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CHAPTER 1: INTRODUCTION TO CRACKING IN PAVEMENTS

Failure of transportation infrastructure has always been a concern in the community due to
economic, environmental, human and safety factors associated with it. A lot of resources have
been utilized to accurately predict the life of highways and pavements in the United States in the
20t century. Design philosophies such as HVEEM and Marshall were the starting points to design
the pavements to extend the life of pavements by improving its resistance against distresses like
cracking and permanent deformation. Earliest attempts to relate the fatigue life, the number to
load repetitions to failure, with the stresses and strains measured in asphalt pavements was by
(Monismith et al., 1961) and (Pell, 1962). Stiffness was suggested as a measure of a pavement’s
life, believed to indicate the resistance of a pavement mix to external forces. The approach gave
some mixed results but was generally adopted by people when designing new pavements.

The federal government and highway agencies wanted to improve their understanding about the
life of pavements by funding the Strategic Highway Research Program (SHRP) in collaboration
with universities and research centers across the country. After the implementation of SHRP
recommendations there was a marked improvement in the rutting resistance of pavements but
at the same time people observed that cracking across pavements had increase due to creation
of more dry, brittle and rut resistant mixes (Harvey et al., 1995; Monismith & Deacon, 1969).
Also, people were questioning whether a simple approach can accurately portray the life of a
pavement in service (Molenaar, 1984) or if there was merit to move to a better approach which
might better to prediction of a pavement life than an empirical one (Aglan & Figueroa, 1993).

One approach gaining traction was to consider an energy approach instead of a stress approach.
Fracture energy for asphalt pavements was developed by (Majidzadeh et al., 1971) and (Van Dijk
& Visser, 1977). A lot of researchers found success in the application of fracture mechanics when
predicting the life pavements (M. Kim et al., 2009; Marasteanu et al., 2012). (Germann & Lytton,
1979) applied the principles of fracture in addition to fatigue to lab testing and showed the
usefulness of both theories. Initial use of fracture included mostly Paris law applications (Z. Zhang
etal., 2001) but the field developed to include more sophisticated tools to improve the prediction
of responses in pavements.

The tools for predicting actual field life from laboratory experiments also got more sophisticated
with time. Researchers looked into various specimen geometries (Wagoner, 2006) and loading
configurations (Ann Myers & Roque, 2002) which might be able to predict the life of an asphalt
mix more accurately. Shift factors from laboratory to field results were developed by (Molenaar,
2007) to address this problem. A great overview of this was given by (loannides, 1997). The
viscoelastic nature of asphalt was seen to be hard to model in lab specimens of asphalt concrete
since researchers also had to take things like healing and relaxation into account (Y. R. Kim &
Little, 1990; Roque et al., 2015).

Some researchers tried to use the Weibull survival function to model cracking in asphalt
pavements as a stochastic process (Tsai et al., 2003, 2004) although the approach isn’t in common
use now-a-days. (Roque & Ruth, 1990) also pioneered the critical condition approach where




purely using either fatigue or fracture wasn’t shown as the correct approach. They argued cycles
of loading are not equal in the responses they generate. The effects of factors like temperature,
rest periods, age hardening should be taken into effect in a more robust way than it has been till
now. (Y. R. Kim et al., 1997) has also shown the effectiveness of another theory , Visco-Elastic
Continuum Damage, and a lot of research has been done into its application for field validation
(Norouzi et al., 2016) and laboratory testing (Hou et al., 2010).

(National Cooperative Highway Research Program et al., 2010) tried to combine the two most
prominent theories, Fracture Mechanics and Visco-Elastic Continuum Damage, to create a more
accurate model than each one of them individually. They argue that crack initiation is more
accurately portrayed by the Visco-Elastic Continuum Damage theory while once the macrocrack
forms Fracture Mechanics gives better results. The approach certainly has shown some promising
results and tries to play into the strength of each of the major philosophies.

The field is still progressing with researchers working in cutting edge technologies like Finite
Element Modeling (H. Kim & Buttlar, 2009) of asphalt using data collected form the lab or using
Digital Image Correlation (Abanto-Bueno & Lambros, 2002) to calculate the strains and stresses
being developed in lab specimens during testing. With new challenges like polymer modified
binders and its affect on cracking and rutting properties of asphalt concrete sample (Norouzi et
al., 2016) researchers are sure to use all the tools available at their disposal.




CHAPTER 2: FACTORS AFFECTING CRACKING IN ASPHALT
CONCRETE.

In addition to understanding the mechanisms of cracking in asphalt mixes, one needs to try and
see how various factors might influence the cracking potential of asphalt pavements in the field.
Considering that conditions in the field will nowhere be near as controlled as in the laboratory,
one needs to have a thorough undertesting on how these might reflect on the cracking potential
and in turn the life of asphalt pavements.

Research has been going on trying to access these qualitatively as well as quantitatively since the
1960’s at-least (Abdel-Raouf, 1967; Monismith & Deacon, 1969) . (Monismith & Deacon, 1969)
detailed a list containing various factors they discovered during their project that seems to affect
the fatigue properties in asphalt concrete specimens. These parameters can be broadly classified
either mixture properties or environment parameters.

MIXTURE PARAMETERS

When designing an asphalt mix one has to take into account the various inputs and materials
properties that go along with the design. These are classified in this study as mixture parameters.
This broadly covers the properties of the component materials like asphalt binder and aggregates
that go into the mix as well as the mixing protocol like the air voids. These have been shown to
be very important for good field performance and are easier to control when compared with
environmental factors.

One of the primary components that dictate the cracking potential in an asphalt mix is the asphalt
binder itself. The binder is responsible for dissipating all the induced loading and associated
energy due to its viscoelastic nature. These relaxation properties can be indicated by the viscosity
of a binder (Roque & Ruth, 1990). Asphalt binder usually is also usually the weaker component
in the mix and therefore most cracks seem to originate around the aggregates in the mix itself
(Doll et al., 2017a).

In addition to having good relaxation properties, one also has to insure that these binders
perform well in low temperatures as well since the binder properties (Collop & Cebon, 1995) and
strength of the mix (S.-S. Kim et al., 2006) has been shown to affect the life of the mix. Selection
of an appropriate binder is therefore of paramount importance since (Ali et al., 2019) showed
that higher flexibility doesn’t always lead to better cracking performance. Some studies have also
shown how the asphalt chemistry might affect the pavement performance in the long run
utilizing properties such as steric hardening (H. Wang, 2018). To improve the performance of
binders there has been an interest in the use of polymer and fiber modifications for neat binders.
Researchers have shown that these have in most cases led to increase in cracking performance
of these asphalt mixes in both laboratory and field (Lee et al., 2005; Norouzi et al., 2016).

The stiffness needed to resist and distribute loads comes from the aggregates used in the mix.
The quality and properties of aggregates also play a big part in the performance of any mix




(Monismith & Deacon, 1969). Even the absorptive nature of aggregates have been shown to
affect the cracking properties of a mix (Zhou & Scullion, 2005). Therefore, the quality of the
aggregates should be kept in mind when designing a mix.

After selection of both aggregates and binder one needs to consider the proportioning and in
turn the air voids and the asphalt content for the mix. There have been various studies that have
shown the impact of these properties for fatigue performance. Increasing the asphalt content
usually leads to more dissipation of energy and therefore better performance in terms of cracking
(M. Jacobs et al., 1996; Mobasher et al., 1997). However, as explained in a later chapter this
adversely impacts other distress mechanisms in the pavement and is therefore not a silver bullet
strategy. (Harvey et al., 1995) showed that air voids also play a significant role in characterizing
the cracking potential. Increasing air voids have been shown to inversely affect the fatigue
performance of asphalt pavements by multiple researchers. The addition of air voids introduce
weaker points in the binder matrix that leads to an increase in cracking potential and decrease in
cohesive energy of asphalt binder (Pirmohammad et al., 2016).

Now-a-days the use of recycled materials in asphalt concrete design for a number of positive
reasons has given one more parameter for mix designers to take into consideration. Recycled
Asphalt Pavements (RAP) and Recycled Asphalt Shingles (RAS) are the most commonly used
recycled materials right now in the field. These materials both possess higher stiffness due to the
aging they experience in field. When used in an asphalt mix they tend to make the asphalt mix
more stiffer and reduce its energy dissipation properties (Doll et al., 2017b). This increased
stiffness is helpful with the strength (Krishna Swamy et al., 2011) and moisture susceptibility
(Mogawer et al., 2011) of the mix but adversely impacts its fracture energy potential. These stiffer
materials lead to a smaller fracture process zone and therefore reduce the energy dissipation
mechanism of an asphalt mix (Behnia et al., 2011; Doll et al., 2017a).

One of the most common ways to balance out, so to say, the effect of these stiffer components
in a mix has been to either the use of a softer grade binder than dictated by the design or addition
of Warm mix additives (WMA) when preparing the mix. Both these techniques act to increase
the viscous nature of an asphalt mix and therefore increase the energy dissipation abilities to
improve cracking performance (Behnia et al., 2011; X. Li & Gibson, 2016). Both of these
techniques have been show to work well in the field (Q. Li et al., 2018; Mogawer et al., 2011) and
are recommended whenever working with RAP/RAS in ones design, however researchers have
found that these can only offset the negative cracking impacts until a point (McDaniel et al., 2012)
and heavy use of recycled materials should be carefully thought through and tested before
incorporating it in the asphalt concrete mix design for field projects since the long term
performance of asphalt roads with very high recycled materials is still not known completely and
needs to be researched.




ENVIRONMENTAL PARAMETERS

The previously listed parameters have a huge impact on the cracking potential of asphalt roads
but as one can see most of them are taken into consideration in the design stage itself and are
relatively easy to control for. In addition to that one can also classify a broad group of
environmental parameters that affect the pavement life and are more difficult to control for.
These factors include the weather and temperature, traffic and loading as well as the
constructability and issues thereof that might arise.

Temperature variations in the vicinity of an asphalt pavement tend to greatly affect the
properties of the structure. Due to the thermal properties of asphalt, there usually exists a
thermal gradient within the pavement structure where layers at the top of a pavement have
different thermal stresses that develop. The difference in the coefficients of thermal expansion
for the aggregates and the asphalt binder usually leads to this thermal stress that develops as
shown by (S.-S. Kim, 2005).These stresses when developed at temperatures lower than those
prescribed by the binder characterization might lead to adhesive failure (Chen et al., 2022).

In addition to the stresses, the temperature also impacts the fracture toughness as (Mobasher
et al., 1997) showed in his research. This leads to the creation of a stiffness gradient within the
pavement structure. These stiffness gradients are also created by the aging of the pavement.
Similar to temperature, aging also happens mostly in the top layer of a pavement (M. Kim et al.,
2009; National Cooperative Highway Research Program et al., 2010). These gradient act a sources
of stress intensity when loads act on them (Germann & Lytton, 1979) and therefore decrease the
cracking resistance in pavements.

Even in absence of these stiffness and temperature gradients the thermal cyclic fatigue and load
fatigue properties would need to be carefully studied. Studies have shown that the traffic and
weather cycles both negatively impact the life of asphalt pavements (Y. Wang et al., 2005).

When considering the impact of traffic on the life of a pavement one must remember that
properties like tire shape, pressure and loading location also play a crucial role in overall fatigue
life. With the increase in number of vehicles as well as bigger and bigger vehicles on the market
(M. M. J. Jacobs, 1995) showed that different vehicles will have a different impact on the fatigue
life of the pavement since they will have different tire properties and loadings. This was further
corroborated by (Ann Myers et al., 1999; Ann Myers & Roque, 2002) where the shape of tires
and the pressure were considered and shown to have an impact on the life.

The last issue to be tackled here is the construction defects that might happen when laying the
asphalt road. There have been multiple studies that show. Presence of these defects can be very
detrimental to the overall health of the pavement (National Cooperative Highway Research
Program et al., 2010; H. Wang & Al-Qadi, 2010). Not only these defects might act as stress
intensifying locations and have subpar properties but they might also retain moisture which will
weaken and degrade the section (dos Santos et al., 2014) further and cut short the pavement
life considerably. The next section details all the different types of cracks that might occur due to
the factors listed above.




CHAPTER 3: ASPHALT CONCRETE CRACKING TYPES

Cracking in asphalt pavement is the mechanism that happens when the stresses reach a high
enough level, and the material needs to find a way to get to a lower energy state. With the
creation of cracking the stored energy is dissipated by the material via surface energy, heat
dissipation and plasticity. Broadly speaking for asphalt pavements, the cracking can be classified
as either load related, which is directly affected by the traffic parameters that the pavement
endures or as non-load related cracking which encompasses all other factors like the weather,
traffic loading, sub-base properties etc. Below some notable cracking types are listed that are
seen commonly in asphalt pavements alongside the mechanisms that might cause them

THERMAL CRACKING

In many parts of the United States, asphalt pavement cracking can be caused by low
temperatures or high rates of cooling. Due to the extremely low temperatures throughout the
winter, pavements in the northern part of the United States are more prone to low temperature
cracking. Thermally induced tensile stresses and reduction in stress relaxation capacity in the
asphalt layer are the main cause of thermal cracking (Marasteanu et al., 2012).

In the restrained surface layer, contraction induced by cooling leads to the generation of thermal
tensile stress. Since there is more constraint in a pavement’s longitudinal direction compared to
the vertical direction, thermal stress is often greatest along the longitudinal direction of the
pavement (S.-S. Kim, 2005), however, for larger airports, runways and taxiways are often very
wide and this can result in thermal cracks to develop both in transverse and longitudinal
directions. Same is also true for apron areas of an airfield. There might be minor thermal stresses
developed in the vertical direction caused due to differential thermal contraction of asphalt and
aggregates (K. W. Kim & El Hussein, 1995).

Figure 1 Thermal Cracking




The friction between the asphalt layer and the material underneath it can have an impact on this
restraint, with lower friction leading to larger crack spacing. The developed thermal stress might
cause slippage to relieve some stress and cause thermal cracking to appear in the longitudinal
direction .Furthermore, because the pavement surface temperature is lowest throughout the
cooling phase, the thermal stress is typically greatest on the pavement surface (Collop & Cebon,
1995).

The coalescence of thermal cracking leads to the formation of block cracking. A big factor
influencing block cracking is the stiffness gradient near the surface of pavement that leads to
higher stress concentration on the surface itself and joins the network of thermal cracks to form
block shapes. The higher elastic modulus of asphalt layer leads to the curvature in pattern near
a cracked boundary (H. Wang, 2018).

REFLECTIVE CRACKING

While developing the overlay tester (Zhou & Scullion, 2005) did extensive research on reflective
cracking properties of asphalt pavements. One of the most common rehabilitation techniques
used in the united states is placement of an asphalt overlay over a distressed pavement surface.
The overlay is usually bonded very well with the underlying layer and any movement of the joints
or cracks in the underlying layer leads to highly localized stresses in the overlay above it. These
can be caused due to traffic or thermal induced fatigue as shown in Figure 2.

o

HMA overlay T Crack growth T Crack growth
A
- Thermal expansion
Existing layer «—s and contraction I ITrah‘Ic movement
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Figure 2 Mechanisms of Reflection Cracking (Nunn, 1989)

These induced stresses are calculated using the relaxation property of the asphalt mix alongside
the movement occurring in the joint/crack below and when the tensile stresses exceed the
tensile strength of the overlay layer macro-crack initiation and propagation begins. The initiation
portion is best evaluated using fatigue methods while the propagation can be better estimated
using fracture mechanics principles (Son, 2014).




These cracks can lead to stress localizations on the surface and poor load transfers which make
them a precursor to fatigue cracking (Germann & Lytton, 1979) later in the pavement life.

Figure 3 Reflective Cracking

FATIGUE CRACKING

Fatigue cracking is a load-associated distress that results from repeated traffic loading and is one
of the top distresses seen in pavements at intermediate temperature. The tensile and shear
stresses (mixed mode) are the primary contributors for fatigue cracks in asphalt pavements (Ann
Myers et al., 2001; Little et al., 1999). These fatigue cracks can either be adhesive, i.e., form
between aggregates and asphalt mastic, or cohesive, i.e., within asphalt mastic.

The tires of vehicles moving on the road lead to complex stress states in the pavement. The tires
might exert bending induced surface tension in the longitudinal direction for thinner pavements
while for ticker pavements the shear induced near-surface tension might be more critical. Hence
one can see that the pavement thickness plays a role in what kind of stresses and therefore cracks
develops via fatigue in the pavement (Ann Myers & Roque, 2002; Molenaar, 1984; National
Cooperative Highway Research Program et al., 2010). In addition to traffic, age hardening also
plays a big factor in fatigue stresses since (Roque et al., 2004) showed the increase in tensile and
shear stresses with aging in asphalt due to a decrease in energy dissipative abilities of the sample.

Fatigue cracking can be further divided into subcategories depending on where the initial crack
originates and are as follows.




Figure 4 Fatigue Cracking

Bottom-up Cracking

The traditional approach used by (Huang, 1993) and a lot of researches tended to characterize
fatigue cracking as mostly bottom-up cracking caused by repeated wheel load application. Miners
law was used to measure total fatigue life and the most basic empirical relation was used to
correlate field cracking with tensile strains at the bottom of the asphalt layer, which were
suspected to be the damage zones. The basic damage was thought to be bending stress induced
under the wheel load which will propagate through the asphalt layer. Initial mechanistic design
was created using bottom-up cracking as the most prevalent fatigue distress. To improve the
resistance to this fatigue the concept of thicker perpetual pavements started to be used.

Top-Down Cracking

With the increasing use of thicker pavement sections there were reports of an increase in top-
down cracks in the field. These cracks were shown to be caused by the bending induced surface
tension in the longitudinal direction as well as the shear induced surface tension at the tires edge
(Canestrari & Ingrassia, 2020; National Cooperative Highway Research Program et al., 2010). The
presence of defects or cracks are also shown to be a major influence for this cracking as they lead
to redistribution and intensification of stresses and thereby affect crack propagation.
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Figure 5 Bending Induced Mechanisms for Top-down Cracking

The likelihood of top-down cracking is shown to increase with increasing temperature and
asphalt thickness (Zhao et al., 2018). These cracks initially appear as single cracks in the wheel
path or construction joints of pavements but with repeated loading new cracks tend to appear
around the vicinity of the original crack and with time they start to form an alligator pattern on
the pavement, interlinking with each other (Ling et al., 2019).

Near Surface Cracking

(H. Wang & Al-Qadi, 2010) have also studied the phenomena of near surface cracking that has
been observed in the field recently. The shear stresses developed at tire edges at higher
temperature lead to distortion and cracking below the surface of the pavement. This region is
also shown to be more susceptible to cracking due to the aging and stiffness gradients that occur
here. These cracks coalesce below the surface and due to the complex stress states they are
subjected to can propagate in both upward and downward directions (H. Wang et al., 2013).

Since the stresses are caused by the shear of the tire the tire contact stresses play a major role
and therefore tire acceleration, deceleration and cornering tend to increase the potential for
near surface cracking significantly. Also, poor construction and debonding between the asphalt
layers would increase the stress intensity factors at these depth levels, leading to near surface
cracks being easier to initiate and propagate.
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CHAPTER 4: CHARACTERIZATION OF CRACKING IN ASPHALT
CONCRETE

Fracture process in asphalt mixtures is complex due to the heterogeneous nature of mixtures
(asphalt binder, aggregates, and air voids as primary phases) along with significant temperature
and rate dependence response of this material. Multiple previous efforts have demonstrated that
a fracture process zone of appreciable size (often more than 15 mm) exists ahead of potential
crack path in asphalt mixtures. Thus, theories and tests that are limited to peak stress-based
measures are often inapplicable to fully evaluate cracking performance of asphalt mixtures.

BACKGROUND

Depending on the predominant mode of cracking in asphalt materials, often laboratory
performance tests are classified into three categories: low temperature cracking tests,
intermediate temperature cracking tests and, cyclic degradation or fatigue cracking tests. This
chapter presents a summary of literature review on various asphalt mixture cracking tests that
have been developed and applied to assess cracking performances of asphalt pavements. A
comprehensive literature review has been done to identify cracking tests suitable for routine
asphalt mixture designs, such that they can be part of a balanced mix design framework. This
section reviews existing laboratory cracking tests which are currently in practice. A summary of
all these tests is given at the end of the chapter.

o Disk-Shaped Compact Tension (DCT) Test (ASTM D7313-20, 2020)

o Semi-Circular Bend (SCB) (Low Temperature) Test (AASHTO T 394-21, 2021)
o Indirect Tensile (IDT) Creep and Strength Test (AASHTO T 322, 2007)

o lllinois Flexibility Index Test (I-FIT) (AASHTO T 393-21, 2021)

o Louisiana Semi-Circular Bend (LTRC SCB) Test (ASTM D8044-16, 2016)

o Crack Tolerance (CT) Index Test (ASTM D8225-19, 2019)

o Simplified Viscoelastic Continuum Damage (S-VECD) Fatigue Test (AASHTO T 400,
2022)

o Texas Overlay Test (OT) (Tex-248-F (Revised), 2022)

o Flexural Bending Beam Test (AASHTO T 321, 2022)

11



THERMAL CRACKING

Disk-Shaped Compact Tension (DCT) Test

The DCT test for asphalt mixtures was proposed by Wagoner (Wagoner et al., 2005) and has been
refined through subsequent efforts such as (Marasteanu et al., 2012) to measure cracking
resistance of asphalt mixtures at low temperatures. The origin of this test is from the compact
tension test that has been originally developed for metals. The test procedure has been refined
and revised to make it more suited for routine mix design and production control through efforts
supported by the Minnesota Department of Transportation (Dave et al., 2019). (ASTM D7313-20,
2020) covers standard test method to conduct DCT test and the Minnesota Department of
Transportation has a modified version with tighter specimen dimension tolerances and test
temperature control.

In this test, a disk-shape specimen with a notch (Figure 1) is pulled apart until the post peak level
has reduced to 0.1 kN. The DCT test is conducted in a crack-mouth opening displacement (CMOD)
controlled mode with an opening rate of 1 mm/min at temperature of 102C warmer than the
required PG low temperature grade for the study mixture. Figure 1 (b) shows a typical load-CMOD
curve obtained from DCT test. The area under this curve represents the fracture energy (Gf) and
the ratio of fracture energy to peak strength before the failure is called fracture strain tolerance
(FST) parameter (Zhu et al., 2017). Higher values of both parameters indicate the higher cracking
resistance of asphalt mixtures. The test can be performed on the gyratory compacted laboratory
prepared specimens and specimens obtained from field cores.

—— Replicate 1 Peak Load=2.7 kN ['=450J/m?
= Replicate 2 Peak Load=2.7 kN ['=440J/m?
25 o —©~ Replicate 3 Peak Load=2.7 kN TI'=5400/m2 1
X Crack Detected by Wire Gage (Figure 5)

Load (kN)

0.5

0 0.5 1 1.5 2 25 3
CMOD (mm)

(b)
Figure 6 (a) Typical fractured DCT specimen (Wagoner et al., 2005) (b) Typical test curve

Standard test methods:

(ASTM D7313-20, 2020): Standard Test Method for Determining Fracture Energy of
Asphalt Mixtures Using the Disk-Shaped Compact Tension Geometry
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Test Parameters

e Specimen geometry: 150 + 10 mm diameter and 50 + 3.5 mm thick, two 25+ 1 mm
holes, and a 62.5 £+ 5 mm notch

e CMOD opening rate: 1 mm/min.
e Test temperature: low temperature PG + 10 °C

Measured Properties
Fracture energy (Gf), Fracture strain tolerance (FST)

Semi-Circular Bend (SCB) Test

The SCB test for low temperature cracking was developed by (X. (Shaw) Li & Marasteanu, 2004)
and subsequently revised by Marasteanu (Marasteanu et al., 2012) to measure cracking
resistance of asphalt mixtures at low temperatures. (AASHTO T 394-21, 2021) covers standard
test method to conduct SCB test. Similar to the DCT test, the SCB is often conducted in a crack-
mouth opening displacement (CMOD) controlled mode with an opening rate of 0.0005 mm/s at
10 2C warmer than the PG low temperature grade of binder. However, the fracture work measure
is determined using the load-line displacement (LLD). Figure 2 shows the SCB test setup and
typical test plot of load-LLD curve for three different replicates. Like the DCT test, the SCB test
can be easily performed on the laboratory prepared specimens and specimens obtained from
field cores. Fracture toughness, Kic is computed as shown in Equation 1. Kic is defined as the stress
intensity factor corresponding to the initiation of the crack. The stiffness (S) is calculated as the
slope of the linear part of the ascending load-LLD curve.

[kN]

Load

0.00 0.05 0.10 0.15 020 025 030 035 040 045 0.50
LLD [mm]

(b)

Figure 7 (a) SCB test setup and LLD extensometer, and (b) Typical plot of SCB test for three
replicates (Marasteanu et al., 2012)

Kic = Yi0.8)00VTa (1)
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Where,
Kic = the dimensionless geometric factor,

0o = the applied stress (MPa) = %,
r = specimen radius (m),

t = specimen thickness (m),

a = notch length (m), and

Yicog = 4.782 — 1.219; +0.063 exp |7.045 (;)]

(Dave & Behnia, 2018) utilized low temperature SCB tests conducted in CMOD control with a
CMOD rate of 0.7 mm/minute to obtain fracture properties of asphalt mixtures. In this work, they
have demonstrated that by use of cohesive zone fracture model, local fracture properties of
asphalt mixtures can be extracted, and these are independent of test geometry and CMOD rate.
This is shown by extracting local fracture law (cohesive zone model and its parameters) using DCT
test and then predicting low temperature SCB test.

Standard test methods:

(AASHTO T 394-21, 2021): Determining the Fracture Energy of Asphalt Mixtures Using the
Semicircular Bend Geometry (SCB)

Test Parameters

e Specimen geometry: 150 £ 9 mm in diameter and 24.7 £ 2 mm thick, a notch with 15
0.5 mm length and no wider than 1.5 mm

e CMOD opening rate: 0.0005 mm/s
e Test temperature: low temperature PG + 10 °C
Measured Properties

Fracture energy (Gf), Fracture toughness (KIC), Stiffness (S), Rate-dependent cracking
index (RDCI)

Indirect Tensile (IDT) Test

Roque and co-workers at Pennsylvania State University developed the Superpave IDT test for
low-temperature cracking during the Strategic Highway Research Program (SHRP) (Buttlar &
Roque, 1994; Roque & Buttlar, 1992). (AASHTO T 322, 2007) covers standard test method to
conduct IDT test which measures both creep compliance and tensile strength of asphalt mixtures
at low temperatures. AASHTOWare Pavement ME design requires both as an input for prediction
of low temperature cracking of asphalt pavements.

14



A cylindrical specimen with a 150 mm diameter and a thickness of 38 to 50 mm is subjected to
compressive load across the diametral plane. The creep test involves holding a load level constant
for 1,000 seconds that produces a horizontal deformation of between 0.00125 mm and 0.019
mm. During the loading process, the horizontal and vertical deformations are recorded and used
to determine the creep compliance and stiffness as a function of time. In the strength test, the
specimen is loaded at a constant LLD rate of 12.5 mm/minute until failure to determine the
tensile strength, strength is calculated based on the specimen dimensions and peak load. Figure
3 shows IDT test setup and typical creep compliance curves. The test can be easily performed on
the laboratory prepared specimens and specimens obtained from field cores as well.
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(a) (b)
Figure 8 (a) IDT test setup and (b) typical creep compliance curves (Roque & Buttlar, 1992)

Standard test methods:

(AASHTO T 322, 2007): Determining the Creep Compliance and Strength of Hot Mix
Asphalt (HMA) Using the Indirect Tensile Test Device.

Test Parameters

e Specimen geometry: 150 £ 9 mm in diameter and 38 to 50 mm thick
e Loading rate for tensile strength test: 12.5 mm/min

Measured Properties

Creep compliance, Tensile strength

INTERMEDIATE TEMPERATURE CRACKING
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lllinois Flexibility Index Test (I-FIT)

Research efforts at the lllinois Center for Transportation resulted in development of the lllinois
Flexibility Index Test to determine fracture resistance parameters of an asphalt mixture at an
intermediate temperature (Al-Qadi et al., 2015; Ozer et al., 2016). (AASHTO T 393-21, 2021)
covers standard test method to conduct I-FIT. The I-FIT setup and typical test outcomes are
shown in Figure 4. I-FIT specimens are prepared by cutting the cylindrical disc specimen in half to
produce two dimensionally equivalent test specimens. Semicircular specimens shall have smooth
parallel faces with a thickness of 50 + 1 mm and a diameter of 150 + 1 mm with notch length of
15 + 1 mm at center as shown in Figure 4. The test is conducted using load line displacement
(LLD) control at a rate of 50 mm/minute and the test is stopped when the load drops below 0.1
kN.

Load, P (kN)
N
N

|
Critical

Displlacemenli

/ I Final Ij‘lisplace:zment
Pl

/ 'ﬂ/ “,iul t'ﬂf; f‘fﬂ'ﬂ f/ 4”\ /] t'ﬂ’f‘ f:ﬂ' }t]w ;/ | o N

I [ v/ - | N

. lff /] ff/ f,f f@fff ffff” g ;f/ . HJ;I {/ ,ﬂ"h—fv-ﬁ-fﬁ-rﬁn

0 1 2 3 4 5 6

Displacement, u (mm)

Figure 9 I-FIT setup and typical load vs. displacement plot

The Flexibility Index (FI) of an asphalt mixture is calculated from the obtained fracture parameters
fracture energy (Gf) and post peak slope (m) of the LLD curve. Fl is defined as the ratio between
the fracture energy and the slope of inflection point at post-peak stage of the load-displacement
curve. A higher value of Fl is generally preferred, indicating a better ability to resist cracking (Al-
Qadi et al., 2015). The FI provides a means to identify brittle mixtures that may be prone to
premature cracking. Fl can be calculated using Equation 2. Higher the Fl, higher the crack
propagation resistance of HMA mixture for longer time duration under tensile stress. Further,
(Nemati et al., 2019) developed the rate-dependent cracking index (RDCI) to better discriminate
asphalt mixtures with various mix variables. The calculation of RDCI is shown in Equation 3. This
test can be easily performed on specimens obtained from gyratory compacted cylinders or
obtained from pavement cores with a diameter of 150 mm.

FI =AxZE (2)

|m|
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Where,

Gy = fracture energy,

|m| = slope at the post-peak inflection point, and
A = the unit correction coefficient taken as 0.01.

to.1 peak Wedt
tpeak
RDCI = peas X (3)
Ptpeakxllgament area
Where,
t . .
[ orpeek . dt = the post-peak area under the cumulative work versus time curve,

tpeak
Pipeak = the instantaneous power at peak force,
C = the unit correction factor set to 0.01, and
ligament area = the specimen thickness x the ligament length.

Standard test methods:

(AASHTO T 393-21, 2021): Determining the Fracture Potential of Asphalt Mixtures Using
the Illinois Flexibility Index Test (I-FIT)

Test Parameters

e Specimen geometry: 150 + 1 mm in diameter and 50 + 1 mm thick, a notch with 15 + 10
mm

length and no wider than 2.25 mm
e Loading rate: 50 mm/min using LLD control
e Test temperature: 25+ 0.5 °C
Measured Properties

Fracture energy (Gf), Post peak slope (m), Flexibility Index (FI) and rate-dependent
cracking index (RDCI)

Louisiana Semi-Circular Bend Test

Researchers at the Louisiana Transportation Research Center (LTRC) have proposed the SCB test
at intermediate temperature for asphalt pavement’s fatigue cracking performance evaluation
(Elseifi et al., 2012; Wu et al., 2005). There are five differences between the LTRC-SCB test and
the SCB for low temperature cracking test as per (ASTM D8044-16, 2016), which are as follows:

17



(1) test temperature: (PG HT + PG LT)/2+4 °C; (2) SCB specimen thickness: 57 mm; (3) three notch
depths required: 25, 32 and 37.5 mm; (4) loading rate: cross-head controlled and deformation
rate of 0.5 mm/min; and (5) the calculated fracture property: critical energy release rate (J¢).

The LTRC-SCB test setup and typical test outcomes are shown in Figure 5. The critical strain
energy release rate is obtained by determining the change in strain energy to failure, U with
respect to notch depth, a. The strain energy to failure, U is calculated as the strain energy up to
the peak load, which can be calculated as shown in Equation 4. Higher the J. values, better the
fracture-resistance of mixture.

Je = =3 (G) (4)

Where,

Jc = critical strain energy release rate (kJ/m?),

b = sample thickness (m),

a = notch depth (m),

U = strain energy to failure (kJ), and

dU/da = change of strain energy with notch depth (kJ/m)
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Figure 10 (a) LTRC - SCB test setup and (b) Typical test result
Standard test methods:
(ASTM D8044-16, 2016): Louisiana Transportation Research Center (LTRC) - SCB method
Test Parameters

e Specimen geometry: 150 £ 9 mm in diameter and 57 + 1 mm thick, a notch with 15+ 2.0
mm length and no wider than 1.5 mm

e Loading rate: 0.5 mm/min

PG High Temperature + PG Low Temperature
2

o Test temperature: +4 (in°C)

Measured Properties

Critical strain energy release rate (Jc)

19



FATIGUE CRACKING

Direct Tension Cyclic Fatigue (DTCF) Test

The original viscoelastic continuum damage fatigue model and related laboratory tests were
simplified by (Underwood et al., 2010) and (Hou et al., 2010), and they renamed it to Direct
Tension Cyclic Fatigue (DTCF) test. (AASHTO T 400, 2022) covers standard test method to conduct
the DTCF test which characterizes the fatigue performance of asphalt mixtures. Complex modulus
(E*) test results are required in order to complete the fatigue damage analysis, even though E*
test results are not part of the DTCF test itself. Both E* and DTCF tests can be performed on an
asphalt mixture performance tester (AMPT) device (shown in Figure 6) or any other closed-loop
control universal test machine. The DTCF test includes a dynamic modulus fingerprint test and
two cyclic fatigue damage tests at different strain levels.

The viscoelastic continuum damage parameters, DR (average reduction in integrity up to failure)
and Sapp (the accumulated damage when C (pseudo stiffness) is equal to 1-DR), are determined
from the test data using the FlexMAT™ software developed through efforts of Federal Highway
Administration (FHWA). DR parameter is calculated primarily based on the reduction of the
stiffness of sample during the test, thus, is more related to the damage tolerance of the asphalt
mixture, while the Sapp parameter is calculated based on the dissipated energy of the sample
with increase of cycles, therefore, is more representative of the trade-off between the applied
stress and strain, material’s stiffness and relaxation capability. DR and Sapp can be calculated
using Equations 5 and 6 respectively. Typically, a higher value for both parameters is preferred.
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Figure 11 AMPT Apparatus and Specimen with Typical Test Results

N
LT a-0av  ya-c)
Ny - Ny

DR =

(5)

Where,

N = number of load cycles,

N; = maximum number of load cycles up to failure, and

C = normalized pseudo-stiffness, which decreases from the value of 1 as the damage gets

cumulated.
1

__1 1 R\Cz
Sapp = 10000 < (c1 XD ) (6)
Where,
C; ,C, = the model coefficients in C-S curve determined from S-VECD theory.

Standard test methods:

(AASHTO T 400, 2022): Determining the Damage Characteristic Curve and Failure
Criterion Using the Asphalt Mixture Performance Tester (AMPT) Cyclic Fatigue Test
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Test Parameters
e Specimen geometry: 100 mm in diameter and 130 + 2.5 mm height
e Loading frequency: 10 Hz at a target strain range of 50 to 75 micro-strain
e Test temperature range: 5 to 25 °C

Measured Properties

Damage characteristic curve, average reduction in integrity up to failure (DR) and the
accumulated damage (Sapp)

Texas Overlay Test (OT)

(Germann & Lytton, 1979) initially developed the Texas OT in late 1970s. TxDOT (Tex-248-F
(Revised), 2022) and NJDOT (NJDOT B-10, 2007) have both implemented the OT test method that
(Zhou & Scullion, 2005) thoroughly updated and standardized later. The key components of the
OT device, as shown schematically in Figure 7, consist of two steel plates, one fixed and the other
able to move horizontally to simulate the opening and closing of joints or cracks in the old
pavements beneath an overlay. The OT test specimens are 150 mm long, 75 mm wide and 37.5
mm thick, which can either be laboratory prepared or specimen obtained from field cores. The
Texas OT is a cyclic displacement-controlled test that lasts 10 seconds each cycle and uses a
triangle loading wave pattern. Although both test temperature and opening displacement can
change, the OT is typically run at room temperature (25 °C) with a maximum opening
displacement of 0.06 cm.
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Figure 12 Texas Overlay Tester (OT) setup (Walubita et al., 2012)
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The specimen is determined as failed when the cycle peak load drops by 93 percent with
respect to the first peak loading cycle or a pre-set value of cycles (e.g., 1000) is reached. The
number of load cycles until failure is recorded at the termination of the test. Additionally, the
measured load vs. displacement curve can be used to infer the fracture parameters (A and n), if
necessary (Zhou et al., 2007). Figure 8 shows the typical result obtained from OT test.
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Figure 13 Typical results obtained from OT (Walubita et al., 2012)

Standard test methods:
(Tex-248-F (Revised), 2022): Test Procedure for Overlay Test
(NJDOT B-10, 2007): Overlay Test for Determining Cracking Resistance of HMA
Test Parameters
e Specimen geometry: 150 mm length, 75 mm width, and 37.5 mm thickness
e Loading frequency: 0.1 Hz
e Test temperature: 25 °C
e Maximum opening displacement: 0.06 cm
Measured Properties

Number of cycles to failure

23



Flexural Bending Beam Test

Monismith and co-workers (Strategic Highway Research Program, 1994) at the University of
California, Berkeley, proposed the flexural beam fatigue test under the SHRP A-003A. The current
(AASHTO T 321, 2022) is a refined version of this this. The beam specimen is 380x50x63 mm and
rate of loading is variable but is normally set at 10 Hz. Generally, the testing is performed at
intermediate temperatures, usually 68°F. The test can be conducted in stress- or strain-controlled
mode, but the strain-controlled mode is much more widely used because it appears to provide
results that are more comparative to field observations. Figure 9 shows a four-point flexural
beam fatigue test apparatus. The test involves four clamps holding the beam in place while a
repetitive haversine (or sinusoidal) loading is supplied to the two inner clamps and a reaction
load is applied to the outside clamps. Consequently, there is a continuous bending moment over
the center of the beam between the two inside clamps.

Figure 14 Four-point flexural beam fatigue test apparatus (Su et al., 2009)

Standard test methods:

(AASHTO T 321, 2022): Standard Method of Test for Determining the Fatigue Life of Compacted
Hot-Mix Asphalt (HMA) Subjected to Repeated Flexural Bending

Test Parameters
e Specimen geometry: 380 mm long, 50 mm wide, and 63 mm thick

e Loading frequency: 10 Hz

e Test temperature: 20 °C

Measured Properties

Number of cycles to failure, Dissipated energy, Fatigue equation
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Cyclic Disk-shaped Compact Tension Test

DCT test can also be performed under cyclic loading which is called cyclic DCT test (CDCT)
(Chiangmai, 2014). The loading rates for CDCT are generally selected based on peak load obtained
during the standard DCT test. CDCT test uses specimens with modified geometry with crack tip
opening displacement (CTOD) gage fixed with a 1-cm offset (Figure 10) instead of CMOD gage
used in standard DCT test. Currently, there is no standard test method for CDCT. Fracture energy
at initial stage (Gfini), initial and total dissipated energy (IDE and TDE) are fracture parameters
which can be obtained from CDCT test. Gfiy; is defined as the ratio of released energy dissipated
at the 50th cycle (REin) to the cracked area of the specimen.

100mm

A\ 1-cm offset
§ CTOD-controlled

Figure 15 Modified DCT geometry and 1-cm offset CTOD for CDCT test (Chiangmai, 2014)

STRENGTH AND MODULUS APPROACH

Complex (Dynamic) Modulus Test

Complex modulus (E*) is one of the most critical parameters which is used to evaluate both
rutting and fatigue cracking distress predictions needed for flexible pavement design using
Mechanistic Empirical Pavement Design Guide (MEPDG). (AASHTO T 342, 2022) covers standard
test method to determine dynamic modulus of HMA. Mathematically, the complex modulus is
the ratio of the peak dynamic stress (o,) to the peak recoverable axial strain (go) for a linear
viscoelastic material under a continuous sinusoidal loading. The viscous behavior of HMA is
indicated by the phase angle (6), which is the angle by which &, lags behind o,. The closer is the
phase angle to 90°, the more viscous is the material. A sinusoidal (haversine) axial compressive
stress is applied to a specimen of asphalt concrete at a given temperature and loading frequency.

A cylindrical specimen with 150 mm diameter and a thickness of 62 mm is subjected to series of
cyclic loading at frequencies of 0.1, 0.5, 1.0, 5, 10, and 25 Hz at different temperatures. Figure 11
shows the test setup of dynamic modulus. The applied stress and the resulting recoverable axial
strain response of the specimen is measured and used to calculate the dynamic modulus and
phase angle. Generally, dynamic modulus values measured over a range of temperatures and
frequencies of loading are shifted into a master curve for characterizing asphalt concrete for
pavement thickness design and performance analysis.
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Figure 16 Dynamic modulus test setup (Y. Zhang et al., 2012)

Standard test methods:
(AASHTO T 342, 2022): Determining Dynamic Modulus of Hot Mix Asphalt (HMA)
Test Parameters
e Specimen geometry: 102 £ 2 mm diameter, and 150 + 2.5 mm height
e Loading frequency: 0.1, 0.5, 1.0, 5, 10, and 25 Hz
e Test temperature: —10, 4.4, 21.1, 37.8, and 54 °C
Measured Properties

Complex modulus (E*), Phase angle (8)

Cracking Tolerance (CT) Index Test

(Zhou et al., 2017) have proposed the indirect tensile asphalt cracking test (IDEAL-CT) to
characterize fracture resistance of an asphalt mixture at an intermediate temperature. (ASTM
D8225-19, 2019) covers standard test method to conduct the CT Index test which characterizes
the cracking performance of asphalt mixtures. A cylindrical specimen with 150 mm diameter and
a thickness of 62 mm is subjected to compressive load across the diametral plane. The test is
conducted using load line displacement (LLD) control at a rate of 50 mm/min and is stopped when
the load drops below 0.1 kN. During the testing, the data acquisition system records the time,
load, and displacement at a minimum sampling rate of 40 data points per second which can be
used for cracking tolerance index (CTindex) calculation. CTindex, Which combines total energy
dissipation during test with post-peak shape of load-displacement curve, can be calculated using
Equation 7. Generally, a higher CTingex Value indicates better cracking resistance.
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G l
CTIndex = |m:5| X (%5)
(7)

Where,

Gy = fracture energy (total shaded area under load-displacement curve)
l,5 = displacement at 75 percent point

|m.<| =slope at 75 percent point

D = specimen diameter (mm)

Figure 12 shows CT Index test setup and typical test result. The test can be easily performed on
the laboratory prepared specimens and specimens obtained from field cores as well.
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Figure 17 IDEAL-CT apparatus and typical test result
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Standard test methods:

(ASTM D8225-19, 2019): Standard Test Method for Determination of Cracking Tolerance
Index of Asphalt Mixture Using the Indirect Tensile Cracking Test at Intermediate Temperature

Test Parameters

e Specimen geometry: 150 &= 2 mm in diameter and 62 == 1 mm height (for NMAS < 19
mm)

e Loading rate: 50 + 2 mm/min using LLD control
e Test temperature: (PG High Temperature + PG Low Temperature)/2+4 (in °C)
Measured Properties

Cracking tolerance index (CTIndex)

Indirect Tensile Strength Test

Procedure to conduct the IDT test to characterize the strength of HMA mixtures has been
explained in the low temperature cracking section of this chapter.
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Table 1 Laboratory Cracking Tests Summary

Test Loading Mode of Notched/ Specimen Test
Test standard , . 1 2 3 Test parameter
name condition loading unnotched geometry temperature
(ASTM D: 150 mm
DCT D7313-20, | Monotonic Cofmgl?e . N T: 50 mm LT PG + 10 °C Fractzrraeci‘rr;::slféﬁg“:sn
2020) ND: 62.5 mm
D: 150 mm Fracture energy (Gg),
SCB 3;22?2%;1) Monotonic cofmgllljed N T:24.7 mm LTPG+10°C Fracture toughness (Kc),
! ND: 15 mm Stiffness (S)
(AASHTO T . LLD controlled D: 150 mm o Tensile strength,
DT 322, 2007) Monotonic for strength UN T:38 to 50 mm 30to10°C Creep compliance
Fracture energy (Gy),
D: 150 mm Post peak slope (m),
I-FIT 352';5?2%21—1) Monotonic | LLD controlled N T:50 mm 25°C Flexibility Index (FI)
! ND: 15 mm Rate-dependent cracking index
(RDCI)
(ASTM D: 150 mm L :
+
LTRCSCB | D8044-16, | Monotonic cocn':/:gl?e . N T:57 mm ng)T/;ci . LZ Critical Strar;:ze)rgy release
2016) ND: 15 mm c
(ASTM . : .
CT-Index D8225-19, Monotonic | LLD controlled UN D: 150 mm (HT PG + I;T Cracking tolerance index
2019)
(AASHTO T . Displacement D: 150 mm o Damage characteristic curve,
DTCF 400, 2022) Cyclic controlled UN T: 62 mm Sto25°C DR and Sapp
Texas (Tex-248-F Displacement L: 150 mm Number of cycles to failure,
Overlay (Revised), Cyclic cci)ntrolled UN W:75 mm 25°C Paris law crack growth
Test 2022) T:37.5mm parameters
Flexural Strain L: 380 mm .
Bending (32?53;221)— Cyclic controlled UN W: 50 mm 20°C Numk;t;:-srs(i)facty;c;eesnt:rfa|Iure,
Beam Test ! (Usually) T:63 mm P &y

IN — Notched, UN — Unnotched

2D — diameter, W — width, T — thickness, ND — notch depth

LT PG — Low temperature PG, HT PG — High temperature PG
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