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ABSTRACT
The increased use of recycled materials in asphalt pavements, such as Reclaimed Asphalt
Pavement (RAP) and Recycled Asphalt Shingles (RAS), is a well-established method of increasing
the sustainability of roadway construction and rehabilitation, but it also creates challenges for
pavement design in terms of preserving design life and longevity of the pavement. In particular,
pavements containing these materials are more susceptible to cracking due to the brittle nature of
recycled materials, and their design lives can be significantly reduced by this failure mechanism,
particularly in cold climates. Aramid fiber reinforcement is a prospective way of addressing this
issue. Aramid fiber reinforcement in hot mix asphalt (HMA) pavements is meant to provide
additional ductility to the pavement structure and to slow crack propagation. Additionally, aramid
fibers help to increase rutting resistance of the pavement by acting as a filler material.
The objective of this study is to determine the effect of aramid fiber reinforcement on the cracking
and permanent deformation (rutting) resistance of asphalt pavements containing high proportions
of recycled materials. A RAP content of 25% was selected for this study. The length of fibers is
also studied to discern how aramid fiber length affects the resistance of the pavement to cracking
and rutting. Aramid fiber lengths of 3/4” and 1-1/2” are selected for this study and compared to a
control mixture with no aramid fibers. The cracking and rutting resistance of asphalt mixtures is
characterized using flexibility index, dynamic modulus and flow number experiments. The goal
of this study is to determine the viability of aramid fiber reinforcement implementation on a
statewide DOT scale. This study aims to provide a method of combatting cracking issues in highRAP pavements, allowing DOTs, cities, and counties to use higher recycled material contents
reliably, thereby increasing the sustainability of the asphalt pavement industry and reducing
environmental impacts by reducing the need for virgin materials.
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1.0

INTRODUCTION

The resistance of asphalt concrete pavement to distresses such as fatigue cracking and permanent
deformation is governed by how well the structure can resist loading under a variety of traffic and
climate-related conditions. Asphalt binder type and content are typically the variables that
pavement engineers can manipulate to render the pavement suitable for a given range of
conditions. However, the increased use of recycled materials in asphalt pavements, such as
Reclaimed Asphalt Pavement (RAP) and Recycled Asphalt Shingles (RAS), results in increased
stiffness and fatigue susceptibility of pavements, creating additional challenges for pavement
engineers. Particularly in Oregon, where RAP contents in pavements range from 20% to 30%,
methods to counteract this excess stiffness brought on by recycled materials are actively being
sought, motivated by the observed early failure of pavements in Oregon placed in the last 20 years
which have a tendency to fail six to eight years ahead of their structural design lives.
Aramid fiber reinforcement of asphalt pavements is a method of imparting additional durability to
an asphalt mixture, allowing it to resist fatigue cracking and permanent deformation (rutting). The
aramid fibers create additional bonding between mix constituents, which allows the mixture to
behave more cohesively and prevents cracks from forming and propagating quickly. It also
prevents deformation accumulation due to densification, since the fibers act as a filler material and
increase shear related deformation resistance. Fiber reinforcement is not a novel idea and has been
tested in the past using an array of fiber materials, fiber contents and mixing procedures. However,
most studies reviewed in this report utilize testing methods that are less indicative of pavement
fatigue and deformation characteristics than those which are currently employed in the pavement
engineering field. Additionally, no studies reviewed for this report involved the inclusion of high
recycled materials content in the aramid fiber-reinforced asphalt mixtures. This is a common
practice by DOTs in the United States as a cost-saving and sustainability measure and it should be
considered in the analysis of aramid fiber-reinforced asphalt mixtures, especially considering that
the use of RAP increases the stiffness and cracking susceptibility of asphalt mixtures.
A review on the use of aramid fiber reinforcement in asphalt concrete by Abtahi et al. (2010) yields
some interesting conclusions about the benefits of the practice. The study suggests that the key
aim behind using aramid fiber-reinforced asphalt concrete (FRAC) is to provide more ductility in
asphalt pavement through increased fatigue resistance. Aramid fibers act as a “crack barrier” for
the asphalt, preventing crack initiation and slowing crack propagation. They also act as filler
materials and enhance the bonding of asphalt binder to aggregates by facilitating an increase in
optimum binder content, similar to the likeness of fine aggregates. The study also suggests that
FRAC has enhanced aging, fatigue cracking, moisture and reflection cracking resistance as a result
of these changes to asphalt concrete properties and that the inclusion of aramid fibers in asphalt
mixtures is favorable over polymer modified asphalt binders in terms of enhancing fatigue
cracking and rutting resistance.
The study by Abtahi et al. (2010) also reviews the two methods by which the aramid fiber is
blended into the asphalt mixture: the wet process, where fibers are mixed into the asphalt binder
before being applied to the final mixture; and the dry process, where the fibers are mixed with the
aggregates prior to mixing. The dry process is suggested to be more efficient, as it allows for
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better distribution of fibers throughout the mixture and prevents “balling” of fibers, where
individual fiber strands adhere together to form less-effective clumps. The “balling” phenomenon
is also a result of fibers that are too long. Various fiber materials are reviewed by the study as
well. Polypropylene fibers, which serve as three-dimensional reinforcement in asphalt concrete,
were shown to have increased stiffness and fatigue resistance versus control mixes in various
studies. These fibers are also advantageous because of their low melting point, which allows them
to act as an adhesive between mix constituents. Polyester fibers were also considered in the review.
They are best incorporated into the mixture using the dry mix process since they have a higher
melting point and consequently perform well under fatigue at higher temperatures and lower stress
levels. Asbestos and cellulose fibers were considered and were found to provide improved
characteristics concerning mainly reduced drainage and bleeding of asphalt binder, although
fatigue characteristics did not seem to be enhanced. Cellulose fibers in particular are noted to have
problems with dispersion in the mixture, resulting in clumping and reduced benefits to the finished
asphalt concrete. Carbon fibers in asphalt concrete were shown to improve mechanical properties,
including deformations and fatigue resistance, as well as thermal cracking resistance. Testing with
nylon fibers in studies cited by Abtahi et al. (2010) show that the critical fiber length for this
material is 9.2mm (0.36”) based on pull-out tests of the fiber from the mixture. Asphalt concrete
samples with 1% nylon fiber by weight exhibited 85% higher fracture energy than non-fiber
samples, indicating an increase in fatigue cracking resistance. In general, this review found that
inclusion of fibers in asphalt concrete mixtures will improve the dynamic modulus, rutting
resistance, reflective cracking resistance, moisture susceptibility and creep modulus of the mixture.
A study on the effect of a proprietary blend of polypropylene and aramid fibers, or blended aramid
fiber, in asphalt mixtures was performed by Kaloush et al. (2010). In this study, the resistance to
cracking and permanent deformation (rutting), as well as stiffness characteristics, of the blended
aramid fiber-reinforced asphalt mixture were examined relative to a control mixture. These
properties were evaluated using triaxial shear strength (TSS), dynamic modulus (DM), repeated
load permanent deformation, fatigue, crack propagation and indirect tensile strength (IDT) testing
procedures. The mix design for both blended aramid fiber and control mixtures utilized a PG 7010 binder with 5% target binder content and 7% target air voids. Fiber content was 1 lb. of the
aramid fiber blend per 1 ton of hot mix asphalt (HMA). More detailed blended aramid fiber and
mix design properties can be found in Kaloush et al. (2010). Blended aramid fiber addition was
performed at an asphalt batch plant in Phoenix, AZ. Samples of 150mm (6”) diameter were lab
compacted using a gyratory compactor and beam specimens were prepared according to AASHTO
TP8 protocols. Tests results obtained were used as inputs for Mechanistic-Empirical Pavement
Design Guide (MEPDG) simulations to determine the effect of aramid fiber reinforcement on
pavement performance.
Kaloush et al. (2010) obtained results that were favorable with respect to the blended aramid fiberreinforced asphalt mixture. Triaxial shear strength test results indicated that the mixture containing
fibers showed better resistance to shear deformation than did the control mixture, as was evident
from a gradual drop in strength and higher residual energy after failure. Rutting resistance of the
blended aramid fiber mixture, as measured by the Flow Number (FN) permanent deformation test,
was shown to be 15 times higher than that of the control mixture at the tertiary stage. This was
characterized by a lower strain accumulation beyond tertiary flow and an extended endurance
period in the secondary stage of the permanent deformation curve. The DM tests yielded higher
4

values for the blended aramid fiber mixture as compared to the control mixture, with a maximum
difference in DM values of about 80% at temperatures above 100°C. Even at low temperatures,
where the effect of fiber is less dominant, the DM values were 20% higher than the control mixture.
Fatigue cracking tests conducted at two different constant strain levels showed that the blended
aramid fiber reinforced mixture performed better at all temperatures under low strain levels. At
higher strain levels, the control mixture had better performance at higher temperatures (in excess
of 70°F), indicating that blended aramid fiber-reinforced asphalt mixtures are better suited for
roadways with higher traffic speeds. IDT experiments showed a 50-75% increase in fracture
energy and a 25-50% increase in tensile strength when blended aramid fibers are used in the asphalt
mixture. Analysis of C* line integral values showed that the blended aramid fiber-reinforced
mixture had crack propagation resistance 40 times higher than that of the control mixture. Results
of MEPDG analysis showed that a reduction in layer thickness of 30-40% can be realized when
blended aramid fiber-reinforced mixtures are used. Finally, a field condition survey for the FRAC
pavement placed in cooperation with City of Tempe, AZ revealed that the pavement section
utilizing the control mixture had two to three times more low-severity cracks than the blended
aramid fiber-reinforced section.
A shortcoming of this study by Kaloush et al. (2010) is that the effect of Reclaimed Asphalt
Pavement (RAP) is not considered in the analysis. Additionally, the study did not consider
cracking test results from Semi-Circular Bending (SCB) tests, which would be useful since the test
parameter obtained from this experiment (Flexibility Index) is recognized as a better indicator of
cracking resistance than is the Fracture Energy parameter. Finally, the positive effects of blended
aramid fiber reinforcing in asphalt mixtures is not attributable to either fiber type in particular. A
study utilizing one fiber type would have yielded better insight as to what type of material works
best for fiber reinforcement, aramid or polypropylene.
Behnia (2016) investigated the effects of Sasobit-coated Aramid fibers (ACE fibers) on the
cracking resistance of asphalt mixtures. In addition, the impact of fiber content (0, 4.2, 8, and 10
Oz/ton) and fiber length (0.75” and 1.5”) on cracking performance were evaluated. Disk-shaped
Compact Tension [DC(T)] and Indirect Tensile [ID(T)] strength tests were the mechanical
experiments used for cracking performance characterization. To determine the cracking resistance
at low and intermediate temperatures, DC(T) and ID(T) tests were conducted at -12oC and 15 oC.
To evaluate the resistance of the asphalt mixtures to thermally induced microdamages, the
Acoustic Emissions test was performed. Results of this study showed that using ACE fibers
improved the cracking performance of asphalt mixtures. Asphalt mixtures with 1.5” long fibers
had significantly higher cracking resistance than the mixtures with 0.75” long fibers. It was also
determined that performance improvement created by using fibers is more significant at
intermediate temperatures when compared to the improvement observed at low temperatures.
White et al. (2016;2017) conducted automated plate load testing (spherical dome test) in
Greenwood, LA, and Sadieville, KY to assess the resistance of radial cracks from forming in the
fiber reinforced asphalt layers. Test results showed that radial cracks were not observed on the
fiber reinforced asphalt sections. This conclusion was expected to be a result of the improvement
in shear resistance created by fiber reinforcement. Results also showed that the fiber reinforced
asphalt concrete material stores energy during loading (energy is not dissipated in plastic
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deformation). This result proved that fibers in the asphalt mixture help resist deformation. White
et al. (2016; 2017) also showed that fiber reinforced mixtures are stiffer than the control mixtures.
The goal of this study is to provide a way of assessing the viability of implementing aramid fiber
only reinforcement in high-RAP mixes by providing fatigue and rutting resistance results from
sophisticated laboratory testing procedures. This study quantifies the impact of aramid fiber
reinforcement in asphalt pavement mixtures containing recycled materials by examining the
flexibility index (FI), dynamic modulus (DM) and flow number (FN) of the mixtures. In this study,
a proprietary aramid fiber reinforcement material is studied to determine its benefits to asphalt
pavement containing high RAP material content using plant-mixed asphalt pavement and
laboratory compaction procedures. The aramid fiber reinforced asphalt mixture was obtained from
a plant in Portland, OR. Semi-circular bending (SCB) tests, dynamic modulus (DM) tests and flow
number (FN) tests were conducted on the lab-compacted samples in order to determine the
cracking resistance, mixture properties and rutting resistance of the mixture.
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2.0

2.1

MATERIALS AND METHODOLOGY

MATERIALS

This section provides information about the asphalt mixtures used in this study. In this study, loose
asphalt mixtures containing were collected from the Lakeside Industries plant in Portland, OR and
Plant Mixed and Laboratory Compacted (PMLC) samples were produced from these mixtures in
the laboratory.

Percentage Passing (%)

Three different asphalt mixtures were used in this study. All the three mixtures were comprised of
1/2” nominal maximum aggregate size (NMAS) aggregates (coarse gradation), 25% RAP and PG
70-22ER grade polymer-modified virgin asphalt binder. The design binder content was 5.4% by
total weight. The first mixture was a control mixture containing no aramid fibers, the second
mixture contained 3/4” aramid fiber and the third mixture contained 1-1/2” aramid fibers. The
gradation curve is presented in Figure 1.
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Figure 1: Gradation curve for mixtures obtained from the plant.
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2.2

EXPERIMENTAL DESIGN

2.2.1 Experimental design for PMLC specimens
In this study, the impact of aramid fiber reinforcement on cracking and rutting performance of
asphalt mixtures was determined. The primary purpose was to compare the cracking and rutting
test results of asphalt concrete specimens with aramid fibers to that of the specimens without
aramid fibers (control mixture) in order to quantify the difference in cracking and rutting resistance
realized by aramid fiber reinforcement. Another purpose of the study was to quantify the impact
of aramid fiber length on cracking and rutting performance of asphalt mixtures. Table 1 shows the
experimental plan followed in this study. In order to fulfil the above-mentioned objectives, PMLC
specimens from the three mixes (Control, 3/4”ACE Fiber and 1-1/2” ACE Fiber) were used in
Semi Circular Bend (SCB), Dynamic Modulus (DM) and Flow Number (FN) tests.
Table 1: Experimental plan for Plant Mixed Laboratory Compacted (PMFC) samples
Test type
SCB
Dynamic
Modulus
Repeated load
uniaxial test
(Flow number)

Mix types
19 mm-ACE fiber
38 mm-ACE fiber
Control-No fiber
19 mm-ACE fiber
38 mm-ACE fiber
Control-No fiber
19 mm-ACE fiber
38 mm-ACE fiber
Control-No fiber

Temp.2

Air-void
content

Repl.3

Total
tests

25 oC

7%

4

12

1 run1

7%

2

6

54.7 oC

7%

2

6

Note:
1Specimens

will be tested at temperatures of 4oC, 20 oC, and 40 oC and the loading frequencies of 0.1,
0.5, 1, 5, and 10 Hz (0.01Hz frequency will also be used just for 40 oC tests).
2 Temp. = Temperature
3
Repl. = Replicate

2.2.1.1 Preparation of PMLC specimens
Loose production mixes sampled from the plant were stored in airtight buckets. In the laboratory,
these buckets were then placed in the oven at 110°C for two hours. Uniform sampling of the mix
was carried out using a mechanical splitter, as is shown in Figure 2.
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Figure 2: Mechanical splitting of asphalt mixtures.

The theoretical maximum specific gravity (Gmm) of each mix type was measured in order to
determine the amount of asphalt mixture required to achieve 7% air-void content in the laboratory
Superpave Gyratory Compactor (SGC). The measured Gmm values for all the mixtures are
presented in Table 2.
Table 2: Gmm values of asphalt mixtures
A
sample
3/4 in polymer; S2
3/4 in polymer; S3
3/4 in polymer; S4
3/4 in polymer; S5
3/4 in polymer; S6
No fiber; S7
No fiber; S8
No fiber; S9

bag weight
(g)
73.2
73.0
73.6
73.2
73.2
72.8
73.4
72.6

B
C
sample
weight of bags+
weight in air
sample in
(g)
water
1998.2
1187.4
1999.2
1187.2
1981.4
1178.4
1972.6
1176.2
1987.6
1182.2
1977.2
1175.0
1998.8
1192.8
1987.4
1182.0

G
Gmm
(g/cm3)
2.539
2.537
2.543
2.553
2.543
2.540
2.556
2.542

The required amount of asphalt mixture for samples of each mix type (Control, 3/4” ACE Fiber
and 1-1/2” ACE Fiber) were weighed and placed in the oven at the compaction temperature for
two more hours. The compaction temperatures were obtained from viscosity versus temperature
plots for the binder presented in Figure 3. Cylindrical samples were compacted using the SGC in
accordance with the AASHTO T312-12 specification. Samples obtained from the SGC are shown
in Figure 4.
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Figure 3: Mixing and Compaction Curve for PG 70-22ER asphalt binder.
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Figure 4: Laboratory Compaction; Superpave Gyratory Compactor and cylindrical
specimens (Coleri 2017a).

2.3

TEST METHODS

Test methods followed in this study (SCB, DM and FN tests) to evaluate cracking and rutting
performance of asphalt mixtures are presented in this Section.

2.3.1 Semi-circular bend (SCB) test
SCB tests were conducted in this study to determine the cracking performance of asphalt mixtures.
The test method for evaluating cracking performance of asphalt concrete at intermediate
temperatures developed by Wu et al. (2005) was followed.
2.3.1.1 Sample preparation
Samples of 130 mm height were compacted in the laboratory according to AASHTO T 312-12.
Two samples with the thicknesses of 57 ± 2 mm were cut from each gyratory compacted sample
using a high-accuracy saw (Figure 5a). Then the circular samples (cores) were cut into two
identical halves (Figure 5b) using a special jig designed and developed at Oregon State University
(OSU).
Notching the base of the SCB samples allows for predictable crack initiation during testing. Wu
et al. (2005) suggested performing tests on samples with different notch depths (25.4 mm, 31.8
mm and 38.0 mm). However, Ozer et al. (2016) and Nsengiyumva (2015) showed that reducing
the notch depth reduces the variability. A similar conclusion was also derived based on the results
of this study. For this reason, a 15 mm notch depth was selected for sample preparation in this
study. A notch along the axis of symmetry of each half was created with a table saw using another
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special cutting jig developed at OSU (Figure 5c). Notches in all samples were 15 ± 0.5 mm in
length and 3 mm wide. Completed SCB samples are shown in Figure 5d.

(a)

(b)

(c)

(d)

Figure 5. Cutting and notching procedure for SCB sample preparation (Coleri 2017b).

2.3.1.2 Testing
Tests were conducted at 25°C with a displacement rate of 0.5 mm/min (AASHTO TP 105-13).
Samples were kept in the chamber at the testing temperature for conditioning for 12 hours prior to
testing. The flat side of semi-circular samples was placed on two rollers (Figure 6). As a vertical
load with a constant displacement rate is applied on the samples, the applied load is measured
(AASHTO TP 105-13). The test stops when the load drops below 0.5 kN. Flexibility Index (FI)
is the testing parameter obtained from this test. Procedures followed to calculate the test parameter
is given in the next section.
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Figure 6. SCB loading set up and test (Coleri 2017b).

•

Flexibility Index (FI)

Flexibility index (FI) is the ratio of the fracture energy (Gf ) to the slope of the line at the post-peak
inflection point of the load-displacement curve (Figure 7). FI correlates with brittleness and it was
developed for asphalt materials by Ozer et al. (2016). Lower FI values show that the asphalt
mixtures are more brittle and have a higher crack growth rate (Ozer et al. 2016). Flexibility index
is calculated using Equation (1) below:

FI=A*

Gf
abs(m)

Where:
Gf
= fracture energy (KJ/m2),
abs(m) = absolute value of the slope at inflection point of post-peak load-displacement curve,
A
= unit conversion factor and scaling coefficient.
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(1)

Figure 7. Illustration of load-displacement curve and slope at inflection point (m)
(Ozer et al. 2016).

2.3.2 Dynamic modulus (DM) test
Asphalt concrete mixtures are viscoelastic materials that show both viscous and elastic behavior.
At lower temperatures and higher loading frequencies, elastic behavior becomes more dominant
while viscous properties are more apparent at higher temperatures and lower loading frequencies.
DM tests are conducted to characterize the elastic modulus of asphalt concrete mixtures at different
loading frequencies and temperatures. DM tests are performed at low strain levels (about 100)
to determine the elastic modulus in the linear viscoelastic range. The effects of loading time and
temperature on elastic modulus is modeled and presented in the form of master curves (Norouzi et
al. 2016).
The DM test is a strong indicator of asphalt mixture performance. Dynamic modulus and phase
angle are two performance variables obtained from DM tests. Dynamic modulus shows how stiff
an asphalt mixture is. A higher dynamic modulus value represents a higher stiffness. The time
delay between the time point at which peak stress is applied and the time point at which peak strain
is observed is used to calculate the phase angle of the mixture. The phase angle represents
viscoelastic characteristics of asphalt mixtures. A higher phase angle indicates that the samples are
more viscous, more susceptible to rutting and more resistant to cracking (Darnell and Bell 2015).
In this study, the AASHTO TP 79 specification was followed to carry out the dynamic modulus
test. The unconfined test was performed in this study. The test setup is shown in Figure 8.
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Figure 8: Dynamic Modulus test setup (Coleri 2017a).

Sample preparation and testing procedure:
•
•

In this study, 170 mm tall samples were prepared by using gyratory compaction according
to AASHTO PP 60-14. Then, 100 mm diameter samples were cored and their rough edges
were cut off to obtain 150 mm tall samples.
The gauge points were attached to the specimen at a gauge length of 70 ± 1 mm, measured
center-to-center of the gauge points. The process is illustrated in Figure 9.

Figure 9: Gauge point gluing setup (Coleri 2017a).
15

•

•
•
•
•

Specimens were then placed in the environmental chamber at the testing temperatures for
conditioning. Samples were kept in the chamber at the testing temperatures for 12 hours
prior to testing. Each specimen was tested at 4°C, 20°C and 40ºC temperatures and 0.1 Hz,
0.5 Hz, 1 Hz, 5 Hz and 10 Hz frequencies. The frequency of 0.01 Hz was also used only
for tests conducted at 40°C. These loading frequencies simulate different traffic speeds.
Higher frequencies represent higher traffic speeds.
The specimen to be tested was placed between the bottom and top loading platens. Then
the specimen-mounted deformation-measuring system was installed on the gauge points.
The chamber is closed and once the specimen reaches the test temperature, cyclic loads
that can create a strain level of 100are applied.
The calculation of dynamic modulus and phase angle is performed automatically by the
test software.
After conducting the tests, master curves were developed for dynamic modulus and phase
angle following the AASHTO PP 61-13 procedure. Master curves display phase angle and
dynamic modulus with respect to loading frequencies.

2.3.3 Flow number (FN) test
The flow number (FN) test is a performance test for evaluating rutting resistance of asphalt
concrete mixtures (Bonaquist et al. 2003). In this test, while a constant deviator stress is applied at
each load cycle on the test sample, the permanent strain at each cycle is measured (Figure 10).
Permanent deformation of asphalt pavements has three stages: 1) primary or initial consolidation,
2) secondary and 3) tertiary or shear deformation (Biligiri et al. 2007). Figure 10 shows three
stages of permanent deformation. FN is taken as the loading cycle at which the tertiary stage begins
following the secondary stage. Justification for selection of FN criteria is determined usign the
Francken model, which is discussed below.
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Figure 10. Relationship between permanent strain and load cycles in FN test
(Biligiri et al. 2007).

In this study, testing conditions and criteria for FN testing described in AASHTO TP 79-13 for
unconfined tests were followed. The recommended test temperature, determined by LTPPBind
Version 3.1 software, is the average design high pavement temperature at 50% reliability for cities
in Oregon with high populations and at a depth of 20 mm (0.79 in) for surface courses (Rodezno
et al. 2015). Tests were conducted at a temperature of 54.7°C with an average deviator stress of
600 kPa and minimum (contact) axial stress of 30 kPa. For conditioning, samples were kept in a
conditioning chamber at the testing temperature for 12 hours prior to testing. To calculate FN in
this study, the Francken model was used (discussed below).
Minimum FN values (calculated by using the Francken model) for different traffic levels
recommended by AASHTO TP 79-13 are given in Table 3 (Rodezno et al. 2015).

Table 3: Minimum average FN requirement for different traffic levels (AASHTO TP 7913)
Traffic (million ESALs)
<3
3 to <10
10 to <30
≥30

Minimum Average FN Requirement
NA
50
190
740

Note: NA= not applicable.
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2.3.3.1 Francken model
The Francken Model was developed for triaxial and uniaxial repeated-load tests for different
temperatures and stress levels (Francken 1977). A study carried out by Biligiri et al. (2007) showed
that this model calculates FN more accurately compared to other mathematical models. This model
can also represent all three stages of deformation (1. Primary or initial consolidation of the mix; 2.
Secondary and; 3. tertiary or shear deformation) more properly. Moreover, Dongre et al. (2009)
confirmed the robustness of Francken model by fitting FN data obtained from field projects. The
model is given as follows:
ϵp (N)=ANB +C(eDN -1)

Where:
ϵp (N)
N
A, B, C, D

(2)

= permanent deformation or permanent strain from Fn test,
= number of loading cycles, and
= regression constants.

The rate of change of the slope of the permanent strain is obtained by taking the second derivative
of the Francken model (Equation (3)). The inflection point at which the sign of the rate of change
of slope changes is considered as the FN and indicates when the tertiary stage begins. FN is the
number of cycles at which the second derivative of the Francken model is zero. The second
derivative of the model is as follows (Dongre et al. 2009):
∂2 ϵp
2

∂N

=A*B*(B-1)*NB-2 +(C*D*eD*N )

(3)

The model shown in Equation (2) is fitted to the permanent strain versus the number of cycles for
each sample. After estimating the regression constants (A, B, C and D) to find the number of load
cycles at the inflection point, FN is computed at the point which Equation (3) (second derivative
of Francken model) is equal to zero. In this study, a code developed by Coleri et al. (2017a) is used
to analyze the data and calculate regression constants (A, B, C and D) of the Francken model to
find the FN for each test.
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3.0

RESULTS AND DISCUSSION

The major purpose of this study was to determine the impact of aramid fiber reinforcement on the
cracking and rutting performance of asphalt pavements. The effect of aramid fiber length on
cracking and rutting performance were also evaluated in this study. Table 1 shows the experimental
plan followed in this study. In order to evaluate the impact of aramid fibers, three asphalt mixtures
(Control, 3/4” ACE Fiber, and 1-1/2” ACE Fiber) were used. Loose asphalt mixtures were sampled
from the plant and used for specimen preparation (See Section 2.2.1.1). The results of SCB, DM
and FN tests are presented in the following sections. It should be noted that chemical binder
extraction was not performed in this study to determine the production binder contents. Target
(design) binder contents were assumed to reflect the actual production binder contents for all three
mixtures given in Table 1.

3.1.1.1 Semi-circular bend (SCB) test
SCB test samples were prepared in the laboratory using the production mix obtained from the
asphalt plant. The samples compacted were of 150 mm diameter and 130 mm height. Two samples
with the thicknesses of 57 mm were obtained from each compacted specimen. These slices were
cut into symmetrical semi-circular halves. For each mix type, four replicate samples with 15 mm
notches were prepared. A total of 12 tests were conducted, and flexibility index (FI) was
determined for each test.
Test results are presented in Figure 11. The blue bars represent the average FI from four replicate
experiments while the length of the error bar on each bar represents the variability of the measured
FI for each set (error bar length = two standard deviations). The mix with 1-1/2” fibers had the
highest FI compared to the other two mixtures. It was observed that there is no significant
difference between FI of the control mixture and the 3/4” aramid fiber mixture. However, with the
use of 1-1/2” fibers, there was an approximate 37% increase in the FI value, suggesting that longer
fibers significantly improve the cracking performance of asphalt mixtures.
Coleri et al. (2017a) tested three different ODOT Level 4 production mixes with different mix
designs and obtained FI values ranging from 9 to 14. The asphalt mixture with 1&1/2” fibers in
this study provided an average FI of 18.5 that is higher than the highest FI observed by Coleri et
al. (2017a). However, it should be noted that mixtures from the Coleri et al. (2017a) study were
different from the mixtures tested in this study and should not be used as control results.
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Figure 11: Flexibility index from SCB tests for PMLC samples.

3.1.1.2 Dynamic modulus (DM) test
Samples for DM tests were prepared and tested by following the process described in Section
2.3.2. Two replicate samples were produced for each mix and a total of six samples were tested.
Each specimen was tested at temperatures of 4°C, 20°C and 40ºC and frequencies of 0.1 Hz, 0.5
Hz, 1 Hz, 5 Hz and 10 Hz. The frequency of 0.01 Hz was also used only for tests conducted at
40°C. In this study, Mastersolver V2.2, a spreadsheet developed by Dr. Ramon Bonaquist of
Advanced Asphalt Technologies, is used to develop master curves. Figure 12 illustrates the
dynamic modulus master curves for the three mixes tested in this study. It was observed that there
was no significant difference between the three mixtures indicating that dynamic modulus test is
not very sensitive to aramid fiber reinforcement in asphalt mixtures. Since DM tests were
conducted at low strain levels (AASHTO TP 79), measured stiffness may not be reflecting the
increased stiffness created by using fibers. If the strain levels were increased to higher levels (to
200-300), mixtures with fiber reinforcement may provide higher stiffness values. In addition,
flexural stiffness measured in a four-point bending test configuration can better reveal the fiber
related increase in mixture stiffness.
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Figure 12: Dynamic modulus for PMLC samples.

3.1.1.3 Flow number (FN) test
The flow number (FN) test is a simple performance test for evaluating rutting performance of
asphalt concrete mixtures (Bonaquist et al. 2003). High FN values indicate that asphalt mixtures
have high rutting resistance. Since the DM test is a non-destructive test (low strain level), the same
samples prepared for DM tests were used for FN tests to compare the rutting resistance of HMA
mixtures. Therefore, a total of six tests were conducted (two replicate tests for each mix type).
Figure 13 illustrates the FN results for all three mixes. From this figure, it can be observed that the
mixture with 1-1/2” aramid fibers had the highest flow number followed by the mixture with 3/4”
aramid fibers and the control mixture. It is quite evident that the use of aramid fibers significantly
improved the rutting resistance of asphalt mixtures. The use of 1-1/2” fibers increased the rutting
resistance by about 37.5%.
Coleri et al. (2017a) tested three different ODOT Level 4 production mixes with different mix
designs and obtained FN values ranging from 400 to 750. The asphalt mixture with 1&1/2” fibers
in this study provided an average FN of 560 that is within the FN range observed by Coleri et al.
(2017a). However, it should be noted that mixtures from the Coleri et al. (2017a) study were
different from the mixtures tested in this study and should not be used as control results.
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Figure 13: Flow number for PMLC samples.
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4.0

SUMMARY AND CONCLUSIONS

The goal of this study is to provide a way of assessing the viability of implementing aramid fiber
reinforcement in high-RAP mixes by providing fatigue and rutting resistance results from
sophisticated laboratory testing procedures. This study quantifies the impact of aramid fiber
reinforcement in asphalt pavement mixtures containing recycled materials by examining the
flexibility index (FI), dynamic modulus (DM) and flow number (FN) of the mixtures. In this study,
a proprietary aramid fiber reinforcement material is studied to determine its benefits to asphalt
pavement containing high RAP material content using plant-mixed asphalt pavement and
laboratory compaction procedures. The aramid fiber reinforced asphalt mixture was obtained from
a plant in Portland, OR. Semi-circular bending (SCB) tests, dynamic modulus (DM) tests and flow
number (FN) tests were conducted on the lab-compacted samples in order to determine the
cracking resistance, mixture properties and rutting resistance of the mixture.
The major conclusions drawn from the results of this study are as follows:
1. The mix with 1-1/2” fibers had the highest FI compared to the other two mixtures. It was
observed that there is no significant difference between FI of the control mixture and the
3/4” aramid fiber mixture. However, with the use of 1-1/2” aramid fibers, there was an
approximate 37% increase in the FI value, suggesting that longer aramid fibers
significantly improve the cracking performance of asphalt mixtures.
2. Measured dynamic modulus for the three mixtures were determined to be similar. This
result indicated that dynamic modulus test is not very sensitive to aramid fiber
reinforcement in asphalt mixtures for high RAP mixtures.
3. The mixture with 1-1/2” aramid fibers had the highest flow number followed by the
mixture with 3/4” aramid fibers and the control mixture. It is quite evident that the use of
aramid fibers significantly improved the rutting resistance of asphalt mixtures. The use of
1-1/2” aramid fibers increased the rutting resistance by about 37.5%. Improved rutting
performance might allow an increase in mixture design binder content to further improve
the cracking resistance.
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5.0

SUGGESTED FUTURE RESEARCH

Although results of this study show that fibers improve cracking and rutting resistance of asphalt
mixtures, additional testing with different mixture types is required to validate these conclusions.
Suggested future research are outlined as follows:
1. In this study, the impact of aramid fibers on cracking and rutting resistance of a Level 3
mix with 25% RAP content is investigated. The benefits of aramid fibers to improve the
performance of Level 4 ODOT mixes (a higher quality mix design that is generally placed
on major highways in Oregon) should also be investigated.
2. In this study, asphalt mixtures used for specimen preparation were not exposed to longterm aging. By keeping the loose mixtures in the oven for 5 to 10 days at 85oC, long-term
aging of the asphalt mixture can be simulated in the laboratory. Since asphalt cracking
generally occurs after the binder in the asphalt mixture is aged, simulating long-term aging
during mixture preparation is expected to provide results that are better correlated with
field performance. In addition, since asphalt binder is going to become more brittle due to
long-term aging, the performance improvement due to the incorporation of the fibers into
the asphalt mixture is expected to be more significant.
3. In this study, cracking experiments were conducted at intermediate temperatures (25oC).
The effects of fibers on low-temperature cracking performance of Oregon asphalt mixtures
should also be investigated in a future study.
4. Results of this study showed that aramid fibers create significant improvements in rutting
resistance. The possibility of further increasing the cracking resistance of aramid fiberreinforced by increasing the binder content of the aramid fiber-reinforced mixes to achieve
FNs that are closer to the FNs for the control mixtures should also be investigated.
5. Since the state DOTs, cities, and counties are continuously trying to increase the RAP
content in their mixtures to reduce costs, the impact of aramid fiber reinforcement on the
performance higher RAP mixtures (30-40% RAP range) should also be determined.
6. In this study, it was determined that the mixture with longer aramid fiber size provides the
best rutting and cracking resistance. The impact of aramid fiber amount on performance
should also be investigated. Increasing aramid fiber content by weight can also improve
overall rutting and cracking performance of the mixture. An optimum aramid fiber quantity
for typical mix design can be determined.
7. Life-cycle cost analysis should be performed to determine the short-term (initial cost) and
long-term (life-cycle cost analysis) cost benefits of aramid fibers.
8. If future testing and analyses outlined in this section (in 1 to 7 above) still suggest that
fibers significantly improve rutting and cracking resistance of asphalt mixtures, pilot
sections should be constructed and in-situ performance should be monitored to further
validate the findings from laboratory testing.
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