and fracture response of the composites. In many
simplified treatments of the shear stress-transfer problem, an average interfacial shear
stress value is calculated assuming a uniform distribution of interfacial shear stress along
the entire length of fiber length. However, the magnitude of shear bond stress is known to
vary along the length of fiber, and the measurement of the shear stress distribution is often
done with the help of analytical or numerical approach (Naaman et al. 1991b). A variety
of analytical and numerical models has been developed to study the shear bond strength
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and stress transfer behavior of a fiber embedded in a matrix block to characterize
fiber/matrix interfacial adhesion. In general, three different modeling approach exist in the
literature: (1) The perfect interface model, (I1) the cohesive interface model, and (I11) the
fracture mechanical model (Banhozler 2004). The first two approaches are based on so
called “shear-lag” method in which force equilibrium is established within the fiber/ pull
out system and also known as maximum stress criterion; whereas the last model is based
on energy balance principles. All three models have one thing in common: that is, they are
based on a so-called direct boundary value problem. They use given shear bond properties
to simulate the relationship between load and displacement of a fiber pull-out test. Then,
optimization algorithm is used to fit the simulated pull-out curve to the experimental data
to drive the material parameters, which then unknown shear bond properties can be
obtained for a material combination. Detailed description of each approach and the
analytical derivations can be found in Banholzer Bjorn’s dissertation (Banhozler 2004).
The state of stress along the fiber length in an elastic matrix and a viscoelastic matrix is not

treated similarly and each explained separately as follows.

2.8.2.3.1 Theory of Stress Transfer Mechanism Between Fiber and an Elastic Matrix

One of the pioneering models that simulated the behavior of the interface between
fiber and elastic matrix is the Cox model (Cox 1952). In his model, he assumed a perfect
interface to describe the load transfer between the fiber and elastic matrix, which implies
that the displacements are continuous at the interface. In other words, the interface is
assumed to be infinitesimally thin, and hence the matrix properties in the neighborhood of
the fiber are equal to those of the bulk matrix. The tensile strain in the matrix at a distance
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R from the fiber is the same as to the tensile strain of the composite. There is no impact of
the stress field around one fiber on adjacent fibers. Cox model is conceptually sketched in
Figure 2-5. It can be seen that interfacial shear stresses developed due to load transfer have
the maximum amplitude at the fiber ends (Figure 2-5(a)). The model only considers the
axial components of the stresses produced in the fiber and the matrix, so any radial
displacements is disregarded. Figure 2-5(b) shows that axial stress approaches to zero near
the fiber end region, implying that there is no stress transfer over the both end face of the
fiber (Teklal et al. 2018). In Figure 2-5, the Cox model was actually presented for the case
when the length of fiber (L) is larger than critical fiber length (I,.).

A

Figure 2-5. Profile of the (a) Tensile Stress in the Fiber and (b) Shear at the Interface
from Cox Model.

2.8.2.3.2 Theory of Stress Transfer Mechanism Between Fiber and a Viscoelastic Matrix

The theory of stress transfer mechanism has been considered in numerous studies
of viscoelastic composites. These studies are either based on materials or tissues with
viscoelastic and hierarchical structure (i.e. tendons, muscles) which are treated as if they
are fiber reinforced viscoelastic composites (Ahmadzadeh et al. 2013); or polymeric

materials that contains randomly distributed short fibers (Obaid 2018). These studies use
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theoretical approach to often elucidate the relaxation behavior in viscoelastic materials with
fibers. While the addition of short elastic fibers has proven to slow the relaxation process
in viscoelastic composites, the particular interest of this review was to explore how the load
transfers through the length of fibers in viscoelastic material at different temperature and
loading rates. Although there are many studies on development of fibers in asphalt
mixtures, there is very limited work on this very important subject in the FRAC, which by
itself explains the inconsistency of experimental findings in the published data. To the best
knowledge of this author, there is only one published research work by Park et al. (2017)
who shed light to further understanding shear stress transfer mechanism between fibers and
asphalt matrix. Park et al. (2017) simulated the stress distribution pattern for different
temperature and loading rate as a function of steel fiber embedded length in asphalt binder
using a finite element model. The conclusion of their study with respect to
temperature/loading rate effect is summarized as follows.

At lower temperature or higher loading rate, the simulation results showed that the
stress concentrations are the highest at both ends of fiber as the contribution of viscosity
becomes lower and matrix acts like an elastic material. This is a similar observation to the
Cox model. At higher temperature, it was observed that the stress concentration at the both
ends of fiber disappears and the stress through the entire fiber length becomes more like
the average shear stress due to local viscous flow of asphalt binder. When the stress reaches
a specific concentration point corresponding to the applied strain rate, it becomes constant
because the deformation at that point will be accommodated by viscous flow without
additional increase in stress, shifting stress demands to adjacent regions, much like elasto-
plastic behavior. Interestingly, this very same conclusion was observed in the work of Wu
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et al. (2018) who developed a Kelvin-Voigt viscoelastic shear lag model to study stress
transfer between fibrils and interfibrillar matrix while tendon is dynamically stretched.
Figure 2-6 illustrates the shear stress distribution along fibril direction at different
loading rates of inter-fibrillar matrix. It can be seen that while at very fast loading rate shear
stress will be concentrated at both ends of the fibril length, the slower loading rate (lower
viscosity of interfibrillar matrix) is more conducive to stress transfer along the fibril length.
Note that the stress distribution for the highest loading rate (K=1000) in Figure 2-6 is
essentially the same as the stress distribution in Figure 5b. The outcome of these two
studies suggest two main points; first, the mechanism of stress distribution in the fiber
reinforced viscoelastic matrix is a fundamental knowledge and independent of material
properties, and second there is a more efficient load transfer between fiber and asphalt at

reduced temperature or high loading rate.
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Figure 2-6. Distribution of Shear Stress Along Fibril Direction at Different Loading Rates
(Wu et al. 2018).
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2.9 Micromechanical Models for Fiber Reinforced Composites

There is a large body of analytical derivations and micromechanical methods
developed conceptually for elastic composites (i.e. laminates, long fibers and short fiber)
in the literature (Kelly and Tyson 1964, Halpin and Kardos 1976, Piggott et al. 1986, Kelly
and Macmillan 1987, Piggott 1987, Naaman et al. 1991b, Shah and Ouyang 1991, Bentur
et al. 2006, Sueki et al. 2007, Mobasher 2011). The main objective of micromechanics is
to evaluate the effective properties of the constituents and their microstructure in the
composite materials. While a comprehensive review of the basis of these models can be
found in (Malekmohammadi 2014), a summary of the well-known theories developed for
elastic based composite materials is shown in Table 2-2. Additionally, the micromechanical
models for prediction of effective properties of fiber reinforced composites vary in terms
of complexity, as shown in Figure 2-7. While the models on the far left represent the
simplest closed-form equations, the complexity and computational time increases along with
inclusion of more morphological features in the models.

With respect to the scope of this study using low volume fraction of circular fibers
in a transversely isotropic composite material, Generalized Self-Consistent (GSC) model,
Composite Cylinders Assemblage (CCA) model, and Halpin and Tsai equations appear to be
the most ideal candidates to predict the effective properties of FRAC. However, the first two
models (GSC and CCA) are widely used for continuous long fiber composites, while the
Halpin-Tsai equations have been commonly used for prediction of effective moduli of circular
short fiber composites with low fiber volume fraction the with reasonable accuracy
(Malekmohammadi 2014). In GSC method, the fiber is surrounded by a matrix shell which is

embedded in an effective medium of unknown properties. Using this approach, Hermans
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(1967) proposed exact solutions for effective properties of cylindrical and spherical fiber
composites. Halpin and Tsai rearranged the GSC equations in terms of engineering constants
and presented analytical expressions for the moduli of transversely isotropic short fiber

composites (Halpin 1969, Halpin and Kardos 1976).

Table 2-2. Summary of Well-known Micromechanical Models Which Have Been the

Basis for Other Developed Models in the Literature (Malekmohammadi 2014).

. Material .
Model Inclusion Geometry Aera Basis Year
Properties
Voigt arbitrary isotropic isostram 1889
Reuss arbitrary isotropic sostress 1929
o ) ) elasticity/
Eshelby ellipsoidal isotropic 1957
energy
Composite Sphere . . . -
Assemblage (CSA) spherical isotropic elasticity 1962
Hashin & bi: o variational 1963
, arbitra 1sotropic . 3
Shtrikaman i P prmciples
Composite Cylinder  continuous long transversely ..
Assemblage (CCA) fibres Isotropic elasticity 1964
y spherical/ iy el 1
Self-Consistent .. transverse Eshelby equivalent
Scheme (SC) clipsoidal isotropic mclusion method 1963
(long & short fibre)
spherical
. . . transvers - .
Halpmn-Tsai cylindrical Ansverse b Self-Consistent 1969
1sotropic
rectangular
Mori-Tanaka o ) : Eshelby equivalent .
Scheme ellipsoidal anisotropic elusion method 1973
Generalized Self- .
) enerd e‘ © spherical, transversely  Eshelby equivalent
Consistent Scheme oD clusi thod 1979
(GSC) eylindrical 1sotropic melusion metho
transversely equitbrium
Method of Cells  square short fibres ) . conditions atthe 1983
isotropic . .
mterface
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Figure 2-7. Schematic Overview of Various Well-known Micromechanics in Terms of
Complexity and Computational Effort (Malekmohammadi 2014).

Another classical micromechanical model that has been used to predict the
properties of short fiber reinforced composites is the so called “shear” lag theory, which is
based on the work of (Cox 1952) introduced earlier. The work of Cox is commonly
referred to in the literature as shear-lag theory. A complete derivation of the shear-lag
equation with a method of determining Cox’s parameter is given by Piggott (2002), and
will be discussed in more details in Chapter 7. In short, Cox’s shear lag theory examines a
unit cell of a cylindrical matrix containing a cylindrical fiber at the middle. At the surface
of the cylinder, the matrix experiences a strain that is the same as the strain applied to the
composite (Obaid 2018). However, the strain in the matrix is not uniform due to the

existence of the fiber. At the fiber-matrix interface, the matrix is confined by the fiber and
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experiences a strain much lower than the global strain. Similar to other analytical models,
the shear-lag theory is based on several assumptions. Firstly, it is assumed that the
interfacial bonding between the fiber and matrix is continuous and perfect, and that stress
is transferred between the two constituents without yielding or slip. Second, it is assumed
that both the fiber and matrix perfectly elastic and isotropic (Piggott 2002, Bentur and

Mindess 2006, Clyne and Hull 2019).

2.10 Summary

This chapter provided a review of topics related to fiber reinforced asphalt concrete
(FRAC) technology, critical assessment of experimental work on the mechanical behavior
of FRAC, reinforcement mechanism of fibers in the composites as well as asphalt, and an
overview of existing micromechanical models used for prediction of fiber reinforced
composites. While published studies generally demonstrate positive benefits from using
mechanically fiber reinforced asphalt concrete (M-FRAC), the degree of improvement has
varied with respect to types of fibers and the particular study. There are also studies that
did not find any notable benefit from using fibers. Numerous research studies have used a
variety of fiber types including natural, mineral, synthetic polymeric, steel, recycled and
glass fibers for reinforcement of asphalt mixtures. Many of these studies are basically
repetitions of what has been typically found in previous studies with very little insight to
further help understand the reinforcement mechanism of fibers. For example, there are little
studies that systematically link the fiber reinforcement efficiency to the compositions of
asphalt mixtures and to the state of fiber in the mix which could possibly govern their
mechanical response.
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In this review, primary fiber reinforcement mechanisms are introduced including
fiber bridging and the shear stress transfer mechanisms between fiber and matrix. These
two factors have general applicability to the reinforcement roles of fibers in composites
regardless of the type of matrix one deals with. However, when the matrix is
time/temperature dependent such as asphalt concrete, additional mechanisms possibly
takes place that need to be understood. There is very limited work devoted to understanding
the mechanism of shear stress transfer between fiber and asphalt in FRAC. Also, the basis
of micromechanical models which have been used to predict the mechanical properties of
fiber reinforced composites was introduced. In spite of its popularity in any fiber reinforced
composites field which shed light to further understanding fibers reinforcement, its use in

FRAC is surprisingly non-existent to the best knowledge of this author.
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CHAPTER 3
EFFECT OF THE FIBER STATE ON THE MECHANICAL PERFORMANCE OF

FIBER REINFORCED ASPHALT CONCRETE

3.1 Introduction
The effect of fiber state as the basic, fundamental mechanisms that govern the
mechanical response of FRAC is an undeniable issue. Stated differently, the reinforcement
efficiency of fibers in composite are strongly dependent on the fiber state, inclusive of how
the fibers are dispersed (dispersion), where the fibers are located (distribution), how they
are arranged (orientation) and surface morphology (Noorvand et al. 2018). The dispersion
particularly becomes important when bundled fibers (yarn) are used as the reinforcement,
which is the case in this study. Although these effects have been recognized in previous
studies, little to no systematic study has been done to attempt to quantify and correlate the
effect of fiber state to the mechanical properties and performance improvements. The
specific objectives of this study are:
e to measure the mechanical properties of two M-FRAC specimens with synthetic
aramid fibers in different states, and
e to quantify the state of aramid fiber including their distribution, dispersion,
morphology, and orientation in mix, and then to examine the impacts of fiber state

on laboratory modulus, rutting, and fatigue performance of asphalt mixtures.

3.2 Methodology
The experimental plan approach of this study involved first conducting mechanical

tests to evaluate the response and laboratory performance of M-FRAC mixtures. Then,
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state of fibers was evaluated with respect to the dispersion, distribution, morphology, and

orientation of fibers.

3.2.1 Materials

3.2.1.1 Asphalt Mixture

A 12.5 mm Nominal Maximum Size Aggregate gradation Marshall mixture from
an active construction project near Tucson, Arizona was used for this study. The mixture
used a PG 70-10 asphalt binder with a total binder content of 5.2%. A total of three
variations to this plant-produced mixture were used in this study; a non-reinforced mixture
(Control), a M-FRAC mixture with overall good dispersion of synthetic fiber (FA), and a
M-FRAC mixture with overall poor dispersion of synthetic fiber (FB).

For each mixture, samples were obtained from the construction site in 19 L (5-
gallon) metal pails and transported the test laboratory. To separate the mixtures for testing,
the buckets were heated at 135°C for two hours until the mixture softened enough to
remove it from the pail, spread evenly onto a clean table, and then randomly sample into
cloth bags. Each cloth bag contained enough material to fabricate one sample and contained
an equal amount of mixture from each pail. The combined mixture approach has been
adopted in-lieu of separately sampling each bucket so that a homogeneous set of materials
could be obtained, and test variability reduced. The same process of sampling was followed
for all the mixtures. It should be noted that the blending process was carried out carefully
S0 as not to overagitate the mixtures and cause additional blending beyond what existed at
the mixing plant. Nevertheless, some differences between the mixtures tested in the study
and the mixtures that were produced at the plant may exist. This potential is acknowledged
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but should not affect the interpretation or results since all specimens were subjected to the
same handling.

The gradation of all mixes was checked to ensure equivalence in terms of gradation
and asphalt content and so that any differences in the performance of the mixes could be
attributed to differences in the fiber state. Therefore, representative samples from each mix
were selected, the binder was extracted, and sieve analysis was performed. Figure 3-1
shows the gradation for the average of two replicates of each mixture. On average, the
difference in percent passing on sieve sizes greater than 4.75 mm and less than 4.75 mm
between the mixes was less than 2% and 0.5%, respectively. The binder content and the
theoretical maximum specific gravities (Gmm) from the extraction were consistent across
all three mixtures. Also, the Gmm of the mixtures was within the difference of two samples
limit stated in AASHTO T209. Based on the results, the three mixtures appear to be

consistent, with the exception that FA and FB mixtures contain fibers.
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Figure 3-1. Comparison of Gradations for the Mixtures.
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3.2.1.2 Fibers

Both M-FRAC mixtures contained synthetic aramid fibers at a dosage of 65.5 g per
tonne of mix. The aramid fibers were 19 mm long and were introduced in bundles of
approximately 3000 individual fibers each. The fibers have a reported tensile strength
between 2700 and 3000 MPa and are not affected by temperatures up to 426°C. The
physical properties of synthetic fiber have been measured and summarized in Table 3-1
and Figure 3-2.

Table 3-1. Measured Physical Properties of Fiber.

Material Aramid Polyolefin
Form Multifilament Fiber  Twisted Fibrillated Fiber
Specific Gravity 1.45 0.91
Tensile Strength (MPa) 3000 NA
Length (mm) 19 19
Decomposition Temperature (°C) > 450 <130
120 120
100 100
S % 80 |
% 60 | g 60|
Ea 40 + % 40 t
% 20 + ©ARAMID-Literature = 20 f Polyethylene-Literature
0 + Aramid-This Study * Polyethylene-This Study

L 0
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600
Temp (°C) Temp (°C)

Figure 3-2. Thermogravimetric analysis (TGA) of Aramid and Polyethylene Fibers
Compared with the Measurement in the Literature.

3.2.2 Fiber Mixing Method
In the field, both fiber mixtures were added directly into the hot aggregates in the

drum just before the application of hot binder at the dust port. Both manufacturers products
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were added with the addition of forced air. Also, the fibers were mixed with hot aggregates
for few seconds before adding the hot binder. Differences in dispersion and distribution are
achieved due to the use of different technologies in FA and FB. In FA, the aramid fibers
are introduced along with polyolefin fibers while in FB the aramid fibers are coated in a
thin membrane of wax, which melts as the fibers are mixed in.

Theoretically, both FA and FB try to deliver fibers into the mixing process with
high aspect ratios (ratio of diameter to length) so that early in the mixing process they
distribute better and do not interfere with the process. Both technologies then rely on the
fibers separating and dispersing throughout the mixture in a low aspect ratio state so that
more volume of the mixture can be reinforced. In FA, the polyolefin fibers facilitate this
transition by first carrying aramid bundles throughout the mixture. Then as the polyolefin
fibers melt, they change shape to help pull aramids away from the bundles and also act to
neutralize static charges that can cause aramids agglomerate into cotton-ball like structures.
Aramids may also be dispersed by frictional forces between the aramid fibers and the
aggregate. In FB, the wax keeps the aramids bundled until it melts at which point the
aramids are dispersed through frictional forces between the fibers and the aggregate. It is
not known if the wax completely melts into the asphalt mixture or if as it melts it seeps

deeper into the bundle so that dispersing the fibers requires continual agitation.

3.2.3 Mechanical Characterization

In total, three different mechanical experiments were conducted: dynamic modulus
test, repeated load permanent deformation test, and uniaxial fatigue test. The target air void
level for all tests was 5.5 £ 0.5%, which was the target air void content of the overlay
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surface course for the project. All specimens were compacted with the gyratory compactor,
150 mm in diameter and 170 mm in height. Specimens were then cut and cored to their

final geometry.

3.2.3.1 Repeated Load Permanent Deformation Test

The repeated load permanent deformation, also known as Flow Number, test was
conducted to determine the permanent deformation characteristics of the asphalt mixtures.
The test procedure followed in general accordance with AASHTO T 378. The test was
performed under atmospheric conditions, an axial stress level of 160 kPa, and at 50°C.
Prior to testing, a thin and lubricated membrane was placed between the sample ends and
the loading platens to create frictionless surface conditions and prevent end effects. Tests
were performed using cylindrical specimens 100 mm in diameter and 150 mm in height.
The deformations were measured using the average of three linear variable displacement
transducers (LVDTSs) spaced at 120° intervals on the specimen surface (More details on

APPENDIX A).

3.2.3.1.1 Dynamic Modulus Test

Temperature and frequency sweep tests were carried out per AASHTO T 342
protocol. The protocol followed evaluated dynamic modulus, |E*|, at temperatures of 4.4,
21.1, and 37.8°C and frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz. The -10°C temperature
was omitted because previous research suggested that the benefits of fibers with respect to
dynamic modulus were largest at intermediate temperature and less at extreme high and
low temperature meaning that not having -10°C would not affect the conclusions for this
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study. Tests were performed using cylindrical specimens 100 mm in diameter and 150 mm
in height and prior to testing they were instrumented with three linear variable displacement
transducers (LVDTs) spaced at 120° intervals on the specimen surface. Lubricated
membranes were also placed between the sample and the loading platens prior to testing to

reduce any end effects.

3.2.3.1.2 Uniaxial Fatigue Test

The uniaxial fatigue test was performed following the general procedure in
AASHTO TP 107 with the exception that the test specimens were 75 mm in diameter and
100 mm in height. The test was carried out by applying a repeating sinusoidal deformation
long the axis of a cylindrical test specimen until it failed. Axial fatigue tests were performed
in controlled actuator displacement mode at a temperature of 18°C and at a 10 Hz
frequency. As per AASHTO TP 107, the result of the tests is a damage characteristic
function that can then be used to predict the fatigue life of asphalt concrete (Underwood et
al. 2012).

The dynamic modulus and phase angle are tracked throughout the entire fatigue
life. The traditional fatigue analysis method determines failure as the point where the
material’s modulus drops to 50% of its initial value. However, this method is purely
experimental, and a different approach based on the change in the energy dissipation,
indicated by the cycle at which the phase angle shows a sharp decrease is defined as the
failure cycle (N¢). Figure 3-3 shows this failure definition from a typical test. It is believed
that the drop of the phase angle is caused by macrocrack localization, which is normally

caused by the coalescence of microcracks under repeated cycles of loading. When a
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macrocrack develops, all the work input is concentrated at the crack tip and the remaining
body relaxes, thus causing the time dependence of the global stress-strain behavior to
reduce. This reduction in the time dependence is physically measured as a reduction in the
phase angle. Additional information regarding the uniaxial fatigue test procedure and

applied data analysis method is presented in APPENDIX A.
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Figure 3-3. Fatigue Life Definition of a Typical Axial Fatigue Test.

3.2.4 Fiber State

The state of the fibers is described based on three parameters: dispersion,
distribution, surface morphology, and orientation. Dispersion refers to the process whereby
the fiber bundles added to the mixture are dispersed in the mixture. Distribution represents
how the dispersed fibers are spatially located through the mixture. Surface morphology
characterizes the form and shape of fibers present in the mix. Orientation refers to the

alignment of the fibers in them mixtures.
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3.2.4.1 Evaluation of Fiber Dispersion

To evaluate dispersion, aramid fibers were extracted using a procedure developed

at Arizona State University (ASU) (Zeiada et al. 2017), which is essentially the same as

ASTM D2172 except that attention is given to observing, separating, and cleaning the

fibers in the mixture after soaking the mixture and centrifuging off the solvent (for more

details refer to APPENDIX B). The centrifugal extraction process has two limitations: 1)

it can alter the state of the fibers, but studies at ASU (not shown here) reveal that the effect

is generally negligible and does not alter the characteristics to a quantifiable amount and

2) separating and cleaning all individual fibers is tedious and time consuming and in

practice a grouping of 3-10 individual fibers (defined as a very small cluster) may be

counted as individuals instead of clusters. The ASU test method describes the state of

dispersed aramid fibers in AC as one of four conditions; bundles, agitated bundles, clusters,

and individuals as described in Table 3-2.

Table 3-2. Aramid Fiber Dispersion States.

State Definition Example
Bundle A group of many aramid fibers that shows no clear =\
(Least Desired) indication of disturbance. This is the original TR

condition of aramid fibers. o

Agitated Bundle
(Least Desired)

A grouping of aramid fibers similar to the bundled
condition, but that that has been visually agitated and
has lost some of the individual aramids.

Cluster
(Less Desired)

A grouping of individual aramid fibers that are more
dispersed than the agitated bundle.

Individual
(Most Desired)

Single fibers completely separated from other
aramids with no resemblance of previous fiber
states*.

*Note: Individual aramid fibers can appear in bunches at the end of the extraction test as shown in the
image (resembles cotton candy).

51




After the asphalt binder is extracted, the fibers are separated into aforementioned
categories and the total aramid dosage rate is determined along with the relative proportions
of fibers in each category. Of principle interest is the proportion of fibers in the individual
state and Equations (1-1) defines the ratio that quantifies this proportion, known as Fiber
Dispersion Percentage (FDP). A larger FDP signifies the existence of more fibers in the
individual state. Supplemental calculations for fibers in the cluster and agitated bundle
states are also performed. A test result is reported based on the average of two individual
centrifugal extractions.

FDP=F, = % %100 (1-1)

a
where;

FDP = fiber dispersion percentage,

Fi = fibers in the individual state (%),
M = fibers in the individual state (g), and
Ma = total extracted mass prior to separation (g).

3.2.4.2 Evaluation Failure Distribution

Castings of the failure surface of tested specimens were made to observe the
distribution of the aramid fibers throughout the asphalt mixture. The process is performed
on mechanically tested specimens shown in Figure 3-4(a). First, mechanical test samples
are heated to 60°C for 30 minutes and split along a diagonal line extending from the lower
edge of the specimen to the upper opposite edge so that fiber orientations could be viewed
with respect to both the horizontal and vertical directions, Figure 3-4(b). Although, the

different dispersion states are evident on the surface of the split samples, Figure 3-4(c and
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d), detailed comparisons are not possible because the fibers are coated with asphalt and
hard to see. So, a thin layer of fluid plaster is poured on the fracture surface of samples and
embed the surface fibers. Once the casting cures, Figure 3-4(e), the samples are heated to
80°C to carefully separate as much mixture from the cast as possible, Figure 3-4(f). Then
the remaining samples are soaked in solvent to dissolve the asphalt and completely remove
all remnants of the test specimen from the casting. Finally, photos are taken of the surface

and evaluated, Figure 3-4(g).

Figure 3-4. Summary of Casting Method to Evaluate In-situ Fiber Distribution; (a) Tested
Specimen, (b) Splitting Specimen Along the Diagonal, (c) Half Splitting Specimen, (d)
Zoomed in Photo of Region Identified in (c), (e) Casting on Split Specimen, (f) Separated
Asphalt Mixtures from Cast Specimen, and (g) Complete Separation of Asphalt Mixture

from Cast Specimen.
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3.2.4.3 Evaluation of Surface Morphology

Original and extracted fibers were imaged using a Philips SEM-XL30
Environmental FEG scanning electron microscope (SEM) under the following conditions:
environmental mode, secondary electron signal, and accelerating voltage of 15 kV. Fibers
were also sputter coated with gold for 2 minutes to improve the electrical conductivity and

resolution of the images.

3.2.4.4 Evaluation of Orientation

In fiber reinforced asphalt concrete composites, the orientation of fibers could be
possibly affected by the compaction of specimens. The fibers may tend to orient themselves
horizontally in the cylindrical gyratory plug perpendicular the compactor. This could
largely impact the performance of fibers in testing and the lack of understanding in the
orientation of fibers could lead to underestimate their true mechanical performance benefit.

To investigate the orientation of fibers and the mentioned hypothesis, initially three
methods were considered. First, the sue of X-ray image analysis which is common in
cement concrete composite. However, this system does not really work on aramid fiber
reinforced asphalt concrete specimens mainly because the density of asphalt is similar to
aramid fibers, hence such techniques are not really able to capture any useful information.
Second, asphalt samples with a mono-filament type of fiber that have larger diameters were
made, then the cored specimens were sliced with very thin cuts (<1 mm). After each thin
cut, high resolution photos were taken from the surface of the samples. After that, image
processing technique was used to capture the location of fibers (Image J could also work),
which was possible. Finally, the fibers could have been connected by stacking all the
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images (taken from the surface of each thin cut) and using a right matrix algorithm.
However, because of the time restraint and complexity of the system this method was not
followed. The third method that was used to study the fiber orientation was a more simple
and straightforward method. In this method, a laboratory prepared specimen was prepared
and were compacted at 150 mm diameter and 180 mm height. The mix design information,
fiber blend type, and fiber mixing procedure can be found in Chapter 4; which is the same
as mix type A. Also, the fiber blend is similar to the FA field mix used in this Chapter. The
compacted specimens were cored in horizontal and vertical angles, although the process of
coring samples horizontally is not common. 3-5 illustrates the preparation of horizontal
coring direction from a gyratory specimen. Flow number test was performed on two
replicates for each directionally cored specimens of 75 mm in diameter and 100 mm in
height. These geometries were selected because the initial study showed the at such
geometry consistent air void level can be obtained for both horizontally and vertically cored
specimens so that any comparison can be made based on the orientation of fibers. The air

void level for the test specimens was 5.5+0.5%.

Figure 3-5. Photo of Sample Prepreation for Horizontal Core.
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3.3 Results
3.3.1 Mechanical Characterization

3.3.1.1 Dynamic Modulus Test

The most common method to report dynamic modulus data is the mastercurve
function, which is so named because it shows the joint effects of temperature and frequency
on the modulus of asphalt concrete. A mastercurve is created by plotting the data at each
temperature as a function of frequency in log-log space and then horizontally shifting the
data for each temperature to produce a single, continuous and smoothly varying function.
The amount of horizontal shift required to create such a curve is referred to as the time-
temperature shift factor (t-T shift factor) and varies according to temperature. Upon
shifting, the x-axis is relabeled as reduced frequency to denote that the curve was not
actually developed with measurements at a single temperature (Ferry 1980, AASHTO R
62-13). The reduced frequencies in this study are within the measurement range. The
mathematical representation of reduced frequency is not shown for the interest of brevity.
Additional information regarding the dynamic modulus test procedure and applied data
analysis method is presented in APPENDIX A.

Data from the |E*| experiment is presented in the form of dynamic modulus
mastercurves in Figure 3-6. The dynamic modulus data is shown in both log-log and semi-
log scales so that any differences in the moduli at high and low temperatures respectively
can be observed. It is seen that the moduli values for all three mixtures are very similar at
the intermediate temperature. However, at lower temperatures (higher reduced

frequencies) the mixes with aramid fibers yield lower moduli values and at higher
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temperature (lower reduced frequencies) they yield higher moduli. At these higher
temperatures, the FA mix exhibits slightly higher average values than the FB mix.

An ANOVA and statistical t-test analysis were performed at a 95% confidence
level. The ANOVA analysis was used to compare the difference between all means and
evaluate the significance of the total differences and the t-test was performed to compare
individual cases to the control mixture and individually between the fiber mixes. In all
cases, the results indicated a lack of statistical significance in the moduli. Thus, while on-
average differences are evident these effects are not significant. The results are consistent

with laboratory prepared specimens from previous section.
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Figure 3-6. Comparison of |[E*| Mastercurves in; (a) Semi-log and (b) Log-log Scale.

3.3.1.2 Repeated Load Permanent Deformation Test

Figure 3-7 shows the accumulated permanent strain during the repeated load
permanent deformation test for each of the mixtures. The resulting flow number values
from this analysis are also shown as a tabular inset into this figure. Figure 3-7 shows that
the FB and Control mixture exhibit similar permanent strain response under the repeated

loading, but that FA mixture accumulates strain at a slower rate and undergoes more
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repetitions before reaching the onset of flow. In fact, the FA mixture exhibits an increase

in average flow number of 139% compared to the control and FB aramid mixtures.
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Figure 3-7. Accumulated Strain and Flow Number Results for Control (No Fiber), FA
and FB Mixes.

3.3.1.3 Axial Fatigue Test

The uniaxial fatigue test results are analyzed using the simplified viscoelastic
continuum damage (S-VECD) approach to characterizing fatigue behavior. This analysis
approach as applied to asphalt concrete has been described in great detail elsewhere
(Underwood et al. 2010, Wang et al. 2018) and interested readers are directed here and the
citations therein to learn more. In short, the method is based on characterization of a
damage characteristic (C-S) curve, which describes the relationship between the material
integrity or pseudo-stiffness, C, and internal micro-damage, S. This function is typically

described using the power-law function shown in Equation (1-3). Through the VECD
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theory, this function can be used along with the dynamic modulus and a failure criterion to

calculate the number of cycles to failure in a pure controlled strain case (Equation (1-2)).

C=1-(,S% (1-3)
(a—aCp+1)
(fredxz“)[(l;—ff)] N

Ny = (a—OCCZ+1)(C1C2)a[(80,pp)(|5*|)(%>]2a1(1 (-4

where;

C = pseudostiffness (also referred to as the material integrity, which is calculated for
each cycle during the fatigue test),

S = internal state variable to quantify damage (calculated according to the procedure
given in AASHTO TP107),

Cy, Co= fitting coefficients,

Nt = predicted cycle number of cycles to failure,

fra = reduced frequency for the condition being simulated, and

a = damage accumulation rate (calculated from the linear viscoelastic properties of
the mixture),

Ct = stiffness ratio at failure,

&opp = peak-to-peak strain amplitude,

|[E*| = dynamic modulus at the temperature and frequency being simulated,

yij = wave shape factor (taken as O for this study in order to simulate tension-
compression loading), and

Ki = loading shape factor (Underwood et al. 2012).

The damage characteristic curve for the samples tested in this task is shown in

Figure 3-8(a) for Control, FA, and FB. These curves show that mixes with fibers have

damage curves that are very similar to those of the control mixtures. These damage curves

are fit to the analytical expression to predict the fatigue life of the mixtures. Details on the

59



analytical process to characterize the damage functions and to predict the number of cycles

to failure can be found in APPENDIX A. Figure 3-8(b) shows the failure envelopes for

each mix type for constant strain-based analysis, which shows that the fiber reinforced

samples have slightly better performance at a fixed strain level compared with control

sample.
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Figure 3-8. Results of Fatigue Evaluation; (a) Damage Characteristic Curve and (b)

Predicted Fatigue Life Relationships.

3.3.1.4 Repeated Load Permanent Deformation Test (Orientation Study)

Figure 3-9 shows the accumulated permanent strain during the repeated load

permanent deformation test for horizontally and vertically cored no fiber specimens. Also,

the resulting flow number values from this analysis are also shown as a tabular inset into

this figure. The flow number test results for no fiber sample suggest the vertical core

specimens have higher FN values than horizontal specimens, implying that mix A is not a

perfect isotropic specimen probably attributed to the gradation.
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Figure 3-9.Accumulated Strain During Flow Number Test for No Fiber Specimens Cored

Horizontally and Vertically.

To analyze the effect of fiber orientation from the test results, the vertically and
horizontally cored fiber and no fiber specimens were compared separately as shown in
Figure 3-10. The results indicated that the fibers accumulated strain at a slower rate and
undergoes more repetitions before reaching the onset of flow compared with no fiber
specimens. The improvement was consistent across both horizontal and vertical cored
specimens. The analysis of FN values for both horizontal and vertical fiber and no fiber
specimens are shown as tabular inset into Figure 3-10. It is evident that while the use of
fiber increased the FN of vertically cored asphalt mixtures by 140%, the increase for
horizontally cored was about 100%. This suggests that there could be possibility an
orientation tendency of fibers in the asphalt concrete specimens. This might be attributed
to the compaction of asphalt concrete specimens under gyratory which pushes the fibers to

lay towards horizontal direction perpendicular to the gyratory loading.
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Figure 3-10. Accumulated Strain During Flow Number Test for (a) Vertically and (b)

3.3.2 Fiber State

Horizontally Cored Fiber and No Fiber Specimens.

3.3.2.1 Quantity and Condition of Dispersed Aramid Fiber After Mechanical

Testing
Table 3-3 summarizes the extraction results first in terms of the aramid dosage rate,
which is simply the mass of the aramid fiber with respect to the total weight of the mixture.
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Both FA and FB contained similar dosage levels (within approximately 8% of one another)
and were within 1-5% of the target rates (recall that the target fiber dosage rate was 65.5
g/tonne). The difference between replicates was higher in the FB mixture than the FA
mixture. Also, the percentages of each of fiber states (FDP, agitated bundles and clusters)
were determined. The FA mixtures had an average FDP value of 88.5% while FB mixtures
had an average FDP of 16%. In the FB case, most of the fibers are dispersed in the agitated
bundle condition (73.5% on average). These findings provide some support for the
variation observed in the dosage rates of FB replicates because agitated bundles can lead
to larger differences in sample-to-sample aramid mass since one or two additional or fewer
bundles can alter the mass substantially.

Table 3-3. Summary of Extracted Aramid Dosage and Fiber State.
State of Aramid (%)

Specimen  Aramid Dosage Rate

Agitated FDP
ID (g/tonne)/(oz/ton) Bundle Cluster (Individual)
FA-1 68.7/2.2 2.0 8.0 90.0
FA-2 65.6/2.1 0.0 13.0 87.0
AVG FA 67.1/2.15 1.0 10.5 88.5
FB-1 50/1.6 69.0 12.0 19.0
FB-2 96.8/3.1 78.0 9.0 13.0
AVG FB 71.8/2.3 73.5 10.5 16.0

Figure 3-11 also shows the clear difference between state of the fibers in the FA
and FB mixtures after extraction. Figure 3-11(a) shows that only individuals and clusters
exist in FA, and Figure 3-11(b) shows the presence of agitated bundles in FB and a much
lower proportion of individuals than FA. It is important to mention that for the individual

fibers, the extraction and cleaning process result in the cotton ball like agglomeration as
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seen in these figures. This structure in no way represents how the individual fibers exist

in the mixture.

Figure 3-11. State of Extracted Aramid Fibers from a Single Sample of (a) FA and (b)
FB.

3.3.2.2 Qualification of Distribution of Aramid Fibers

Images of the castings from the internal diagonal planes of both FA and FB
mixtures are shown in Figure 3-12 and Figure 3-13. A best effort was made to clearly
capture fibers in each photo; and for further clarity of the fibers state and location, the
images were modified with stars, circles, and squares to show locations of fibers in the
form of individuals, clusters, and bundles, respectively. Part of the photos in Figure 3-12(a)
and Figure 3-13(a) was enlarged to more clearly show the existence of individual fibers as

seen in Figure 3-12(b) and Figure 3-13(b).
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&

Figure 3-12. Photos Taken from the Aramid Fibers Distributed on the Surface Fracture of
Each FB Mix; (a) Overall View of Casting Surface and (b) Enlarged Photo of Central

Section.
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Figure 3-13. Photos Taken from the Aramid Fibers Distributed on the Surface Fracture of
Each FB mix; (a) Overall View of Casting Surface and (b) Enlarged Photo of Central
Section.

66



Overall, as the FDP values suggest, a substantially greater number of individual
fibers were observed in the casting of the FA mixture (Figure 3-12). Conversely, the casting
of FB vyielded a considerably greater number of agitated bundles (Figure 3-13).
Additionally, it was recognized that individual fibers were evenly distributed throughout
both FA and FB and they were oriented in all directions (horizontal, diagonal, and vertical).
In this study, no attempt was made to quantify the relative proportion of individual fibers
oriented in each direction, but it was observed that a larger proportion of the individual
fibers were oriented with their long axis perpendicular to the compaction and testing
direction.

With respect to distribution and orientation of bundles and clusters, it was observed
that clusters and bundles were mostly distributed and located toward edges of samples and
they are oriented either horizontally or vertically unlike individual fibers that tend to be
oriented mostly horizontally. It should be noted that the location of clusters and bundles
toward edges of the samples observed in this study might not necessarily be interpreted as
the distribution behavior of clusters or bundles. Rather it could have been a random

distribution of such fibers that happen to be located at the edges.

3.3.2.3 Fiber Surface Morphology

Representative results from the multiple images taken of aramid fibers before and
after mixing are shown in Figure 3-14 and Figure 3-15. Aramid are highly oriented
aromatic polyamides, which presents challenges in creating fibers. The process of wet-
spinning is typically adopted and yields a fiber with very high strength along the axis of
the fiber held together by covalent bonds, but made up of many layers bonded together by
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hydrogen bonds with relatively low strength (Hahn 2000). During mixing and agitation of
aramid fiber in the mix, since the strength of the hydrogen bonds along the radial direction
is substantially weaker than the covalent bonds along the axis of the fiber, fibrillation can
occur. The very tiny strands of fibrils can effectively increase the bonding area of the fiber
which increase pull-out resistance.

Figure 3-14(c) and Figure 3-15(b) show the surfaces of the clustered fibers and
again they appear much the same with only slightly greater surface fibrillation. However,
the images from individual condition showed a different morphology, Figure 3-14(d) and
Figure 3-15(c). In these fibers, micro-fibrillation is apparent. Although it is not quantified,
it also appears that the individual fibers from FA are more fibrillated than FB. This effect
may occur because the fibers disperse more quickly in FA and are therefore agitated in the
individual condition for longer time compared with the wax coating on FB. The
significance of this effect is that not all individual fibers have the same state even though
they may be dispersed and distributed in the same way.

Figure 3-14(a) shows the fibers in their original condition and it is seen that each
fiber is cylindrical and 10-14 um long in diameter. Most of the fibers are smooth, with a
few occasional micro-fibrillations (circled in red). These fibrillations are approximately
0.5-2 um wide and 35-150 nm thick. In Figure 3-14(b-d) and Figure 3-15(a-c), small dots
appear on the surface of the fibers, which are left-over dust from the extraction and cleaning
process. Figure 3-14(b) and Figure 3-15(a) show the surface of the agitated bundles, and it

is seen that the fibers retain much of the same morphology as the unagitated bundles.
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Figure 3-14. SEM Images of Aramid Fibers of FA mix at Different Conditions; (a)
Original Bundles (Unagitated); (b) Extracted Agitated Bundles; (c) Extracted Clusters;
and (d) Extracted Individual Fibers (all images at 500x magnification).

Figure 3-15. SEM Images of Extracted Aramid Fibers of FB Mix at Different Conditions;
(a) Agitated Bundles; (b) Clusters; and (c) Individual Fibers (all images at 500x

magnification).

69



3.4 Summary and Discussion

In this study, the repeated load permanent deformation test showed improved
performance in FA mixture over FB and control mixtures. Since both FA and FB mixtures
contained aramid fibers at the same volumetric content but yielded different behaviors, it
can be inferred that volumetric content alone is not a sufficiently descriptive metric to
quantify fibers in M-FRAC. The fact that FA exhibits substantially less permanent strain
accumulation and has a larger flow number along with the fact that the fibers in FA were
more dispersed, distributed, and fibrillated, may suggest that additional fiber metrics play
arole in the effectiveness of fibers.

From the improved permanent deformation test results and in light of the
orientation findings, it is theorized that that the fibers function, as they do in other
composites, by bridging or reinforcing cracks. In this case horizontal cracks are developed
during the flow number test. In this theory, it is postulated that a more dispersed and
distributed fiber system acts to reinforce more flaws and thus more greatly improve the
performance. In the case of FB mix, since the agitated bundles are not well distributed,
their effectiveness is reduced. The existence of fiber bundles decreases the number of fibers
(individual fibers) directly interacting with the matrix and they could also introduce weak
spots in the matrix. Stated differently, a well distributed network of fiber reinforcement in
the proper directions is necessary since failure can occur on any plane. A large volume of
the material left unreinforced can dictate the overall performance of the material. It is also
possible that the effectiveness of the fibers in bridging cracks is aided by micro-fibrillation

of the fiber surfaces although this is not verified in anyway here. A higher level of this
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micro-fibrillation would mean a higher surface area of fibers in the matrix and a stronger
overall bond.

The combined behavior of fatigue on the field mixtures and permanent deformation
test results on horizontally and vertically cored specimens provided additional fundamental
insights with respect to the reinforcement mechanism of fibers in asphalt mixtures. Fatigue
test results showed that both FA and FB showed slight improvement over the control, but
there was no discernable difference between the two M-FRAC mixtures. The orientation
effect of fibers could be another key reason justifying the poor performance of fibers in
fatigue. It was found that there is tendency of the individual aramid fibers in these mixtures
to be oriented perpendicular to compaction. In the uniaxial fatigue test configuration, the
fibers are not ideally oriented for reinforcing cracks that develop perpendicular to the
loading direction (tension) because the samples are cored vertically. While in flown
number test are ideally oriented to reinforce cracks that form parallel to the loading
direction (compression loading).

This study does not identify a critical threshold of individual fibers needed to
achieve an effective network. It can only be stated that this threshold is somewhere between
an FDP of 16% (that from FB) and an FDP of 88.5% (that from FA). Whether this network
formation follows a simple linear, nonlinear, or percolation type relationship cannot be
determined from the current data. Finally, it should be stated that the orientations of the
fibers with respect to the testing configuration in this study is a direct result of the
laboratory fabrication procedure. The evaluation of field cores was beyond the scope of
this study but would provide additional insights. Here the gyratory compactor is used to
create specimens by compacting them along the same direction that the major principal
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stress is applied during tests. In the case of compression, these orientations generally align
with pavement construction and vehicular loading. However, in tension these orientations
differ since tension in a pavement is induced in a direction perpendicular to the compaction
direction. Failure to consider these differences may lead to laboratory results that
underestimate the true fatigue benefits from M-FRAC mixtures. Also, the study findings
are isolated to the single mixture studied, and additional testing incorporating more careful
documentation of fiber state is warranted in order to refine the theory further. What this
study does demonstrate is that understanding M-FRAC benefits can be improved by

considering the state of the fiber within the mixture.
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CHAPTER 4
EVALUATING INTERACTION OF FIBER REINFORCEMENT MECHANISM

WITH MESOSTRUCTURE OF ASPHALT CONCRETE

4.1 Introduction

Published studies generally demonstrate beneficial effects of fibers in asphalt
mixtures. However, some studies found that it is not always the case, and when
improvements are found they vary with respect to the types of fibers and the particular
asphalt mixture used in the study. In previous chapter, it was shown that the fiber state,
inclusive of how the fibers exist in the mixture, singular or bundled in some quantity, where
the fibers are located (if well distributed), and their surface morphology could directly
dictate the effectiveness of their reinforcement in asphalt mixtures. However, the study was
limited to one mixture type and the generalizability of their findings was not demonstrated.
To the best knowledge of the authors, little to no systematic study has been done to attempt
to quantify and correlate the effect of interaction between fiber reinforcement mechanisms
and asphalt mixtures composition, inclusive of gradation and binder content, has been
systematically undertaken in the literature. Additionally, there exists a lack of a generally
applicable laboratory method to introduce the fibers into asphalt concrete mixtures. In the
laboratory, agencies often encounter unexpected difficulties in preparing FRAC samples.
From practical point of view, without careful attention to the mixing process fibers will not
distribute in a homogeneous manner leading the agency to have reduced confidence in the
ability of the product to distribute in a full-scale mixing plant. In this chapter, in an effort
to determine an optimum laboratory mixing process to create representative FRAC, the
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interaction of multiple mixing parameters including time, mixer type, fiber blend,
temperature, and mixing processes were considered. Therefore, the specific objectives of
this study are to:
e develop an optimal laboratory mixing process of fibers in an effort to improve the
dispersion of fibers in asphalt mix;
e evaluate the mechanical properties of various asphalt mix designs reinforced with
and without aramid fibers;
e identify and quantify the key factors in the composition of asphalt mixtures
attributed to the reinforcement mechanism of fibers; and
¢ link the performance indicators developed from asphalt mixture constituents to the

laboratory modulus, rutting and fatigue performance of M-FRAC.

4.2 Experimental Program
4.2.1 Asphalt Mixture Selection

In the first part of this study, binder/mix types and pavement performance within
the United States were evaluated using the Asphalt Institute (Al) and Long-Term Pavement
Performance (LTPP) database. The results from such analysis are summarized in Figure 1.
The main goal was to identify representative mixtures and test methods for the laboratory
evaluation phase of the research that are commonly used by State Departments of
Transportation across the United States.

To evaluate the most common binder/mixture type around the United States, The
Al database was used to extract all binder grades specified by each State, and LTPP

database was used to extract information regarding nominal maximum aggregate size
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(NMAS) and asphalt binder grade. Among all asphalt experiments in the LTPP database,
the asphalt specific including General Purpose Sections (GPS) and Special Purpose (SPS)
were used to extract asphalt binder and aggregate gradation information. This initial
extraction yielded several thousand lines of data and included both new construction and
rehabilitation projects. However, many necessary data elements were not present in each
line of the database and these were eliminated from the dataset. The dataset was further
refined to only include sections with Performance Graded (PG) binder. The next step in
the analysis was extraction of pavement distress data from the LTPP database and
interpretation of the performance trends with respect to location. The same project sites
used in identifying material characteristics was used to extract information regarding
distresses for each climate region including Dry, freeze (DF), Dry, non-freeze (DNF), Wet,
freeze (WF), and Wet, non-freeze (WNF). The LTPP database was used because it is the
most comprehensive database with historical pavement distress information in the United
States.

The results from analysis of the common binder/mix type and performance trends
for each climatic region are summarized in Figure 4-1. It can be seen that the dry climatic
regions (i.e. Arizona, California, ...) tend to use (19 mm) 3/4" NMAS mix compared to the
wet regions (i.e. Pennsylvania. Georgia) that tend to use gradations with NMAS of 9.5 mm
(3/8") and 12.5 mm (1/2"). Also, from these data PG 64-22 was found the most common
binder type being used throughout the United States based on both the LTPP experiments
and Al database. Additionally, while different types of distresses were identified in LTPP,
rutting depth (RD) and fatigue cracking (FC) were found as the two key distresses. It can
be seen that fatigue cracking is the most concerning distress in DNF and WF region while
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rutting is the main concern WNF region. The analysis also suggested that both rutting and
fatigue cracking are equally considered as concerning issue in the DF region. Yet, it should
be noted that states within a climatic region have different critical distresses. For example,
while fatigue cracking was the most prevalent distress in the wet, freeze region, rutting
depth was the most dominant distress in Maine and Wisconsin based on LTPP data.
Therefore, evaluation of RD and FC were considered for experimental testing program in

this study.

Ranking

Ranki
Duy, freeze 1 2 e

Wer, freeze

1 2
NMAS (mm) 19 - NMAS (mm) 12.5 9.5
Binder Type 64-XX 58-XX Binder Type 64-XX 58-XX
Distress Type Rutting-Fatigue Distress Type Fatigue Rutting

Ranking Ranking

Diy. non-freeze Wet, non-freeze

I 2 1 2

NMAS (mm) 19 - NMAS (mm) 125 95
Binder Type 64-XX 70-XX Binder Type 64-XX 70-XX
Distress Type Fatigue Rutting Distress Type Rutting Fatigue

Figure 4-1. Summary of Trends with Respect to The Binder/Mix Type and Performance
Based on LTPP Climatic Regions.

4.2.2 Materials

4.2.2.1 Asphalt Mixtures

Based on findings of asphalt mixture selection study in previous section, a total of
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seven different mix designs were used in this study; four from the state of Arizona (AZ)
and then one each from Pennsylvania (PA), Georgia (GA), and Ohio (OH). It should be
noted that each of these mixtures are designed according to the standards of the respective
states. The mix design and relevant mix information are summarized in Table 4-1 and Table
4-2. While mixes A-F are laboratory prepared asphalt mixtures, mix G is a plant-produced
mixture (both the fiber reinforced and non-fiber reinforced counterpart which are the same
mixes labelled as FA and Control in Chapter 3). The binder content (from solvent
extraction) and the maximum theoretical specific gravities (Gmm) for both plant-produced
mixtures were examined and used to determine whether an equitable comparison of the
two plant produced mixtures was feasible. Based on the results, the two mixtures appear to
be consistent with the exception that one mixture contained fibers.

The OH mixture was also subjected to a special study involving asphalt binder
content. In this case, testing was carried out on mixtures at the volumetric optimum asphalt
content (6.2%) and £0.4% from this optimum. The selection of the OH mix among all the
mixes is explained later. The PG binder type and content (Pp), NMAS, the Reclaimed
Asphalt Pavement (RAP) content, and the location of each mix are shown in Table 4-1.
Also, the gradation, specific gravity of the binder (Gp), and bulk specific gravity of
aggregates (Gsp) are illustrated in Table 4-2. In addition, Gmm for each mix was determined
in the laboratory which were within the difference of two samples limit stated in

accordance with AASHTO T209.
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Table 4-1. Mix Design Information.

Represented RAP Binder NMAS Sample

Climatic Region  Content (%) P (%) Grade (mm) States ID
DF 0 53 PG 64-22 19.0 AZ A
DNF 18 4.9 PG 70-22 19.0 AZ B
DF 0 55 PG 64-22 12.5 AZ C

WF 0 55 PG 64-22 9.5 PA D
WNF 30 5.0 PG 64-22 12,5 GA E
WF 20 5.8 PG 64-22 9.5 OH F-1
WF 20 6.2 PG 64-22 9.5 OH F-2
WF 20 6.6 PG 64-22 9.5 OH F-3
DNF 0 5.2 PG 70-10 12.5 AZ G

Table 4-2. Gradation and Basic VVolumetric Properties of All the Mixes.

Sieve Size Passing (%)
Standard  Metric A B C D E F-2 G
1" 25.0 mm 100 100 100 100 100 100 100

3/4" 19.0 mm 98 96 100 100 100 100 100
12" 12.5 mm 80 80 87 100 96 100 97
3/8" 9.5 mm 72 69 78 96 84 92 85
No. 4 4.75 mm 51 52 61 61 59 53 62
No. 8 2.36 mm 30 37 45 44 42 33 48
No. 16 1.18 mm 19 25 34 30 32 22 34
No.30  0.60 mm 14 17 24 21 24 14 23
No. 50 0.30 mm 8.1 7.2 13 13 16 9.0 13
No.100 0.15mm 2.6 3.7 7.0 7.0 9.5 6.0 8.0
No.200 0.075 mm 3.3 25 4.3 4.1 5.2 4.4 5.3

Gmm 2416 2438 2399 2473 2458 2.427* 2.448
Gob 1.025 1.029 1.029 1.030 1.035 1.030 1.025
Gsp 2580 2578 2599 2.667 2649 2628 2.588

*The Values for F-1 and F-3 were 2.428 and 2.423, respectively.

4.2.2.2 Poly-Aramid Fiber Blend

This bend of aramid-polyolefin fiber has been among one of the most promising

types of synthetic fiber used for the purpose of mechanical reinforcement of asphalt
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concrete. The popularity of aramid fibers is not just because of its high tensile strength and
modulus but also it is used in the low dosage level for reinforcement purpose in asphalt
concrete. The low dosage of aramid fibers makes them ideal reinforcing candidates because
of first cost competitiveness and second un-disturbance to adjustment of asphalt mix
design. Polyethylene and aramid (Poly-Aramid) fiber blend was used for all the mixes at
0.05% dosage level by weight of asphalt mixtures, and the proportion of polyethylene to
aramid fiber was 87% to 13% throughout the entire dissertation. The synthetic aramid
fibers were dosed at 65 g per tonne of mix which is similar to the mix FA in Chapter 3.
The aramid fibers were 19 mm long and were introduced in bundles of approximately
1500-2000 individual fibers each. The dosage level and length were selected for this study
because these were the recommended dosage levels from the manufacturer. The physical
properties of synthetic fiber were measured and summarized in previous chapter. It should
be noted that the volumetric properties of mixtures (i.e. Gmm, void content, ...) were not

notably affected by the presence of fibers.

4.2.3 Fiber Mixing Methods

A good dispersion and distribution of fibers is a key in maximizing the reinforcing
benefits of fibers in composite materials. There is no laboratory standard test method to
introduce the fibers into asphalt concrete mixtures. As shown in Chapter 3, poly-aramid
fibers can be dispersed and distributed very well in the field with over 95% of fiber being
dispersed in the mix (Noorvand et al., 2018). Duplicating the same fiber mixing mechanism
in the laboratory has presented a challenge; however, mainly due to inadequate access to
the similar resources existing in the field. This issue is important though because many
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agencies first assess the efficacy of different M-FRAC technologies by using laboratory
tests. Thus, without careful attention to the mixing process in the laboratory, fibers may
not distribute in a manner consistent with full scale deployment and ultimately undermine
the agency’s confidence is using the product.

Given the need for an optimal fiber mixing procedure to create representative
FRAC, a preliminary study was conducted to examine several controlling parameters
(mixing time, mixer type, mixing process, ...). For the interest of brevity only the three
laboratory dry mixing procedures that yielded to the best possible dispersion of aramid
fibers will be presented and discussed below. A full description of all the mixing methods
can be found in APPENDIX C. Note that in all three methods the aggregate and asphalt
are first preheated to the appropriate mixing temperature.

e Method A (traditional method): the appropriate amount of asphalt binder is first
added to a crater formed in the middle of the aggregate heated to the target mixing
temperature. Then, aramid fibers are sprinkled onto aggregate around the crater and
the mix is blended for 90 seconds. Finally, the proportioned amount of polyethylene
fiber is added directly to the hot asphalt binder and the mix is blended for 90
seconds. Evidence from preliminary laboratory mixing studies at Arizona State
University (ASU) showed that when PE is added directly to hot aggregate in a
laboratory mixer it may melt to the aggregate. This effect is not observed in plant
mixed materials where the fibers disperse through tumbling aggregates and, it is
hypothesized, are not in as direct and intimate contact with the aggregates.

e Method B (two-layer system): One full batch of aggregate is approximately divided

to half (by mass). Next, the first half of the aggregates is poured into the mixing
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bucket and then the aramid fibers are evenly spread on the top of the first layer of
aggregate. After pouring the second and final layer of aggregates into the mixing
bucket, the same process of method A was followed (Addition of binder,
polyethylene, and mixing for 90 seconds).

e Method C (three-layer system): One full batch of aggregate is roughly divided to
thirds. The first third of the aggregates is poured into the mixing bucket and then
half of the aramid fibers are evenly spread on the top of the first layer of aggregate.
This process is repeated for the second layer of aggregate and second half of the
fibers. After pouring the third and final layer of aggregates into the mixing bucket,
the same process of method A was followed (Addition of binder, polyethylene, and
mixing for 90 seconds).

e Method D (pre-dispersed): This method is similar to method C except that
consideration was given to devising a laboratory fiber pre-dispersion technigue.
Under this method, air pressure technique was used to disperse aramid fibers prior
to the use. There were also several other variables that needed to be controlled in
order to effectively pre-disperse these fibers. After pre-dispersion of these fibers
they were added into the mix the procedure described under method C. The details
of the experiment can be found in APPENDIX C.

It should be noted that the fiber mixing procedure in the layering system (C-D)
takes longer than usual which causes aggregates to lose heat prior to mixing. Therefore,
aggregates are initially preheated 10 C higher (which was determined in a separate study)

than mixing temperature to account for the heat lost.
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4.2.4 Laboratory Test Methods

Three different mechanical test protocols were carried out to study the laboratory
performance of asphalt mixtures with and without fibers; these protocols targeted
characterization of the overall response to cracking (uniaxial fatigue), loading (modulus),
and permanent deformation (flow number). In all cases, the tests were performed using an
IPC UTM-25 machine and for all specimens the target air void content was between 6 and
7%. This air void content was chosen because it is commonly encountered in practice
immediately after construction and is therefore the most critical air void content. All
specimens were compacted with the gyratory compactor, 150 mm in diameter and 180 mm
in height. Specimens were then cut and cored to their final geometry. Note that all the
mechanical tests were similarly used in Chapter 3 expect that for Flow Number test, the
stress level varied by the mixture in order that all testing would fail between approximately
5000 and 10000 cycles. Although the stress level varied from state-to-state, within a given
state the same stress level was used for the fibers and non-fibers mixture of each mix (More
details in APPENDIX A). In addition, fiber extraction was used to evaluate the best
optimum mixing procedure and to study the state of fibers in all the mixes (See APPENDIX

B for the complete test procedure).

4.3 Results
4.3.1 Optimum Fiber Mixing Method

To select an optimum fiber mixing method throughout this study, fiber extraction
was performed to compare the dispersion level of individual fiber states (FDP) for the

mixes produced through different mixing methods (A-D). For each extraction, samples
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were obtained from the laboratory prepared mixtures right after the fibers were mixed with
the binder and aggregate. After mixing, mixtures were spread evenly onto a clean table,
and then 1500 g were randomly sampled for each extraction replicate. Table 4-3 presents
the extracted aramid dosage rate and aramid fiber states (FDP, agitated bundles and
clusters) for each mixing method. The dosage rate simply represents the mass of the aramid
fiber with respect to the total weight of the mixture. All the recovered aramid fibers from
extraction contained similar dosage levels (within approximately 5% of one another) and
were within 1-5% of the target rates, expect mix method D which was 10% less than the
target. It should be noted the polyolefin is melted during the mixing and only aramid fibers
are recovered. Also, fiber extraction was performed on two separate samples of each fiber
mixing method.

The results indicated that highest average FDP value of 88% for mixes produced
by mixing method D followed by methods C, B and A with average FDP value of 72%,
59% and 44%, respectively. Two observations were made from different fiber mixing
methods.

e Aramid puffing process yields more individual fibers. So, an internal study was
undertaken to compare the mechanical performance of fiber specimens produced
through mixing methods C and D (not shown for brevity), and the mechanical
results were found to be insignificant between the two methods. Therefore, method
D was dropped due to the challenges existed in the method such as visual fiber loss
puffing, handling, and mixing (airborne) and variability of Puffing process (single
operator), Puffed fibers adhered to the mixing tools and bucket. This also explains
the lower equivalent aramid dosage rate (0.96%) than other mixing methods.
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e The use of layering system to introduce fibers into the mixture can allow the aramid
fibers to disperse more efficiently. The reason for this result could be related to first
a better initial spread of fibers with appropriate distance from each other within the
aggregate to be effectively agitated upon mixing. Second, the layering method give
the fibers enough time for the agitation prior to them exposing to hot binder which
could otherwise lead to agglomerations that further interfere with the dispersion of
aramid bundles in the mix. Therefore, Method C was selected as the optimal fiber
mixing method throughout this study.

Table 4-3. Summary of Extracted Aramid Dosage and Fiber State for Various Fiber
Mixing Methods.

i 0,
Aramid Dosage State of Aramid (%)

Specimen 1D Agitated FDP
Rate (gitonne) gundle  CM®"  (individual)
Method-A-1 68.0 42 13 45
Method-A-2 69.2 48 9 43
AVG Method A 68.6 45 11 44
Method-B-1 69.3 12 21 57
Method-B-2 69.0 22 21 61
AVG Method B 69.1 17 21 59
Method-C-1 67.3 12 17 70
Method-C-2 68.5 9 18 73
AVG Method C 67.9 11 18 72
Method-D-1 59.9 0 15 85
Method-D-2 57.1 0 10 90
AVG Method D 58.5 0 13 88

4.3.2 State of Aramid Fibers in the Asphalt Mixes

Extraction was performed to compare the dispersion level of individual fiber states
(FDP) for each mixture using the ASU procedure after flow number testing. Table 4-4
presents the extraction results both in terms of the aramid dosage rate and the percentages
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of each of fiber states (FDP, agitated bundles and clusters). The Coefficient of Variation
(CV) of dosage rate and FDP state of recovered aramids from extraction were within
approximately 5-15% of one another. Also, the recovered dosage rate of aramid fibers was
within 5-20% of the target rates for all the mixes. The higher variation observed in the
dosage rates might have resulted from the fact that extraction was carried out on the tested
flow number specimens each having a mass of roughly 2000 grams, which is more than
the amount required for normal extraction and recovery. Moreover, due to randomly
distributed fibers, it is likely that the test specimens may contain slightly different aramid
dosage rates from one specimen to the other. Therefore, the extraction was performed on
three to four separate samples of each mix. Additionally, an ANOVA and statistical t-test
analysis were performed at a 95% confidence level. The ANOVA analysis was used to
compare the difference between all means for FDP and evaluate the significance of the
total differences and the t-test was performed to compare individual cases of FDP values
between each fiber mix.

The extraction results indicated that most of the fibers are dispersed in the
individual condition with an average of FDP in the range of about 50-70% for all the
laboratory prepared mixes and 88.5% for the Plant-produced mix G. As discussed earlier,
plant produced mixtures are able to disperse more effectively due to larger mix volumes
and effective mixing method practiced in the field. Extraction results of laboratory prepared
specimens also revealed an interesting observation. Statistical analysis of extraction results
of FDP values did not show any significate difference between mixes A, B, C and E as
well as between mixes D and F. However, comparing mixes A, B, C, and E with D and F
by ANOVA and t-test, a statistical significance was observed. This suggests that mixes
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with a higher nominal maximum aggregate size yielded to an overall more effective
dispersion of aramid fibers. For example, mixes A, C, and D with NMAS of 19, 12.5, and
9.5 mm indicated FDP of 71%, 61%, and 52%, respectively. This could be due a higher
degree of defibrillation and separation of bundles of aramid fibers and effective mechanical
agitation of fibers upon exposure to large aggerate particle size during mixing time. It also
appears that the existence of RAP in the mixes B and E and the different binder content
(F1-F3) caused slight impact on dispersion of aramid fibers. Nevertheless, based on the

extraction results of this study a conclusive statement cannot be drawn.

Table 4-4. Summary of Extracted Aramid Dosage and Fiber State for Various Mix

Designs.
Specimen Aramid Dosage State of Aramid (%)
ID Rat(zoﬁogc/:t\(/); ne) Agitated Bundle Cluster (;)[():5)
A 80.8 (15) 11 18 71 (5)
B 77.4 (5) 16 23 61 (14)
C 65.8 (13) 10 24 66 (12)
D 69.7 (7) 30 18 52 (7)
E 69.1 (10) 16 24 60 (16)
F1 85.3 (20) 33 19 48 (9)
F2 77.1(19) 26 24 50 (6)
F3 79.5 (9) 18 28 54 (10)

4.3.3 Repeated Load Permanent Deformation Test

Figure 4-2 illustrates the accumulated permanent strain using the flow number test
for each of the mixtures. The resulting flow number values from this analysis are also
shown as a tabular insert into the figures. It can be seen that in some mixes (i.e. A and B)
the M-FRAC variant accumulates strain at a slower rate and undergoes more repetitions
before reaching the onset of flow compared with no fiber variants. The results also show
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that this pattern is not universal since the fiber variants in mixes D and F exhibit similar
permanent strain response as their non-fiber variants under the repeated loading.
Incorporation of fibers in mixes B, E, G and A exhibited the highest increase in average
flow number values with 155%, 141%, 139%, and 112%, respectively, Figure 4-2(a, b, e,
and i). In comparison, the use of fibers in mixes C, F-1, and D indicated less degree of
improvement in average flow number values recorded at 65%, 58%, 44%, respectively,
Figure 4-2(c, d, and f). Additionally, F-2 and F-3 mixes with and without fiber showed
almost similar permanent strain response under the repeated loading with no notable
changes in flow number values as shown in Figure 4-2(f). Therefore, while fibers enhanced
the flow number values of asphalt mixtures in general, the degree of improvement for each
mix was different. While these differences could result from different states of aramid
fibers, particularly FDP values, the constituents of asphalt mix (i.e. binder content,
gradation) play a more pronounced effect on the fibers reinforcement efficiency in rutting.

This will be discussed later.
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Figure 4-2. Average Accumulated Strain During Flow Number Test for Mixes (a) A, (b) B, (c)
C, (d) D, (e) E, (f) F-1, (g) F-2, (h) F-3, and (i) G.

4.3.4 Dynamic Modulus Test

The results of |E*| experiment are shown in the form of dynamic modulus master
curves in Figure 4-3. The dynamic modulus data is shown in both log-log and semi-log
scales to better detect differences in the moduli at high and low temperatures. It is seen that
the moduli values for all the mixtures are relatively similar, yet there appears to be some
deviations in the average mastercurves of mixes C and D with and without fibers. An

ANOVA and statistical t-test analysis were performed at a 95% confidence level for all
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measured temperatures and frequency combinations. The ANOVA analysis was used to
compare the difference between all means and evaluate the significance of the total
differences and the t-test was performed to compare individual cases to the control mixture
and individually between the fiber mixes. In all cases, the results (not shown for interest of
brevity) indicated that the differences in moduli are not statistically significant. Thus, while
on-average differences are evident these effects are not significant. This finding is not
consistent with some previous studies that report changes in moduli values as a result of
incorporating fibers in the asphalt mix (Shaopeng et al. 2007, Kaloush et al. 2010). It is
noted that in the Kaloush et al. study, the type of polyolefin fibers used were different, and
the asphalt mixture used was for local municipality application. In other word, the fibers
used in that study may have had larger impacts on improving lower quality mixtures

compared to higher quality mixtures used by State DOTS, such as those used in this study.
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Figure 4-3. Comparison of |[E*| Mastercurves for Mixes (a) A, (b) B, (c) C, (d) D, and (e)
E in; Log-log Scale (Left Figures) and Semi-log Scale (Right Figures).

On the other hand, this author feels that the results in this part of the study are
accurate since; 1) the actual volume fraction of fibers in the mixture is low and 2) the
dynamic modulus test is a non-destructive test (inherent micro-defects in the asphalt
mixture do not grow). Effective medium theories suggest that fiber reinforcement can

increase the composite modulus if the individual fibers have substantially higher moduli
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than the other components of the composite and if the volume of fibers is large enough
(Choy 2015), but aramid fibers only constitute a small part of the total volume of the asphalt
mixture. The other mechanism whereby fibers can increase the modulus is through
reinforcement of growing defects because mechanically reinforced fibers alter the
mechanical properties by of transferring stresses and loads across cracks. Since the
specimen strain is low (typically around 60 micro-strains) the growth of micro-defects is
generally considered to be non-existent. Based on these findings the authors elected not to
perform dynamic modulus testing on the M-FRAC variant for F1-F3 and instead treated
the modulus as equivalent to the non-fiber variant values. The dynamic modulus test data

was required as part of analysis and simulation of the fatigue life.

4.3.5 Uniaxial fatigue test

The damage characteristic curve for all the mixes with/without fibers are shown in
(left figures). To have a better understanding of fatigue life of asphalt mixtures it is
necessary to evaluate damage curves along with |E*| of mixtures tested earlier. Since it
was found there was no significant difference between fiber and no fiber specimens in |E*|
data, the average modulus data of only no fiber specimens for each mix were used for the
analysis of their corresponded fatigue life. This was done to avoid using potential bias in
interpreting fatigue life of mixes with and without fibers. These curves show that the effect
of fibers on the damage characteristic varies from one mix to another. For example, fiber
reinforced samples of mixes A and C outperformed their no fiber samples in sustaining
damage before failure, while fiber samples of mixes D and G have damage curves that are
very similar to those of the no fiber samples. Similar to the damage characteristics, the
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effect of fibers on the fatigue life of asphalt mixtures differ depending on the mix design

types (' (right figures)).
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Figure 4-4. Comparison of Damage Characteristic Curves (Left Figures) and Predicted

Fatigue Life Relationship Based on Constant Strain (Right Figures) for Mixes (a) A, (b)
B, (¢) C, (d) D, (e) E, (f) F-1, (g) F-2, (h) F-3, and (i) G.

4.3.6 Interaction of Fiber Reinforcement Mechanism with Composition of Asphalt
Concrete
The AC meso-structure can be considered as the coarse aggregates enclosed by the
Fine Aggregate Mixture/Matrix (FAM) that consist of fine fillers, fine aggregates, asphalt
binder, and the air voids. The overall mechanical response of an AC is governed by the
properties of its constituents. For instance, the viscoelastic response of AC in cracking is
primarily controlled by the viscoelastic properties of the asphalt binder (or more accurately
by the viscoelastic properties of FAM). The positions or orientation of aggregate, aggregate
interlocking, and friction between the aggregates mostly control the viscoplastic response
of AC, particularly in compression. Therefore, the viscoelastic and viscoplastic properties
of AC are strongly related to their microstructure (Darabi et al. 2012).
In this study, to further examine the rutting resistance and fatigue life of asphalt mixes

with and without fiber, FN values and N simulated at 300 ps were plotted, respectively

for all the specimens in Figure 4-5. While fibers generally enhanced the FN values and
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fatigue life of asphalt mixtures, the degree of improvement varied from one mix to another.
For example, while the use of fiber in the mix E increased the FN values by 140%, this
increase in mix C was only 65% (Figure 4-5(a)). A similar trend was found in the fatigue
test results (Figure 4-5(b)). The largest increase in the fatigue life of asphalt mixtures
reinforced with fibers was recorded for mix C with 245%, followed by mixes A, B, and E
with 140%, 130%, and 70%, respectively. Fiber in mixes D, F1-3, and G increased the
fatigue life in the range of 10-50%. It is recalled that mix G was the field mix highly
dispersed (ASDR=88.5%). Nevertheless, the high individual state of fibers in the mix did

not result in significant improvement in fatigue.
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without Fibers.
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It was postulated that the efficiency of fiber reinforcement in improving the
mechanical performance of asphalt mixtures was linked to the microstructure of asphalt
mixtures. In particular, it appears that depending on the different gradation, binder content,
binder types, and volumetric properties of asphalt mixtures, fibers reinforcing mechanism
in fatigue cracking and rutting resistance is significantly affected. On the composition of
asphalt mixtures, the volume of binder content and gradation were found as two key factors
that determine the fiber reinforcing efficiency in rutting resistance and fatigue cracking,
respectively. The relationship of these parameters with the laboratory findings of the
mechanical performance of MFRAC was carefully examined and will be discussed in the

following sections.

4.3.6.1 Binder Content Effect on Rutting Resistance of M-FRAC

The effect of several external and internal factors on rutting resistance of AC
mixtures have been previously recognized. Internal factors consist of pavement thickness,
asphalt binder, aggregate and mixture properties (Golalipour et al. 2012). Several studies
have argued that the properties of aggregates are usually considered as the primary factors
leading to rutting of AC (Button et al. 1990, Ahlrich 1996). Stakston and Bahia (2003)
found that aggregate gradation rutting resistance is very dependent on gradation of
aggregate. In this study, the effect of aggregates properties, particularly the gradation on
the rutting performance of M-FRAC for different mixes was carefully examined,
nevertheless, no direct link was observed between the gradations of the mixes and
performance of M-FRAC in flow number test. Asphalt binder content is another critical
parameter which affects the shear resistance of asphalt mixtures. There should be adequate

96



film thickness to coat the aggregate which provides cohesion, but presence of too much
binder (high film thickness) can essentially have a lubricating impact, thus reducing the
efficiency of the aggregate skeleton and generating an unstable mix that is susceptible to
premature rutting (BRossEAUD et al. 1993). Further analysis of other mix constituents
revealed a connection between the asphalt binder content in the mixes and the enhanced
flow number of the mixes with fiber. For example, when comparing F1 to F3 mixes having
the same gradation but different binder contents, it is evident that effectiveness of fibers in
improving flow number diminishes with increasing binder content.

The volume of effective binder volume (V) was selected to represent the index
parameter in examining the performance improvement of M-FRAC in flow number test.
Besides, V. is a percentage of total volume, just like air voids content; each individual mix
type has an exceptional volume of effective binder, giving a spectrum of values for this
independent variable. Therefore, V,, was determined for the compacted test specimens of
each mix type using basic volumetric properties from Table 4-1 and Table 4-2 to navigate
any possible correlation between the rutting resistance of M-FRAC and the effective

asphalt binder content, as shown in Equation (4-1).
Vbe = Vb - Vba (4-1)

_ PpX(Gmm—AVXGmm)

Vbe - <(Gmm — AV % Gmm) - L) X (L - L) (4'2)

Gp Gmm—AVXGmm Gsp Gse

100—Py

Gse = o0 Py (4-3)

Gmm Gb

Where;

97



Ve  =volume of effective asphalt binder;

Vs = volume of asphalt binder;
Vbe = Vvolume of absorbed asphalt binder;
P, = total asphalt binder content, %;

Gnm = theoretical maximum specific gravity;

Gy = specific gravity of Binder;

AV =target Air void of the compacted specimens for the test which is 6.5%;

Gg, = bulk specific gravity of aggregate; and

G,, = effective specific gravity of aggregate, which is sometimes given or can be

experimentally obtained.

The calculated V,,, values and the improved FN values of asphalt mixtures due to
fiber for all the mixes A-G were generated in Figure 4-6. The error bar indicates the
standard deviation between the maximum and minimum improvement in FN values of AC
due to fibers. It can be seen that there is a very strong correlation between the V,,, of each
mix and the degree of improvement in average FN values in the specimens reinforced with
fibers which is defined according to Equation (4-4). It should be noted that since the effect
of air void variations in the compacted specimens was not investigated in this study, the
proposed effective volume of binder should only be representative of mixes compacted at
the same AV level. Nevertheless, the changes of AV values as inputs in Equation (4-1) did
not notably affect the correlation between the V. and the degree of improvement in FN

values.

Imoroved FN due to Fiber (%) = —riber"Nno Fiber 5 1) (4-4)

FNNo Fiber
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Figure 4-6. Comparison of V,, Values with Enhanced Flow Number of Asphalt Mixtures
Due to Fiber for All the Mixes.

Although, no further experimental works and/or numerical modelling were done to
explore the mechanism of such pattern, the findings of this study may be postulated as
follows. Asphalt concrete experiences permanent deformation due to its exposure to
repeated traffic loading during its service lifetime at high temperatures. There are three
different mechanisms which lead to permanent deformations of asphalt mixtures during
traffic loading. These include reduction in the friction between aggregates coated with
bitumen, overcoming the interlock between aggregates that it pushes the aggregates away
from each other, and the loss of adhesion between aggregate and bitumen in asphalt mixture
(Golalipour et al. 2012). Darabi et al. (2012) provided an interesting argument on the
microstructural changes for hardening-relaxation mechanism of asphalt concrete.

They argue that during the compressive loading stage, the aggregates become
slightly reoriented, and their interlock system is defeated by the asphalt binder confined
amongst them, which starts to push the aggregates away and/or together. During the rest

period, the viscoelastic response of confined asphalt binder is such that a time-dependent
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residual stress occurs to push the aggregates back and as a result the induced residual
stresses are released. This creates a time-dependent rearrangement in the aggregate
skeleton which allows partial recovery of viscoplastic hardening of asphalt composites.
Though Darabi et al. (2012) do not explicitly evaluate the role of binder, it is surmised that
in the presence of higher binder content, a relatively thicker film is formed on the aggregate
particles, which provides more mobility for the aggregates especially during the loading
stage. The researches also argue that this increased mobility causes a faster relaxation of
residual stress and rearrangement of the microstructure during the rest period, which leads
to more hardening recovery (Darabi et al. 2012). Therefore, asphalt concrete with higher
effective binder content can endure more viscoplastic deformation through the next loading
cycles as well as faster microdamage growth rate.

In the case of fiber reinforcement efficiency, it is theorized that fibers may not get
mobilized when the rate of the initiation and growth of microdamage is relatively fast. The
lack of fiber reinforcement efficiency can be further accompanied by the fact that higher
binder content in the asphalt concrete can reduce the effect of interparticle friction and the
degree of interlock between aggregates. In other words, the failure mechanism of
performant deformation of AC under repeated loading is more dominantly driven by
deformation of binders where they push the aggregates away from each other more easily
to defeat the interlock between them. Given the physical characteristics of fibers, one
should expect that a randomly distributed fibers in asphalt concrete matrix acts to bridge
across aggerate particles, particularly fine particles, rather than the binder itself. Therefore,
fibers are more effective in a system where interlock and stone-on-stone friction between
aggregates are the dominant failure mechanism under compression loading condition.
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4.3.6.2 Mix Gradation Effect on Fatigue Life of M-FRAC

Additional insights on the interaction of reinforcement effect of fibers with
compositions of asphalt mixtures are gained by considering the fatigue tests for various
mixes. It was observed that FAM phase based on different gradation of mixtures play a
very pronounced impact on the uniaxial fatigue performance of M-FRAC. FAM is a term
initially used by Kim (2003) to define the material used in his studies with sand asphalt
and is created by combination of asphalt binder, air, filler, and fine aggregate particles with
a specific gradation (Kim 2003). Also, Kim (2003) created FAM samples using aggregate
particles smaller than 1.18 mm. This size was chosen based on the availability of the
standard sand required by ASTM C778, which is mostly uniform and of sizes from 0.6 mm
to 0.3 mm. Zollinger (2005) followed the work of Kim and created a FAM from actual
asphalt concrete mixture gradations by taking only material finer than 1.18 mm (Zollinger
2005). Other researchers have defined the scale below asphalt concrete using aggregate
sizes smaller than 2.36 mm (Dai and You 2007, Kim, Wagoner, et al. 2008), 2.26 mm
(\Valenta et al. 2010), or 2 mm (Lackner et al. 2005).

The Bailey Method, which is rooted in packing theory, has been used for examining
and developing aggregate gradations in asphalt concrete. This method proposes a
phenomenologically vindicated concept using the definition of a primary control sieve
(Vavrik et al. 2001). This sieve size is calculated based on the ideal aggregate diameter
which would just fit inside the void space formed by three of the nominally largest coarse
particle sizes touching in the most ideal arrangement. For mixtures with a NMAS of 25.0
mm and 19.0 mm this dimension corresponds to roughly 2.36 mm sieve, and for 12.5 mm
and 9.5 mm NMAS mixtures this dimension is approximately the 4.75 mm sieve. These
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classifications would suggest that for 25.0 mm and 19.0 mm mixtures the FAM should be

fabricated with aggregates that are smaller than 4.75 mm while for 12.5 mm and 9.5 mm

mixtures the FAM material the FAM should contain all of the aggregates smaller than 2.36

mm (Underwood 2011). Therefore, the concept of The Baily method was used in this study

to distinguish coarse aggregates from fine aggregates based on the sieve size and the

nominal maximum aggregate size. In this study, FAM was determined in a form of a

thickness index (FAMr(inqex)) as follows.

v
FAMT(Index) =244

SAca
SAca =TI 7 x (1= o) X 47 Ry For NMAS(mm) = 25 & 19
SAca = TiRE ™ s % (1= o0 ) X 4mr?R; For NMAS (mm) = 12.5 & 9.5

Veam = VspVra + Vie
Via = 100 — Passing No.4 (%) For NMAS (mm) = 25&19

Via = 100 — Passing No.8 (%) For NNMAS (mm) = 12.5&9.5

Pp

_ Gmm = AVXGmm) G AV G

Vsb -

Gsp

Where;

SAcs = the total surface area of coarse aggregate (cm?) (Panda 2016);
T = radius of the sieve size;

R; = percentage of retained aggregates size;

Veam = the volume of fine aggregates material (cm?);

Vs =volume of aggregate; and

Vg,  =total volume fraction of fine aggregates;
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In the calculation process the effect of effective asphalt binder content (V) on the
overall value of volume of fine aggregate matrix (Vr4p) is very negligible; and therefore
it can be eliminated from the equation for further simplification. The gradation and basic
volumetric properties for these mixtures from Table 4-1 and Table 4-2 were simply used

to calculate the FAMy ey for all the mixes. Figure 4-7 was plotted for FAMy(pngex)

versus the improved fatigue life (Ny) due to fibers defined by Equation (4-12).

Nf(rivery—N :
Imoroved N; due to Fiber (%) = —L[E2 LR PBeD 5 100 (4-12)
Nf(No Fiber)
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Figure 4-7. Comparison of FAMr(jn4ex) With Enhanced Ny of Asphalt Mixtures Due to

Fiber.

The results evidently suggest that there is a good correlation between the FAM
thickness level and the degree of improvement due to fibers. This is an interesting
discovery providing a powerful screening tool of fiber reinforcement efficiency in
improving the fatigue life of asphalt mixtures. The concept of FAM and its role in
performance improvement of fatigue life of asphalt mixture by fibers may be schematically

explained from Figure 4-8 as follows.
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Assuming a homogenized matrix consisting of coarse aggerates (CA) and FAM

CA
FAM <«

Micro-Fiber Micro-Fiber
Microcrack Microcrack
Interphase < Interphase

©) (d)

Figure 4-8. Schematic Representation of FAM Phase in M-FRAC.

First, asphalt concrete was assumed as a homogenized material consisting of FAM
and coarse aggregates as well as the interface between FAM and coated coarse aggregate,
as shown in Figure 4-8(a and b). As these three components of asphalt concrete subject to
loading under tension, cracks should initiate and propagate through the weakest component
which are either interface (hereby they are assumed as adhesion failure) and/or FAM phase
(hereby they are assumed as cohesion failure). In the case of mix C representing a high
FAM thickness asphalt concrete (Figure 4-8(a)), it was hypothesized that more larger
number of microcracks are distributed within the FAM materials (Figure 4-8(c)). In
contrast, for mix D with a low FAM thickness (Figure 4-8(b)), the distribution of
microcracks might have happened to frequently occur within the interface as shown in

Figure 4-8(d). This hypothesis was also observed on the surface failure of the fatigue
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specimens in this study. As an example, the two cases of mixes C and D with high and low

values of FAM thickness, respectively were selected and examined as shown in Figure 4-9.

(b)
Figure 4-9. Surface Failure of Specimens After Fatigue Test for (a) Mix D and (b) Mix C.

It is evident that there are a greater number of exposed coarse aggregates (> No. 4)
for mix D in the Figure 4-9(a) compared mix C in the Figure 4-9(b). The higher number of

exposed coarse aggregate for mix D may suggest a greater number of adhesion failures
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which exists in the interface between FAM and Coarse aggregates (Figure 4-9(a)). Whereas
for Mix C in Figure 4-9(b), the failure seems to be a cohesion type of failure which here is
defined failure within FAM. Given the dimeter of aramid fibers (=12 um), it is anticipated
for aramid fibers to aid in bridging the cracks more effectively through the FAM phase
rather than the interface between FAM and coarse aggregates. Therefore, with increasing
the FAM thickness from one mix to another, it is likely that a greater number of random
microcracks can be distributed through the FAM at which point fibers can get engaged and
mobilized to transfer the load more efficiently. It is also important to note that the findings
of this study and the effect of FAM thickness on the fiber efficiency in enhancing the
fatigue life of asphalt mixtures can only be interpreted with respect to microcrack size
effect because the failure in uniaxial fatigue test in this study is defined by localization
which occurs when unstable microcracks are coalesced to form a macrocrack. Stated
differently, this test does not characterize the propagation of macrocracks in asphalt

mixtures.

4.4 Summary

One goal of this paper was to investigate the interaction of aramid fibers with the
microstructure properties of asphalt mixtures. The following conclusions were reached in
this study.

e Fiber mixing procedure in the laboratory poses a challenge in terms of obtaining
highly dispersed aramid fibers compared with the mixing procedure in the field. In
this study, a 3-layer system of fiber mixing procedure was used to improve the
dispersion of fibers.
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A fiber extraction method was investigated and developed in this study to identify
the state of aramid fibers in the asphalt mix.

The dispersion of aramid fibers was affected by the NMAS of the asphalt mixture.
Mixes with a higher NMAS overall yielded more effective dispersion of aramid
fibers.

The mechanical tests indicated that the poly-aramid fibers used in this study did not
affect the dynamic modulus of asphalt mixtures. However, fibers improved the
overall mechanical performance in fatigue and flow number of asphalt mixtures;
and the degree of improvement were found to be different from one mix to another.
A strong link was found between the compositions of asphalt mixtures and fiber
reinforcement efficiency in mechanical performance.

It was found that effective binder content and gradation play significant roles in
reinforcement effectiveness of fiber in rutting and fatigue cracking, respectively.
One of the most important findings of this study were that indices of /., and FAM
thickness were established as indicators of M-FRAC performance in rutting and

fatigue cracking, respectively.

Finally, it is noted that this study findings were limited to the single fiber type,

dosage and length; additional testing incorporating more performance evaluation of fibers

interaction at different dosage and length with microstructure of asphalt concrete in

cracking and rutting is warranted. What this study demonstrated is that understanding the

interaction of M-FRAC with composition of asphalt mixtures can explain some of the

driven factors and inconsistencies in the literature.
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CHAPTER S
MECHANISM OF MECHANICALLY-FIBER REINFORCED ASPHALT
CONCRETE IN TENSION

5.1 Introduction

One of the most common distresses in asphalt pavements is the cracking due to the
low tensile strength. The nature and causes of several types of cracking can be attributed
to thermal, fatigue, reflective, and block cracking. In each case, the asphalt concrete is
subjected mostly to tension developed for different reasons. For example, thermal cracking
occurs due to tensile stresses developed by non-uniform contraction of the asphalt layer at
low temperatures, while block cracking occurs due to the tension developed due to aging
and loss of volatiles in the asphalt binder (Kennedy 1983). Tensile strength of the mixture
is one of the critical pavement design indicators for construction of durable and sustainable
asphalt pavement. For example. Roque et al. (1999) investigated the use of the tensile
strength to determine the fracture properties of asphalt mixtures. The cracking behavior of
asphalt mixtures can also be characterized by their fracture response (i.e. toughness,
fracture energy parameters). The use of reinforcing fibers is primarily known to its benefits
in improved tensile strength of composite materials through bridging across micro-cracks
to carry the tensile forces. Such mechanism may result in increasing the amount of strain
energy that can be absorbed during the fatigue and fracture process of the mix (Abtahi et
al. 2010).

Previous work generally reported reassuring benefits of various fiber types in
enhancing the cracking resistance and tensile properties of asphalt concrete. However,
laboratory findings about the performance benefits of fibers in cracking for AC have been
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inconsistent. While in some studies fibers enhanced cracking resistance of AC but to
different degrees, there have been cases that fibers did not indicate any improvement in the
fracture or tensile properties. These studies were reviewed in Chapter 2. The inconsistency
in the results are based on using various parameters including fiber type, fiber dimension
(length and diameter), test type and test temperature/ loading rate, and mix type. The
Obijectives of this chapter is to:

e study the effect of temperature and loading rate on the tensile property of M-

FRAC
e evaluate the mechanical behavior of M-FRAC in tension using different tests.
¢ evaluate the cracking resistance of M-FRAC with respect to different mix design

types, fiber dosage, and fiber length.

5.2 Materials

Earlier in Chapter 5 of this study, a strong link was found between the compositions
of asphalt mixtures and fiber reinforcement efficiency in mechanical performance. It was
found that the gradation plays a substantial role in reinforcement effectiveness of fiber in
fatigue cracking. In particular, an index of Fine Aggregate Matrix/Mixture thickness
(FAM7 (1ngex)) Was established as an indicator of M-FRAC efficiency performance in
fatigue cracking. Therefore, to study the interaction of fibers reinforcement with the tensile
and fracture properties of AC, mixes C, D and F-2 were selected for this study; each
representing a mixture with high, low, and low FAM thickness, respectively (refer to

Chapter 4 for more details).
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5.3 Test Methods

In total, three different mechanical experiments were conducted to study the
cracking resistance of M-FRAC including uniaxial cyclic fatigue test, monotonic direct
tension (DT) test and Semi-Circular Bending (SCB) test. The test procedure and test
parameters for uniaxial fatigue test is similar to the one describer in CHAPTER 3 and more
details can be found in APPENDIX A. All testing specimens were obtained from
Superpave gyratory compactor (SGC) cylindrical samples compacted to a geometry of 150
mm in diameter and 180 mm in height. The target air void level for all test specimens was
6.5 + 0.5% and all the specimens were kept in the chamber for four hours prior to the test.
A three later system of fiber mixing procedure was selected explained in detail in

CHAPTER 4.

5.3.1 Direct Tension Test

Tensile behavior of asphalt concrete mixtures is typically examined using the
indirect test methods such as splitting tensile test and flexural test. Tension stresses are
created at the center part of the cylindrical specimen by the compression load causing the
specimen to fracture. Perhaps the most popular standardized test method is the indirect
tensile test (IDT) used to study the cracking behavior of asphalt concrete specifically at
low temp (AASHTO T322) due to its relatively easy procedure such as sample preparation
and set up. However, such tests may not accurately capture the tensile response of asphalt
mixes because the specimen is subjected to a complex stress state including tension,
compression, shear, and significant stress gradients (Li 1998). In IDT test, the disturbance
of the tensile stress field in indirect test methods (i.e. IDT) is more of a concern for testing
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temperature above 0°C since the effect of compressive load on specimens during testing is
even more significant (Qian et al. 2014).

To study tensile strength, toughness and energy absorption capability of FRAC,
direct uniaxial tensile test method has been recommended as an ideal test with the most
authentic results (Li 1998). Direct tension test has been previously used in some studies to
evaluate the tensile properties of asphalt concrete. These studies used different geometries
such as dog-bone geometry (Erkens 2004), cylindrical shape similar to uniaxial fatigue test
(SHRP-A-641), and rectangular shape (Yoo and Al-Qadi 2014). However, such test
configurations still present challenges such as eccentricity as a result of test misalignment
in the case of cylindrical specimens leading to end failure, formation of bending stresses
and high variability in the results (SHRP-A-641), the lack of realistic specimen dimension
(i.e. dog-bone geometry) not large enough to represent 3-dimensional random fiber
orientation (Erkens 2004, Apostolidis et al. 2016, 2019), complexity of sample preparation
and set up as well as absence of a controlled environment chamber (Yoo and Al-Qadi
2014).

In this study, a direct monotonic uniaxial tensile test was performed on a
circumferentially notched cylindrical specimens to study the tensile and fracture properties
of asphalt concrete with and without fibers. The experimental test configuration developed
in this study is similar to the one documented in SHRP-A-641 with the exception that there
is a circular notch in the center of cylindrical specimens in this work. The most prominent
advantage of cylindrical specimens with circular cracks is their ability to assure the plane
strain state under tensile load because the circumferential crack has no end in the plane
stress region (Stark and lIbrahim 1986). However, the state of stress would not be
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necessarily uniform in a notched specimen, especially at the tip of notch. The sample

preparation and system set up are explained in the following section.

5.3.1.1 Sample Preparation

Two different test specimen geometries were used in this test. For mix C, a core of
75 mmx 140 mm (d x h) specimen was obtained from a gyratory compacted plug. For
mixes D and F-2 with the NMAS of 9.5 mm, since the ratio of maximum particle size to
the diameter of testing specimens was just above 5, smaller sized specimens at the
geometry of 50 x 100 mm (d x h) were used as shown in Figure 5-1. When the testing
specimen geometry was reduced to 50 x 100 mm (d x h), it was possible to extract three
vertically cored specimens from one gyratory compacted plug. This would significantly
increase the productivity of the work. A preliminary study of the effect of samples
geometry on the stress strain response also indicated that there is no siginfcant difference
between samples of mix D and F-2 tested at 75 mmx 140 mm (d x h) and 50 x 100 mm (d

x h).

Figure 5-1. Close-up Image of the Vertically Cored Specimens (the Part of

Specimens Near the Edge Was Painted with Blue Color for Air Void Distribution Study).
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Additionally, since the vertically cored specimens shown in Figure 5-1 were taken
from near the edge of gyratory compacted plugs which normally has a higher air void
content than the core, a separate study was devised to evaluate the variability of air void
distribution in the small sized specimens. As expected, a higher air void distribution at the
edge of small sized specimen was observed compared with core, however, the difference
was less than 10%. After the samples were cored and cut to the target geometry, a circular
notch was placed in the middle of the specimens with width of 2 mm. For 75 mmx 145
mm (d x h) and 50 mmx 100 mm (d x h) specimens, the smaller diameters (d) of the
specimens were 61 and 43 mm. The configuration of the large size specimen is

schematically illustrated in Figure 5-2.

h= 69 mmn

d=61 mm

LVDT GL=7 mm

L= 145 mm [W=2 mm I ’

Figure 5-2. Cylindrical Asphalt Concrete Specimen with a Symmetric External
Annular Crack Subjected to Applied Tensile Load.

5.3.1.2 Experimental Set-up

The samples in this study were subjected to static tension loading and so all

specimens were glued to end platens before testing. The instrumentation and testing
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machine were similar to uniaxial fatigue test. Specialized gluing jigs that ensured proper
vertical alignment were built and gluing was performed using Devcon 5-min epoxy. Brass
buttons were glued onto the sample surface 90° apart. The specimens were then
instrumented with four axial linear variable displacement transducers (LVDTSs) to monitor
the on-specimen deformation. The gauge length (GL) of LVDTs was 7 mm placed right
next to the circular notch. The experiment was carried out under a monotonic load system
using servo hydraulic testing machine (UTM-25) in a temperature-controlled environment
as shown in Figure 5-3. Direct tension test was performed on average of 2-3 replicates and
3-4 replicates for 75 mmx 145 mm (d x h) and 50 mmx 100 mm (d x h) specimens,
respectively per mix condition and depending on the data variability.

UTM-25 machine load frame

INMACS IPC controller
Cvlindrical Specimen
Environmental Chamber
Computer

Compressor

Figure 5-3. Direct Tension Test Setup and Gluing Jig.

5.3.1.3 Data Quality of Monotonic Uniaxial Direct Tensile Test

Direct tensile testing for asphalt concrete is not specified in standards or
recommended practices and is typically conducted only in research. This is because the
validity of test results is challenged for essentially two practical reasons. First, the sample
preparation for direct tension test requires a careful alignment which otherwise lead to end

failure or high variability of test results due to eccentricity. No end failure was found in
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this study because of the presence of notch in the middle of the specimens, which
practically help reduce the variability of displacement data. Another advantage of having
a notch was acquiring displacement measurements from LVDTs right across the failure
plane around the crack opening which further lowered the data variability. The second
challenge with data validity was to perform the test under constant loading rate to obtain a
reliable stress strain curve, which requires a closed-loop controlled testing arrangement for
the tensile test. These two underlined issues were further analyzed from LVDT measured

data and are discussed in the following sections.

5.3.1.3.1 Displacement Behavior

In presenting displacement data, average of four LVDTSs are reported. Figure 5-4
shows the typical deformations measured by the four LVDTs as functions of time for the
two replicates of mix D at the same testing condition. All of the measured displacement
curves from individual LVDTs for each replicate developed upward orientation (more or
less). The slop of all the LVDTs for both replicates are consistent until the peak load at
around 30 seconds and after that they start to deviate from each other in the post-peak
region. The variability of deformation behavior from individual LVDTs in the post-peak
region was more pronounced for replicate 2 (Figure 5-4(b)) compared with replicate 1
(Figure 5-4(a)). The change of slope for replicate 2 implies that the portion of the specimen
covered by the corresponding LVDT experienced compression instead of tension due to
crack propagation (Figure 5-4(b)). In contrast, the typical steady development of
deformations for cases like replicate 1 (Figure 5-4(a)) infers that strain localization is
suppressed, and more transverse cracks occurred.
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Figure 5-5 further represents the optical observation of the typical failure pattern of
specimen after that test completion. A non-uniform failure pattern around the notched area
is evident which is possibly resulted from amplification of unevenly stress concentration
around the notched region especially in the post-peak region. This was expected given that
misalignment (minor in this study) during the sample preparation was inevitable.
Nevertheless, averaging the four LVDTs appeared to effectively minimize the variability
of individual LVDTs. Comparison between the average of four LVDTs from replicates 1

and 2 demonstrated a very good consistency in the deformation behavior as shown in

Figure 5-6.
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Figure 5-4. Typical Deformation Behavior under Tensile Load for (a) Replicate 1 and (b)
Replicate 2 of Mix D at 20°C and 0.6 mm/min.

Figure 5-5. Photo of Sample Failure and Crack Plane Under Direct Tension Test.

116



14

12 +
E 1
£ 08
£
8 06
8
2 04
o 02 * AVG LVDT1-4 - Replicate 1
'0 - AVG LVDT1-4 - Replicate 2
0 50 100 150 200

Time (s)

Figure 5-6. Comparison of Average of Four LVDTSs for Each Replicate.

5.3.1.3.2 Analysis of Displacement Rate on Specimen

Figure 5-7 shows typical stress displacement curves of no fiber and fiber specimens
for the cases of mix C at 10°C and 0.6 mm/min and at 20°C and 11 mm/min, respectively.
The fiber length and dosage level were 19 m and 0.15%, respectively. While an
improvement in the maximum tensile stress of fiber specimens over no fiber sample is
evident for the cases of mix C, the post-peak response overall indicated the an increased in
the slope of the descending curve, implying the reduced performance of specimens with
fiber. To further elaborate this, the actual displacement rate on fiber and no fiber specimens
were analyzed using measured data from the average of four LVDTSs on specimens shown
in Figure 5-7.

Two key patterns were observed from the analysis of displacement rate on
specimens. First, it can be seen that the displacement rate on specimens continuously
increases along with increasing the displacement. For all tests, it was observed that the on-
specimen LVDT displacement rate followed a power law in time (up to the peak load/stress

point). For example, Figure 5-7(a) represents the case of mix C at 10°C and 0.6 mm/min
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but the displacement rate on specimens until the peak load/stress was 0.35 mm/min fitting
a power law function for both fiber and no fiber samples. Second, it was observed that the
displacement rate on fiber and no fiber specimens for the cases of mix C started to deviate
after the peak load/stress point (Figure 5-7(a, b)). While the displacement rate for no fiber
specimens increased by a factor of 2 after the peak stress, the sharp increase in the rate for
fiber specimens of mix C was in the range of 8-10 times using a power law function. This
pattern was always observed for the mixes C with fiber regardless of the testing
temperature and loading rate; however, the effect was more pronounced at high loading
rates and lower temperatures.

These findings were attributed to nonconstant loading rate on direct tensile test
specimens. As mentioned earlier, monotonic uniaxial direct tension test was performed
using servo a hydraulic testing machine (UTM-25), however, the monotonic test is not
programmed to operate in closed-loop controlled testing arrangement whose function is to
minimize or remove the release of strain energy from the testing system, so that a stable
descending portion can be obtained from test specimens in tension. In a closed-loop
controlled system, an input function such as the on-specimen displacement measured by
LVDT(s) is fed back to the controller and compared with the reference input signal. The
difference between two signals are minimized by an adjusting amplifier. The feedback
signal is a key to maintain stability of the system. Since the displacement rate can well
match the predetermined actuator loading rate, any tendency of sudden specimen failure or

energy release during the softening regime will be avoided (Li 1998).
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Figure 5-7. Analysis of Loading Rate in Mix C Specimens (a) at 10°C and 0.6 mm/min
and (b) 20°C and 11 mm/min.

5.3.2 Semi-circular Bending Test

Semi-circular bending (SCB) test was selected to further study the fracture
properties of M-FRAC based on advantages that it offers over conventional cracking test
methods such as IDT and even the direct tension test developed in this study. The SCB test

protocol developed at the University of Illinois (IL-SCB) was performed in this study in a
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closed-loop computer-controlled fracture test setting, which allows a constant strain rate

on specimens.

5.3.2.1 Sample Preparation

Two 50-mm thick slices were obtained from the center part of SGC cylindrical
samples and the top and bottom plates were discarded as they are known to exhibit different
mix distributions (Doll et al. 2017). Each of the two middles slices were cut perpendicular
to the thickness into two equal semicircular halves, and a vertical edge notch was made
with a saw in the middle of the semi-circle specimen. Therefore, a total of four SCB
specimens were obtained from one SGC cylindrical sample as shown in Figure 5-8. The
final geometry of a SCB specimen tested had a diameter of 150 mm, thickness of 50 mm,
notch length of 15 mm and notch width about 2 mm (the width of the saw).
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Figure 5-8. Schematic of SCB Sample Preparation.

5.3.2.2 Experimental Set-up

The SCB test set is schematically illustrated in Figure 5-9. As can be seen the
specimen is supported symmetrically at the bottom and loaded at the top. SCB specimen is
supported by two rollers used to minimize the friction in the contact area at the bottom of
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specimen. For all experiments, the spacing between the two supports was 120 mm. The
asphalt mixtures were tested 10°C using an ITS Interlaken load frame system, equipped
with an environmental chamber to carry out experiments at the target temperature. The
experiment was conducted based on a displacement controlled using a crack month
opening displacement (CMOD) signal to provide a constant displacement rate on
specimens. An extensometer mounted on the bottom of SCB specimen by means of two
metal buttons glued on the specimen is used to measure CMOD. The range of the two

extensometers is from -1 mm to 1 mm.

Figure 5-9. SCB Test Fixture.

5.3.3 Design of Experiment

To understand the mechanism of synthetic fiber reinforcement efficacy in
enhancing the AC cracking resistance, the synergic effect of multiple parameters on the
mechanical response of laboratory tests were considered. These included the mix type (C,
D, F-2), fiber length (10, 19, 38 mm), fiber content (0.05, 0.15, 0.25), test temp (10 and
20°C), loading rate (0.1, 0.6, 0.9, 1.5, 11), and test type (Uniaxial Fatigue, DT, and SCB).
Conducting a full factorial test was not really possible due to time and resources limits;
therefore, a partial factorial design of experiment was conducted to study the mentioned

tasks (objectives) of this study. Table 5-1exhibits the experimental design of mechanical
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testing in this study. It should be noted that for DT experiment, initially 3 temperatures (0,
10 and 20°C) were considered. However, the AC specimens showed brittle behavior by
failing at the peak load at 0°C. Therefore, DT test was performed only at 10 and 20°C.
Note that the interpretation of M-FRAC response at 0°C could be still projected using the
time-temperate superposition principle provided that it holds true for M-FRAC.

Table 5-1. Design of Engineering Experiment for the Effect of Multiple Variables on the
Mechanical Response of M-FRAC Mixtures.

i i Temperature (°C)

_ Fiber Properties 0 | 5 T
Mix Sample ID Frequenc
Type | Length, | Content, Actuator Loading Rate (mm/min) 2 y

0,
mm % 01| 06 |09 |15 |06 |15] 11 10
DT, Uniaxial
0 0 C-0 DT SCB DT | DT | DT | DT | DT Fatigue
0.05 C-10-0.05 DT
10 DT
0.15 C-10-0.15 SCB
DT, Uniaxial
I 0.05 C-19-0.05 | DT SCB DT DT Fatigue
19 015 | c19-015 | DT | 2 | DT DT | DT | DT
SCB
0.25 C-19-025 | DT | DT | DT | DT | DT | DT | DT
0.05 C-38-0.05 DT
38
0.15 C-38-0.15 DT
DT, Uniaxial
° ° - SCB bT Fatigue
DT,
5 10 0.15 D-10-0.15 SCB
005 | D-19-0.05 DT DT Uniaxial
Fatigue
19 DT
0.15 D-19-0.15 sch DT
0 0 F2-0 DT DT Unng|aI
Fatigue
0.05 F2-10-0.05 DT Un|§1X|a|
10 Fatigue
0.15 F2-10-0.15 DT
F-2 —
0.05 F2-19-0.05 DT niaxia
19 Fatigue
0.15 | F2-19-0.15 DT DT
38 0.05 F2-38-0.05 Uﬂl§XIal
Fatigue
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5.4 Results
5.4.1 State of Dispersed Aramid Fibers with Different Lengths and Dosages

Fiber extraction was performed to compare the dispersion level of individual fiber
states (FDP) for the mixes C and D specimens with different fiber length and dosage level.
Extraction was carried out on the tested specimens each having a mass of roughly 1500
grams. Table 5-2 presents the extraction results in terms of fiber states (FDP, agitated
bundles and clusters). The Coefficient of Variation (CV) of dosage rate and FDP state of
recovered aramids from extraction were within approximately 5-10% of one another. Also,
the recovered dosage rate of aramid fibers was within 5-20% of the target rates for all the
mixes. The results show that increasing dosage of fiber does not change the FDP level, but
it appears that increasing fiber length reduced the fiber dispersion level. For mix F2, the
FDP values for 10, 19, and 38 mm fiber is 59%, 50%, and 33%, respectively. This is

expected given the difficulty in agitating the fiber in the mix as the length increase.

Table 5-2. Relative Percentages of the Different Fiber Dispersion Categories by Weight
After Extraction for Mixes C and F2 with Various Fiber Length and Dosage.

Specimen State of Aramid (%)

ID Agitated Bundle Cluster FDP (%CV)
C-19-0.05 10 24 66 (12)
C-19-0.15 13 19 68 (11)
C-19-0.25 9 21 70 (7)
C-10-0.15 10 12 78 (7)
C-38-0.15 22 12 56 (16)
F2-10-0.05 22 19 59 (12)
F2-19-0.05 26 24 50 (6)
F2-38-0.05 47 20 33 (15)
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5.4.2 Fatigue Life of M-FRAC

The uniaxial fatigue test results are analyzed using the simplified viscoelastic
continuum damage (S-VECD) approach to characterizing the fatigue behavior (For
analysis approach refer to APPENDIX A). Figure 5-10 shows fatigue life (Nf) of no fiber
and fiber specimens of mixes C, D, and F-2 simulated at 300 ps. The content and length of
fibers were 0.05% and 19 mm, respectively for all the mixes. The effectiveness of fiber is
evident in mix C compared with mixes D and F-1, which was attributed to the FAM
thickness parameter articulated in CHAPTER 4. Moreover, the effect of different fiber
length on the fatigue performance of mix F2 was further studied as shown in Figure 5-10.
The results suggest that longer fibers (19 and 38 mm) equally performed better in
sustaining damage before failure compared with shorter fibers (10 mm) and no fiber cases.
It should also be noted that although the target fiber dosage remained to be the same, their
dispersion level was different as shown in Table 2. If the number of individual fibers
between 19- and 38-mm fiber specimens were similar in the mix, it is speculated that 38

mm fiber would even show higher fatigue life compared with 19 mm fibers.
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Figure 5-10 . Ny of Mixes C, D, and F-2 for No Fiber and Fiber Specimens at 300 ps.
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5.4.3 Tensile capacity of M-FRAC

In this study, the maximum tensile stress values from DT tests were used as indicative
measures of approximated AC and M-FRAC tensile strengths. A relatively good
repeatability and reproducibility of maximum tensile stress values were obtained from both
DT tests with STDV ranging between 5-10% in the peak stress. The tensile stress of the

notched DT (o) specimens was calculated according to Equation (4-12).
p 6
O-DT = F X 10 (4'12)

Where; P is the axial peak load (kN) and r is smaller radius of the DT specimen (mm). In
the following sections, the tensile stresses of M-FRAC and AC with respect to temperature/

loading rate and properties of fiber (Ilength and dosage) are discussed.

5.4.3.1 Effect of Loading Rate and Temperature

In this section the effect of various loading rates and two temperatures on the tensile stress
of asphalt concrete with and without fibers are studied through the application of time-
temperature superposition principle. This was done through development of a mastercurve
of strength as a function of reduced strain rate at a desired reference temperature (20°C)

using the maximum stress values from the direct tension experiment.

5.4.3.1.1 Development of Strength Mastercurves for M-FRAC Using Superposition
Previous research has shown that asphalt concrete is a thermorheologically simple
material in linear viscoelastic (LVE) state (Goodrich 1991). This means that by applying a

time-temperature superposition to the undamaged states of asphalt concrete, a single
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parameter, reduced time/frequency, is produced to combine the effects of time and
temperature to create material mastercurves for fundamental material properties. These
mastercurves can then be used along with the time-temperature shift factor to determine
the material response under any combination of temperature and time/frequency. Chehab
et al. (2002) proved that this same concept can be used under tension test setting beyond
the LVE limits to highly damaged levels. It was shown that material performance at a
certain temperature and input history can be matched at a different temperature by selecting
an input history such that the reduced history is equal. One of the most significant
implications of such technique is reduction of the required laboratory testing program and
test condition for comprehensive material characterization of asphalt mixtures (Chehab et
al. 2002). In this study, op; mastercurves as function of log reduced strain rate were
constructed using the time-temperature superposition principle. While the details of this
approach can be found in (Chehab et al. 2002), a summary of procedure is described as
follows.

First, the actual displacement rate on-specimen for each temperature loading rate
combination was determined using a power law in time function. The function was fit to
the displacement-time (average of four LVDTS) curve up to the peak load. Next, reduced
strain rate was calculated according to Equation (4-13) and summarized in Table 5-3. Note
that the shift factor and the fitting coefficient were obtained from the dynamic modulus test
data for mix C discussed earlier in CHAPTER 4.

k' = kay (4-13)

ar = 100—’1(T2—Trzef)+a1(T—Tref) (4-14)
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Where;

k' = the reduced strain rate;

k = the strain rate on-specimen;

ar = the time-temperature shift factor at a given temperature;
T = the temperature (°C or °F);

Tref = the reference temperature (°C or °F); and

a,,a, = the fitting coefficients.

Table 5-3. Data Summary of Stress-Log Reduced Strain Rate Mastercurves for No Fiber

Case.

Test Tem Actuator Displacement Rate Stral(;\nRate o .
“EMP 1 Loading Rate on Specimen ; k' DT(No Fiber)

(°C) (mm/min) (mm/min) Specimen (kPa)

per second

0.1 0.03 0.00009 0.010 1232

10 0.60 0.35 0.001 0.142 2045

0.9 0.65 0.002 0.259 2465

1.5 1.04 0.0035 0.418 3045

0.6 0.24 0.0008 0.001 719

20 15 0.60 0.002 0.0020 890

11 14 0.05 0.047 1648

Figure 5-11 shows how the application of time temperature superposition principle
can shift the data of stress strain rate (Figure 5-11(a)) to construct the mastercurve of stress
reduced strain rate for no fiber case (Figure 5-11(b)). The combination of temperatures and
loading rates were selected to represent a large range of o, values of asphalt concrete
mixtures. The lowest o, value was around 720 kPa which may represent the tensile
strength of asphalt concrete at relatively a high temperature condition. While the highest
opr Was recorded at 3000 kPa at which asphalt concrete showed a brittle failure

representative of a strength of low temperature asphalt concrete.
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Figure 5-11. Example of Time-Temperature Superposition Application to Shift (a)

Maximum Stress-Log Strain Rate Data to (b) Construct Maximum Stress Mastercurves as

specimens of mix C at two different dosage levels (0.15% and 0.25%) and 19 mm length,

as shown in Figure 5-12. Following observations were made from the figure.
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The same procedure was used to develop mastercurves for the case of fiber

At slowest strain rate and 20°C, fibers showed slight improvement in the tensile
stress of asphalt concrete mixtures. At very low loading rate, the viscoelastic effect
of asphalt is high and therefore the efficiency of load transfer between fiber and

matrix is hampered by the viscos effect of asphalt (Park et al. 2017).
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At higher strain rate, the benefit of fibers emerged. At reduced strain rate between
0.002-0.05 (or the maximum stress of no fiber between 1000 and 1600 kPa), fibers
improved oy of asphalt concrete by about 15-20% for both 0.15% and 0.25% of
fibers. Thus, higher fiber content did not necessarily further enhance the o of
specimens particularly at 20°C.

At lower testing temperature (10°C), increasing fiber dosage evidently benefited
the performance in the pre-peak region of stress displacement curves of asphalt
concrete. For example, at reduced strain rate of 0.14 where the opr o Fipery Was
2045 kPa, 0.25% of fiber increased op,; by about 35% while the improvement for
the mix with 0.15% fiber was only 15% over no fiber specimens. At highest strain
rate, 0.15% and 0.25 fibers did not show notable increase in the maximum tensile

stress of asphalt concrete. Perhaps, a higher fiber dosage was needed.
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Figure 5-12. Stress-log Reduced Strain Rate Mastercurve for No fiber and Fibers

Specimens of mix C and 19 mm fiber.
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5.4.4 Evaluation of Fracture Energy and Toughness of M-FRAC

Fracture parameters were calculated using the load-displacement curves of SCB and
DT specimens to further characterize the effect of fiber properties, mix type, and test type
on the cracking resistance of M-FRAC compared with AC. For DT, specimens tested at
10°C and strain rate of 0.001 per s and 20°C and strain rate of 0.05 per s (Table 5-3) were

selected for analysis of fracture parameters.

5.4.4.1 Effect of Fiber Properties and Mix Type

The effects of fiber length, dosage, mix type, and test type were studied using
fracture toughness and energy parameters. Given the benefits of fiber found in the previous
sections, the DT test were performed at 20°C for mixes C, D, and F-2 at different strain
rates of 0.05, 0.0015, 0.006, respectively. These strain rates were selected to achieve
Opr(No Fiber) IN the range of 1000 to 1700 kPa. At 10°C, the test was only performed at
equal strain rate of about 0.001 per second for all the mixes (Figure 14b). Also, the effect
of fiber length on fracture parameters was considered for mixes C at both 20°C and 10°C

and mix D at 10°C using both DT and SCB tests.

5.4.4.1.1 Fracture Toughness

Fracture toughness is an intrinsic property of the material, which helps explain the
material’s resistance against fracture and is obtained from the measurement of stress
intensity factor defined as the state of stress near the crack tip (Saha and Biligiri 2016). The
fracture toughness can be correlated to the rate of crack growth, particularly the crack

propagation (Anderson 2017). For both DT and SCB geometry, stress intensity factor in
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mode | (K;.) was determined in linear elastic fracture mechanics (LEFM). In this study, it
is assumed that there was a small scale yielding where all substantial non-linearity is
confined within a linear-elastic field surrounding the crack tip. Also, K; is a function of
geometric factor of the specimen and loading conditions (Anderson 2017). It increases with
increasing applied stress and reaches a critical value (K;.) when failure occurs, which is
assumed to be at the peak load in this study (Saha and Biligiri 2016).

The K, parameter in the LEFM for SCB specimens was calculated from Equation
(4-16) developed by several studies. Equation (4-15) for the Y factor was specifically
developed for SCB test specimen by (Lim et al. 1993) and verified through finite element

analysis in another study (Li and Marasteanu 2004) .

Kic = Yi(0.8)0maxVTa (4-16)

Vo) = 4782 +1.219 (%) + 0.063exp (7.045 (g)) (4-17)
Pmax _

Omax = —o X 10 3 (4-18)

Where;

K c(scry= critical stress intensity factor (MPa+/m) obtained from SCB test,
Prax = maximum applied load (KN),

r = Specimen radius (m),

t = Specimen thickness (m),

a =notch length (m) which was measured as 14+0.5, and

Y108y = dimensionless normalized stress intensity factor when span ratio s/r = 0.8,
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In reviewing literatures, no study was found with regards to evaluating the fracture
toughness of cylindrical asphalt concrete specimens having circular notch under tensile
load. Additionally, no attempt was done in this study to investigate rigorous solutions
involving finite element analyses as it was out of scope of this study. The development
required extensive laboratory testing (i.e. different notch dimensions, geometry, ...) for
validation. Alternatively, closed form solutions of critical stress intensity factor for a
circumferential crack emanating from a notch in a round tensile bar was available in other
studies. The approximation method of evaluating K, for an external circumferential crack
in a thick-walled cylinder presented by (Tada et al. 2000) was used in this study given by
Equation (4-19).

K. = XomaNar (4-20)

Xx=05(1- g)l/z (1 +0.5 (%) +0375 (%)2 ~0.363 (£)3 +0.731 (%)4) (4-21)

P.

= Tmex » 1073 (4-22)

0. =
max T

Where;

Ko = critical stress intensity factor (MPav'm) obtained from DT test,
Pmax = Maximum applied load (KN),

r = radius of circular net ligament (m),

R = Specimen radius (m), and

X =dimensionless configuration correction factor for stress intensity factor

shows the measured fracture of fiber and no fiber DT specimens 20°C for different

mix types and fiber length and dosage. Critical stress intensity factor, K;.pr) increased by

about 15% with presence of fibers for mix C at 20°C but no difference was found between
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the K;.pry Of fiber and no fiber specimens of mixes F-2 and D. Comparing mixtures C-19-

0.05, C-19-0.05, and C-19-0.05, it is evident that increasing fiber content from 0.05% to

0.25% did not further increase in K;.pr). Also, no significant difference in the Kj.pr)

values was observed comparing different length of fibers at 20°C.
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Figure 5-13. Fracture Toughness of DT Asphalt Concrete Specimens with and without

Fibers for Different Mix Types and Fiber Length and Dosage at 20°C.

Figure 5-14 presents the calculated critical stress intensity factor from both DT and
SCB tests (Kj¢pry and Kj¢(scpy) at testing temperature of 10°C and strain rate of 0.0012
per second for different mix types and fiber length and dosage. The measured K, for the
no fiber SCB and DT specimens (C-0) are around 0.45 and 0.25 MPavm,
respectively. K;.(scg) is consistent with values of fracture toughness obtained previously
for asphalt concrete in the range of 0.5-1.5 MPa+/m (Kim and El Hussein 1997, Marasteanu

et al. 2002). The lower values obtained in this study is however due to the higher testing

temperature (10°C) compared with the mentioned studies.
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Figure 5-14(a) shows no significant difference in the fracture toughness between
C-0 and C-19-0.05 for DT specimens, while the use of 0.05% fiber increased the fracture
toughness of SCB asphalt concrete specimens by 10% (Figure 5-14(b)). At higher dosage
level for mix C, the fracture toughness of asphalt concrete further increased. C-19-0.15

specimens from SCB and DT test increased the Kjcpry and Kjcscg)y by 15% and 20%,
respectively. Also, 0.25% fiber case (C-19-0.25) improved the K. pry by almost 35%.

Comparing the different fiber length in the mix C, 10- and 19-mm fibers showed
similar K;.(pr) vales with 15% increase in toughness while 38 mm fiber specimen (C-38-
0.15) increased K;cpry by 22% (Figure 5-14(a)). The length study result from SCB test
showed similar trend for mix C, but the K, (scg) values increased by 10% and 20% for 10
mm and 19 mm fiber, respectively (Figure 15b). The fracture toughness findings for fiber
length study from both monotonic axial DT and SCB tests agreed well with cyclic fatigue
test results. However, knowing that there exists a smaller number of individual 38 mm
fibers (FDP = 56) in the mix compared with 19 mm FDP = 68), even higher fracture
toughness value values for 38 mm fiber could be anticipated at equal number of dispersed
individual fibers, particularly at lower temperatures.

Similar to the findings at 20°C, no notable difference was found between the
toughness of no fiber and fibers specimens for mixes D and F2 at 10°C for both DT and
SCB tests. These results are consistent with the findings of uniaxial fatigue test at 18°C
presented earlier, which further verifies the effect of mix type on cracking performance

with respect to FAM thickness parameter.

134



0.5

&
p a
2 @
35 0.4 . A
/4
2 T
§ 0.3 3
c
ey
%’ 0.2
l_
(]
S o1
B
&
w 0
D E B DB O NGRS NI
SRS CAS TSI AN O NNINE
CJ\ CJ\ Cf\ Cf\ Qﬁ‘v N Q'\ QQ’/\Q CV\Q ’V\
~ 06
0
s o N
E 05 + . {_ %
o e
2 04 —
S 03
(@]
3
g o2
o
2 01
o
s
L 00
N s 5 5 N 5 5
U O’QQ O,Q\ Q,Q'\ 9 O,Q\ QQ\
N
SANN AN AR

Figure 5-14. Fracture Toughness of Fiber and No Fiber Specimens from (a) DT Test and
(b) SCB Test at 10°C and Strain Rate of 0.0012 Per S for Different Mix types, Fiber
Length and Dosage.

5.4.4.1.2 Fracture Energy

Fracture energy is expressed as joules per square meter (J/m?) and determined
based on the work-of-fracture method which by definition is the area under the load-
displacement curve until the failure of specimen (Hillerborg 1985, Bazant 1996). Fracture
energy (Gr) corresponds to all of the work of load P which is dissipated by crack formation

and propagation. Gt is determined by dividing the work of fracture over ligament area (the
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product of the specimen thickness and ligament length) for SCB specimens and the smaller
diameter area for DT specimens expressed in Equations (5-10) and (5-11), respectively.

We fouﬁnalP(u)du

Gr(sce) = g g (5-10)
_ Wp fuﬁnalP(u)du
Grom =4, =" (5-11)

Where;

Wy = the work of fracture;

A;g  =the ligament area of SCB specimen.

Aj;g  =the smaller diameter area of DT specimen.

uring = the displacement at a cut-off load value where the test is considered at an end

(usually taken as 0.1 kN).

It should be noted that the method of work-of-fracture in fact measures apparent
fracture energy since not all the energy may be dissipated at the crack tip. The fracture
energy results for both DT and SCB tests are presented in Figure 5-15. The fracture energy
of DT test specimens was determined as a mean to compare the effect of test types on the
fracture properties of FRAC. These test parameters were similar to those of SCB specimen
except that the strain rate on DT and SCB specimens were not similar given the different
geometry of specimens used for each test. No attempt was also made to perform these tests
at a similar strain rate on specimen condition because fiber specimens in DT test were
underperforming in the post-peak region regardless of test temperature and loading rate.
So, a general comparison of test types (SCB vs DT) on fracture properties of FRAC should
still be valid. Figure 5-15 exhibits that there is no difference between the fracture energy

of no fiber and fiber DT specimens, while the SCB test clearly indicated the benefits of
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fiber in enhancing the fracture energy of asphalt concrete. The fracture energy results for
DT test was expected due to nonconstant loading rate on specimens found and discussed
earlier which resulted in narrower post-peak response for fiber specimens compared with
no fibers samples.

The SCB test results showed that the use of 0.05% and 0.15% fiber increased the
average fracture energy of asphalt concrete specimens for mix C by 5% and 25%,
respectively. The results suggest first the importance of a fracture test type with controlled
loading rate and second the benefit of increasing fiber dosage lower temperature in
enhancing the total fracture energy. However, the 10 mm fiber did not show any benefit in
the fracture energy of asphalt concrete specimens. The results for mix D showed increase
of fracture energy for 19- and 10-mm fiber by 15% and 19%, respectively. The fracture
energy test results for Mix D with low FAM thickness did not agree with the fracture
toughness and uniaxial fatigue findings. This is an interesting observation which will be

discussed later.

2000

1800 |ODT

1600 |OSCB % .

1400 ‘I‘ - I _I_

1200

1000

800

600

400

200
0

Fracture Energy (J/m?)

Gi,%f,w\:, > Gi,%f,%-\;)s-\% 0?9-\29-\6
AN AN Q,\ Q,\
Figure 5-15. Total Fracture Energy of Asphalt Concrete with/without Fibers at 10°C
Based on DT and SCB tests for Different Fiber Dosage, Length and Mix Types.
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5.5 Summary and Discussion

The experimental findings have shown that fibers do serve as reinforcement element
in asphalt concrete; however, their reinforcing efficiency is dependent on the temperature,
rate of loading, properties of fiber (i.e. dosage, length), and properties of mix type
(gradation). Moreover, the specific type of mechanical testing adopted to study M-FRAC
is impetrative in understating the interaction of fibers with the mentioned properties and
how fibers can affect the crack growth in the asphalt matrix. In this section, laboratory

findings of mechanical performance test are further discussed.

5.5.1 Effect of Test Type

To understand the effect of test type on evaluation of fiber reinforced asphalt
concrete in cracking, the mechanism of crack growth under tensile load is schematically
shown in Figure 5-16 which can be simply explained as follows. During a loading process,
microcracks will start to grow at point (B), at the peak stress (C), structure is populated
with a certain distribution of microcracks with varying lengths (Figure 5-16(a)). Most of
these micro-cracks are stable, with perhaps one, maybe two, cracks that are about to
become unstable. It is the unstable crack in the micro-crack population at peak-load that
triggers macro-crack propagation and localization. The stress-drop (D) is the consequence
of the macrocracks propagation through the specimen. In a monotonic direct or indirect
type of tension tests (i.e. DT, SCB, IDT), complete stress strain curve response that
includes crack propagation stage can be captured as shown in Figure 5-16(b). On the other
hand, the failure in uniaxial cyclic fatigue test is defined by the cycle at which the phase
angle shows a sharp decrease which is caused by macrocrack localization due to
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coalescence of microcracks under repeated cycles of loading. This point of failure is
corresponded with the peak load as shown in Figure 5-16(c). Therefore, while the cyclic
uniaxial fatigue test is useful in characterizing the pre-peak response of M-FRAC under
tension, it fails to evaluate the contribution of fibers to the post-peak regime where fibers
may potentially show some additional benefits. This incapability of the test method to
differentiate between crack initiation and crack propagation has also been previously noted
(Roque et al. 1999). The use of such test becomes particularly more questionable when
characterizing cracking behavior of asphalt concrete reinforced with macrofibers.
Recognizing the importance of monotonic crack propagation test in tension in
evaluating the full stress strain response of FRAC, various studies have widely used IDT,
SCB, and DT tests. However, these tests technically lack to operate in a constant loading
rate due to the use of loading head displacements. Therefore, when loading head
displacements are used to control testing, the speed of crack propagation cannot be
maintained equal. This may result in slower or faster propagation of cracks depending on
the stiffness of the specimens as shown in Figure 5-7 with the distinctively different actual
displacement rates measured on the specimen. Since asphalt is a viscoelastic material with
its response changing with rate, this becomes an issue of concern when evaluating the
microfiber fracture response in the post-peak regime of stress strain curve which is the case
for DT analysis approach. For example, the analysis of fracture energy using area under
curve for the fiber specimens can significantly misinterpret the reinforcement efficiency of
fibers in asphalt concrete due to the lack of stable and controlled strain rate on specimens.
In this study, SCB test was used along with CMOD as the monitoring signal to sustain the
stability of test in the post-peak region of the test to evaluate the fracture properties of M-

139



FRAC. While DT specimens did not show any benefit of fiber in the fracture energy of
asphalt concrete, the SCB results indicated improvement in the fracture energy of asphalt
concrete specimens by aramid fibers, as shown in this study for DT test results.
Nevertheless, the analysis of pre-peak response of stress strain curves from these are still
valid since the strain rates on specimens until the peak load are similar for AC and M-

FRAC specimens.
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Figure 5-16. Schematic Representation of (a) Crack Growth Mechanism, (b) Typical

Monotonic Tension Test, and (c) Uniaxial Cyclic Fatigue Test.

5.5.2 Effect of Temperature/Loading Rate

The effect of loading rate and temperature on the mechanical response of FRAC
can be explained by the viscoelasticity behavior of asphalt mixtures on the basis of two
mechanisms; one is the crack path in the mix and the other the stress transfer mechanism

in the interface between fiber and asphalt matrix. These are elaborated as follows.
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5.5.2.1 Crack Path Mechanism

It has been shown that the propagation of crack through asphalt concrete is
influenced by temperature and loading rate. Doll et al. (2017) studied the fracture process
zone and crack path in a pre-notched asphalt concrete SCB specimen using digital image
correlation (DIC) at temperatures of -12°C and 25°C and several loading rates. They found
that the embrittlement of the matrix at lower temperature/ higher loading rate minimized
crack branching/kinking. It was shown that a relatively straight crack at low testing
temperature while the crack path was tortuous for higher temperature as exhibited in Figure

5-17.
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Figure 5-17. Strain Field Superimposed on the Aggregate Structure at (a) -12°C and 0.7

mm/min and (b) 25°C and 50 mm/min at Peak Load in Each Case. The Bottom Figures

are the Corresponded Fracture Process Zone Estimation Using Thresholding the DIC-

Measured Strain Fields. Also, the Strain Contour Color Scale is Shown Next to the Top
Figures (Doll et al. 2017).
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In this study, the surface failure of specimens suggested propagation of cracks
along a tortuous path for the testing temperature 20°C as well as 10°C but relatively to a
less degree. This might imply that the cracks branched through mostly FAM (consisting
of binder, fine aggregate, and filler) rather than at the coarse aggregates/FAM interface in
this study. Since the aramid fibers in this study had a diameter of roughly 10-12 um, they
can act as bridging sites in wake of distributed microcracks within FAM component

under tension loading.

5.5.2.2 Stress Transfer Mechanism

When a low-modulus matrix such as asphalt concrete reinforced with and high-
modulus and high-strength fibers such as aramid fibers subject to a tensile load, the matrix
will transfer a portion of the load to the fiber. Thus, some of the loads will be carried by
the aramid fibers and the rest by the asphalt matrix prior to formation of any macrocracks
in the matrix. However, the load transfer from fiber to matrix can be dominated by presence
of a viscoelastic material. At lower temperature or faster loading rate, the modulus of
asphalt concrete is high and acts like an elastic material while at higher temperature or slow
loading rate asphalt concrete is more viscous. Park et al. (2017) observed that the stress
concentration at the both ends of fiber disappears at higher temperature or slow loading
rate, and the stress through the entire fiber length becomes more like the average shear
stress due to local viscous flow of asphalt binder. When the stress reaches a specific
concentration point corresponding to the applied strain rate, it becomes constant because
the deformation at that point will be accommodated by viscous flow without additional
increase in stress, shifting stress demands to adjacent regions, much like elasto-plastic
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behavior. Therefore, in the absence of asphalt viscosity the load can be more effectively
transferred within the interface from fiber to matrix, which causes improved reinforcement
role of fibers in the system. Comparing the fracture toughness of M-FRAC with AC at
10°C and 20°C, fibers showed more benefit in improving the toughness at 10°C implying
a relatively more effective load transfer occurring at reduced temperature even though the
asphalt concrete is not perfectly elastic at 10°C. Whether this theory will hold true at further
lower testing temperature (i.e. 0 to -20°C) is a question for future work. Moreover, the load
transfer is also reliant on the properties of fiber length and dosage which will be discussed

in the following sections.

5.5.3 Effect of Fiber Dosage and Length
The effect of fiber properties (length and dosage) is discussed on the basis of
previous discussions of crack path in the mix and stress transfer mechanism in the interface,

which played a profound role in reinforcing capacity of fibers.

5.5.3.1 Crack Path Mechanism

The experimental results from direct tension test at 20°C showed that 0.05% fiber
content increased the fracture toughness of asphalt concrete by 15% and higher fiber
content (0.15% and 0.25%) did not further improve the maximum tensile stress. Moreover,
no significant difference in the toughness values of M-FRAC was observed comparing
different length of fibers at 20°C. Considering tortuosity of propagated cracks at 20°C, it
is postulated that there is a critical volume of a saturated homogenously distributed fibers
(0.05% fiber dosage) and critical fiber length (10 mm) within FAM which can effectively
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delay the widening of microcracks and beyond that there is no further improvement in the
fracture toughness.

In contrast, higher fiber dosage was needed to increase the fracture toughness at
testing temperature of 10°C. While 0.05% fiber content in asphalt concrete did not show
any benefit, incorporation of 0.15% and 0.25% fiber dosage level increased the fracture
toughness by 15% and 35%, respectively. In addition, longer fibers were more effective at
reduced temperature (10°C) in increasing the fracture toughness of asphalt mixtures. This
is possibly attributed to the relatively less tortuosity of microcracks and straighter crack
path emanating from the crack tip at 10°C which requires a greater number of fibers
(>0.05%) to arrest the growth of microcracks. Longer fibers also ensure that the
microcracks are in close vicinity of fiber bridging sites and therefore there is more
likelihood of existence of fibers bridging sites upon propagation of microcrack through

matrix.

5.5.3.2 Stress transfer mechanism

At 20°C, it was shown that the fracture toughness of M-FRAC is almost
independent of fiber properties, specifically length and dosage due to the fact that the load
transfer is driven by the viscous flow of asphalt binder as explained earlier. However, at
10°C when asphalt concrete shows more elastic behavior, the underlying effect of fiber
length and dosage on the stress transfer start to emerge. The effect of fiber length on the
load transfer can be elucidated by comparing the relationship between fiber length (L) and
fiber critical length (L.). A critical fiber length is defined as the minimum fiber length
required to build up stress (or load) in the fiber which is equal to its strength (or failure
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load) (Kelly and Macmillan 1987, Bentur and Mindess 2006). The effect of different fiber
lengths (L) relative to L. can be similarly analyzed in terms of the stress transfer
mechanisms using Cox theory (Cox 1952), as shown in Figure 5-18. For L < L. (Figure
5-18(a)) there is inadequate embedded length to create a stress equal to the strength of fiber
and the fiber is not reached to its full efficiency. However, as the length of the fiber
increases and exceeds L., the stress along most of the fiber reach its yield or tensile strength
(Figure 5-18(c)), hence mobilizing most of the potential of the fiber reinforcement (Bentur
and Mindess 2006). Moreover, A higher number of fibers in the matrix reduces the spaces
between fibers and can effectively facilitate the efficiency of stress transfer mechanism by

the transmission of load from one fiber to another.
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Figure 5-18. Stress Profile Along an Embedded Fiber in a Matrix as a Function of Fiber

Length.

5.5.4 Effect of Mix Type

The results from various mix types showed that the fiber reinforcement efficiency
is affected by gradation of asphalt mixtures. FAM thickness index was introduced as an
indicator for fiber efficiency in cracking. The concept was verified by measured fatigue
life using uniaxial cyclic fatigue test as well as fracture toughness using monotonic SCB

and DT tests. Improvement from mixtures with higher FAM thickness could be explained
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by the mechanism of crack path discussed earlier. With reference to propagation of cracks
along a tortuous path under tension loading, at larger FAM thickness there is a better chance
for fibers to function as bridging sites to delay the microcrack propagation. The fracture
energy test result, however, shed further light into understanding the reinforcement
mechanism of fibers. It was found that the fracture energy of SCB specimens increased by
presence of fibers regardless of the mix types and the FAM thickness concept. This is a
very important observation in a sense that after the peak load, fibers start actually
debonding from matrix, which at that point they can function to bridge across the crack to
delay the macrocrack prorogation regardless of the mix type and the corresponded FAM
thickness. This also accentuates the use of a crack-controlled test in evaluating the full

response of M-FRAC.
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CHAPTER 6
EVALUATION OF INTERFACIAL SHEAR BOND STRENGTH AND CRITICAL

FIBER LENGTH IN FIBER REINFORCED ASPHALT CONCRETE

6.1 Introduction

The interface between fiber and matrix plays a siginfcant role in understanding the
mechanical behavior of fiber reinforced composites which were discussed in CHAPTER
2. In short, the interface governs the load bearing capacity and the efficiency of load
transfer between the fiber and the matrix. Quality of interface between fiber and matrix is
commonly characterized by the shear bond strength from which a critical fiber length can
be determined. The interface can be examined by a number of micromechanical techniques,
such as pull-out, push-out, microbond, and fragmentation tests, have been extensively used
in recent decades. A bond between two surfaces can be formed through different
mechanisms including molecular entanglement, electrostatic attraction; interdiffusion of
elements; chemical reaction, and mechanical interlocking. All these mechanisms occur at
the interface region most likely in combination to form the final bond. A detailed review
of these mechanisms can be found in (Teklal et al. 2018). While the importance of all
different bonds in evaluating the interfacial properties of fiber reinforced composites is
recognized, and they are definitely worth being investigated, the particular focus of this
research is to study the bond characteristic in the interface with respect to solely mechanical
interlocking at the fiber surface.

The present study investigates the interfacial shear strengths of fiber-reinforced
asphalt matrix using the single-fiber pull-out test at different displacement rates. Because
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of the viscoelastic nature of FRAC, the shear bond strength between the fibers and the
asphalt matrix are affected by the displacement rate. At slow displacement rates, the shear
bond strength is low. Inversely, at high displacement rates, the shear bond strength is high.
Very few studies have addressed the bond between fibers and matrix and the effect of fiber
length on the properties of FRAC (Lee et al. 2005, Qian et al. 2014, Park et al. 2017,
Apostolidis et al. 2019). The studies used different fiber types, test configurations, test
conditions, and methods of analysis. The recommended critical embedded length varied
from one study to another depending on fiber types and the test conditions used. More
research is still needed to evaluate the interaction between fibers and asphalt concrete
matrix and to determine the critical fiber embedded length under different shear bond
strengths. To this date, there is no single study to relate the shear bond strength between
fibers and asphalt matrix from pull-out test to the stiffness of asphalt binder, mastic or
concrete in the mix. This is this relationship that allows one to suggest a practical fiber
length in the asphalt concrete mix and can provide fundamental understanding on the
mechanisms of shear bond strength and its roles into fiber reinforcement in asphalt

concrete.

6.2 Objective
The main objectives of this study are summarized as follows:
e Analyze the nature of shear bond strength between fibers and asphalt mastic from
pull-out test under different displacement rates and fiber dimensions.
e Develop an analytical framework to establish a relationship between the shear bond

strength and asphalt concrete modulus.
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e Recommend a practical fiber length as a function of temperature for use in asphalt

concrete.

6.3 Experimental Program
6.3.1 Materials

A PG 70-22 binder grade was used in this study. Three types of fibers were also
used including a multi-filament aramid fiber and two different nylon fibers, a multi-
filament (named here Nylon 1), and a monofilament (named here Nylon 2) with properties
subjected to tension. Table 6-1 and Figure 6-1 show the measured physical properties of
the three fiber types. It can be seen that the aramid fibers have the smallest diameter and
the largest tensile strength and modulus of elasticity than the nylon fibers.

Table 6-1. Measured Physical Properties of Fibers Types.

. Tensile .
Fiber Diameter (mm) strength Perce_nt * Melt"lg
Type (MPa) Elongation Temp (°C)
Aramid 0.012 3,000 10 >450
Nylon 1 0.025 966 45 210
Nylon 2 0.260 350 65 210

*Percent elongation is the elongation at failure as a percentage of the original length.
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Figure 6-1. Measured Stress-Strain Relationship of Fibers.
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6.3.2 Sample Preparation
Sample preparation included three steps: 1) alignment of the fibers in the container;

2) preparation of the mastic; and 3) pouring the binder/mastic into the container.

6.3.2.1 Fiber Alignment

Multiple parameters were considered in fiber alignment procedure to ensure
minimum eccentricity. 3D-print cup containers and alignment gadgets were designed, and
fibers were aligned using the laser beam device. The assmply is shown in Figure 6-2. PLA
Filament 1.75mm was used in fabrication of all the needed testing parts which had a
temperature tolerance of 180-220°C so the cups were not degraded upon pouring hot
binder/mastic in them. The cups however were not reused and for each test new cups were
printed. Note that the diameter of the circular hole at the bottom of the cups was 1 mm,
which was large enough to allow fibers to pass through and small enough not to allows hot
liquid binder/mastic to pass through upon pouring into the cups. The cups were designed
at 50 mm dimeter and different heights depending the fiber embedded length. Different
geometries of cups were considered in the initial study to make sure that pull-out test is
independent of the geometry of containers. Another important parameter in the fiber
alignment process was to have a good gripping system to make sure the embedded fibers
(L,) are perfectly straight and in tension during pouring the hot liquids into the cups. The
embedded length was also verified by the measurement of L, after the test, which was

almost similar to the target L,,,.
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Alignment Jig

Figure 6-2. Photos of (a) Laser Beam, Cup, and Alighmnet Gadget for Fiber Pull-out Test
Set up and (b) the Close-up of the Alighmnet Gadget and the Cup.

6.3.2.2 Mastic Preparation

Asphalt mastic was prepared mixing binders and fillers (passing sieve No. 200)
proportionally based on the basis of volumetric calculations documented in (Gundla 2014).
In preparation of mastic samples, the volumetric properties of Mix B (For the mix design
details refer to CHAPTER 4) were used. To determine the mass percentage ratio between
filler and binder, the effective specific gravity of filler was assumed to be similar to that of
aggregate. The mass percentages of filler to binder in mastic specimen was calculated as
48.4% to0 51.6%.

For preparation of the mastic the mixing temperature was 160°C. Accordingly, the
filler was heated at 160°C for a minimum of 6 hours and binder was heated until it attained
the mixing temperature of 160°C. The binder was then added to the filler in appropriate
proportions in metal and mixed thoroughly using a mechanical blender. To be consistent
with the process, a mixing time of 60 seconds was adopted across all the mastics. The
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prepared mastic was then put back in the oven, so it reaches the target temperature for

pouring into the fiber cups.

6.3.2.3 Casting samples

The prepared asphalt mastics were poued into the cups prepared eariler in the
alignment step at 135°C, which was fluid enough, at the specified depth depending on the
target embedded fiber length, L. To make sure the target L., is consistently achieved, mass
volume relationship was used to put known mass of hot mastic into the cups using a scale.
After casting the samples, they were left to cool down to ambient temperature. Once the
temperature of mastic was equilibrated at the specified level, the extra pieces of fibers were
carefully cut from the bottom and top of the cup. The cups were then moved to the

environmental chamber for pull out testing.

6.3.3Test Methods
6.3.3.1 Pull-out Test

Figure 6-3 shows the assembly of embedded fiber in the asphlat mastic container
fixed in a 3D designed cup holder which was connected to the loading machine at the
bottom inside a controlled-temperature chamber. The fiber pull out tet was performed using
an Instron tensile testing machine with a 25 Ibs. (5.6 N) load cell capability by pulling out
the other end of the fiber. The test specimens were conditioned in the environmental
chamber for three hours and the temperature was monitored using a dummy specimen next
to the test sample by a thermocouple. The machine had a designed external LVDT to

measure the displacement during pull out test. Also, A 3D designed cup holder was used
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to connect the fiber cup to the and a 3D designed base to attach the load cell to the lower

part of machine as shown in Figure 6-3.

Grip

Cup Holder

Load

Cell
——

4\‘ J> §

Figure 6-3. Fiber Pull-out Test Set up.

Attention was also given to make sure that there is no inclination between fiber and
grip and the fiber is perpendicular to the test specimen, as shown in Figure 6-4. The free

length (FL) was reduced as much as possible to 1.5 mm in this study.

Figure 6-4. The Alignment of (a) Front and (b) Sideview of Fiber vs. Grip in the Pull-out
Test.
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Once the temperature of mastic specimens was equilibrated at the specified level,
the fiber pullout test was conducted at a specified displacement rate. Table 6-2 shows the
experimental design parameters for single fiber pull-out test, which was considered for this
study.

Table 6-2. Experimental Design Factors of Single Fiber Pull-out Test.

Parameter Description

Loading Modes Constant Elongation Rate
Binder Type PG 70-22

Fiber Types Nylon, Aramid
Embedded Fiber Length (mm) 5,10

Temp (°C) 2010.5

Displacement Rates, mm/s 01,051

Loading Device Instron

6.3.3.2 Optical Microscopy Imaging

The diameter of individual aramid fibers before and after pull-out test was
measured by optical microscopy imaging. Initially, Atomic Force Microscopy (AFM)
indentation technique on a Bruker MultiMode 8 operating in AC mode with RTESPA-150
tips (150 kHz nominal frequency, 5—10 N/m nominal spring constant) was used to measure
the diameter. However, the test specimens were quite moving under AFM tip even though
the fiber specimens were taped on glass plates. Nevertheless, the optical microscopy
method was simply good enough to obtain clear images of fibers coated with and without

asphalt binder for the purpose of diameter measurement.
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6.3.3.3 Dynamic Shear Rheometer (DSR)

Dynamic shear rheometer (DSR) was conducted on both the prepared mastic and
binder for determining the intermediate viscoelastic properties of the asphalts. The
AASHTO T315 standard test protocol was performed based on oscillatory, parallel plate
testing to determine |G*| and ¢ of the asphalt binder and mastic. DSR was carried out using
an 8 mm parallel plate geometry for temperatures and frequencies in the range of 10 - 40°C
and 1-100 rad/s using a sinusoidal waveform as described in the AASHTO T315 test

protocol. Also, two replicates were tested for each binder and mastic specimen.

6.4 Results
6.4.1 Pilot Study for Improvement of Data Quality

In preliminary study of fiber pull out test, virgin binders were initially used.
However, asphalt binders were found to be too soft at 20°C (a weak matrix) in order to
activate the interface failure. In almost all of the cases studied using binder, a matrix mode
failure was observed as described by Park et al. (2017). Figure 6-5 shows the matrix mode
failure for both aramid and nylon fibers with different L, in this study at testing condition
of 20°C and 0.1 mm/s using PG 70-22 binder as the matrix. Such cohesive failure is not
really indication of a fiber interface property and therefore cannot characterize the shear
bond strength. This problem can be tacked by reducing temperature, increasing
displacement rate and mixing filler with binder (mastic). In this study, asphalt mastic was
used as the matrix for pull out test because testing at very low temperature was not possible
at the time of experiment. Therefore, mastic was used to increase the stiffness of asphalt
matrix to further activate the interface failure.
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Figure 6-5. Matrix Failure Mode of Fiber Pull-out Test at 20°C and 0.1 mm/s Using PG
70-22 Binder for (a) Aramid fiber with L,=10 mm, (b) Aramid Fiber with L,=20 mm,
and (c) Nylon Fiber with L,=10 mm.

In the second attempt of pull-out pilot study, attention was given to variability and
repeatability of load displacement data. To the best knowledge of this author, there is no
established standard test protocol defining a specific standard deviation (STDV) or sample
size for the pull-our data at least in asphalt matrix. The studies typically indicate high
variability in their pull-out test data. Park et al. (2017) observed a large scatter in the test
results of fiber pull out test in asphalt binder particularly at lower testing temperature with
over 100% STDV. They stated that the high variability was attributed to the increase in
brittleness that occurs in asphalt behavior as temperature decreases. One way to minimize
the data variability is to test a larger number of replicates. Initially, a total number of 10
replicates were tested for pull out test based on nylon fibers in mastic at 20°C+0.5 and
displacement rate of 0.5 mm/s. Figure 6-6 shows the load displacement results for the pull-

out test.
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Figure 6-6. Load Displacement Curves of Pull-out Test Performed at 20°C and 0.5 mm/s

for Different Replicates of Nylon 1 in the Asphalt Mastic.

The results suggested comparatively good variability in the experimental
measurement with STDV of about 40%, which might be justified by carefully controlling
the sample preparation as explained earlier. However, testing 10 replicates for each test
condition might be unnecessary and even impractical because of several different variables
this study considered for pull-out test. Therefore, a minimum number of replicates, n, for
pull out test which can statistically satisfy STDV of 30% and a confidence interval of 90%

was calculated according to the following formula.

N = (Z*cr)z _ (1.644)(0.4)2 A6 (6-1)

al 0.3

Where; Z* is the confidence interval which is 1.644 for 90% interval; and ¢ and ¢’
are the STDV of experimental test results and the target margin of error set for this study.
Therefore, 4-5 replicates were performed for fiber pull-out test in this study.
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6.4.2 General Observation of Load-Displacement Data

The force used to pull the fibers and the corresponding displacement are
continuously recorded during the test. Figure 6-7 shows an example of the load-
displacement relationships of fiber during pulling from the asphalt mastic at different
displacement rates. As expected, as the displacement rate increases, the force increases
because of the viscoelastic response of the mastic. At high displacement rates, the asphalt
mastic gets stiffer and the shear resistance opposing the fiber gripping force that is holding

the fiber increases.
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Figure 6-7. Example of Force Displacement Relationship of Fiber During Pulling from

Asphalt Mastic at Different Displacement Rates.

After the test, the fiber pull-out failure mode was observed. It was observed that the
behavior of matrix failure mode is dominated by the viscoelastic nature of the asphalt
binder at low strain rate (0.1 mm/s) with matrix failure while at a faster displacement rate
(1 mm/s) the behavior is more dominated by the interface failure. Figure 6-8 shows the
four fiber pull-out modes of failure in this study: a) matrix failure mode (cohesion failure

of the asphalt mastic), b) mixed mode failure, c) interface failure mode (shear bond failure
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between the two materials), and (d) fiber rupture. The mode of failure varied depending on
both fiber type and displacement rate. In this study, the matrix failure mode occurred using
the aramid and Nylon 1 at the slow displacement rate of 0.1 mm/s while the mixed and
interface modes occurred at the high displacement rates of 0.5 and 1 mm/s. Nylon 2
showed the mixed mode at the slow displacement rate of 0.1 mm/s and interface mode at
0.5 and 0.1 mm/s. The fiber failure mode occurred in the cases of higher embedded length

in the matrix as they were exceeding their critical length value.

1

(a) Matrix (b) Mixed  (c) Interface (d) Fiber Rupture

Figure 6-8. Fiber Pull-out Failure Modes.

Fiber aspect ratio, defined as the ratio of fiber length and diameter (AR = L/D),
is an important parameter that influences the mixing quality and reinforcing effect. For the
pull-out test, an embedded aspect ratio is defined as a ratio of embedded fiber length to the
diameter of fiber. Assuming that a crack lies over a fiber in asphalt concrete,
probabilistically, the pull-out will occur at the shorter part of the fiber, and hence, L, will
be less than a half of the fiber length, L. Figure 6-9 shows the effect of different L, for
aramid fibers at 20°C and 0.5 mm/s. Clearly, increasing the embedded length yields to a

higher peak load response as well as a larger deformation.
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Figure 6-9. Example of Fiber Pull-out Load Displacement Curve for Different L, based
on Aramid Fibers at 20°C and 0.5 mm/s.

6.4.3 Evaluation of Effective Fiber Diameter

The force F required to pull the fiber bundle from the asphalt mastic was measured.
Although the stress distribution varies along the fiber surface (Park et al. 2017), the average
shear bond strength was used. Knowing the embedded length and the effective diameter of

the embedded fiber bundle (d.s), the average nominal shear bond strength (7) were

determined using the following equation of equilibrium (Kelly and Tyson 1965).

_ F
T = —— 6-2
TL'deff Le ( )

The experimental approach developed in this work provide direct measurement for
values of L, and the debonding force, F, which can used in the Equation (6-2). However,
assigning a certain value with high reliability for the fiber dimeter in form of bundles is

quite challenging. To estimate the effective diameter, d. s, different methodologies exist
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each have their own advantages and disadvantages. Two methods were selected considered
for further evaluation as follows.

e Method 1: The perimeter of the hole left in the asphalt mastic by the pulled-out
fibers could be estimated by a caliper if the hole is large enough or more accurately
by optical imaging technique (Viel et al. 2018). The pulled-out fibers actually leave
a volume of conical shape on the surface of mastic container, as shown in Figure
6-10. This diameter is close to the diameter of pull-put fiber coated with asphalt
mastic which can be measured either by caliper or more accurately by an optical

microscopy.

(b)

Figure 6-10. Example of Fiber Diameter Measurement from (a) the Conical Shape of
Hole Left After Pulled-out Fiber and (b) the Diameter of Fiber Coated with Asphalt
Mastic.

e Method 2: Another approach to estimate the diameter of fibers is to assume fiber
bundles are hexagonally packed (Li et al. 1990b). This is a theoretical consideration
unlike method 1 which is a direct approach. This method was not used because the
number of fibers that can engage in the pull-out activity is really unknown, so it is
not rational to count all the number of individual fibers in a bundle for calculation

of the effective diameter. The actual number of contacted fibers in a bundle with

161



asphalt mastic can vary from one fiber bundle to another depending on the degree
of penetrated asphalt mastic into the bundles of fibers, the arrangement of fiber
bundles, and the sample preparation procedure. In addition, the contribution of
fibers located on the perimeter vs the core in the bundle to the overall pull-out force
might not be the same so the weighted average may be used to overcome this.
Nevertheless, the theoretical approach requires consideration of arbitrary numbers
of individual fibers in the bundle which might underestimate or overestimate the

average shear strength. Therefore, method 1 was used in this study to estimate d .

6.4.4 The Effect of Fiber Dimension on the T

The effect of fiber length was studied by Nylon 1 while the effect of diameter was
studied using aramid fibers. Aramid fiber was selected because they have large bundle size
compared with Nylon 1, so it was more convenient to divide the large bundles into smaller
pieces of aramid bundles. A methodology was devised to carefully separate off the bundles
of aramid fibers without disturbing or causing any damage to the fibers as much as possible.
The different diameters of aramid fiber are represented by different size of bundles as

shown in Figure 6-11.

Figure 6-11. Bundles of Aramid Fibers Each Representing a Distinct Diameter.
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The effect of fiber dimeter and embedded length on the average shear bond
strength, 7, and maximum pull-out force were studied as shown in Figure 6-12. The results
show that the maximum pull-out force increased with increasing the fiber diameter and
embedded length, while the T actually reduced (Figure 6-12). The reduction of the T with
increasing diameter and embedded length was therefore attributed to the increment of the

effective pull-out volume represented in the form of conical shape.
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Figure 6-12. Effect of Different (a) Embedded Length of Nylon 1 and (b) Diameter of

Aramid Fiber on the T and F at 20°C and Displacement Rate of 0.5 mm/s.
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Figure 6-13 illustrates the surface of asphalt mastic container after pull-out test
indicating a distinct difference in the disproportionality of the effective pull out volume
with respect to different fibers length and diameter. These results suggest that thinner and
shorter fibers are able to carry more stress at high service temperature and are hence more

beneficial for enhancing rutting resistance (Park et al. 2017).

Figure 6-13. Example of the Effective Pull-out VVolume for (a) Thin and Short Fibers (b)
Thick and Long Fibers.

Another significant interpretation with respect to the effect of diameters of aramid
fibers on the shear bond strength, 7, can be linked to the importance of fiber dispersion in
enhancing the mechanical performance of asphalt mixtures, particularly flow number test
which was identified and studied in the CHAPTER 2. The larger T for smaller diameter
fibers implies that individual fibers can be more effectively mobilized in the asphalt matrix
system, particularly at higher temperature and smaller displacement rates. This essentially
accentuates the benefits of a larger FDP value (higher number of individual aramid fibers)

in the asphalt mix to improve the rutting resistance of asphalt mixtures.

6.4.5 The effect of Fiber Types on T at Different Displacement Rates
The average shear bond strengths for the different fiber types at different

displacement rates of 0.1, 0.5, and 1.0 mm/s, and different embedded length of 5 and 10
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mm were analyzed. Since the earlier results indicated that the values of 7 is not independent
of fibers diameter at the testing temperature of 20°C, comparison between fiber types
would not be really possible without testing the fibers at the same or at least similar
effective dimeter, d. ;. For Nylon 1 and Nylon 2, their comparison was not possible at 20
C because the d. sy was 0.26 mm and 0.49 mm, respectively which was constant throughout
the study. However, it was possible to compare aramid with nylon fibers separately since
the 7 results were available for multiple different diameters of aramid (See Figure 6-11).
Figure 6-14 was plotted to compare the T of aramid fibers with that of Nylon 1 and
Nylon 2 in asphalt mastic at 20°C and different displacement rates and fiber embedded
lengths. The results show that the measured shear bond strength values vary between 0.4
and 2.2 MPa for the different fiber types and displacement rates. At 0.5 mm/s, the aramid
fibers showed larger shear bond strength than both nylon fibers. The T of aramid fibers was
about 25% and 60% higher than that of Nylon 1 and Nylon 2, respectively, regardless of
fiber embedded length. At 0.1 mm/s, while the 7 of aramid fiber was higher than Nylon 1,
the difference was found to be statistically insignificant using ANOVA analysis at 95%
confidence interval. The different behavior in the comparison of the T between aramid and
Nylon 1 at 0.1 vs 0.5 mm/s are attributed to different mechanisms of failure in the pull-out
test discussed earlier. At lower displacement rate (0.1 mm/s), fiber pull-out mechanism is
impeded by the viscoelastic nature of the asphalt binder; and therefore, the experimentally
measured shear strength is in reality measurement of both asphalt viscosity and shear bond

strength.
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Figure 6-14. Average Shear Bond Strength for Different Fiber Types at Different
Displacement Rates.

6.4.6 Relationship Between Asphalt Mastic Stiffness and Shear Bond Strength

In this study, the average shear bond strength, 7, was found to be a function of fiber
types and fiber dimensions and its value changes with respect to the different displacement
rates at 20°C. This indicates that the shear strength between fibers and matrix is a time-
dependent property similar to the asphalt stiffness, which has been too found in previous
work (Park et al. 2017). However, the T values would be not entirely meaningful if its
property cannot be linked to the viscoelastic stiffness parameter of asphalt matrix. For
example, the pull-out test results showed an 7 value of 2 MPa for aramid fibers with specific
dimension at the testing temperature of 20°C and 0.5 mm/s. However, this specific value
of shear strength from pull-out test is not necessarily the same as the shear bond strength
between fiber and asphalt matrix in the mix. This is because the T value is not linked to the

modulus of asphalt mastic. There is not any straightforward experimental method to be
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able to measure the moduli of the asphalt mastic as a time dependent parameter. While
DSR test is commonly used to measure the moduli of asphalt binder and mastic, which was
also done in this study; it is a frequency-based test, and it cannot be directly linked to the
results of a constant displacement-rate pull-out experiment. Accordingly, a method was
devised based on elastic-viscoelastic correspondence principle to determine a relationship
between shear bond strength and the modulus of asphalt mastic. This is explained as
follows.

Introducing the uniaxial pseudo strain, €%, in form of a convolutional integral in the

Hooke’s Law, the stress, o, can be obtained as follows:
R t de
0 = Egef = || G(t—1)_dr (6-3)

Where; t is the time of interest; T is an integration constant; and G (t — 7) is the
relaxation modulus of the mastic and its response function is analytically represented by

the common Prony series formulations expressed in Equation (6-4).
G(t—1) = Gop + X, Gie=ED/pi (6-4)

The method given by Underwood et al. (2006) was adopted to obtain the values of Prony
coefficients in Equation (6-4). In summary, the solution involves first pre-smoothing the
storage modulus, G'(w) experimental data obtained from DSR test using the function
presented in Equation (6-5) for a range of reduced angular frequencies roughly two decades
bigger and smaller than the measured range. Then, the storage modulus is fit to a Prony

representation via the collocation methods as shown in Equation (6-6).
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¢ =—Y (6-5)
k

! Gi i 12
G'=ym", w;;?f-l (6-6)
Where;
G' = dynamic shear modulus (Pa);
109 = binder glassy modulus, determined through optimization (Pa);
W, = crossover frequency (rad/s), a fitting coefficient;

m,, k = fitting coefficients;

wg  =angular frequency;
G; = modulus of i Maxwell element (fitting coefficient); and
12 = relaxation time (fitting coefficient).

The Prony representation approach is the preferably used to analytically represent
LVE materials (i.e. asphalt concrete) because of its computational effectiveness and
because it can be simply used to determine exact solutions for converting between time
and frequency domain functions. Additional details on this particular analytical method are
presented in the literature (Park and Schapery 1999).

The strain from pull out test is simply represented by Equation (6-7).
e=Ct (6-7)

Where C is a constant obtained from displacement rate of pull out test. Since 0.5
mm/s of displacement rate was used the constant is the 0.5 over the embedded length of
fiber in the experiment.

Substituting Equations (6-7) and (6-4) into (6-3), stress can be rewritten as:
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0=, GuCdr+ [ X1, Ge~C¢-D/PiC dr (6-8)
Solving the integral gives the following form Equation (6-9).
o(t) = C(Gao + X4 Gipi (1 — e7/P1)) (6-9)
It should be noted that for binders the lower asymptote does not exist; therefore, the
term G, is zero. This further simplifies the Equation (6-9) as follows:
o(t) = C(XMy Gipy(1 — e~t/Pi)) (6-10)

Now, the apparent modulus, E,, is defined as follows:

_a(t=ty)
T e(t=ty)

(6-11)

a

Where t,, is the time of maximum load, F, from the pull-out experiment. Apparent
modulus, E, , was calculated and generated for various replicates of aramid fibers pull-out
test with different embedded length and dimeter at 20°C and 0.5 mm/s and compared with
the experimentally measured average shear bond strength, 7, as shown in Figure 6-15.
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Figure 6-15. Relationship Between E, of Binders with the Measured T from the Pull-out
Experiment.
It was found that the E, values are in the range of 7500 to 10500 MPa for the pull-out

testing condition of asphalt mastics at 0.5 mm/s and 20°C. As expected, an almost linear
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relationship was found between shear strength and apparent modulus values. The
experimentally fitting function can now be used to establish a relationship between the
asphalt concrete stiffness and shear strength of fibers in the mix.

For the asphalt mixtures, the same procedure applied in development of E, for the
mastics used to evaluate the apparent modulus, E,,, for asphalt concrete mixtures. Note that
in developing apparent modulus for the asphalt mixtures the dynamic modulus data was
used to determine the Prony coefficients. Recall that direct tension test was conducted on
asphalt concrete specimens with and without fibers at different displacement rates and
temperatures. The experimental data of tensile strain at peak load was then used to
determine the E, for the asphalt mixtures at different displacement rates and temperatures.
Finally, the experimentally fitting equation obtained from Figure 6-15 was used to estimate
the shear bond strength for the asphalt concrete samples. Figure 6-16 is plotted to compare
the estimated 7 for the asphalt mix and measured T for the asphalt mastic against the
corresponded E, calculated for both asphalt concrete and asphalt mastic specimens. The
results indicated that the shear bond strength of fibers in the DT asphalt concrete specimens
at all testing conditions are lower than those obtained from pull-out test at 20°C and 0.5
mm/s. The range of shear bond strength were 0.5-1 MPa for the testing temperature of 10°C
except the lowest displacement rate while at 25°C testing condition the shar bond strength
of aramid in the mix was less than 0.5 MPa. These T values can now allow one to establish
a relationship between asphalt matrix stiffness and the critical fiber length which is

elaborated in the next section.
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Figure 6-16. Relationship Between E, and 7 for both Asphalt Concrete and Mastic

Specimens.

6.4.7 Relationship Between Matrix Stiffness and Theoretical Critical Fiber Embedded
Length

When fibers are subjected to a tensile load, they are either pulled out of the matrix
or broken. Understanding the critical fiber length can help identify which mechanism is a
dominating factor, which by itself allows engineers to develop a certain minimum critical
embedded length (L..) design guidelines to maximize the fiber efficiency in the asphalt
concrete composites. The embedded length corresponding to the fiber breaking force is the
critical embedded length, L.,.

Figure 6-17(a) shows the tensile force F on a single fiber and the reaction bond
force between the fiber and the matrix. The reaction force is the surface area of the
embedded length of the fiber multiplied by the shear bond stress between the fiber and the
matrix. If the embedded length on either side of the crack is small, the fiber will be pulled

from the smaller side before breaking. A certain minimum L., on each side of the crack is
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required to prevent debonding the fiber. If the embedded length is further increased, the
fiber will resist pulling until the stress in the fiber reaches its strength, above which the
fiber will break. Figure 6-17(b) shows the critical equilibrium case when the tensile
strength of the fiber is reached, and the maximum shear bond force is achieved. In such a

case, the equilibrium forces can be represented by Equation (6-12) (Teklal et al. 2018).
(%) O¢ = Tde LeeT (6-12)

Rearranging Equation (6-12), L., can be calculated as follows:

dZO't

Lee = Td.c (6-13)

where,

d = diameter of a single clear fiber,

d, = diameter of a single fiber embedded in the FRAC,

Ot = tensile strength of a single fiber,

L., = critical embedded length of a single fiber, which is the minimum embedded
length required to reach its full efficiency, and

T = shear bond strength between asphalt matrix and fiber.

Single Crack/Microcrack Single Crack/Microcrack

Fiber // Fiber /

(rd2d) o;\  L(xd) (LT

-—

____________________________________________________

(a) Forces Applied on Fiber (b) Critical Case Before Breaking

Figure 6-17. Forces Applied on a Single Fiber at the Crack/Microcrack.
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The critical length of fiber can be experimentally obtained by testing fibers at
multiple different embedded length and measurement of the force required to pull-out the
fiber from the matrix. As the pulling force increases, the embedded length increases up to
a critical embedded length, at which the tensile strength of the fiber is reached and the fiber
breaks. This was practiced by (Lee et al. 2005) and they concluded a critical embedded
length of 9.2 mm for nylon fibers tested at 20°C. However, their conclusion does not
represent the critical length of a single nylon fiber, which exist upon their dispersion, in
the mix knowing that the shear bond strength of fibers varies with different fiber
dimensions at 20°C (See Figure 6-12(b)). Their study, however, would be conclusive if the
effect of asphalt viscoelasticity was eliminated from the pull-out test by reducing
temperature similar to Park et al (2017). Therefore, recognizing the same limitation in this
study, a theoretical critical embedded length for single aramid fiber was developed from
Equation (6-13).

From Equation (6-13), the embedded diameter de is not necessarily equal to the
clear fiber diameter d. In cases when the fiber is pulled at the interface without mastic
coating, the two diameters are the same. In cases when the fiber is pulled with mastic
coating, which was the case in this study, the effective embedded diameter is larger than
the clear fiber diameter. In this study, the optical microscopy test was used to compare
between the clear diameter and the embedded diameter after the pull-out test, shown in
Figure 6-18. It can be seen that the diameter of the single fiber before and after pull-out
test is 14.2 and 18.1 um, respectively. The images showed that the average diameter of

fibers coated with asphalt mastic after pull-out test is about 25% larger than the clear
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diameter of the fiber. This procedure was selected to be consistent with previous

measurement of effective fiber diameter, d,f, obtained from the direct measurement.

D=17.8 pm

(a) (b)
Figure 6-18. Optical Microscopy Images of Aramid Fiber (a) Before and (a) After Pull-
out Test.

The critical embedded length, L., of a single aramid fiber was therefore calculated
using Equation (6-13) based on shear bond strength values obtained from the experimental
data of pull-out test and theoretical data of asphalt concrete specimens. Table 6-3 shows
the calculated L., for DT asphalt concrete specimens tested in CHAPTER 5 at different
combinations of temperatures/ displacement rates and asphalt mastic samples, as well as
the corresponded apparent modulus, E,, and shear bond strength values. The results
indicate that increasing displacement rate on asphalt concrete specimens at both 10 and
25°C increased the critical fiber embedded length. This shows that the fiber is most likely
to pull out rather than break at the higher temperature condition. But at lower testing
temperature or more intermediate temperature, the selected embedment length of aramid
fibers is crucial for their optimal performance. For example, the critical length of fibers in
the asphalt concrete tested at 10°C and 0.0059 mm/s is 24 mm (twice the embedded length

of fiber =12 mm). So, when comparing the different fiber length studied in CHAPTER 5,
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it can be inferred that 10 mm fibers were pulled at smaller forces and therefore they could
have lost some of their efficiency under the tensile load because 10 mm fiber is embedded
at a length less than its critical embedded length. In contrast, 38 mm fiber appears to be
beyond the critical embedded length and the fibers might have therefore reached their

breaking force, which is when the fiber tensile strength is reached.

Table 6-3. Theoretical Critical Embedded Length of a Single Aramid Fibers for Mastic

and AC Specimens Tested at Different Temperatures and Displacement Rates.

Specimen | Test Temp Displacement Apparent Shear Bond Lece
Type °C) Rate (mm/s) Modulus, E, Strength (mm)
(MPa) (MPa)

Mastic 20 0.5000 9500 2 4
0.0004 723 0.14 50

10 0.0059 3019 0.60 12

0.0108 3922 0.78 9

Asphalt

Concrete 0.0173 4659 0.93 8
0.0040 276 0.06 131

25 0.0099 1259 0.25 29

0.2333 3018 0.60 12

Figure 6-19 shows the theoretical data for critical fiber length (L.), which is simply
double of the approximate embedded length obtained from Equation (6-13) vs arbitrary
shear strength values between fiber and matrix in the range of 0-4 MPa. The critical fiber
length ranges between 5-10 mm for a shear bond strength of above 1.5 MPa, which was
the case for pull-out test at 0.5 mm/s. This large shear bond strength occurs if a binder
harder than what should be used for that climate, low temperatures, and/or fast fiber
displacement rates. When the shear bond strength is reduced below 1.5 MPa, the critical
length exponentially increases. This small shear bond strength occurs if a binder softer than
what should be used for that climate, high temperatures and/or slow displacement rates.

Given that the relationship developed between shear bond strength and apparent modulus
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of asphalt concrete, zones A, B, and C are recommended a range of critical aramid fiber
length which can be used for high, intermediate and low temperature application of fiber
reinforced asphalt concrete, respectively.

50
45 |
40
35 |
30 |
25
20
15
10
5 L
0

Critical Fiber Length (mm)

0 0.5 1 15 2 25 3 35 4 45 5
Shear Strength (MPa)

Figure 6-19. Theoretical Critical Length of Aramid Fiber vs. Shear Bond Strength.

6.5 Fiber Length Recommendations

Based on the results obtained in Figure 6-19, the approximate values of the
recommended total length, which is simply equal to the theoretical critical fiber length, for
different pavement distresses are shown in Table 6-4 to ensure high fiber efficiency. Table
6-4 is arranged based on the distresses commonly associated with asphalt concrete
pavements in a certain region. Since different distresses apply tension or shear to fibers at
different binder stiffness conditions, temperatures and/or displacement rates, the
recommended fiber lengths are selected to match these conditions. Long fibers (L > 25
mm) are recommended if rutting is common; while short fibers (L < 15 mm) are more

acceptable if thermal cracking is a common distress. A fiber length in the range of 15-25
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mm is aslo recommended for fatigue cracking which is more prevalent at intermediate

temperature.

Table 6-4. Recommended Fiber Lengths for Different Pavement Distresses and Fiber

Types to Ensure High Efficiency.

Common Tvpical Shear Bond Recommended
Pavement Applicable Conditions ySptren th (MPa) Critical Fiber Length
Distresses g (mm)
Rutting High _Temperatures / Slow <05 L>95
displacement Rate
Fatigue Intermediate
Cracking Temperatures 0.5<7=<l 15<b<2
Thermal Low Temperatures / Fast
Cracking displacement Rate 1 L<15

It is important to recognize that fibers are not expected to eliminate pavement
distresses but may delay their occurrences and reduce their severities. For example, fatigue
cracking occurs because of the excessive repeated bending of the asphalt layer due to traffic
loading applied on a weak structure. Fibers will stiffen the asphalt layer to some extent and
reduce bending but may not totally compensate for the weak pavement condition.

Note that the total critical length of the fiber should be larger than twice the critical
embedded length on either side of the crack in order for the fiber to reach its full
effectiveness. Under ideal conditions, the crack would be in the middle of the fiber and the
fiber is oriented perpendicular to the crack. Obviously, the chance of this condition to
happen is limited. Since short fibers are typically randomly distributed and are not
necessarily perpendicular to the cracks or equally embedded on the two sides of the cracks,
these recommended fiber lengths may not ensure 100 percent fiber efficiency but are
practical values with reasonable efficiency. Fiber efficiency factors are discussed in the

next chapter.
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CHAPTER 7
DEVELOPMENT OF MICROMECHANICAL MODEL FOR PREDICTING THE

TENSILE STRENGTH OF FIBER REINFORCED ASPHALT CONCRETE

7.1 Introduction

This study attempted to experimentally investigate the interaction of these
properties to some extent; however, a full factorial experiment to study all these
parameters, while needed, are time-consuming and costly. Alternatively, mathematical
models can be used to similarly examine the relationships between the mentioned
parameters which can support further understanding into the fundamental mechanisms of
reinforcement. Along this line, numerous studies have proposed via analytical and
numerical models to predict the static properties of polymer and ceramic matrix composites
based on the size, shape, and orientation of the reinforcing phase (Bentur and Mindess
2006, Gibson 2011, Mobasher 2011, Clyne and Hull 2019).

Micromechanical models select a common set of assumptions including perfect
alignment fibers, and homogeneous, isotropic, elastic, and are free of voids system for both
fibers and matrix (Das et al. 2017). Furthermore, in this theory, a representative volume
element concept is used to extrapolate the interactions between the phases in the element
to predict the interactions occurring within the entire composite, and therefore, they can be
employed to predict the behavior of the bulk composite. The models are also based on the
mechanical interactions between the elements and specific molecular interactions are
typically disregarded (Das et al. 2017). Micromechanical models are mainly suitable since
they can predict the properties of a composite material on the basis of simply quantifiable
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properties of the individual phases including the material, such as the individual stiffness,
Poisson’s ratio, fiber aspect ratio, and volume fraction of the phases. Various
micromechanical models have considered these properties to predict the mechanical
properties of fiber reinforced composites. Micromechanical analyses for fiber reinforced
composites are based on three categories including mechanics of composite materials, the
elasticity theory, and empirical solutions. This objective of this study is to attempt to
present a variety of micromechanical techniques that could be potentially instructive in
predicting the tensile strength of mechanically-fiber reinforced asphalt concrete. The
presented models have simple and practical closed-form solutions that may be used to
provides further insight in better understanding the mechanism of fiber reinforced asphalt

concrete.

7.2 Formulation of Micromechanical Model for Fiber Reinforced Asphalt Concrete

Among several well-established micromechanical models to predict the mechanical
behavior of composites. However, some have been adopted and commonly used in
predicting mechanical properties of short fiber reinforced composites. These models are
expressed in terms of tensile strength and the relevant parameters to this study are further

discussed as follows.

7.2.1 Voigt’s and Reuss’s Models
The Voigt’s or parallel model refers to the assumption that fiber and matrix
experience the same strain condition simply expressed by rule of mixtures in Equation (7-

1). In contrast, the Reuss’s or series model assumes an isostress condition where the applied
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transverse stress is equal in both the fiber and the matrix and presented by the inverse rule

of mixture in Equation (7-2) (Gibson 1994).

O-C = O'FVF + O-MVM (7'1)
— __9FVm -
O-C - VMmor+VEoy (7 2)

Where; a,., o, and gy, are the strength of composite, fiber, and matrix, respectively.
Ve and V,, are the volume fraction of fibers and matrix, respectively. It should be noted
that the parallel and series models are used to predict the mechanical properties of aligned
continuous fiber composites; however, they are still used for the sake of comparison with

other micromechanical models.

7.2.2 Modified Rule of Mixture
The ultimate tensile strength of short fiber composites can be also modeled by the

modified rule of mixtures according to Equation (7-3) (Clyne and Hull 2019):

0. = U opVp +oyVy (7-3)

Where u is the fiber efficiency factor which can be defined as the product of the
fiber orientation factor () and the fiber length and interface factor (y;) (Fu and Lauke
1996). The efficiency factors are dependent on the adhesion degree at fiber—matrix
interface and characterizes the effect of fiber reinforcement in the composite. When the
value of u approaches to the unity, this corresponds to the maximum reinforcing capacity

of the fibers. However, typical values of u (the product of yy and y;) are in the range of
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0.17-0.20 for good quality of interfaces (Fu and Lauke 1996). The determination of

orientation and length factors will be discussed later.

7.2.3 Hirsch Model

Hirsch’s model is a combination of parallel and series models which is obtained
from Equation (7-4) (Hirsch 1962). Parameter {3 is the interfacial adhesion parameter which
determines the stress transfer between fiber and matrix (Kalaprasad et al. 1997). It is to be
noted that Hirsch’s model reduces to series model when the parameter 8 is 1 and to parallel

model when the parameter is 0.

0. = B (0pVe + oy Vi) + (1 — B) —L2L (7-4)

Vmor+VEoy

7.2.4 Cox Shear-Lag Model

Cox’s shear lag theory is one of the most widely used analytical models for
prediction of the tensile strength of short-fiber composites presented in Equation (7-5) (Cox
1952). This equation is similar to the rule of mixture described earlier except that the
stresses in the fiber are scaled down by an efficiency factor known as shear lag parameter
(A) which varies between 0 and 1 and can be obtained from Equation (7-6). This shear lag
parameter accounts for the difference in the strain along the fiber length. If the entire fiber
length is fully strained, the efficiency factor approaches 1 and the equation becomes the

parallel model (Obaid 2018).

1-tanh (3
| Vi t ouVu (7-5)

Oc = O
Cc Fl (2)
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A=

Gy

Where;
Gym

r
L

L (7-6)

P
2 _F
ErprT ln(VF)

o (7-7)

= (tvm)

= shear modulus of the matrix obtained from Equation (7-7);

= the moduli of fiber determined experimentally;

= modulus of the matrix determined experimentally;

= Poisson’s ratio of the matrix assumed to be 0.35;

= packing factor which is indicative of the geometrical arrangement of the fibers with
7 as square packing and 2m/+/3 as hexagonal packing (Rao et al. 2012);

= the fiber radius; and

= the fiber length

7.2.5 Nairn’s Modified Shear-Lag Model

While the micromechanical shear lag model has been used in many studies of fiber

reinforced composites, it is often criticized by their theoretical flaws. The original shear

lag theory disregards radial displacements in its calculation of the shear strain. In fact, it

only assumes the axial displacements as a result of shear stress within the matrix whereas

it is argued that the shear stress should correspond to the summation of the derivatives of

both the radial and axial displacements according to an exact elasticity analysis (Nayfeh

1977, Nairn 1997). Therefore, a modified shear lag model proposed by (Nairn 2004), which

enabled the original shear-lag model to be described in a generalized case by including

shear stresses as shape functions and addition of the interfacial adhesion parameter. The

generalized shear lag parameter is expressed in Equation (7-8).

182



A= 2 ErpVEr+EmMV M (7-8)
- ErEv 12 | VM 1 1 1 Vm 1
FEM N _q-Ym], 1

4Gp 2G6ylvy \VE+k 2 |7 rDg

Where;

K = a constant equal to 0.009 added to correct for a problem in the use of shape
functions without which Equation (7-8) would become infinity with V; of 0 (Nairn
2004);

Gr = shear modulus of the fiber equal to 16 GPa which was experimentally measured
by (Tsai and Daniel 1999); and

Dy = imperfect interface parameter which has dimension of stress divided by length

(Hashin 1991).

7.2.6 Halpin-Tsai Model

The theory of Halpin-Tsai solution is based on the early micromechanical works of
Hill (Hill 1965) and Hermans (Hermans 1967). Hermans generalized the form of Hill’s
self-consistent solution by considering a single fiber enclosed in a cylindrical shell of the
matrix, that is embedded in an infinite medium assumed to have the average properties of
the composite. Halpin and Tsai then reduced Herman’s solutions into a simpler analytical
model modified for various reinforcement geometries, including discontinuous filler
reinforcement. Halpin-Tsai model has long been popular for predicting the properties of
short fiber reinforced composites over a wide range of elastic properties and fiber volume
fractions, which is developed by curve fitting to results that are based on elasticity (Gibson
1994). The Halpin-Tsai equations are semi-empirical in nature due to the fact that the
involved parameters in the curve fitting carry physical meaning (Halpin 1969, Halpin and

Kardos 1976). Although other micromechanical models exist, some of which are
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recognized to have a more rigorous theoretical foundation discussed earlier, the Halpin-
Tsai equations are the most commonly used because of their relative simplicity of form
and their capability to describe experimental results with a rational degree of precision for
a variety of reinforcement geometries (Mouritz and Gibson 2007). A detailed review and
derivations of this model can be found in (Halpin and Kardos 1976). The following form

of the Halpin and Tsai equation is used to predict the tensile strength of M-FRAC.

1+Env

e = (222) &
_ (op/om)-1 )

M= Grjow+e (7-10)

where ¢ is a shape fitting parameter in the range of 0 and oo which is determined
by 2(L/D) for the circular fiber and 2(L/T) for rectangular fiber according to (Halpin and
Kardos 1976). L, T, and D refer to the length, diameter, and thickness of fiber. Also, Halpin-
Tsai equation reduces to the inverse rule of mixture with & — 0 and to the rule of mixture

with & — oo (Halpin and Kardos 1976).

7.2.7 Incorporation of Viscoelasticity

The existing micromechanical models for short fiber reinforced composites are
fundamentally developed based on elastic type of matrix composites. There have been
several efforts to model the time-dependent response of viscoelastic short-fiber
composites, particularly focusing on the stress relaxation of fiber reinforced polymer
composites. Viscoelastic polymers have been modeled by tensor analysis using an exact

elasticity analysis to understand the stress transfer in viscoelastic composites,
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phenomenological models using for example Maxwell elements in various forms, and
finite-element models (Obaid et al. 2017). Modeling approaches often encounter
complexities when dealing with viscoelastic materials. In this study, the effect of
viscoelasticity was initially considered using a viscoelastic continuum damage theory
model and experimental stress-strain data from uniaxial direct tension test. The approach

undertaken in this study is explained in the following section.

7.2.7.1 Viscoelastic Continuum Damage Theory

Viscoelastic continuum damage (VECD) theory was used to account for both the
inherent linear viscoelasticity of the composite as well as the damage resistance. VECD
theory is particularly used to detect the unique relationship between the amount of damage,
S, and material integrity, measured as pseudo-stiffness, C. Schapery’s work of potential
theory based on thermodynamic principles was used to develop this relationship denoted
as the damage characteristic curve. (Underwood et al. 2010). The VECD model includes

three primary components (Underwood et al. 2006):

Pseudo strain energy density function: W& = %(ER)ZC ; (7-11)
R
Stress-pseudo strain relationship: o= ‘ZV!R =CxeR; and (7-12)
Damage evolution law: L (— aWR)a = (— ~(eR)2 E)a (7-13)
' dat as 2 das

Where, in Equations (7-11) - (7-13), o is stress, &® is pseudo strain and « is the
damage evolution rate. Pseudo strains is the response from linear viscoelastic stress to a

certain strain input. According to elastic-viscoelastic correspondence principle, elastic
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solutions can be used to solve viscoelastic problems when physical strains are replaced by
pseudo strains (£®) (Schapery 1984). Using pseudo strain in place of physical strain,

Hooke’s Law for linear elastic material can be rewritten as follow:

o = EgeR (7-14)
Supplementary theoretical details of this concept can be found in the literature
(Schapery 1984, Chehab 2002). The most important effect of £ is that they eliminate any
time effects when plotted with stress, which allows measurement of damage through the
use of simplified continuum damage models (Kim, Baek, et al. 2008). The uniaxial pseudo

strain (eR) is defined in form of a convolutional integral according to Equation (7-15).

R_1t _ g -
£ —ERfOE(t T)—-dt (7-15)

Where; Ej is a reference modulus included for dimensional compatibility and is
typically taken as one (Underwood 2011); E (t) is the relaxation modulus; t is the time of
interest; and 7 is an integration constant. Also, a primary assumption of the constitutive
relationship in Equation (7-15) is that the E (t — 7) is representative of the time dependence
component in the material (i.e., there is no time dependence in Poisson’s ratio). This
assumption is typically used when working with LVE materials, which should be fairly a
valid assumption in this study given the experimental test condition considered for
modeling of asphalt concrete. The convolutional model in Equation (7-15) is solved by
transforming into an algebraic operation using the so-called state variable formulation.
Theoretical derivations of state variable methods can be found elsewhere (Simo and Hughes

2006). In short, the state variable approach allocates a variable to each Maxwell component in

the Prony representation of the relaxation modulus (Equation (7-16)). This variable then tracks
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the behavior, or state, of the given element throughout loading. The formulation applied in this

research is represented in Equation (7-17):
1
(€)™ = = g+t + S ) (7-17)

Where n, and n; are internal state variables for the elastic response and for the
specific Maxwell element, i, at time step, n+1, respectively. These variables are defined

per Equations (7-18) and (7-19), respectively:

ME = Eo (™) (7-18)

entl_gn

=) pi(1 - e~ @0/e) (7-19)

mEtt = e @0/eigt 4k

Equation (7-13) can be recast using the chain rule and an approximation of finite
differences to determine the damage at each time step, i as shown in Equation (7-20) (Lee

and Kim 1998).

2 %+0{
Si=Siat (—%(5{ ), (Ci- Cil)J (6-&,) (7-20)

When identified, the damage characteristic curve (C-S) can be produced by plotting
the damage along with the pseudo stiffness from Equation (7-12). To fit the damage
characteristic curve, Equation (7-21), the power law equation (One of the most common

functional forms), was used.

C=1-aS" (7-21)
Where; coefficients a and b are fitting parameters which are evaluated by

minimizing the error between the model equation and experimental data using the solver
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function in Microsoft EXCEL. In predicting the tensile stress behavior of a viscoelastic
material, damage and pseudo stiffness for the full loading history are the first quantities
required. In this case, the damage function would be known and Equation (7-13) can be
solved either analytically or numerically using the coefficients a and b to represent the
damage function. Once the damage history is known the pseudo stiffness at each time
increment can also be calculated and used with Equation (7-22) to predict the stress

response to a specified strain.

t d
om =Cx [JE(t- r)d—jdr (7-22)

7.2.8 Incorporation of Efficiency Factors

In fiber reinforced composites containing randomly distributed short fibers, not all
the fibers are aligned in the direction of the applied load which is the case for continuous
fiber, instead, the majority of fibers are likely to lie at angles to the load direction (Li et al.
1990b). This inherently reduces the efficiency of fibers reinforcement in transferring shear
stress transfer within matrix, and consequently in enhancing the properties of composites
(Bentur and Mindess 2006, Fu et al. 2009). This is particularly an important issue to be
addressed in using micromechanics to predict the properties of composites since most of
the developed micromechanical models discussed previously are mainly based on
assumption of unidirectional discontinuous fiber reinforced composites. The effect of fiber
efficiency has been stated in terms of an efficiency factor, which is a value between 0 and
1, described by the ratio of the reinforcing effect of the short, inclined fibers over the
reinforcement anticipated from continuous fibers aligned parallel to the load. In this study,

the efficiency factors which are accounted for include fiber orientation (y,), fiber length
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(x.), fiber dispersion factor (yp), and matrix factor (y,,). While the first two factors have
been recognized and quantified in many previous studies on the basis of analytical
treatment as well as empirical calculations (Bentur and Mindess 2006, Fu et al. 2009), the
latter two factors are particularly introduced in this study which are determined based on
experimental measurements. These factors will be wused in modification of
micromechanical models for fiber reinforced asphalt concrete described earlier and the

quantification methods are separately elaborated as follows.

7.2.8.1 Fiber Orientation Factor

Fiber orientation has a significant effect on the mechanical behavior of short fiber
reinforced composites. For a composite containing randomly distributed short fibers, a
higher strength is achieved when fibers are oriented predominantly in the direction of the
applied load compared with fibers oriented transversely to the force. Various experimental
procedures such as X-ray tomography, a magnetic method, and slicing photometry, and
AC-impedance (Suuronen et al. 2013) and theoretical derivations have been used to
quantify the orientation of short fibers in the composites (Li et al. 1990b, 1991, Fu and
Lauke 1996). The fiber orientation factor was theoretically determined using a probabilistic
approach based on the work of (Jayaraman and Kortschot 1996) who corrected the Fukuda-
Kawata model for the strength theory (Fukuda and Kawata 1974). The theoretical
derivations to determine orientation factor are explained as follows.

The model considers a circular fiber of length L with cross-sectional area Ar = mr#
embedded inside a matrix and misoriented at an angle © to the direction of loading

illustrated in Figure 1. An arbitrary scan line (cross-section), perpendicular to the loading
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direction, is used to evaluate the total fiber contribution to the stress in the composite
normal to the scan line.
According to Fukuda and Kawata (1974), the fibers orientation distribution satisfies

the two-dimensional condition of probability density function per Equation (7-23).

[z g(6)d =1 (7-23)
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Figure 7-1. Schematic Drawing of a Fiber at an Angle Across an Aribtriray Crack Plane.

The projected length of fiber on X-axis orientated with angle 8 from the loading
direction can be represented by:
L, =L cosf (7-24)
The volume fraction of the fibers is obtained by the total volume of fibers over

total volume of the specimen:

v, = o (7-25)

abc

Total number of fibers with an orientation between (6 + d6) is expressed by

revising Equation (7-25) and the probability density function from Equation (7-23):
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Ny = (VF“”C) g(0)de (7-26)

ApL

The total projected fiber length, L, along the loading direction is calculated by:

Vrabc
AfL

Ly = NoLy = (£2X) g(8)d6 (Lcost) (7-27)

Now, the total number of fibers of orientation between 6 and (6 + d@) crossing the
scan line, Ns..n, can be simply defined by the total projected length of the fibers on the X-

axis divided by the length of the specimen in the loading direction, c, as follows:

Lt

Nscan = — (7'28)

The total load carried by all fibers in the scan line is:
Fr = ZG NgcanFy (7'29)

Fukuda and Kawata (1974) previously defined the average axial force in a fiber of

length L and orientation 6 in the specimen by:
FF = AFQ EF£0 (COSZ 0 - 195 Sinz 0) (7'30)

Where E} is the Young's modulus of the fiber, @ is a dimensionless function of fiber
length and other material properties, &, is the strain in the material, and 9 is the Poisson’s
ratio of the material. The projected average axial force in a fiber of length L and orientation

6 on X-axis direction) is:
E, = FrcosO = @ ApEpey(cos3 8 — 9 sin? 0 cosH) (7-31)
Substituting Equation (7-31) in (7-29), we have:
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Fr = [20 ApEgeo(cos* 6 — 9, sin? 6 cos?0) | (£=2) g(6)de| (7-32)
F

FT = ® VFEFEOab(CPP) (7_33)

Crp = [2 9(8)(cos* 8 — ¥, sin* 6 cos?6)d6 (7-34)

Cpp is the fiber orientation factor (o) and can be solved by applying a boundry

condition to the following probability density function:

g(6) = if 0<6<> (7-35)

INTE| 2N

if 6>= (7-36)

2

(e}

g) =

The above boundry condition is true assuming a complete random orientation of
the fibers in the matrix as there is equal probability that the fiber has a misorientation angle
() between 0 and /2 (Jayaraman and Kortschot 1996, Obaid 2018). If g(6) = /2, the
integration of the fiber orientation factor, Cpp, from Equation (7-34) can be calculated as

follows:

2 3 T 2 35 T
XQ_CPP_; XEX;_;X EXI—6—033 (7-37)

Note that the Poisson’s ratio was assumed to be 0.35 which is typical for asphalt
concrete material. Also, the variation in Poisson's ratio of the asphalt concrete with applied
load and relaxation is disregarded for the calculation. The orientation factor of 0.33
obtained in this study is reasonable based on the recommendation of the range given in the
previous studies (Bentur et al. 2006, Fu et al. 2019), and close to the value of 0.375 as

presented by the well-known Krenchel factor for a random-planar distribution (Krenchel
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1964) and the experimentally measured value of 0.386 using stereolithography approach

(Cheah et al. 1999).

7.2.8.2 Fiber Length Factor

The effect of fiber length can be examined in terms of the stress transfer
mechanisms. As discussed in CHAPTER 6, a critical fiber length, L., can be described by
the minimum length of fiber required for the stress (load) build-up in the fiber which is
equivalent to its strength (or failure load) (Laws 1971, Bentur and Mindess 2006). For a
frictional shear stress transfer (or linear stress transfer), The critical fiber length is

calculated by:

L — OFuXTf (7_38)
c

‘L'Fu

The fiber length efficiency factor is obtained by following the Equations (7-39) and (7-

40) (Kelly and Macmillan 1987, Bentur and Mindess 2006).

m=1-2= For L>L, (7-39)

N, = Fu =1L For L<L¢ (7-40)

- 2TFO'Fu 2Lc

7.2.8.3 Fiber Dispersion Factor

It has been recognized that a good dispersion and distribution of fibers in the
composites is a key in maximizing the reinforcing efficiency of any composite materials.
It was reported that the mechanical performance of composites materials are strongly

governed by the state of fibers, inclusive of how the fibers are dispersed (dispersion), where
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the fibers are located (distribution), how they are arranged (orientation) and their surface
morphology (Noorvand et al. 2018). The dispersion particularly becomes more important
when short fibers are used in composite materials in a form of bundles (multifilament
fibers), which is the case in this study. Nevertheless, while the fiber efficiency factors of
orientation and length have been widely used in correcting the micromechanical models
containing short randomly distributed fiber reinforced composites, there is no or very few
studies on using the efficiency of fiber dispersion in the theoretical methods. The main
reason should be attributed to the difficulty in measurement of fiber dispersion.

In CHAPTER 3 of this study, a procedure of fiber extraction from an asphalt mix
was introduced to determine the percentage of individual fibers in the mix called FDP.
Here, fiber dispersion factor, yp, is equal to the value of FDP with O representing very
poor dispersion (no dispersion of fibers and all are remined in the form of bundles in the
mix) and 1 indicating a perfect dispersion (where the state of fibers are all individual in the
specimen). The value of 1 is what the micromechanical models in reality present which
might not be possible particularly when fabricating specimens in the laboratory (For more
details refer to CHAPTER 3). Therefore, in this study the fiber efficiency dispersion factor,
Xp, was applied to modify the volume fraction of fibers for use in the micromechanical

models, as shown in Equation (7-41).

Where V- is adjusted volume fraction of fibers which will be used to replace the

Vi in all the presented micromechanical models.
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7.2.8.4 Matrix Factor

In the CHAPTERS 4 and 5 of this study, it was found that the reinforcement
efficiency of poly-aramid microfibers depends on the composition of asphalt concrete mix.
In other words, the experimental test results showed that the degree of fibers reinforcement
efficiency on improving the mechanical performance of asphalt concrete varied from one
mix to another. Then, an index parameter, FAMr nqex), related to the gradation of the mix
was introduced to elucidate the discrepancies in varied mechanical test result due to fibers.
It was observed that the experimental calculation of FAMy 4.y falls within the range of
0.5-2.5 mm for a dense-graded asphalt concrete mix. Note that the FAM parameter may
not be valid when dealing open graded asphalt mixes and asphalt mortars (they contain
only fine aggregates) and they may to be treated differently. The matrix parameter, y,
was then introduced by normalizing the parameter FAMypnqex) from Equation (4-23) to

fall in the range of 0 to 1, expressed in Equation (7-42).

A = —inden (7-42)

The higher value of the matrix parameter, y,,, implies higher efficiency from the
matrix and the mix type (specifically gradation) which maximizes the reinforcement

benefits of fibers.

7.2.9 Model Assumptions

In formulation and selection of micromechanical models, several assumptions were
adopted to predict the tensile strength of fiber reinforced asphalt concrete which are listed
as follows:
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In CHAPTER 5, monotonic direct tension test results revealed the efficiency of
fiber reinforcement in enhancing the tensile capacity of asphalt concrete mix varied
by different loading rates and temperatures. This was attributed to the different
mechanisms including crack propagation and shear stress transfer between fibers
and matrix, which was particularly noted in pull-out test results in CHAPTER 6.
This necessitates the consideration of viscoelasticity effect into modeling approach
in predicting the tensile strength of M-FRAC. It was hence attempted to introduce
the viscoelastic component of asphalt concrete into micromechanical models using
Equation (7-22). However, the viscoelastic component in the model did not provide
any information on the interfacial properties of fibers and asphalt matrix and
mechanism of crack propagation as function of loading rate and temperature.
Therefore, the viscoelasticity theory in the modeling approach was abandoned. the
experimental test condition selected to compare with the theoretical models were
10°C and 0.35 mm/min on specimen, and it was assumed that the deformation of
asphalt binder matrix is negligible until the peak load for the test condition.

The existence of notch on the specimens do not notably change the percentage
improvement in the maximum tensile stresses of M-FRAC compared with asphalt
concrete. So, it was assumed that the values of maxim tensile stresses are indicative
of tensile strength of specimens.

The individual aramid fibers are linearly elastic, either isotropic or transversely
isotropic, identical in shape and size, and can be characterized by an aspect ratio;

and the matrix is isotropic.
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e The fibers were assumed to be randomly distributed in terms of both orientation
and location and thus, so a probabilistic approach needed is valid.

e The matrix and the interface between matrix and fibers are free of voids.

7.3 Results and Discussion

Figure 7-2 compares the tensile strengths results from the experiment and the
micromechanical models for C-19-0.05, C-19-0.15, and C-19-0.25 specimens. It can be
seen that all the models expect Reuss’s overpredict the strength of FRAC compared with
the experimental data. Among all the models, Hirsch, shear lag, and Halpin-Tsai models

showed the closest agreement with experimental data.

——Exp. —=—\Voight
Halpin-Tsai ——Hirsch
Nairn's Modified Shear Lag Model ~—e— Shear Lag
45 Reuss’s model
4 -
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5 25 | %
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Figure 7-2. Comparison of Empirically and Theoretically Measured Tensile Strength of
FRAC at Different Fiber Volume Fractions.
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7.3.1 Hirsch Model

As mentioned earlier, Hirsch (1962) applied an adhesion parameter, S, into parallel-
series models to account for the imperfect interface existing in short fiber reinforced
composites. Previous studies have shown a good agreement between calculated theoretical
data and measured experimental results of mechanical properties of short fiber reinforce
composites when the value of 8 is between 0.4-0.6 (Kalaprasad et al. 1997, Rao et al.
2012). In this study, the value of 0.5 for the parameter f showed the best fit with the
experimental data. However, since this parameter in essence is an arbitrary value given to
the model to obtain the best experimental fit, therefore, the further use of this theory is
abandoned due to the lack of contribution to the overall understanding into the

reinforcement mechanism of fibers in the asphalt concrete.

7.3.2 Shear Lag Model

The shear lag model developed by Cox (1952) has been often criticized for two of
its fundamental assumptions. One is discounting the effect of stress amplification at the
fiber ends, and the other is ignoring that the radial displacement due to matrix tensile stress
(Nayfeh 1977, Nairn 1997). Nairn (1997) proposed a modified version of shear lag model
in which both the radial and axial displacements were included into the shear lag theory.
However, other studies reported that Nairn’s 1997 model significantly overpredicted the
mechanical properties of fiber reinforced composites compared with experimental data, he
further modified his model by incorporating an adhesion parameter, D, to account for
imperfect interface in the model (Nairn 2004). However, unlike Hirsch’ model, the

parameter D, has a physical quantity defined by stress over displacement and introduced
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by (Hashin 1991). While in perfect interface assumption all displacements are considered
continuous between the fiber and the matrix, Hashin (1991) modeled the concept of
imperfect interface in unidirectional fiber composites through use of displacement
discontinuities between fiber and matrix on the basis of the generalized self-consistent
scheme model. He specifically did this by introducing a physical term and finite dimension
for an interface zone commonly known as an interphase. Within the interphase, the
mechanical properties vary from both the matrix and fiber. If the interphase has an effect
on the properties of a composite, then it must allow displacement of the fiber proportionate
to the matrix.

Realizing that the theoretical derivatizations of the thickness or the mechanical
properties of the interphase is a very complicated task, Nairn and Liu (1997) and Paipetis
et al. (1999) evaluated stress transfer in the fragmentation test using a stress-function
method based on a Bessel-Fourier series stress function. The Bessel-Fourier analysis is a
full axisymmetric analysis of fiber/matrix stress transfer that includes imperfect interface
effects and is nearly exact (Nairn and Liu 1997). It was shown that the Nairn’s modified
shear lag analysis and the Bessel-Fourier analysis agreed well for both a perfect and an
imperfect interface which verifies the modified shear lag method (Nairn and Liu 1997,
Paipetis et al. 1999). By varying the interface parameter, Nairn (2004) fit his model
prediction to the experimental data in order to determine the quality of interface. The higher
value of D, implies a better fiber—matrix interfacial adhesion and D; = oo literally means
a perfect interface between the fiber and matrix. In this study, by excluding the interface
parameter the model prediction significantly overpredicted the strength of the materials
which was expected due to the inclusion of the radial displacement in the shear lag
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parameter, as shown in Figure 7-2. However, by introducing the interface parameter into
the model, a very good fit the experimental data was obtained. For 19 mm fiber specimens
as shown in Figure 7-2, the best fit of the Nairn’s modified shear lag model was determined
by setting the interface parameter to rD; = 3 MPa. Nevertheless, the original shear lag
model was further used and modified in this study for predicting the tensile properties of

M-FRAC since it has a simpler form and requires no experimental parameter fitting.

7.3.3 Generalized Micromechanical Models for Predicting Tensile Strength of FRAC
Both shear lag and Halpin-Tsai models were modified using the fiber efficiency
factors, discussed earlier. The fiber dispersion factor, yj, and the matrix factor, x,,, were
included in both models to correct the volume fraction of fibers (V) and to account for
the asphalt mix composition, respectively. Because of the empirical nature of Halpin-Tsai
equations, the value of shape fitting parameter, &, have been adjusted in different studies
as appropriate to obtain the best fit to their experimental data (Mouritz and Gibson 2007).
The parameter ¢ is based on the fiber geometry, fiber distribution, and fiber loading
conditions (Tucker 11l and Liang 1999, Facca et al. 2006). In this study, the parameter &
was modified by the product of y, and y,, to account for orientation and mix composition
of M-FRAC. The parameter y, was included since the model is suitable for predicting the
properties of unidirectionally oriented short-fiber-reinforced composites according to
Halpin and Kardos (1976). The modified version of Shear lag and Halpin-Tsai models are
summarized and presented in Table 7-1. It should be noted that no arbitrary values were

used in the models for predicting the tensile strength values. The only assumed values were

Poisson’s ratio, vy, and fiber packing factor which were 0.35 and 2m/+/3, respectively
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used in shear lag model, which are close approximation to their actual values. Nevertheless,
their effects on the final outcome values of tensile strength were insignificant.

The accuracy of these proposed micromechanical models for predicting the tensile
strength of M-FRAC relative to experimental measurements are now discussed with
respect to fiber volume fraction and aspect ratio. Recall that the experimental
measurements are those from monotonic direct tensing testing from CHAPTER 5 of this
study at 10°C and 0.35 mm/min on specimens. In addition, general applicability of these
models will be further examined and validated by considering experimental work of others

in the literature.

Table 7-1. Proposed Modified Micromechanical Models for Predicting the Tensile
Strength of FRAC.

Model Equation Nomenclature

o, : Strength of composite

1-tanh (%) oy ¢ Strength of fiber

Modified Shear
Lag Model

Oc = Xm OF IT] Vipr + oV op: Strength of matrix
2

Vi Volume fraction of matrix
Vgr: Volume fraction of fiber
L : Fiber length
r : Fiber radius
A : Shear-lag parameter
Gy : Shear modulus of matrix
Ejy : Elastic Modulus

. vy : Matrix Poisson's ratio
(_) -1 Pr : Packing factor (2 n/A/3
Tor\ . for hexagonal packing)
( ) +¢ xo : Fiber orientation factor

1+ énVp
Oc =0\ 7| n=

Modified Halpin- 1—nVp

Tsai Model X : Matrix factor

L .
= 3(— ¢ : Shape fitting parameter
E (D)XGXM D :Fiber diameter

7.3.3.1 The Comparison with Different Fiber Volume Fractions

Figure 7-3 shows the comparison between theoretical tensile strength values of M-

FRAC using shear lag and Halpin-Tsai equations, presented in Table 7-1, and experimental
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measurement at different fiber volume fractions and 19 mm fiber length. A very close
agreement is obtained between calculated values of both modified models and
experimental data with less than 5% difference, while the original models overpredicted

the strength values relative to the experimental measured strength.
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Figure 7-3. Comparison of Predicted Theoretical Tensile Strength Values Using (a) Shear
Lag and (b) Halpin-Tsai Models with Experimental Data of M-FRAC at Different Fiber
Volume Fractions and 19 mm Fiber Length.

7.3.3.2 The Comparison with Different Fiber Aspect Ratio

Figure 7-4 represents the calculated tensile strength values of M-FRAC from the
micromechanical models compared with experimental measurement at different aspect
ratios of fiber. A reasonable agreement was obtained between theoretical calculations and
empirical data. The different aspect ratios here represent different fiber lengths used in this
study including 10, 19, and 38 mm; however, the comparison shown with respect to aspect
ratio is a more reasonable parameter for general comparison which is also common in other
studies. The results show that the models could provide the reasonable prediction of

strength values compared with experimental data. On the other hand, the predicted
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strengths by the original models were higher comared with the experimental measured
strengths.

It was also noted that the differences between tensile strength values measured
experimentally for different fiber length in this study was relatively insignificant, which
was already acknowledged and discussed in CHAPTER 5. It was argued that the dispersion
of fibers is affected with varying fiber length in the mix; with shorter fiber having a better
dispersion and therefore having a higher volume fraction. Even though the same fiber
content (0.15%) was dosed for the 10, 19, and 38 mm fiber specimens, the actual volume
fraction of individual fibers in the mix, which really account for the fiber reinforcement
efficiency, is different for each fiber length. Future study needs to take the effect of fiber
aspect ratio (or length) into consideration when comparing the theoretical calculations with

experimental data.
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Figure 7-4. Comparison of Predicted Theoretical Tensile Strength Values Using (a) Shear
Lag and (b) Halpin-Tsai Models with Experimental Data of M-FRAC at Different Fiber
Aspect Ratio and 0.15% Fiber Content.
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7.3.3.3 The Comparison with Different Mix Gradations

Figure 7-5 exhibits the comparison of experimental and theoretical data for the
mixes C, D, and F-2 for the case of 19 mm fibers and 0.15% fiber content using both
original and modified micromechanical models. It can be seen that there is a very good
agreement in predicted tensile strength of different M-FRAC mixes relative to
experimentally measured data using the modified models. The difference between
theoretical calculation and experimental data also show that the better prediction from

shear lag compared with the Halpin-Tsai equation.
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Figure 7-5. Comparison of Predicted Theoretical Tensile Strength Values Using (a) Shear
Lag and (b) Halpin-Tsai Models with Experimental Data of M-FRAC for Different Mixes
(C, D, and F-2) at 19 mm Length and 0.15% Content.

As discussed in CHAPTERS 4 and 5 of this study, asphalt mix grdadation affects the
reinforcement efficiency of fibers in the asphalt mix. The matrix parameter, yx,,, was
therefore formulated based on the FAM thickness calculations from CHAPTER 4 and
incorporated into the micromechanical models to account for the asphalt mix compositions.

The FAM7(jngex), Calculated in CHAPTER 4, were 2.2, 0.65, and 0.46 for mixes C, D, and
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F-2, respectively. When the values of FAMr (jnqex) are normalized by 2.5 assuming this is

the maximum FAM thickness which can be obtained from a dense graded mix, y,, is

calculated The parameter, y,;, 0.88, 0.26, and 0.18 for mixes C, D, and F-2, respectively.

7.3.3.4 The Comparison with Literature

As part of the validation of the proposed micromechanical modes, the work of other
studies on fiber reinforced asphalt concrete were considered to examine the accuracy of
these models. The literature search was limited to those studies that examined fibers
reinforced asphalt concrete using direct tension test for the prediction of tensile strength.
Through the search, one such study was found by (Yoo and Al-Qadi 2014), who studied
the reinforcement of recycled plastic fibers in asphalt concrete using direct tensile loading
tests. Table 7-2 summarizes the input parameters obtained from the work of Yoo and Al-
Qadi (2014) and used in shear lag and Halpin-Tsai models to predict the tensile strength of
recycled plastic fiber reinforced asphalt concrete. Although, the modulus of matrix was not
reported in their study; a typical rang of modulus values for uncracked asphalt concrete at
20°C between 2000 — 3500 MPa was selected and given into the shear lag model. The
effect of matrix modulus value in the range of 1000-4000 MPa was found to be
insignificant on the final outcome of predicted tensile strength results. Also, similar
assumption was made for the values of the Poisson’s ratio and fiber packing. The thickness
of FAM index was calculated from the gradation and other properties given in Yoo and Al-
Qadi’s paper using procedure developed in CHAPTER 4 of this study. It should be also

noted that while plastic fibers were used up to 1%, only 0.2 and 0.4% fiber content were
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used for prediction since the benefit of fiber was observed only up to 0.4% in Yoo and Al-

Qadi’s study.

Table 7-2. Properties of Recycled Plastic Fiber and Asphalt Concrete Matrix Used for
This Study (Yoo and Al-Qadi 2014).

Fiber Property Matrix Property (Asphalt Concrete)
Fiber Width (mm) 0.7-1 1.73 omatrix (MPa)
Fiber Length (mm) 30 1000-4000 Em (GPa)
Er(GPa) 13 0.7 FAMT (indexy (MM)
Fiber content (%) 02,04 0.35 Poisson Ratio
oriber (MPa) 300-350 3.14 P: (Square Packing)

Figure 7-6 shows the theoretical measurements of the tensile strength of recycled
fiber reinforced asphalt concrete compared with experimental data by (Yoo and Al-Qadi
2014). Excellent agreement was found between the modified shear lag model and empirical
data with less than 5% difference in their tensile strength values. However, the modified
Halpin-Tsai model was underpredicted the strength of FRAC. It was found that the
adjustment of shape fitting parameter, & , could improve the fit between the theoretical and
experimental data. The original Halpin-Tsai, on the other hand, showed a good agreement
with the experimental data. It appears that both of these models could have been used for
prediction of fiber reinforced asphalt concrete containing short randomly distributed fibers;
however, the modified shear lag model specifically indicated better fit with experimental
data for different types of fibers (synthetic microfiber and recycled macrofibers) and
different asphalt mix designs compared with the modified Halpin-Tsai model. Further
studies on the modification of, the parameter, &, in the Halpin-Tsai model may be

considered with regards to the use of different fibers in asphalt mixtures.
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Figure 7-6. Comparison of Predicted Theoretical Tensile Strength Values Using (a) Shear
Lag and (b) Halpin-Tsai Models with Experimental Data of M-FRAC at Different
Volume Fractions of Recycled Plastic Short Fiber and 30 mm Length.
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CHAPTER 8

SUMMARY, CONCLUSIONS AND FUTURE WORK

8.1  Summary and Conclusions

Modification of the asphalt concrete by incorporating new additives either in the
bitumen or in the asphalt mixture is one of the common strategies to enhance the service
lifetime of asphalt pavements. Fibers have been used as reinforcement for asphalt materials
for many years in various parts of the world. Generally, these efforts have made favorable
conclusions regarding the use of fiber reinforcement in AC. While published studies
generally demonstrate positive benefits from using FRAC, it is not always the case, and
when improvements are found they vary with respect to the types of fibers, properties of
fiber (length, dosage, state), mix type and the mechanical experiment. In some cases, no
statistically significant improvement has been identified from using fibers into asphalt
mixtures. Due to this inconsistency, the widespread acceptance of fibers use in asphalt
industry is plagued. The current state of knowledge with respect to fiber reinforcement in
AC materials has been mainly driven from an experimental basis, with little fundamental
investigation. The following sections present a summary and conclusions from this

research effort.

8.1.1 Effect of Fiber State on Mechanical Performance of Fiber Reinforced Asphalt
Concrete
The following conclusions were reached from the effect of aramid fibers state on

the mechanical properties of asphalt mixtures. In the FA mix, the aramid fibers are
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introduced along with polyolefin fibers while in FB the aramid fibers are coated in a thin
membrane of wax, which melts as the fibers are mixed in.

e Dynamic moduli values showed no statistical differences between the mixtures.
The FA mixture exhibited a 139% improvement in flow number compared with the
control while the FB mixture had a similar performance to the control mixture.
Fatigue simulations showed that both FA and FB mixtures had two times fatigue
improvement compared with the control.

e Aramid fibers in FA mix were well dispersed and most of the fibers were in the
individual state (FDP of 88.5%) while FB fibers were poorly dispersed (FDP of
16%). Aramid fibers in FA mix showed a higher degree of micro-fibrillation
compared with aramid fibers in FB mix. The orientation study using different
coring direction indicated that individual fibers tend to be oriented mostly
horizontally.

e The different behavior in fatigue and permanent deformation for each FA and FB
was attributed to the orientations of the fibers with respect to the testing
configuration. It was postulated that in the flow number test the fibers are ideally
oriented to strengthen cracks that form parallel to the loading direction, whereas
fibers are not preferably oriented for reinforcing cracks that develop perpendicular

to the loading direction in the fatigue test.

8.1.2 Evaluating Interaction of Fiber Reinforcement Mechanism with Mesostructure of

Asphalt Concrete
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The interaction of fibers with the compositions of asphalt mixtures was studied and

following conclusions were reached.

Fiber mixing procedure in the laboratory is a challenge task in terms of obtaining
highly dispersed aramid fibers compared with the mixing procedure in the field. In
this study, a 3-layer system of fiber mixing procedure was used to improve the
dispersion of fibers.

The mechanical tests indicated that the fibers improved the overall mechanical
performance in fatigue and flow number of asphalt mixtures; however, the degree
of improvement varied from one mix to another.

A strong link was found between the compositions of asphalt mixtures and fiber
reinforcement efficiency in mechanical performance. It was found that effective
binder content and gradation play significant roles in reinforcement effectiveness
of fiber in rutting and fatigue cracking, respectively. Accordingly, indices of
Vpe and FAM thickness were established as indicators of M-FRAC performance in

rutting and fatigue cracking, respectively.

8.1.3 Mechanism of Mechanically-Fiber Reinforced Asphalt Concrete in Tension

Mechanical properties of asphalt concrete with and without fibers in tension were

evaluated using monotonic fracture tests. The experimental findings have shown that fibers

do serve as reinforcement element in asphalt concrete; however, their reinforcing

efficiency is dependent on the temperature, rate of loading, properties of fiber (i.e. dosage,

length), and properties of mix type (gradation). These parameters were studied using a

semi-circular bending (SCB) test with crack mouth opening displacement (CMOD) and a
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direct tension (DT) test on circumferentially notched cylindrical specimens. Following

conclusion were reached from this study.

The effect of temperature and loading rate on tensile capacity of asphalt concrete
with and without fibers were examined by constructing a mastercurve of strength
as a function of reduced strain rate using the DT test. At the lowest reduced strain
rate, fibers showed slight improvement in the tensile stress of asphalt concrete
mixtures. However, with increasing loading and reducing temperature, the benefit
of fibers emerged.

At 20°C, the fracture toughness values, represented by critical stress intensity
factor, increased by about 15% with presence of fibers for mix C. Comparing
different fiber dosages and lengths, increasing fiber content from 0.05% to 0.25%
and length from 10 to 38 mm did not further increase the toughness of asphalt
concrete. At 10°C, fracture toughness of asphalt concrete increased by increasing
the fiber length and dosage. While 10- and 19-mm fibers from DT test increased
the toughness similarly by 15%, the 38-mm fiber specimen (C-38-0.15) increased
toughness by 22%. The trend was quite similar for SCB specimens.

The effects of mix type on the cracking resistance of M-FRAC compared with AC
were evaluated using fracture toughness and energy parameters. At both 10°C and
20°C, while the use of fiber in mix C increased fracture toughness of asphalt
concrete, no difference was found between the fracture toughness of fiber and no

fiber specimens of mixes F-2 and D using DT and SCB tests.
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The fracture toughness results were consistent with the findings of uniaxial fatigue
test which further verifies the parameter FAM thickness as a good indicator on the
tensile capacity of M-FRAC.

However, the analysis of fracture energy analysis using the crack-controlled test
(SCB with CMOD) provided further insights into interaction of fiber reinforcement
efficiency with compositions of asphalt mixtures. Comparing different mix types,
the SCB test results showed that the use of 0.05% and 0.15% fiber increased the
average fracture energy of asphalt concrete specimens for mix C by 5% and 25%,
respectively. The results for mix D showed increase of fracture energy for 19- and
10-mm fiber by 15% and 19%, respectively. The fracture energy results obviously
showed the importance of a crack-controlled test (i.e. SCB with CMOD) to fully

characterize the M-FRAC in tension. the SCB with CMOD.

8.1.4 Evaluation of Interfacial Shear Bond Strength and Critical Fiber Length in Fiber

Reinforced Asphalt Concrete

Because of the viscoelastic nature of FRAC, the shear bond strength between the

fibers and the asphalt matrix are affected by the displacement rate. A pull-out test was
developed and used to determine the interfacial shear strength between fibers and the

asphalt mastic. The following conclusions were reached from this study.

A fiber pull-out was developed with relatively good variability in the experimental
measurements by carefully controlling the sample preparation and fiber alignment.
The effect of fiber dimeter and embedded length on the average shear bond strength

and maximum pull-out force were studied. The results showed that the maximum
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pull-out force increased with increasing the fiber diameter and embedded length,
while the average shear bond strength actually reduced.

The effect of diameters of aramid fibers on the shear bond strength can be linked to
the importance of fiber dispersion in enhancing the mechanical performance of
asphalt mixtures, particularly higher temperature. The larger shear bond strength
for smaller diameter fibers implies that individual fibers can be more effectively
mobilized in the asphalt matrix system, particularly at higher temperature and
smaller displacement rates. This essentially accentuates the benefits of a larger FDP
value (higher number of individual aramid fibers) in the asphalt mix to improve the
rutting resistance of asphalt mixtures.

Comparing different types of fibers, aramid fiber showed larger shear bond strength
than both nylon fibers. At 0.5 mm/s of displacement rate, the shear bond strength
of aramid fiber was about 25% and 60% higher than that of Nylon 1 and Nylon 2,
respectively, regardless of the fiber embedded length.

At 0.1 mm/s of displacement rate, the difference in shear bond strength was found
to be statistically insignificant for both aramid and Nylon 1. This was because the
fiber pull-out mechanism was hampered by the viscoelastic nature of the asphalt
binder.

An analytical framework on the basis of elastic-viscoelastic correspondence
principle was developed to determine a relationship between shear bond strength
and the apparent modulus of asphalt mastic and asphalt concrete in the mix.

The results indicated that the shear bond strength of fibers in the DT asphalt

concrete specimens at all testing conditions are lower than those obtained from pull-
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out test at 20°C and 0.5 mm/s. For asphalt concrete mix, the range of shear bond
strength were 0.5-1 MPa for the testing temperature of 10°C except the lowest
displacement rate while at 25°C testing condition the shar bond strength of aramid
in the mix was less than 0.5 MPa.

A range of total fiber length was recommended for different pavement distresses to
ensure high fiber efficiency based on the relationships developed between critical
fiber length, apparent modulus, and shear bond strength for DT asphalt concrete
specimens. Long fibers (L > 25 mm) are recommended if rutting is common; while
short fibers (L < 15 mm) are more acceptable if thermal cracking is a common
distress. A fiber length in the range of 15-25 mm is aslo recommended for fatigue

cracking which is more prevalent at intermediate temperature.

8.1.5 Development of Micromechanical Models for Predicting the Tensile Strength of

FRAC

In this study, modified micromechanical models were proposed to predict the tensile

strength of M-FRAC. Following conclusion were reached from this study.

Shear lag and Halpin-Tsai micromechanical models were selected for predicting
the tensile strength of fiber reinforced asphalt concrete composites, and further
modified with efficiency factors to improve the accuracy of models. These
efficiency factors included a fiber dispersion factor, a matrix factor, and a fiber

orientation factor.
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e The fiber dispersion factor was obtained from the experimental parameter FDP in
CHAPTER 3 to correct the volume fraction of fibers in the mix with respect to the
state of individual aramid fibers in the mix.

e The matrix factor developed experimentally based on FAM thickness index in
CHAPTER 4 to account for the different asphalt mix design gradation.

e For Halpin-Tsai equation, a fiber orientation factor was also incorporated into the
model theoretically determined using a probabilistic approach. The calculated fiber
orientation factor was 0.33.

e The accuracy of these proposed micromechanical models for predicting the tensile
strength of M-FRAC relative to experimental measurements and the original model
were discussed with respect to fiber volume fraction and aspect ratio. The
experimental measurements were obtained from monotonic direct tensing testing
from CHAPTER 5 of this study at 10°C and 0.35 mm/min on specimens. Both
modified shear lag and Halpin-Tsai models showed very good fit with the
experimental data in this study.

e As part of the validation of the proposed micromechanical modes, the work of other
studies on fiber reinforced asphalt concrete were considered to examine the
accuracy of these models. Excellent agreement was found between shear lag model

and empirical data with less than 5% difference in their tensile strength values.

8.2 Industry Use and Implementation
This study identified key aspects attributed to the reinforcement mechanism of fibers. The

outcomes of this study provide insight into the underlying mechanisms of fiber
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reinforcement required to enhance its efficiency for use in asphalt concrete. This improved

insight will translate into better deployment of existing fiber-based technologies;

development of new, and more effective fiber-based technologies in asphalt mixtures. The

key findings of this study, which will contribute to the use and implementation of M-FRAC

technology in industry, are summarized as follows:

Fiber dispersion: dispersion of fiber is the key in ensuring their mechanical

performance benefit. This study developed and proposed a fiber extraction method,
particularly FDP parameter, which can be used as a quality control of fiber
dispersion in asphalt mixtures.

Fiber mixing procedure: there exists a lack of a generally applicable laboratory

method to introduce the fibers into asphalt concrete mixtures. In the laboratory,
agencies often encounter unexpected difficulties in preparing FRAC samples.
Without careful attention to the mixing process fibers will not distribute in a
homogeneous manner leading the agency to have reduced confidence in the ability
of the product to distribute in a full-scale mixing plant. In this study, a three-layer
system of fiber mixing method was proposed by which fiber dispersion and
distribution in the asphalt mix improved. This allows fabricating a more
representative FRAC samples in the laboratory.

Asphalt mixture composition: this study identified indices of V,,and FAM

thickness which can serve as powerful indicators and screening tools for fiber
reinforcement efficiency in enhancing rutting resistance and fatigue life of the

asphalt mixtures.
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Mechanical test type: this study indicated that the selection of the appropriate
testing protocol is critical to understand fiber’s contribution to AC mechanical
performance, particularly in cracking. This study proposed the use of mechanical
tests that are able to provide a controlled constant loading rate on specimen during
testing, which allows to capture and present the full benefit of reinforcing fibers in
the asphalt mixtures.

Engineered fiber: this study suggested that there is a need to divert from a “one

solution fits all” approach, to better engineer fiber blends that can address
performance improvement geared toward dominant pavement distress in a specific
environmental location. For example, at very low temperature the length and
dosage of fiber need to increase to ensure the full capacity of fiber reinforcement
in asphalt mixtures. Based on this knowledge, engineered fiber should be a more
cost-effective approach to provide agencies with a product designed for the specific

climate challenges.

8.3 Future Work

This study provided a framework to critically characterize the reinforcement

efficiency of fibers in asphalt concrete. Number of factors were studied including a) fiber
state (dispersion, orientation, morphology and distribution); b) interaction of fiber with
compositions of asphalt mix; c¢) viscoelastic properties of asphalt mix (temperature and
loading rate); d) fiber properties (i.e. length, dosage); €) test type to characterize fiber
reinforcement; f) interfacial properties (the shear bond strength between fiber and asphalt

matrix); and g) a micromechanical framework to predict the tensile strength of M-FRAC.
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Future and follow up work recommendations are as follows:

Use of a crack-controlled fracture tests to characterize the effect of fiber length on
the low temperature cracking resistance of asphalt mixtures.

Use of other types of fibers (macrofibers) to validate whether all the concepts
developed in this study can be generalized (i.e. FAM thickness parameter).
Evaluation of the shear bond strength of fiber at lower temperature using pull-out
test and the analytical framework developed in this study

Evaluation of fiber reinforcement mechanism in other asphalt concrete
technologies other than dense graded hot mix asphalt concrete used in this study.
Development of a micromechanical model that takes into account the viscoelastic

response of asphalt concrete with reference to shear bond strength property.
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Dynamic Modulus

Temperature and frequency sweep tests were performed in general accordance with
the AASHTO T342 protocol. The testing was performed to measure the dynamic modulus,
|E*|, at temperatures of 4.4, 21.1, and 37.8°C and frequencies of 25, 10, 5, 1, 0.5, and 0.1
Hz. In this project the -10°C temperature was omitted for two primary reasons; 1)
eliminating this test temperature doubled the productivity of the testing and allowed the
research team to evaluate more conditions during the allotted time and 2) previous research
suggests that the benefits of fiber with respect to dynamic modulus were largest at
intermediate temperature and less at extreme high and low temperature meaning that not
having -10°C would not affect the conclusions for this project. A standard methodology
can be used to extrapolate the measured data to -10°C for use in pavement analysis
(AASHTO PP61-13).

Test samples were compacted to a height of 178 mm (7 in.) and a diameter of 150
mm (6 in.) via the Superpave gyratory compactor. After the samples had cooled from
compaction they were cored and cut to a final testing geometry of 100 mm (4 in.) x 150
mm (diameter x height). The bulk density of these samples were then measured and used
to calculate air void contents, which were 6.5 + 0.5%. Samples were instrumented with
three linear variable displacement transducers (LVVDT), which were used to monitor on-
specimen deformation during the test. Lubricated membranes were placed between the
sample and the loading platens prior to testing reduce any end effects. Load levels for these
tests were determined by a trial and error process so that the resulting strain amplitudes
were between 40 and 60 microstrains. The overall test setup for the dynamic modulus test
is shown in Figure A-1 while a close-up view of the LVDTSs is given in Figure A-2.
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Figure A-1. Dynamic Modulus Test Set-up.
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Figure A-2. Specimen Instrumentation in |[E*| Testing.

The most common method to report dynamic modulus data is the mastercurve
function, which is so named because it shows the joint effects of temperature and frequency
on the modulus of asphalt concrete. The process of characterizing a mastercurve function
is shown schematically in Figure A-3. A mastercurve is created by plotting the data at each
temperature as a function of frequency in log-log space and then horizontally shifting the
data for each temperature to produce a single, continuous and smoothly varying function.

The amount of horizontal shift required to create such a curve is referred to as the time-
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temperature shift factor (t-T shift factor) and varies according to temperature. Note that
upon shifting, the x-axis is relabeled as reduced frequency to denote that the curve was not
actually developed with measurements at a single temperature. The mathematical

representation of reduced frequency is shown in Equation (A-1).

f,=fxa (A-1)
where:
fr = reduced frequency (rad/s);
f = test frequency (rad/s); and
ar = t-T shift factor for test temperature.

The common availability of desktop computers that have spreadsheet optimization
tools makes this process more objective and often easier than was heretofore possible. With
these tools, a functional form for the mastercurve and the t-T shift factor function can be
assumed up front and the coefficients of these functions can be optimized to best match the
experimental data. The sigmoidal model, Equation (A-2), is adopted to represent the
mastercurve of asphalt mixture and the second order polynomial function, Equation (A-3),
is utilized for the t-T shift factor function. Once characterized the |E*| mastercurve can be
used to generate inputs for mechanistic pavement response analysis independently or in

conjunction with the AASHTOWare Pavement ME Design software.

(94
IOQ|E*|:§+W (A-2)
where:
fr = reduced frequency of loading (Hz);
1) = minimum logarithmic value of |E*|;
ota = maximum logarithmic value of |E*|; and
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B,y = parameters describing the shape of the sigmoidal function.

loga, =, (T?=T7 )+, (T -Ty) (A-3)
where:

T = test temperature (°C);

Tr = reference temperature (21°C); and

o1, op = fitting coefficients.
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Figure A-3. Schematic Representation of Mastercurve Creation Process; (a) Unshifted
Modulus Data and (b) Shifted Modulus Data.
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Flow Number

The Repeated Load Permanent Deformation or Flow Number Test is used to
determine the permanent deformation characteristics of paving materials. The test
procedure used in this study generally followed the method suggested in AASHTO TP79
and applied repeated 0.1 s haversine load pulses that were each followed by a 0.9 s rest
period. At the end of each rest period the cumulative permanent deformation was recorded.
The deformations were measured using LVDTs mounted to the surface of the sample. The
test was performed under atmospheric conditions, and prior to testing a thin and lubricated
membrane was placed between the sample ends and the loading platens to create
frictionless surface conditions and prevent end effects. This test was performed using the
same IPC UTM-25 that was previously described with respect to the |E*| test. In the initial
experiment, the flow number test was performed at 37.8°C (100°F) and using a stress level
of 450 kPa. The reason that this temperature was chosen was to be consistent with the
Dispersion study carried out in 2014. The stress level was selected so that the test would
fail in a reasonable number of cycles. However, for the actual study the flow number test
was performed at 50°C (120°F) and using a stress level of 100-120 kPa. To make sure that
the test would fail in a reasonable number of cycles (5000-10000 cycles).

Figure A-4 shows the typical relationship between the total cumulative plastic strain
and the number of load cycles during a flow number test. This relationship is generally
defined by three regions: primary, secondary, and tertiary. In the primary region,
permanent deformations accumulate rapidly. The incremental permanent deformations
decrease reaching a constant value in the secondary region. Finally, the incremental
permanent deformations again increase, and permanent deformations accumulate rapidly

234



in the tertiary region. The starting point, or cycle number, at which tertiary flow occurs, is

referred to as the Flow Number (FN).

r 3 .
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Figure A-4. Typical Relationship Between Total Cumulative Plastic Strain and Number

of Load Cycles.

Two basic analyses are performed with the data in these tests; (1) identifying the
FN and (2) establishing strain accumulation coefficients for structural performance
assessment. To identify the FN value, a statistical analysis technique, the Francken model,
is often utilized. This model structure, shown in Equation (A-4), has been selected because
it combines both a power function, which characterizes the primary and secondary regions,

and an exponential function that fits the tertiary region.

&,(N)=AN®+C(e™ -1) (A-4)
where:

ep(N) = permanent deformation or permanent strain;

N = number of loading cycles; and

A,/ B,Cand D = regression constants.
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The regression constants in this model are determined by optimization of Equation
(A.4) against the measured permanent deformation in the repeated load test. In the above
model, the regression constant C represents whether or not the material reaches the tertiary
region. The FN can be determined by double differentiation of Equation (A-4) with respect
to N, setting this expression equal to zero (e.g., solving for the cycle with a minimum

slope), and then numerically solving for FN, Equation (A-5).

e®™ _(FN)** = (A-5)

Axial Fatigue

The axial fatigue test is performed by applying a repeating sinusoidal load or
deformation along the long axis of a cylindrical test specimen until it fails. The test is
performed using a servo-hydraulic loading frame and by controlling temperature in an
appropriately conditioned test chamber. Figure A-5 provides an overall view of the testing
system and mounted sample. Axial fatigue tests were performed in controlled actuator
displacement mode. This test is like a controlled strain test, but was used because a
controlled strain test with cylindrical specimens is difficult to conduct and can damage
equipment if improperly performed. The controlled actuator test applies a cyclic tensile
crosshead movement at some constant level at 10 Hz loading until the sample fails. Due to
machine compliance issues, the actual on-specimen strain is significantly less than the
programmed level and is not constant throughout the loading, as shown in Figure A-6.
Even though the on-specimen strains remain tensile, both tensile and compressive stresses
are applied on the specimen, with a decreasing mean stress, as shown in Figure A-6. All

fatigue test samples were initially compacted to the same 150 mm diameter by 178 mm tall
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dimensions as the dynamic modulus specimens. However, unlike the dynamic modulus
specimens the fatigue samples were cored and cut to a cylindrical testing geometry 75 mm
(3 in.) in diameter and 150 mm (6 in.) tall. The air voids for these fatigue tests were the
same as the dynamic modulus samples (6.5 £ 0.5%). The test temperature for this study
was 18°C intended to simulate fatigue crack initiation at intermediate pavement service

temperatures.

UTM-25 machine load frame
IMACS IPC controller
Cylindrical Specimen
Environmental Chamber
Computer

Compressor

Figure A-5. Uniaxial Fatigue Test Setup and Gluing Jig.
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Figure A-6. Strain and Stress History for the First Five Cycles of a Typical Controlled

Crosshead Cyclic Test.

The first step when performing the tests is to glue end plates to the specimen using
the jig shown in Figure A-5. The specimen is then instrumented with four axial LVDTSs to

monitor the on-specimen deformation. The experiment is carried out using a closed-loop
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servo hydraulic testing machine (UTM-25) in a temperature-controlled environment as
shown in Figure A-5. This machine applies a continuous sinusoidal loading pattern based
on output from the LVDT attached to the machine actuator. The load cell data and on-
specimen deformation is recorded and used to calculate stress, strain, modulus, and phase
angle throughout the fatigue test. These calculations are performed using research software
developed by the PI.

The dynamic modulus and phase angle are tracked throughout the entire fatigue
test. The traditional fatigue analysis method determines failure as the point where the
material’s modulus drops to 50% of its initial value. However, this method is purely
empirical, and a different approach based on the change in the energy dissipation, indicated
by the cycle at which the phase angle shows a sharp decrease is define as the failure cycle
(Nf). Figure A-7 shows this failure definition from a typical test. It is believed that the drop
of the phase angle is caused by macrocrack localization, which is normally caused by the
coalescence of microcracks under repeated cycles of loading. When a macrocrack
develops, all the work input is concentrated at the crack tip and the remaining body relaxes,
thus causing the time dependence of the global stress-strain behavior to reduce. This

reduction in the time dependence is physically measured as a reduction in the phase angle.
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Figure A-7. Fatigue Life Definition of a Typical Axial Fatigue Test.
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The test results are analyzed using the simplified viscoelastic continuum damage (S-
VECD) approach for characterizing fatigue behavior. The first step in that approach is to
establish the damage characteristic (C-S) curve. The C-S curve is a relationship unigue to
a given asphalt concrete mixture that is independent of test conditions including strain
levels, temperatures, mode of loading (stress controlled or strain controlled), and loading
history. This unique function exists as a fundamental characteristic of the material and is
characterized by employing the work potential theory as incorporated into the S-VECD
formulation and summarized in the following equations. The C-S relationship generally
follows an exponential or power-law decay form as shown in Figure A-8.

o

———=—— firstcycle
c_) ¢ x DMR (A-6)
= g rest of cycles
Eoa X D
1 de
R=—|E(t-7)—=d A-7
¢ =g [Et-n g de (A7)
1 pg+1
(gOR’ta)i:E—Rx 2 ((gO!PP)iX|E*|LVE) (A-8)
DMR |E*|fp
(A-9)
[E*
LVE
DMR Gw
SN+1 = SN +|:_T(CN _CNl)(gR)2:| (A‘fi)(lm)(Kl)(lm) (A-lO)
a1 (A-11)
1+m
1 o 2
Klzg i J(f(&)" de (A-12)
f g
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where:

€0,pp

|E*[fp

|E*|Lve

A

&t

normalized pseudo stiffness indicating the material integrity;
internal state variable denoting the internal damage in the material;
measured stress;

pseudo strain;

dynamic modulus ratio;

tensile pseudo strain tension amplitude;

reference modulus;

relaxation modulus and creep compliance, respectively;
elapsed time from specimen fabrication and time of interest;
time when loading began;

measured strain;

peak-to-peak strain amplitude;

stress wave shape factor (1 tension, 0 tension-compression, and -1

compression);

fingerprint dynamic modulus;

linear viscoelastic dynamic modulus of the material;

number of loading cycle;

change in the average reduced time between analysis cycles;

developed functional parameter to account for the analysis of cyclic data;
material property;

slope in the central part of the dynamic modulus master curve for the log E(t)-

log(t);

reduced starting time; and

reduced ending time.
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Figure A-8. Example of Damage Characteristic Curve.

At small levels of damage, the material integrity is high (close to 1), but as damage
increases the material integrity is lost until eventually failure will occur. Thus, from
characterization of this function two factors are important, the overall position of the C-S
curve and also the material integrity level at which failure occurs, Craire. All other factors
being the same, materials with lower Criure Values will exhibit superior fatigue
performance. Once characterized, the C-S relationship can be fitted to an analytical form

represented by Equation (A-13), where C1and C; are regression coefficients.

C(S)=1-C,(S)™ (A-13)
In order to gain useful information on fatigue cracking, simulated predictions of the fatigue
life at specific conditions of interest can be performed using theoretically derived formulas

for predicting the material response to fully reversed constant strain loadings as shown in

the following formulations:

( fr )(23a ) Sa—aC2+l

failure

N failure — o 2a (A'14)
(@-aC,+1)(CC,)" [ (20 ) ([E*e)| K
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where:
Nraiwre = predicted cycle number of cycles to failure;
fr = reduced frequency for the condition being simulated;
|[E*| = dynamic modulus for the condition being simulated;
eopp = peak-to-peak strain level for simulation; and
Staiure = damage level at failure.

Verification of this modeling approach is given in the literature and summarized in the plot
shown in Figure A-9. This figure shows the measured and predicted failure cycle for tests
at different temperatures. The predictions were generated using the failure equations above
and the damage function used in the predictions was characterized using only the results

from the test that is circled.
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Figure A-9. Verification of Damage Modeling Approach to Fatigue Testing.
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FIBER EXTRACTION PROCEDURE
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Summary

The purpose of the test method is to determine the amount of recovered fiber from fiber
reinforced asphalt concrete (FRAC). The test method utilizes ASTM D-2172 to extract the
asphalt binder from FRAC samples. The amount of fiber remaining after extraction is
measured by washing, sieving, manually removing the fiber, and recording total fiber mass.
Due to the lightweight nature of aramid fiber and residual AC binder present on the fiber
after extraction, the extracted fiber content will measure higher than the amount of fiber
added at the time of mixing. The amount of extracted fiber is reported as a percentage of
total sample size. CAUTION: Solvents used as part of ASTM D2172 are dangerous and
specific safety concerns and procedures in ASTM D2172 must be followed. This document
provides an overview of the procedure but more details and background involving the

extraction process can be found elsewhere!.

Sample
Samples shall be obtained from plant mixed FRAC. Sample size should be determined
based on Table 1 of ASTM D2172. A minimum of three samples should be tested for each

plant mixed FRAC sampled.

Solvent Type

The recommended solvent for this process is Trichloryl Ethylene, which was found to yield
no negative reaction with the fiber produce. If this solvent is not available then the chosen
solvent should be verified for no reaction to reinforcing fibers. To test reactivity, soak a
minimum 0.5 g sample of fibers in solvent overnight (12 hours minimum). Record the mass
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of fibers before and after soaking to the nearest 0.01g. Fiber loss to solvent should be

determined as a percentage loss compared to the original mass by Equation (B-1):

L

=% w100 (B-1)

1

M1 mass of the fibers prior to soaking (g),

M2 mass of the fibers after soaking (g), and

L

loss (%), must not exceed 1.0 percent of original mass.

Procedure

1.

Complete extraction in accordance with ASTM D2172 with the exception that the
ashing method, or any method that heats the sample above 400°F must not be used.
Dry and record the extract as directed in ASTM D2172. Transfer extract to a suitable
sized mixing bowl and add sufficient water to immerse the extract. Add a few drops of
soap to the extract and thoroughly agitate using hand methods for a minimum of 90
seconds. After agitation, wash the extract over a stacked No. 50 and No. 200 sieve for
a minimum of 120 seconds until soap solution is removed. Pick up the extracted fibers
manually using tweezers and store them in a clean can with a closed top.

Perform a sieve analysis of the washed and dried extract, utilizing sieve sizes from the
original asphalt concrete mix design. Manually separate out fibers during weighing of
separated sizes and add to fibers previously separated in step 4.2.

Soak the extracted fibers in the solvent for an hour at room temperature. Then remove
the remaining solvent and dry the washed extract and separated fibers to a constant

mass at 230 £ 9°F. Record the mass of the separated fibers to the nearest 0.01 g.
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5. Once fibers are extracted, the aramid dosage rate is determined, and the dispersed fiber
state quantified by separating fibers into the bundles, agitated bundles, clusters and
individuals.

6. Next, the amount of aramid fibers in the individual state are calculated using Equation
(B-2). This calculation is defined as the Fiber Dispersion Percentage (FDP). FDP is
used to quantify aramid dispersion in an asphalt concrete mixture. Increasing FDP
signifies more fibers exist in the individual state thus better aramid dispersion. In
comparison, lower FDP is an indicator of poor dispersion in the asphalt concrete
mixture. Supplemental calculations for fibers in the cluster and agitated bundle states

were also performed.

FDP =F, = % x 100 (B-2)
Where;

FDP = aramid dispersion state ratio,

Fi = aramid fibers in the individual state (%),

Mi = mass of aramid fibers in the individual state (g), and

Ma = total extracted aramid mass prior to separation (g).

The extraction process is shown Figure B-1.
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Figure B-1. The Process of Fiber Extraction

247



APPENDIX C

FIBER MIXING METHOD
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Method A:

The mixing steps to use for the Polyethylene blend:

1. Calculate the amount of each aggregate size and the amount of asphalt cement required
to make one gyratory sample using the mix design gradation.

2. Weigh and batch the aggregates in an appropriate container.

3. Weigh the appropriate amount of polyethylene and aramid fibers using an electronic
analytical balance to make one gyratory sample. Place the polyethylene in a separate
container.

4. Keep the metal container with the batched aggregates in the oven until thoroughly
heated to the appropriate mixing temperature (preferably overnight but a minimum of
6 hours unless local laboratory practice suggests less time is sufficient).

e |f the mixing temperature is less than 165°C, heat the aggregates to a temperature
between 165 and 175°C.

e |f the mixing temperature is at 165°C or above, heat the aggregate following local
laboratory practices as long as this temperature is not above 185°C.

5. On the mixing day, keep the asphalt cement in the oven at mixing temperature and wait
until the asphalt cement temperature reaches the mixing temperature.

6. Heat all mixing tools (bucket, blade, metal scoop, metal spoon and spatula) to the
mixing temperature.

7. Once the asphalt cement reaches the mixing temperature, transfer the aggregates into
the mixing bucket.

8. Create a crater in the middle of the aggregates.
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10.

11.

12.

13.

14.

15.

16.

17.

If the aggregates have been heated above the allowable mixing temperature allow the
aggregate to cool to the appropriate temperature. Do not continue to stir during this
cooling period, which should not take longer than three minutes.

Place the bucket on the weighing scale.

Carefully pour the correct amount of heated asphalt cement into the blend. Pouring the
asphalt binder into the bucket should not take longer than 20 seconds.

Take the container with the polyethylene and pour the fibers directly into the binder.
Sprinkle the aramid or aramid fiber dosage around the crater directly into the aggregate.
Place the mixing bucket into the mixing machine and run it for a minimum of 1.5
minutes. If at the end of the 1.5 minutes the aggregate and asphalt have not fully
blended, then continue the mixer until all aggregates are completely coated with the
asphalt cement.

Once mixing is completed, transfer the hot asphalt mixture to an aging pan and scrape
the side of the bucket and the blade using a heated spatula. Add the material scraped
from the bucket and blade and any material stuck to the spatula back into the aging pan.
Remove the metal scoop from the oven and stir the aging material thoroughly.
Continue stirring the material during the aging process according to AASHTO R30 and

again prior to compaction.

Follow regular procedures for compacting asphalt mixtures being careful to use heated

utensils at every step to prevent loss of mixture and fibers.

Method B and C:
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Calculation of Fiber Dosage

Methods B and C are similar, and the only difference is the number of layers. The fiber
dosage rate is calculated based on weight of the asphalt mix sample to be prepared in the

laboratory. The typical fiber dosage rate is 0.05%.

Batching Aggregates and Mix Preparation (bucket mixer)

1. Calculate the amount of each aggregate size and the amount of asphalt cement required
to make one gyratory sample using the mix design gradation.

2. Weigh and batch the aggregates in a single container.

3. Evenly divide (by mass) the batched aggregates into three suitable size metal containers
for heating.

4. Keep the metal containers with the batched aggregates in the oven until thoroughly
heated to 6 - 8°C higher than the mixing temperature (to compensate for heat lost while
adding fibers). Preferably heat overnight but a minimum of 6 hours unless local
laboratory practice suggests less time is sufficient.

5. Prior to mixing, heat asphalt cement in an oven at the mixing temperature and wait until
the asphalt cement reaches the mixing temperature.

6. Heat all mixing tools (bucket, blade, metal scoop, metal spoon and spatula) to the
mixing temperature.

7. Once the asphalt cement reaches the mixing temperature, transfer the aggregates and

Bag #1 fibers to the mixing bucket according to the following steps (The entire process
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of adding aggregate and fiber in the 3-layer system should be accomplished within 3 —
4 minutes).

a. Add the first container of aggregate (1/3rd of total aggregate by mass) to the
mixing bucket.

b. Evenly sprinkle the first portion of Bag #1 fibers onto the first layer of aggregate.

c. Slowly add (circular motion) the second container of aggregate (1/3rd of total
aggregate by mass) to the mixing bucket so that the fibers do not become
airborne.

d. Sprinkle the remaining portion of Bag #1 fibers (by mass) onto the second layer
of aggregate.

e. Slowly add (circular motion) the third container of aggregate (1/3rd of total
aggregate by mass) to the mixing bucket so that the fibers do not become
airborne.

f. Create a crater in the middle of the aggregates without stirring the aggregate and
fiber mixture.

8. If the addition of fibers and aggregate to the mixing bucket exceeds four minutes in
duration, take appropriate steps to ensure the aggregate is at the appropriate mixing
temperature.

9. Place the bucket on the weighing scale.

10. Carefully pour the correct amount of heated asphalt cement into the blend. Pouring the
asphalt binder into the bucket should not take longer than 20 seconds.

11. Take the container of pre-weighed Bag #2 fiber and sprinkle it directly into the binder.
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12.

13.

14.

15.

16.

Place the mixing bucket into the mixing machine and run it for a minimum of 1.5
minutes. If at the end of the 1.5 minutes the aggregate and asphalt have not fully
blended, continue mixing until all aggregates are completely coated with asphalt
cement.

Once mixing is completed, transfer the hot asphalt mixture to an aging pan and scrape
the side of the bucket and the blade using a heated spatula. Add the material scraped
from the bucket and blade and any material stuck to the spatula back into the aging pan.
Remove the metal scoop from the oven and stir the aging material thoroughly.
Continue stirring the material during the aging process according to AASHTO R30 and
again prior to compaction.

Follow regular procedures for compacting asphalt mixtures being careful to use heated

utensils at every step to prevent loss of mixture and fibers.

Method D:

Calculation of Fiber Dosage

The fiber dosage rate is calculated based on weight of the asphalt mix sample to be prepared

in the laboratory. The typical fiber dosage rate is 0.05%.

Laboratory Pre-Dispersion of Fibers

A pre-dispersion process for lab mixing fibers has been developed to achieve similar fiber

dispersion observed in plant-mixed asphalt concrete. The following steps describe the

laboratory process:
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Figure C-1. Laboratory Mixing of Fiber-Reinforced Asphalt Concrete Mixture: a)
Batched Aggregates, b) Batched Aggregate Divided into Thirds (By Mass), ¢) Pouring
1/3 of Aggregate into the Mixing Bucket, d) Evenly Spreading 1/2 of Bag #1 Fibers to
Top of First 1/3 Layer of Aggregate (Repeat for the 2nd 1/3 of Aggregate And 2nd 1/2 of
Bag #1 Fibers), e) Weighing Asphalt Binder, f) Bag #2 Fiber Added Directly into the
Binder, g) Mixing of Asphalt-Fiber-Aggregate Blend, h) Transferred Hot Asphalt
Mixture for Aging Process, i) Aging of Fiber Reinforced Asphalt Mixture, and j)

Compaction of Fiber Reinforced Asphalt Mixture.
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1. Divide Bag #1 fibers into two equal portions (by mass).

2. Add the first portion of Bag #1 fibers to a 1-quart (1-liter), wide mouthed glass canning
jar (e.g. Mason jar).

3. Cover the opening of the jar with a non-cloth based mesh (equivalent to a No. 16 (1.19
mm) sieve size opening) and secure with a rubber band or equivalent.

4. Using a flexible hose (1/4 inch (6 mm) outside diameter x 0.04 inch (1 mm) wall
thickness), apply compressed air at a pressure of 12 psi (82 kPa) vertically through the
mesh opening and move the hose in a clockwise circle around the opening (1 rotation
per second). Pressure should be applied for 3 — 4 seconds.

5. Transfer the pre-dispersed fibers into a suitable sized glass container for introduction
to the aggregate. Take care to avoid additional agitation of the fibers.

6. Repeat steps 2-5 for the second portion of Bag #1 fibers (store in a separate container
than the first portion).

Figure C and Figure C provide a pictorial summary of the laboratory pre-dispersion process

of Bag #1 Fibers. After this process, fibers were added with the same procedure described

in under Method C.
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Figure C-2. Laboratory Pre-Dispersion of Bag #1 Fibers: a) One Portion of Bag #1 Fibers
in A Glass Jar, b) Pre-Dispersion Setup, and c¢) Pre-Dispersed Fibers.

Low Pressure" No Pressure

Figure C-3. Schematic of Pre-Dispersed Aramid Fibers Shown Aa Different Air Pressure.
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