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Abstract 

 

Fatigue Characterization of Asphalt Binders Using a Thin Film Poker 
Chip Test 

 

Ramez Muhammad Hajj, M.S.E. 

The University of Texas at Austin, 2016 

 

Supervisor:  Amit Bhasin 

 

Asphalt binder is the adhesive that holds together aggregate particles of different 

sizes of an asphalt mixture.  The tensile properties of an asphalt binder can greatly affect 

the performance of the asphalt mixture under repeated traffic loading.  While the current 

performance grade specification has been in use for a long time to characterize the 

asphalt binders with regards to fatigue, it has been shown to be largely ineffective.  This 

study was performed with the goal of investigating a strength-based measure to evaluate 

the fatigue cracking resistance of the asphalt binder.  The poker chip geometry was used 

for this purpose.  The test involved tensile loading of a thin film of asphalt binder 

between two rigid substrates.  The first part of this study focused on determining failure 

criteria for the test.  The second part was a study of the binders that have a similar grade 

based on the current performance grade specification but are expected to perform 

differently due to difference in their chemical makeup.  Finally, the third part involved a 

study of the effects of nanomaterials as additives on the strength of the binder based on 

poker chip test results.  The results demonstrated that failure strain criteria is promising 
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as a material property, but still needs further study for validation.  It was also observed 

that binders with similar performance grade had significantly different tensile strength.  

Finally, it was observed that nanomaterials had a significant impact on the test results of 

unaged binder, but had less effect on aged asphalt binder
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CHAPTER 1. INTRODUCTION

1.1 SCOPE OF WORK

Asphalt concrete is a composite material that is widely used in the construction of roads

of throughout the world. The composite consists of mineral aggregates and asphalt binder.

Asphalt binder is the glue that holds aggregates together in the matrix. Asphalt binder is

a viscoelastic material whose mechanical properties vary greatly depending on the source

of the crude oil and processes used to produce the bitumen. Fatigue cracking is a pri-

mary form of pavement failure that is seen after high volumes of traffic and at intermediate

temperatures.

Engineers have encountered difficulty in determining an adequate method to classify

asphalt binders with regard to their inherent resistance to fatigue cracking. In the United

States, a stiffness-based approach is used to determine the binder’s resistance to fatigue

cracking, but there is no strength-based criterion at intermediate temperatures. Currently,

binders are evaluated in all fifty states using a stiffness-based parameter, G⇤sind , or a vari-

ation thereof. Here, G⇤, or strictly |G⇤ | refers to the complex shear modulus of the binder

and d refers to its phase angle. While stiffness can be useful for determining the properties

of the material, the failure of the binder ultimately depends on the tensile strength, as cracks

will form when the stress in the binder exceeds the maximum stress that it can resist.

Thin film testing is a simple and novel technique that is used to measure the fatigue

properties of an asphalt binder. The thin film geometry, also referred to as the poker chip

geometry, consists of a sample of soft material confined between two rigid substrates. The

test specimen has a very small thickness with respect to the diameter of the substrates.

The specimen is then pulled apart in order to determine the tensile strength of the material

and to produce a stress-strain curve. This testing method differs greatly from the current
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specification, which, as previously mentioned, is based on stiffness, and is performed in

shear rather than tension. In addition, this test method is considered effective because it

more closely simulates the stress state that the binder will experience in an asphalt concrete

mixture. In the mixture composite, the binder can be envisioned to exist as a thin film,

in which it covers a large area of aggregates, but the thickness of the binder specimen

between any two different aggregate particles is very small. The stiffness of the binder is

typically orders of magnitude smaller than the stiffness of the aggregate. This results in

a scenario where a thin and soft film of the binder is sandwiched between rigid particles.

When subjected to tensile loads, the binder experiences very high hydrostatic stresses due

to such a configuration. The rationale for the use of the poker chip test, discussed in more

detail later, is to recreate a similar stress state under controlled conditions in the lab.

1.2 PROBLEM STATEMENT AND OBJECTIVES

There were multiple objectives of this study. Since binder is a viscoelastic material, its

properties are expected to change with the rate of loading and temperature. As a material

property, it is important to determine a failure criterion for the tensile strength of the binder

that is independent of extraneous factors such as rate or mode of loading and temperature.

In the context of this study, the focus was to develop and examine a criterion that was

independent of the rate and mode of loading; the effects of temperature will be addressed

in the future. In summary, it is important to develop and validate the failure criteria for

an asphalt binder using the poker chip test method that is unique to the material and not

test conditions. This is crucial, because depending on the application, the binder can be

exposed to several different stress/strain conditions in the field.

A second objective of this study was to employ this test method and criterion to de-

termine the effect of nanomaterial additives on the tensile strength of the asphalt binder.

Since asphalt binder is a thermoviscoelastic material, its performance will vary greatly at
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different test temperatures. In past studies involving the addition of nanomaterials, asphalt

binders have been typically tested at the traditional high and low binder grading temper-

atures. However, it is also crucial to test tensile strength, which is related to the fatigue

performance of the asphalt binder. The proposed poker chip method may be able to shed

light on how the binder will perform at intermediate temperatures after the addition of

nanomaterials.

Finally, the last goal was to employ this test method to evaluate the tensile strength of

asphalt binders that could potentially be different despite having similar grades. To this

end, two pairs of PG 64-22 and PG 58-28 binders from different sources were sampled and

tested in the poker chip geometry to determine their strength and stiffness. This test method

provides information about the quality and possible history of these binders.

1.3 STRUCTURE OF THIS THESIS

Chapter 2 of this thesis contains an extensive review of studies previously conducted to

develop a testing procedure for asphalt binder fatigue. In fact this review formed the basis

for choosing the poker chip test to evaluate the tensile strength of asphalt binders. Chapter

3 contains an overview of the materials and experimental methods used in this research.

Chapter 4 shows the results and analysis that were performed for all three portions of the

study. Chapter 5 contains the conclusions and recommendations based on the outcomes of

this study.
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CHAPTER 2. BACKGROUND AND REVIEW

Asphalt binder is a viscoelastic material that serves as the bonding agent between mineral

aggregates in an asphalt concrete mix. A predominant mode of failure in asphalt concrete

pavements is fatigue cracking. Fatigue cracking occurs late in the service life of the pave-

ment after it has experienced repeated traffic loads. This type of cracking is a function of

the properties of the aggregates, the binder, and composition of the asphalt mixture using

these two components. However, the binder is often the most critical component in dictat-

ing fatigue cracking resistance of the mixture, as it is the part of the mix that is responsible

for holding aggregates together and typically has a much lower tensile strength than the

aggregates. The tensile strength of the binder is a critical factor, as the asphalt mixture will

crack when the tensile stress in the binder exceeds the maximum tensile strength of the

material.

In the United States, the Superpave Performance Grade system is typically followed to

determine the high and low temperature grades of the binder. These values help to classify

the binder for use such that a pavement does not experience rutting or low temperature

cracking. However, it has proven more difficult to find an appropriate criterion to classify

the binder as far as fatigue and fracture at intermediate temperatures (typically 10�to 30�C)

is concerned. Many studies have been conducted to quantify the resistance of asphalt binder

to fatigue, and the best ways to measure these properties. This chapter contains a review of

these studies that have been conducted and the methods proposed in these studies.

CURRENT PRACTICE

The Superpave performance grading (PG) method is a procedure used throughout the

United States and much of the world to classify asphalt binders. The purpose of this method
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is to assign each binder a high and low temperature grade that relates the rheological prop-

erties of a binder to the in-situ service temperature range in which the binder can be used

without binder-induced rutting or cracking. The current parameter that is used to quantify a

binder’s resistance to fatigue cracking is |G⇤|sind . G⇤ is the complex shear modulus of the

binder, which is a measure of its stiffness at a given loading frequency. The parameter d is

the phase angle of the material. The phase angle describes the lag between strain and stress

when subjected to steady state sinusoidal loading. Values of d range from 0�to 90�, with a

value of 0�representing an elastic solid, while a value of 90�represents a viscous fluid.

The aforementioned parameter is typically determined using the Dynamic Shear Rheome-

ter (DSR). The test procedure to measure this parameter uses binder aged in the Pressure

Aging Vessel (PAV) because this aging procedure simulates long-term aging, which is also

the most critical stage for the pavement to experience fatigue cracking is later in its life.

Since the specimen used in the test is very stiff (due to PAV aging), a smaller diameter test

specimen with a larger thickness is used for this test compared to other Superpave DSR

tests.

According to the Superpave test criterion, a binder should ideally have a low value of

G⇤sind in order to avoid fatigue cracking. This is because an elastic material is best for

resisting cracking due to its ability to dissipate energy. This is enforced by specifying a

maximum allowable value for this parameter at the grade-specific intermediate tempera-

ture. The rationale for this parameter is as follows: The parameter G⇤sind is a measure of

dissipated energy (for a given strain amplitude). Binders with lower dissipated energy, or

G⇤sind , (with the same strain amplitude) were considered to be more resistant to fatigue

cracking. However, a weakness of this argument is that since binder is a viscoelastic mate-

rial, not all dissipated energy contributes to damage; this idea will be revisited later in this

chapter.
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CRITIQUE OF CURRENT PRACTICE

Despite being universally accepted in the United States as the specification that reflects

fatigue cracking resistance, there are many issues with using the G⇤sind parameter as spec-

ified currently in the Superpave procedure as a measure of fatigue cracking resistance of

asphalt mixtures and pavements:

• The current method specifies the G⇤sind criterion at only one temperature (for a

given grade of binder) and a single rate of loading. This provides no insight into

fatigue behavior other temperatures and loading rates.

• The current method only uses the first few cycles to determine the fatigue behavior.

In fact, it is unclear whether the approach really indicates any damage to the material

or not.

• This method only considers material behavior at a specific strain amplitude. How-

ever, binder has been shown to experience stresses as high as 90 times those that

the entire pavement experiences (Masad et al., 2001), which can easily transition the

material to the nonlinear range, where cracking may take place. Nonlinear behavior

is not accounted for in this method.

• The current parameter does not directly measure the tensile strength of the binder.

There have been many studies performed regarding the effectiveness of the G⇤sind pa-

rameter. One such study (Stuart and Mogawer, 2002) looked at the G⇤sind parameter used

in the Superpave binder grading system to characterize fatigue cracking performance. This

study utilized the Accelerated Loading Facility (ALF), a large scale test facility designed

for asphalt mixtures and developed by FHWA. The ALF applies a load of half of a single

truck rear axle load. Their study demonstrated that the mode of loading can vary based on
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the temperature. For the intermediate temperature range, the mode of loading was shown to

be strain controlled in only one of six tests, despite the Superpave criteria for fatigue crack-

ing, G⇤sind being a strain controlled test. In conclusion, the authors determined that neither

the strain-controlled parameter, G⇤sind , or the stress-controlled parameter, G⇤/sind , can

independently describe the contribution of temperature to fatigue performance.

Tsai and Monismith (2005) conducted a study to evaluate the influence of asphalt binder

properties on the fatigue performance of asphalt pavements. Their study included rheologi-

cal tests to determine the fatigue properties of the binders at several different temperatures,

fatigue testing on asphalt mixtures containing those same binders, and simulation of the

mix behavior with regards to fatigue in four different environmental conditions. All mixes

that were tested performed well in fatigue other than the thin pavement layer. Although

they acknowledged many studies indicating that the current G⇤sind parameter was not ade-

quate, and saw a poor correlation between the parameter with field performance, the authors

determined that the reasonable course of action was to maintain the current specification

rather than eliminate it until an alternative could be proven effective in predicting pavement

performance.

TIME SWEEP USING DSR

Bahia et al. (1999) conducted a study with the goal of better characterizing the nonlinear

behavior of asphalt binders. The authors showed that the strain in the asphalt mixture

(asphalt and aggregate composite) is much lower than the strain of the binders within the

composite, which supported their view of the need for a large-strain nonlinear shear test on

binders to be used in asphalt mixtures. In addition, their work showed that binders mostly

act as thin films within the mixture. As a result, they might exhibit nonlinear behavior

due to the difference in modulus between the binder and the aggregates. They concluded

that fatigue behavior can be influenced by a number of factors, including temperature,

7



healing rate, aging, composition, and interactions between these factors. In addition, they

concluded that it is possible for the binder to recover from nonlinear fatigue damage. Their

suggested method to evaluate binder fatigue characteristics, therefore, was a time sweep

test using the Dynamic Shear Rheometer (DSR).

A time sweep is a test in which the binder is loaded with several cycles repeated at the

same amplitude, frequency, and temperature. The test is continued until the material fails

as defined by some criterion, typically a reduction in modulus. In a strain-controlled time

sweep test, the point at which failure occurs is sometimes difficult to determine.

Bonnetti et al (2002) recognized that the Superpave asphalt binder specification was not

particularly effective with regards to defining fatigue failure in a manner consistent with the

performance of the binder. They used the time sweep method to test many asphalt binders

in a variety of modes of loading, temperatures, stress amplitudes, strain amplitudes, and

frequencies, and used the dissipated energy ratio concept to analyze the results. Their re-

search suggested that it is appropriate to use Np, the number of cycles to crack propagation,

as the fatigue criterion, and that the initial energy dissipated per cycle could be used as the

independent variable for modeling to normalize for the test. The authors defined Np20 as

the failure criterion for the binder. Np20 was the point at which the dissipated energy ratio

changed by 20% from the original ratio. For future testing using this method, the authors

recommended using a frequency and loading mode that accurately represents the traffic

that the binder would see on the road. Another observation that the authors made was that

the traditional power function was effective for modeling the relationship between fatigue

failure versus the initial dissipated energy:

N f = K2

✓
1

W i

◆K1

The authors believed that the two fitting parameters for this model, K1 and K2, could
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be important for describing asphalt fatigue damage.

In 2001, NCHRP published a study (2001) focused on the characterization of modified

asphalt binders. This study proposed a new test for measuring fatigue that could better cap-

ture the fatigue performance of modified asphalt binders. This test involved repeated cyclic

loading in a time sweep test with the DSR, and a new parameter, N p20 as a replacement

for the traditional G⇤sind parameter. N p20 was seen as an improvement over the existing

specification parameter because it considers the pavement structure.

However, the inclusion of N p20 in this report did not clearly include an effective way

to measure this parameter and interpret the results. Delgadillo and Bahia (2005) conducted

a study to determine the method that should be used to implement this new criterion. They

chose six different pavement structures that are typically used in construction and used

a multilayer elastic theory program to analyze the strain distributions within them. This

enabled the researchers to determine the fatigue life of various binders depending on the

magnitude of the critical strain for a given structure. Finally, they presented a temperature

and input energy that they determined were appropriate for the test to provide N p20. Their

work also confirmed that the small number of cycles measured in the traditional test is not

sufficient to predict field performance under fatigue.

Although this parameter looked like it could be the solution to the issues that existed

regarding fatigue characterization of asphalt binder, it had some shortcomings. Anderson et

al. (2001) examined the theory that the fatigue behavior of a binder should be characterized

by a time sweep using the Dynamic Shear Rheometer (DSR). In this study, the authors

emphasized the importance of edge fracture. It was observed that the modulus versus

number of cycles exhibited the expected fatigue behavior, but this did not correlate well

with the actual material response, which is more closely related to the initial modulus of

the binder. The researchers determined that for temperatures at which the binder had a high

modulus, the binder experienced true fatigue failure, meaning that microdamage occurred.
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However, in the lower modulus regions, the binder was dominated by instability flow. The

researchers also tested binders at different gap sizes, or test specimen thicknesses, and

learned that it was impossible to consider the fatigue life a function of microdamage, as it

was highly dependent on the size of the gap (Figure 2.1). Therefore, the loss in modulus

that was previously assumed to be due to fatigue behavior of the binder could actually be

a result of geometry. The results of this study showed that the time sweep performed in

the DSR could not be used effectively to predict fatigue performance of a binder, and that

more studies were needed to understand edge fracture and instability flow.

Figure 2.1. Fatigue Life vs. Gap Size

Martono et al. (2007) studied the geometry used in the DSR to perform the fatigue test

using the time sweep procedure. Their study looked at the relationship that exists between

fatigue in the binder and the stiffness that is shown in two different geometries: the tradi-

tional parallel plate (PP) geometry and a torsional cylinder geometry (TC), consisting of a

composite of binder and uniformly sized sand. The goal was to determine if the aforemen-

tioned edge fracture effects would have an effect on the TC results the same way that they

did the PP results. Their results showed that the TC geometry had a much better correlation

with fatigue life performance than the PP geometry. The results of this study also helped to
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confirm the validity of the model previously proposed by Bonetti et al. (2002), as Wi was

shown to be very significant in describing the fatigue life of the binder, but not necessarily

the PP geometry used to conduct the time sweep fatigue test. Temperature, however, ap-

peared to be less effective in describing fatigue life than when describing stiffness, and was

removed from the model with the hope that this model would be easier to use as a speci-

fication parameter. Although the PP parameter showed a lower repeatability than the TC

results, it was found that the edge effects were not very significant. Therefore, the authors

recommended a refinement of the PP parameter.

Johnson et al. (2007) conducted a study in which they used the failure criteria estab-

lished by Tsai and Monismith (2005) of 50% of reduction in the complex modulus to study

the effectiveness of the strain-controlled time sweep test. While they continued to suggest

the possibility of measuring binder fatigue using DSR, they did confirm some of the issues

with this method. The main issue was that the time sweep did not have a very good corre-

lation with fatigue data in the asphalt mixture. They also confirmed that the stress history

of the binder could have significant effects on the fatigue behavior, so healing should be

taken into consideration when developing an effective testing method.

In addition to the above issues with the test, it is also clear that this test can take large

amounts of time to run, as the asphalt might take a long time to fail in fatigue. In another

attempt to improve the time sweep test and reduce the testing time, Johnson et al (2009)

proposed a new method to calculate fatigue resistance of asphalt binders in a short amount

of time. This test method applied a constant rate of shear stress to a sample of binder at its

intermediate temperature. In order to determine a parameter that could be used to predict

fatigue performance, the authors integrated the area under the stress-strain curve until the

point at which the maximum stress in the binder occurred. They suggested that this param-

eter, as well as the strain at which the maximum stress occurred had positive correlation

with fatigue performance. To validate their results and ensure that they were properly pre-
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dicting fatigue in the binder, the authors used the FHWA Accelerated Loading Facility. In

order to characterize the binders in terms of performance in varying traffic and temperature

conditions, the authors used an analysis procedure based on the Viscoelastic Continuum

Damage theory. Although it appeared that lincear viscoelatic material properties could be

used for strain-controlled binder testing, it was also suggested that this method was not

sufficient to analyze the behavior of modified binders.

AMPLITUDE SWEEP USING DSR

In order to overcome the drawbacks of the time sweep test to measure fatigue performance

of asphalt binders, a new method called the amplitude sweep was suggested (Martono and

Bahia, 2008). This test method also involved cyclic loading of the asphalt binder, but

with an increasing amplitude after a predetermined number of load cycles. By consistently

increasing the stress amplitude at predetermined intervals, this test creates the same type of

damage accumulation as the time sweep test, but in a much quicker fashion to reduce the

testing time. In order to determine how well the results of the test correlated with mixture

fatigue performance, the researchers compared their results to ALF data and time sweep

data. They found good correlation with both.

Wen and Bahia (2009) also discussed limitations of the Superpave fatigue criteria and

other testing methods that had been used up to that point, specifically that the Superpave

criteria only considers damage evolution at multiple rates of loading using linear viscoelas-

tic behavior. The authors suggested that it was necessary to consider other binder stages

using Viscoelastic Continuum Damage (VECD) theory to analyze the fatigue behavior of

binders in shear. This type of analysis was very similar to the type of analysis that had pre-

viously been done on asphalt mixtures. The authors hoped that this VECD analysis could

provide a framework for an approach to analyze mixtures and binders in the same way.

To combine the idea of the amplitude sweep with the VECD principles, a new procedure
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was suggested called the Linear Amplitude Sweep (LAS). This test uses the Viscoelastic

Continuum Damage approach to determine the fatigue characteristics of the binder at any

given strain amplitude where the strain amplitude is dictated by the structure of the pave-

ment. Hintz et al (2011) realized, however, that the analysis required for this test method

was very complex. In addition, they had concerns about the effectiveness of this test for

polymer-modified binders. In order to accommodate the shortcomings, the researchers pro-

posed a modified procedure that removed the need for inter-conversion typically performed

in VECD analysis. They found a good correlation between the data they saw in the modified

LAS test and Long Term Pavement Preservation (LTPP) data on fatigue performance. The

only area which they believed needed improvement was to differentiate between damage

in the binder and non-linear behavior after reaching a certain stress threshold.

Hintz (2012) also conducted an in-depth study on the behavior of asphalt binder in the

DSR, specifically with regards to fatigue. She studied the edge fracture in asphalt binder

specimens loaded in torsion in this machine. In order to do a detailed study of the effective

area of the sample, she used digital visualization to determine the part of the sample that

was still intact. The predictions made about location and propagation of the binder fracture

were demonstrated to be in agreement with the measurements taken using visualization.

She also showed experimentally that the fracture propagation due to fatigue for asphalt

binder was similar to other materials. Her results suggested that it can be useful to use

principles of fracture mechanics in order to predict fatigue life of an asphalt binder for

any rate of loading while only conducting one test. She also showed that time-temperature

superposition is valid for fatigue cracking in asphalt binders, which means that one test can

also be used to predict fatigue behavior of asphalt binder at any temperature provided the

time-temperature shift factor relationship for that binder is known. Based on these results,

she proposed using a fracture-based model to analyze the outputs of the LAS test, instead

of the previously-suggested VECD analysis. In addition, it was noted that the analytical
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methods that had been applied to results from the time sweep test could not be used for

the LAS test. Therefore, she suggested that the LAS could be referred to as a "damage

tolerance test" rather than a fatigue test. Despite the difference in nomenclature, it was

believed that this could be used as a parameter for fatigue, since it had very good correlation

with time sweep results.

Wang et al. (2015) later attempted to improve the analysis procedure for the LAS test

by incorporating energy principles into the failure criterion. The energy principles depend

heavily on the material and can be more effective in capturing the improvements to fatigue

performance made by modifying the binder. This study also suggested a failure criteria

that could more accurately predict fatigue failure under various loading conditions. These

predictions had a good correlation with those found in both laboratory time sweeps and in

the lab using ALF data.

DUCTILITY AND WORKS OF FRACTURE

Andriescu et al. (2004) also explored other methods besides G⇤sind to predict fatigue

cracking performance of asphalt binders. Their method of choice was a double-edge-

notched tensile (DENT) test that would provide the essential and plastic works of fracture

for the asphalt binder. This test involved monotonic loading of a molded specimen until

fracture, in a similar method to the direct tension test (DTT). However, the key difference

in this test is that small notches are created on the specimen. In addition, this test can be

performed at intermediate temperature, rather than the low temperature specified for the

DTT. The findings of this study indicated that the essential work of fracture provided a

good measurement of failure properties for asphalt binders at ambient temperatures. Addi-

tionally, they found no correlation between the essential and plastic works of fracture and

the G⇤sind parameter.

Elseifi et al (2010) conducted a study in which they stressed the importance of ductility
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when evaluating asphalt mixtures with regards to fatigue cracking. The ductility test that

they employed was the test specified in AASHTO T 51-06, which consists of an asphalt

binder sample in a dog bone shape pulled at a constant deformation rate of 5 cm/min.

This test was performed near the high end of intermediate temperature at 25�C. This test

was used to classify binders with regards to their ability to deform before fracturing. The

authors found that there is a good relationship between the ductility of an asphalt binder

and the ability of the pavement to resist fatigue cracking at intermediate temperatures.

The reason they provided for this is that a high ductility enables the binder to resist the

formation of microcracks upon repeated loading. One important finding of this study was

an inverse relationship between the ductility of the binder at intermediate temperatures with

its ductility at low temperatures. The researchers also found that a higher ductility would

provide for better results in the Indirect Tensile Strength tests in terms of both strength and

strain at failure.

Zhou et al. (2013) further explored this test method by conducting a study in which they

compared six binders as classified by the traditional G⇤sind parameter, the LAS test, and

the DENT test. They agreed with previous studies that the G⇤sind had a poor correlation

with mixture fatigue performance, but also suggested that the LAS had shortcomings, and

needs to be improved with regards to characterizing both linear and nonlinear performance.

Therefore, they recommended DENT as the binder test of choice. The researchers preferred

this test to others, as it creates an accurate simulation of the way in which films of binder

can stretch between aggregates in an asphalt mixture before fracture.

The Federal Highway Administration also considered this test, and later adapted it as an

intermediate temperature test (Gibson et al., 2012). However, there are still some practical

limitations with conducting this test in terms of preparing specimens. The specimens for

this test use a lot of material, and take a significant amount of time to prepare.
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RHEOLOGICAL INDICATORS IN LIEU OF DUCTILITY

Glover et al. (2005) conducted a study to determine a better way of classifying asphalt

binders for long-term fatigue performance. In their study, the authors suggested a new DSR

parameter, G0/(h 0/G0), which had a very strong correlation with ductility. This parameter

can be calculated using a traditional frequency sweep in the DSR, enabling an easy testing

procedure without the need to directly measure the ductility. They also suggested the use of

a new aging method consisting of traditional PAV aging but in thinner films, as well as an

increase in aging time, that could lead to a more durable binder to test. This aging procedure

coupled with the new parameter could be used for unmodified binders to determine their

resistance to oxidative hardening. Rowe et al (2014) later conducted a similar study in

which they redefined this parameter as the Glover-Rowe parameter:

G⇤(cosd )2

sind
w

Note that the dynamic in-phase viscosity h 0 is in face defined as G00/w . Also, given

G0 = |G⇤|cosd and G00 = |G⇤|cosd , the parameter G0/(h 0/G0) reduces to the Glover-Rowe

parameter. They believed that this parameter better described the fatigue performance of the

binder, based on black space diagram analysis. The authors also noted that for modeling,

the stiffness should not be very low (above 105 Pa).

Rowe’s revision included frequency sweeps at three intermediate temperatures to con-

struct a master curve for the material. From this master curve, the Glover-Rowe parameter

at 15�C and a frequency of .005 rad/sec would be calculated and used as the criteria for

binder brittleness (Rowe et al., 2014). The higher the value of this parameter is, the more

brittle the binder is. One study regarding the relationship between ductility and field (An-

derson 2011) proposed that damage begins at a Glover-Rowe value of 180 kPa, and that
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450 kPa corresponds with significant pavement cracking.

Black space diagrams, the graph of |G*| versus phase angle for a specific material, were

also used by King et al. (2012) to determine cracking performance of asphalt binders aged

at different levels of PAV aging. The researchers used these diagrams to compare outputs

of the Glover-Rowe parameter to field data. Their findings showed that the location on the

black space diagram was an important factor in determining block cracking resistance of a

pavement. They also suggested that the initial quality of the binder as shown on the black

space diagram was just as important in determining its resistance to cracking.

STRENGTH TESTS IN A REALISTIC STRESS STATE

Marek and Herrin (1968) were among the first to conduct a study of thin films of asphalt

binder in tension. Their study varied different parameters, including film thickness, de-

formation rate, and source of the material. Their work indicated that binders generally

experience cohesive failure rather than adhesive failure when strained in thin films. In

addition, they discovered important parameters regarding film thickness:

• The maximum tensile strength, independent of other factors, was seen at film thick-

nesses of 20µm.

• At film thicknesses smaller than 20µm, it was difficult to determine the behavior of

the material due to experimental constraints.

• Between film thicknesses of 20µm and 100µm, an inverse relationship between film

thickness and tensile strength was observed.

• At film thicknesses greater than 100µm, the tensile strength remained nearly con-

stant.
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Harvey and Cebon (2003) conducted an investigation on the tensile properties of asphalt

binder thin films using two methods- a butt joint test and a double cantilever beam (DCB)

test. Their results showed both ductile and brittle failure in the specimens of asphalt binder,

as well as some binders that were in transition between the two. For the specimens that

showed ductility, three main modes of failure were observed. These were classified as

Flow I, Flow II, and voiding. Flow I consisted of a failure in which voiding could not

be observed in any way. This type of failure was observed in specimens with very low

aspect ratios ranging from 2 to 8. The model used to fit this type of behavior was based

on a previous study by Cheung and Cebon (Cheung and Cebon, 1997) in which a modified

model of a nonlinear viscous fluid between rigid substrates was created using a stiffening

factor. Flow II occurred in specimens with a higher aspect ratio, and was characterized by

the formation of voids, but no evidence of these voids visible on the final fracture surface.

Finally, voiding was observed on specimens with a high aspect ratio. The researchers

determined that it was most effective to use a four-element model to describe the behavior

of the thin films that they tested. They also noted that voids begin to form very far in

advance of the maximum stress being reached. In terms of the qualitative results, the

authors noted very similar failure between asphalt binder, and another viscoelastic material

that was tested, corn syrup.

Hammoum et al. (2009) conducted a study to try to predict fatigue performance of

asphalt binder via a thin film tension test. Their test method was to place a thin film of

asphalt binder between two steel plates and apply cyclic load at a constant rate of strain.

Using numerical methods, they attempted to determine the ways in which cracks initiated

and grew in the bituminous material. A secondary objective of their study was to determine

the effects of applying different rates of loading to the material.

Poulikakos and Partl (2011) performed a study in which they conducted thin film ten-

sile tests using asphalt binder films between both mineral aggregate and stainless steel sub-
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strates. The focus of their study was to further study binders in thin films less than 20µm in

thickness. They conducted these tests at various temperatures and determined that at higher

temperatures, the strength of the binder decreased, and the binder was more ductile. This

testing method was notable because it allowed the researchers to see the failure mechanism

of the binder in a way that was not allowed in other experimental methods. They also used

water conditioning on some samples, which were shown to reduce the softening charac-

teristics of the unmodified binders. At an intermediate temperature of 23�C, all failures in

properly tested specimens were shown to be ductile and cohesive. At this temperature, it

was also observed that failure took place after .03% strain, compared to .01% strain at a

lower temperature (-10�C). As far as the difference in adherents, it was shown that min-

eral aggregates could absorb water, causing the mechanical properties of the binder to be

reduced.

Poulikakos et al. (2013) conducted a further study involving tensile tests of thin asphalt

binder films to analyze their failure mechanism. While performing the thin film tensile test,

the researchers observed the failure of the binder via video. They used image processing to

determine four stages in which the failure took place:

1. Initial

2. Necking

3. Filamentation with Void Nucleation

4. Separation

In unmodified bitumen, a fifth form stage of failure was observed- light transparent

thinning, which occurred after necking but before void nucleation. The authors also con-

sidered other forces acting on the binder during the testing process, namely gravity and

capillary forces. However, in the end they concluded that gravity and inertial effects were
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negligible, and that the capillary forces only had a significant effect towards the end of the

test. This means that the test result is dominated by the viscous effects of the binder.

Another type of thin film test that has been performed is the poker chip test. Motamed

et al. (2014) performed poker chip tests on asphalt binders using two geometries, one with

a 14.6 mm diameter thin film, and one with a diameter of 40 mm. The binders were bonded

between the two plates at a very high aspect (diameter to thickness) ratio in order to reduce

edge effects. In order to simultaneously obtain the most repeatable and accurate results,

a maximum specimen thickness of 250µm was suggested by the authors. The results of

their study provided a new method to calculate the bulk modulus of asphalt binders, as

well as the conclusion that the Poisson’s ratio of asphalt binders does not approach 0.5 (an

incompressible fluid) until the binder has undergone a certain period of loading.

Sultana et al (2014) also attempted to simulate the confined state of stress that the as-

phalt binder experiences in asphalt mixtures by performing a tensile strength test in the

poker chip geometry. The poker chip geometry consists of a thin film of asphalt binder

(less than 400 microns thick) that is confined between two rigid metal substrates and sub-

jected to uniaxial tensile load. Their findings indicate that most binders behaved as a linear

viscoelastic solid (at intermediate test temperatures at strain levels typically below 1%).

After this point, the behavior of the binder could no longer be described by modified cor-

respondence principles. They also showed that the failure the asphalt binders experience

in thin films when exposed to tensile loads occurs in the form of cavitation. Finally, they

determined that as long as the aspect ratio of the thin film remained greater than 40, the

tensile strength and failure mode would remain the same for films of varying thickness.

In another study, Sultana and Bhasin (2014) also noted that the characteristics of the

failure surface of the fractured binder specimen in this test were related to the chemical

properties of the binder. Their observations indicated that binders with higher polar frac-

tions showed a larger tensile strength and stiffness. These also correlated with smaller and
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more frequent cavities on the failure surface after the test was complete. This type of in-

formation shows even more potential for this test in understanding the characteristics of an

asphalt binder.

Another test that can simulate a realistic state of stress in asphalt binders is the glass

bead fatigue test. Motamed et al. (2012) conducted a study that aimed to characterize fa-

tigue performance of asphalt binders using this type of geometry. Their samples consisted

of a cylindrical composite of asphalt binder and glass beads from three sizes (passing sieves

1 mm, 0.5 mm, and 0.1 m) combined into a gradation close to the maximum density line.

A binder content of 10% was determined to be the optimum for this type of testing. Speci-

mens with less binder than this were too brittle for fatigue testing. Specimens that used too

much binder exhibited flushing and large deformations. The binder used in this test was

PAV aged, since binders typically crack after long-term aging. The composites were tested

in the DSR for their linear viscoelastic properties and fatigue cracking resistance. Their

conclusions showed that all four binders tested had vastly different fatigue properties, de-

spite all being assigned the same Superpave PG grade. The researchers compared their

results with mixture data using the same binders, and found a good correlation between the

measured fatigue properties in both forms. Finally, they also concluded that the specimens

did not fully fail until well below a reduction of 50% of their initial elastic modulus. It

only took 5% of the cycles that it took for total failure for the samples to reach 50% of their

original modulus.

CONCLUDING REMARKS

Five different approaches to measure fatigue resistance of asphalt binders were reviewed.

Each of these has both advantages and disadvantages. The following conclusions have been

made about the methods studied here:
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1. Time sweep testing in the DSR has been shown to be a more effective method for

characterizing the fatigue behavior of asphalt binders. This testing method shows

better correlation with asphalt performance in mixtures than the G⇤sind parameter.

However, this test takes far too long to perform to be considered as a part of a binder

grading specification. There are also significant concerns regarding edge stability

and effect of geometry in this procedure.

2. Amplitude sweep testing is another DSR method that is very similar to the time

sweep, but takes far less time because of the use of an increasing stress or strain

amplitude, making it more applicable for use in specifications. However, there are

still questions to be answered about this test, namely which part of the reduction in

modulus seen in this test is due to fatigue damage, and what part is due to nonlinear

behavior of the binder. This test method also has not fully eliminated the problem of

edge stability.

3. The double edge notched tension test has been recommended as a possible replace-

ment as well. This test is useful because it provides a strength-based parameter, as

well as simulates the true state of stress that the binder can experience in between

aggregates in an asphalt mixture. However, the major issues with this test include the

large amount of binder that needs to be used, and the difficulty of molding samples

of the correct shape and size for this test.

4. The aforementioned problems can partially be remedied using other tests that put

the binder in a realistic stress state compared to what they experience in an asphalt

mixture. These test methods include thin film tensile testing, poker chip testing, and

the glass bead fatigue test. Although the thin film tests have been shown to provide

a good procedure for measuring the fatigue properties of asphalt binder, more work

needs to be done as far as mixture validation of these procedures, in order to ensure
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that the results have a strong correlation with behavior of the binder in an asphalt

mixture. This has been done for the glass bead fatigue test, but not for the monotonic

tensile strength tests.
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CHAPTER 3. EXPERIMENTAL SETUP AND MATERIALS

This chapter describes the details of the test method that was used to test asphalt binders in

tension using the poker chip geometry. In addition, this section describes the binders that

were tested in this study.

3.1 MATERIALS

Base Binders

For the first part of the study, which considered the development of a failure criterion, two

different binders were selected. These binders had different performance grades, or PGs,

namely PG 64-16 and PG 58-28. In addition, these two binders were evaluated at three

different aging conditions, unaged, RTFO aged, and PAV aged. For the second part of

the study, two pairs of binders were selected from different producers that supply binders

within the state of Texas. Two of the binders were PG 64-22, and the other two were

PG 58-28. Finally, for the last part of the study involving nanomaterials, one binder was

used throughout the study, with an initial grade of PG 64-22 before modification with

nanomaterials.

Nanomaterial Modified Binders

As mentioned previously, another objective of this study was to investigate the effects of

adding various materials to asphalt binder on the results of this test. For this study, four

different nanomaterials were chosen as the additives. Each material was tried at two per-

centages. These percentages were based on findings from the literature. The highest and

lowest amounts that had been used in various studies (Yao et al., 2013) (Jahromi and Kho-

daii, 2009) were chosen. Table 3.1 shows the materials selected and the quantities in which
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Table 3.1. Nanomaterials Added to Asphalt Binder
Nanomaterial Low Percentage High Percentage

Nanosilica 4% 6%
Nanoaluminum 4% 6%

Nanoclay 2% 7%
Nanoglass 3% 6%

they were mixed into the binder.

These materials were added to the binder using a high shear mixer. The mixing tem-

perature was selected to be 150 �C. At first, the binder was mixed with carbon nanotubes,

then checked at the following intervals to determine the proper mixing time:

• 15 minutes

• 30 minutes

• 1 hour

• 2 hours

• 3 hours

After conducting AFM testing on the binders, it was found the the material needs two

hours of mixing time to properly disperse the nanomaterials within it. In addition, rhe-

ological tests were conducted on these samples to determine whether the best possible

homoginization was achieved. Based on the result from the rheological measurements and

the AFM, a two hour mixing time was considered as appropriate.

3.2 TEST TEMPERATURE

The test temperature is an important consideration to evaluate the fatigue cracking resis-

tance of the binder. Multiple methods were considered to choose the temperatures at which
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the binders were tested in this study. For the two preliminary binders tested, a tempera-

ture of 20�C was used in order to understand the behavior of these binders, despite having

different PG grades. However, it was then determined that each binder grade should be

tested at a unique temperature that represents the intermediate temperature for its grade. It

is crucial to test binders at an appropriate intermediate temperature, because these are the

temperatures at which fatigue cracks are most likely to develop. In addition, the binder is

less likely to experience adhesive failure and is more likely to experience cohesive failure at

a truly intermediate temperature, as opposed to a temperature that is too low. ((Poulikakos

and Parti, 2011))

The traditional method used in the Superpave procedure to calculate the intermediate

temperature is to add the high and low grade and divide the result by two, then add four:

TI =
HighGrade�LowGrade

2
+4

In Texas, a similar calculation is performed, although for binders with a high grade

greater than 64, the high grade is replaced with 64 in the equation, effectively capping the

intermediate temperature:

TI =
64�LowGrade

2
+4

The modified formula used by the Texas Department of Transportation is based on the

rationale that in most cases binders with a high temperature grade of PG 70 or PG 76 are

used to accommodate higher traffic volume and/or slower traffic speed via grade bumping,

and not due to high pavement temperatures. However, for several reasons discussed later

in this thesis, the asphalt binders were tested in the RTFO and unaged aging conditions,

rather than the PAV condition. Due to this choice of aging condition, it was more prudent

to choose a criteria that would result in slightly lower temperature values within the typical
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Table 3.2. Poker Chip Testing Temperatures
Binder Grade Calculated Test Temperature DSR Intermediate Temperature

PG 58-10 21 28
PG 58-22 16 22
PG 58-28 18 19
PG 64-10 23 31
PG 64-16 20 28
PG 64-22 18 25
PG 64-28 15 22
PG 64-34 14 19
PG 70-16 22 28
PG 70-22 18 25
PG 70-28 18 22
PG 76-22 18 25

intermediate temperature range. In addition, since this test is focused on creating a realistic

stress state for the asphalt binder, it follows that the state of stress should also include a

realistic temperature. Therefore, a survey of over 300 cities in Texas was conducted. For

each city, the average air temperature throughout each day of the year was found. Then, for

all cities for which a specific binder was the most applicable, based on the 98% confidence

criteria specified by TxDOT, an average was taken of temperature in those cities. The

results were combined to determine an appropriate testing temperature for each binder

grade that simulates the average day in Texas cities that would use that binder. Table 3.2

shows the testing temperatures chosen, as well as the temperature specified by TxDOT for

intermediate temperature testing in the DSR. Average temperatures were rounded to the

nearest degree for simplicity.

3.3 TEST PROCEDURE

The apparatus used for this method of testing was an Instron E1000 universal testing ma-

chine. A plastic chamber was built to surround the testing apparatus, so that the temperature

could be controlled within the chamber. Asphalt binder is highly sensitive to changes in
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temperature, so it is critical to keep the temperature constant throughout the process of

testing. Cold air fed into the chamber at the top (Figure 3.1) while the bottom was either

closed in series or left open (Figure 3.2). If a warmer temperature, close to or above room

temperature, was needed, a hot air source was placed at the bottom opening to feed hot air

into the system. The temperature was controlled to within 0.5�C of the set point using an

electronic module, based on the temperature that it is set on.

Figure 3.1. Instron Universal Testing Machine

Before applying any load to the specimen, the chamber was conditioned for at least 20

minutes at the test temperature to ensure the system was in equilibrium. Next, the load

cell was calibrated to ensure that the system would provide an accurate measurement of the
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Figure 3.2. Temperature Chamber with Bottom Air Flow Open

load. Then, the steel substrates that confine the sample were loaded into the grips (Figure

3.3). The steel substrates had a diameter of 14.6 mm. Five more minutes of conditioning

were required after this step to ensure equilibrium before proceeding with the next step.

After the five minutes had passed, the top plate was lowered manually until it made

contact with the bottom plate, as indicated by a load measurement of 2 N. This was defined

as the zero gap for the specimen. The digital position was calibrated at this point, then

the top plate was raised again to a height of 15 mm. Heat was applied using a small torch

(Figure 3.4) to the bottom plate until it reached a temperature of approximately 100�C. A

small specimen was placed on the hot plate, and allowed to flow to cover the entire plate
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Figure 3.3. Rigid Steel Substrates Used to Confine Binder

and form a film of asphalt binder. Then, the top plate was heated to the same temperature,

100�C. The top plate was then lowered until it was touching the bottom plate with a film

thickness that was 70µm greater than the desired thickness for the specimen. Over the

next seven minutes, as the sample cooled, the top plate was slowly manually lowered by

40µm, while maintaining a compressive stress in the sample close to zero. Then, after

that, the sample was lowered to the proper thickness, and then left to condition at the

testing temperature for eight additional minutes. Finally the sample was trimmed, and then

conditioned for two more minutes.

After this time passed, the load cell was then tuned. Tuning involved using the soft-
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Figure 3.4. Butane Torch Used to Heat Plates

ware to apply a 35 N tension load, followed by a 35 N compression load, and measuring

the deformation in order to calculate the stiffness of the material being tested. Once this

process was complete, the software would output the material stiffness in N/mm. This

step was only done once for each binder series, since binders in the same series had the

same stiffness. This also ensured that the sample did not experience damage, as confirmed

by observing that binders that experienced tuning had the same result as other binders in

the series that did not. Then, the preset test procedure was started. The test procedure

involved a set amount of conditioning time, then the specimen was allowed to relax to

the point of zero load (if any) before starting the test. Tests were conducted by applying
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monotonically increasing loads in either a load-controlled or deformation-controlled mode.

Stress-controlled tests for this study were applied at a uniform rate of 1 N/sec, while strain

controlled tests were performed at various rates of deformation ranging from 100 microm-

eter/min to 600 micrometer/min. Tests were continued on the material until it experienced

complete failure, at which point the material had negligible stiffness.

Figures 3.5 and 3.6 show the typical applied displacement versus time and load versus

time. The tuning process helped ensure that the load equipment was applying loads or

displacements at the desired rates.

Figure 3.5. Typical Applied Displacement vs. Time
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Figure 3.6. Typical Applied Load vs. Time
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CHAPTER 4. RESULTS AND ANALYSIS

4.1 DETERMINATION OF A FAILURE CRITERION

Results from the Strain Controlled Test

One of the most crucial aspects in conducting the poker chip test was to determine an

appropriate failure criterion for the asphalt binders that were tested. In a strain-controlled

test, the stress-strain curve has a clear maximum stress value. The stress and strain at

this value are referred to as the damage initiation stress and damage initiation strain for

the binder (at that specific rate of loading). It is hypothesized that at this peak point the

binder first experiences damage or stress to initiate damage. After this point, the stress

in the binder decreases due to increasing damage to the binder as it continues to deform.

Eventually, the binder reaches a point where the specimen no longer can carry any load.

For the purposes of this study, this point was determined by drawing a straight line along

the portion of the curve that decreases linearly in stress after damage initiation (Figure 4.1).

The point at which this line deviated from the stress-strain curve was called the "ultimate

failure strain" of the material. The strain here signifies the portion of the curve that would

be used to model the behavior of the material in the stress-controlled test.

Results from the Stress Controlled Test

The stress controlled test was conducted using the method as described earlier. Figure 4.2

shows the typical response from a stress controlled test. It is evident from this figure that

unlike the stress controlled test, there is no clear or well defined peak stress or strain that

can be associated with damage initiation or failure.
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Figure 4.1. Determination of the Fit Strain

Figure 4.2. Typical Stress Controlled Test

Linear Viscoelastic Properties

Recall that the objective of this exercise was to determine a failure criterion that is unique

to the material and not dependent on the rate or mode of loading. To this end, it was

hypothesized that the point of departure from the predicted stress-strain behavior using
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linear viscoelasticity on the stress-strain curve would correspond to the point of failure

initiation. As a first step to verify the above hypothesis, it was required to measure the

linear viscoelastic properties on the binder. These properties were measured in shear using

a Dynamic Shear Rheometer (DSR). Figure 4.3 shows a typical creep-recovery curve for

one of the asphalt binders. The creep-recovery curves were measured at two different stress

levels of 5 kPa and 20 kPa at the same test temperature as the poker chip test, 20�C.

Figure 4.3. Typical Creep-Recovery Test

A four-element model was used for the asphalt binders in this study. Then, the point on

the stress-strain curve at which the model deviated from the actual material behavior was

noted. The results indicated that these values corresponded fairly well with the values of

the failure strain that were observed in the strain-controlled tests.

The shear compliance was then calculated using the following equation;

J(t) =
g(t)
t0

Once a data set for J had been developed, the Prony series was used to fit a function to

the data:
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J(t) = Jg +
N

Â
i=1

Ji[1� e
�t
ti ]

Jg , Ji , and ti are material constants, and N is the number of terms used in the series.

The properties measured using the DSR were in fact the shear compliance and not the com-

pliance in tension-compression, which is required to predict the linear stress-strain behavior

in the poker chip test. In order to obtain this property, the time-dependent Poisson’s ratio

for the material is ideal. However, to simplify the analysis, for the purposes of this study,

the Poisson’s ratio was assumed to be constant. The Poisson’s ratio was calculated using

the shear data from the DSR and the tension-compression data from the strain controlled

poker chip test. Note that the strain controlled test is used here because the results from this

test have a clearly defined point of failure. The following paragraphs describe the method

used to determine the Poisson’s ratio.

The compliance function determined in this analysis was then used to fit the data in the

stress-controlled test.

The following equation was used to describe the linear elastic response for a monotonic

test on a thin film, assuming constant Poisson’s ratio:

sz =
E(1�n)

(1�2n)(1�n)
ez

After finding this, the linear viscoelastic response could be found using Laplace Trans-

form:

sz(s) =
sE(s)(1�n)

(1�2n)(1�n)
ez(s)

To relate the relationship between axial and shear modulus, the following relationship

was applied:
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G =
E

2(1+n)

Finally, the stress-strain relationship can be modeled by this equation:

ez(t) = L�1[
JG(1�2n)

2(1�n)
]sz(s)

The Poisson’s ratio was calculated as a part of the fit.

Based on results observed in the testing of these materials, it was hypothesized that the

failure strain initiation and/or ultimate failure strain could be considered material properties

of binders. This included the hypothesis that the initiation and ultimate strains were not

dependent on the rate of loading. This finding would be a very important one, as it can

show that the poker chip can be performed at any appropriate rate, without using expensive

equipment that can perform the test at a very specific rate of loading and still measure a

fundamental material property. To support this hypothesis, various binders were tested at

multiple rates in a strain-controlled test. Figure 4.4 shows one such binder, tested at rates

of 200µm/min and 300µm/min. This binder was tested in the PAV aging condition.

Based on the results seen in Figure 4.4, it appears that the failure strain, or strain at the

peak stress, and ultimate failure strain are very similar at different rates of loading. These

results are further supported qualitatively, by the failure surfaces of the same binder tested

at different rates. Figure 4.5 shows one binder tested at a rate of 200 micron/min and Figure

4.6 shows the same binder tested at a rate of 300 micron/min. It is evident that the binder

exhibited very similar failure behavior regardless of rate of loading. This further supports

the hypothesis that the failure strain is rate independent.

In order to further validate the hypothesis that the failure initiation strain and/or ultimate

failure strain is a unique material property that is independent of the mode and rate of

loading, the results for the stress controlled tests were examined. Figure 4.7 shows a typical
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Figure 4.4. Binder Tested at Two Rates of Loading

Figure 4.5. Failure Surface of a Binder Tested at 200 micron/min

stress-strain relationship from a stress-controlled test. This figure also superimposes the

predicted stress-strain response based on the linear viscoelastic properties measured earlier

for the specific rate of loading. The two curves have a clear point of departure marked in the

39



Figure 4.6. Failure Surface of the Same Binder Tested at 300 micron/min

figure. The strain value at this point of failure was then considered as the failure initiation

strain and compared to the failure initiation strain from the strain controlled tests.

Figure 4.7. Stress Controlled Data and Prediction

Table 4.1 shows the results of this testing. The results appeared to show a good relation-
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Table 4.1. Failure Strains in Stress and Strain Controlled Tests

Material

Failure Strain
Rate 1
Stress

Controlled

Failure Strain
Rate 2
Stress

Controlled

Failure Strain
Rate 3
Stress

Controlled

Failure Strain
Strain

Controlled

PG 64-16 Unaged 0.079 0.077 0.091 0.084
PG 64-16 RTFO 0.120 0.125 0.132 0.140
PG 64-16 PAV Not Tested 0.165 0.185 0.235

PG 58-28 Unaged Not Tested 0.032 Not Tested 0.032
PG 58-28 RTFO 0.063 0.068 0.068 0.058
PG 58-28 PAV 0.085 0.093 0.099 .088

ship between the stress and strain controlled testing for 13 of the 15 tests performed. There

is a bit of variance seen in most of the results. This warrants further study before a failure

strain criteria can be confirmed, but the overall trend observed with regards to failure strain

is a positive one.

4.2 INVESTIGATION OF BINDERS WITH SIMILAR PG

Two pairs of two binders, as described earlier, were evaluated using the poker chip test

method. Several different approaches were taken to analyze the results. The first step was

simply to plot the stress vs. strain of each binder, as measured using the test equipment.

The equipment does not output stress and strain data, but instead provides position and load

data. The digital position provided the original position of the sample based on the location

of the zero gap, therefore providing the specimen thickness. Thus, the engineering strain

could be calculated using the following formula:

e =
L�Lo

Lo

Similarly, the engineering stress could be calculated by dividing the load, provided in

Newtons, by the cross-sectional surface of the specimen, which was a circle of radius 14.6
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mm:

s =
P
Ao

Note that the stress computed this way is not the same as the uniaxial stress in the

direction of loading. This is because of the influence of ends on confining effect of the

thin film in the poker chip geometry, as discussed earlier. These values were calculated at

every point that the equipment measured. The accompanying software was programmed to

collect load and displacement data 10 times per second. Then, the stress-strain data could

be plotted. These plots were useful for making qualitative observations about the data that

was observed in the test.

Figure 4.8 shows a stress-strain curve of a binder that was tested in the poker chip

geometry in a stress-controlled mode. Two replicates of each sample were evaluated, hence

why two curves are seen on the plot. This binder, called Binder 1, had been assigned a

performance grade of 58-28, and was tested in the RTFO aging condition at 18�C, based

on the methods used to determine test temperature discussed earlier. The failure surface of

this binder is shown in Figure 4.9. This failure surface is typical of binders of this grade

tested at a temperature of 18�C in a stress-controlled test.

Binder 2 (Figure 4.10) exhibited similar behavior. This binder was also a PG 58-28

binder, and was tested at the same temperature and aging conditions. The failure surface

for this binder (Figure 4.11) had a similar appearance to the failure surface for Binder 1.

Binder 4 (Figure 4.12) was a PG 64-22 binder that was also tested in the RTFO aging

condition at 18�C. The failure surface for this binder can be seen in Figure 4.13. The

failure surface of this binder also looks similar to Binders 1 and 2, despite being assigned

a different Superpave Performance Grade.

However, not all asphalt binders behaved the same in this testing geometry and condi-
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Figure 4.8. Stress-Strain Curve for Binder 1

Figure 4.9. Failure Surface for Binder 1

tions. Binder 3 (Figure 4.14) was a clear outlier when compared to the other three binders

in this forensic study. This binder was also a PG 64-22 binder, tested in the RTFO aged

condition at 18�C. First, the failure surface of this binder (Figure 4.15) was very distinct

compared to the other three. The cavitation structure on the failure surface of this binder

was observed to consist of much smaller cavities than was observed on the other three.

This qualitative observation was made based on the photograph captured of the failure

surface of the binder. However, as mentioned before, further observations about the binder

43



Figure 4.10. Stress-Strain Curve for Binder 2

Figure 4.11. Failure Surface for Binder 2

can be made based on the plots of stress vs. strain. As expected, the binder first exhibits

linear viscoelastic behavior. Sultana et al. (2014) previously suggested that nonlinear be-

havior begins around 2% strain of the material. However, additional criterion has been

suggested to determine the failure strain, as explained earlier. Although it is much easier

to see the strain corresponding to the peak stress in a strain-controlled test, it can also be

observed in a stress-controlled test, through modeling the behavior of the material using a

four-element model up to the fit strain point found in the strain-controlled test, and then
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Figure 4.12. Stress-Strain Curve for Binder 4

Figure 4.13. Failure Surface for Binder 4

determining the point at which the model deviates from the stress-strain curve in the stress-

controlled test, as shown earlier in this thesis. One clear point, however, is that sometime

after the material begins exhibiting nonlinear behavior, it reaches a plateau at which point

it can take no more stress, and then experiences strain until final failure. This can be seen

on stress-strain plots of both stress-controlled and strain-controlled tests.

However, the length of this period can be different depending on the binder. It was

observed that this period was significantly longer for Binders 1 and 2, which makes sense
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Figure 4.14. Stress-Strain Curve for Binder 3

Figure 4.15. Failure Surface for Binder 3

considering these binders should be less stiff than the binders graded 64-22. However, it

was also interesting to note that Binder 4 also experienced this period of nonlinear straining

for longer than Binder 3, despite both having the same PG grade of 64-22. Figure 4.16

compares the two different PG 64-22 binders that have a very different failure stress and

strain at the same temperature.

Sultana et al. (2014) have previously shown that a binder with higher asphaltene, or

polar, fractions will experience smaller and more frequent cavities in this test, much in
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Figure 4.16. Comparison of Two PG 64-22 Binders in Poker Chip Test

the way that Binder 3 did. A higher polar fraction means that the binder has more resins

and asphaltenes, which are the stiffest component of the binder, and a lower percentage

of saturates and aromatics, which are relatively less polar. Based on the failure surface

structure observed in Binder 3 and the nonlinear stress-strain behavior, it is speculated that

Binder 3 was has higher concentration of certain polar fractions.

Asphalt binder with similar PGs can be distinctly different from one another for many

reasons such as chemical composition. However, in this case it was believed to be due

to the addition of an additive during binder production into the binder before its use in

construction. In order to confirm this hypothesis, x-ray fluorescence (XRF) testing was

performed on all four binders. Qualitative XRF results for all four binders are shown in

Table 4.2.

Based on these data, it appears that Binders 1, 2, and 4 did not have anything added

to them that would appear in an XRF test. However, Binder 3 showed a relatively high

concentration of iron. Furthermore, it was even more interesting to note that none of these
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Table 4.2. Qualitative Concentrations of Metals in Four Binders
Zinc Calcium Iron Vanadium Nickel

Binder 1 Normal Normal Normal Normal Normal
Binder 2 Normal Normal Normal Normal Normal
Binder 3 Normal Normal High Normal Normal
Binder 4 Normal Normal Normal Normal Normal

binders stood out when assigned a high grade with the Dynamic Shear Rheometer (DSR)

in the traditional Superpave asphalt binder grading procedure. Figure 4.17 shows the true

grade of the binder in unaged and RTFO conditions, as well as the MSCR true grade of each

binder. The data here further confirms that the Superpave grading criteria is not sufficient

for classifying the behavior of asphalt binders.

Figure 4.17. DSR Grading Results of Four Binders

4.3 INVESTIGATION OF NANOMATERIALS AS ADDITIVES

As previously mentioned, the last part of this study was to observe the behavior of asphalt

binder modified with nanomaterials using the poker chip geometry. The results from the

testing of each composite without any aging, as well as the unaged neat binder are shown
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in Figure 4.18. These plots show the maximum tensile strength that each of these materials

reached in a stress-controlled test at 1 N/sec. Both the tensile strength at the high and low

percentages of each nanomaterial are shown.

Figure 4.18. Tensile Strength of Unaged Nanomaterial-Modified Binders

Figure 4.19 shows the tensile strengths of the binders modified with nanomaterials after

Rolling Thin Film Oven (RTFO) or short-term aging. Modification took place before the

aging process, and then the binder was aged. For both figures, the values shown correspond

an average of three replicates of each nanomaterial-binder combination tested.

From these figures, it is clear that each nanomaterial had a significant effect on the

strength of the asphalt binder in the unaged condition. The first analysis was conducted

for the unaged material. Nanoclay was not, however, effective at the lower percentage,

although it did show good results at the higher percentage. Nanoaluminum and Nanosil-

ica both showed good results as well, but there was still a discrepancy between the higher

and lower percentages used. Nanoglass, however, showed the greatest improvement in

tensile strength, reaching almost double the stress that the neat binder did. In addition,

it was shown that the difference between using the low and high percentage was negli-
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Figure 4.19. Tensile Strength of RTFO Aged Nanomaterial-Modified Binders

gible for nanoglass, presumably due to good dispersion of the nanomaterials. Compared

to the other materials tested and the failure surfaces observed, it appears that Nanoglass

had the best dispersion of any nanomaterial in the asphalt binder. The failure surfaces for

nanoclay, nanoaluminum, and nanosilica-modified binders were all observed to be non-

uniform. Meanwhile, the failure surface of the nanoglass-modified binder was quite uni-

form in comparison. In addition, this surface had much smaller and more frequent cavita-

tion, as was previously seen in the binder that had been suspected of being modified with a

stiff material. The other binders, given the nonuniform and larger cavitation, are believed

to have failed to disperse the nanomaterials well, leading to clumping causing the fracture

behavior.

RTFO aging, however, told a different story. While nanoglass still had a considerable

effect on the strength of the binders, it was clear that other nanomaterials barely showed an

improvement in the strength of the binder, and some of the higher concentrations actually

caused the composite to decrease in strength. Even nanoglass, the best-dispersed nano-

material, only caused about a 30% increase in the strength of the binder, which was not
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much compared to what happened in the unaged condition. Poker chip testing of the PAV

aged binder was also attempted, but the failure was consistently adhesive. Since the goal

of this study was to determine the material properties, and not the properties of the bond

between the material and the steel substrates, PAV-aged binder was disregarded from the

study for the time being. However, based on the RTFO results, it is currently hypothesized

that PAV-aging will show even less effect of modification with nanomaterials, although

this hypothesis must be confirmed through further poker chip testing. Since fatigue crack-

ing primarily occurs in long-term aged pavements, nanomaterial modification may not be

effective for prevention of fatigue cracks, based on the results seen in this study.

In this study, performance of nanomaterial-modified binders in the poker chip test was

looked at partly in order to evaluate the sensitivity of PG. The evaluation of the overall

influence of nanomaterials on asphalt binder is beyond the scope of this thesis.
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

Many conclusions can be drawn regarding the test procedure and materials employed in

this study.

5.1 CONCLUSIONS REGARDING THE POKER CHIP TEST

1. Given the amount of information provided by a strain-controlled test, it is better to

perform a test of this type rather than a stress-controlled test. In a strain-controlled

test, the failure strain and maximum stress are easier to identify, and the fracture

energy can easily be calculated.

2. Care must be taken to use a high enough strain rate in the test. It is notable that for

very low rates of strain, the binder does not have the same failure strain as samples

tested at higher rates. This has multiple possible causes, most likely due to resolution

of the equipment, and possible recovery taking place during the test.

3. Based on the results seen in strain-controlled testing of the asphalt binders, it appears

that the binder has a relatively similar failure initiation strain and ultimate failure

strain, regardless of the strain rate of the binder.

4. The ultimate failure strain and failure initiation strain can be classified as material

properties of the binder, and can then be used to determine the fit of the model of the

material behavior to the stress-controlled test data.

5. The ultimate failure strain is the considered the point at which the specimen of binder

has no integrity remaining. After this point, it can be assumed that the material can

no longer carry any load.
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6. The failure surface can provide valuable information about the behavior of the binder.

A binder can be classified as more ductile or brittle based on the type of failure seen

on the surface in a stress-controlled test.

7. The failure surface of an asphalt binder can also provide potentially useful infor-

mation about previous modifiers that have been added to the binder. With this in-

formation, a lot of time and resources that have been used to evaluate the binder

characteristics may be unnecessary.

8. This test is relatively simple to perform, and can be done in a more cost-effective

manner, as there are other types of equipment that can perform this test that can be

found at a less costly price.

5.2 CONCLUSIONS BASED ON THE FORENSIC INVESTIGATION

Regarding the evaluation of binders with similar PGs, the following conclusions were

drawn:

1. Binder 3 displayed a distinctly different behavior from the other three binders that

were tested, particularly Binder 4, which had the same PG as Binder 3. This behavior

is consistent with what has been seen in other studies regarding the failure of a stiffer

binder, leading to the explanation that Binder 3 is more stiff than the others.

2. XRF results from Binder 3 and the other three binders confirm that this binder showed

a higher concentration of iron than the other three binders. It is believed that certain

additives were added to the binder to produce this specific binder during the refining

process.

3. DSR testing in unaged and RTFO conditions, as well as MSCR testing in the DSR

failed to produce any warning sign of the stiff, brittle behavior of this binder. This
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confirms that the Superpave DSR testing criteria and PG grading system is not suffi-

cient for labeling the behavior of an asphalt binder.

5.3 CONCLUSIONS BASED ON THE NANOMATERIAL-MODIFIED BINDERS

1. Of the binders tested with nanomaterial additives, all showed a significant improve-

ment in maximum tensile strength over that of the neat binder when tested in the

unaged condition.

2. After RTFO aging, the discrepancy in the strengths of the modified and unmodi-

fied binders was greatly reduced, leading to the conclusion that aging of the binder

diminishes the effect of nanomaterial additives.

3. Of the additives used, nanoglass showed the best results, and significantly increased

the strength of the binder. This can be a viable option for increasing the stiffness of

a binder and preventing fatigue cracking in the field. In addition, this additive could

possibly be used to increase the grade of an asphalt binder as determined using the

Superpave testing process.

4. Based on the failure surfaces of the binders tested, it is most likely that nanoglass

was the only nanomaterial that was well dispersed in the asphalt binder. Nanoglass

showed a uniform failure surface while the other materials showed nonuniform sur-

faces with larger cavitation.
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