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ABSTRACT 

More than twenty Department of Transportations are currently using a wheel tracking test 

to measure rutting resistance of mixtures that already meet volumetric properties (Buchanan, 

2016). With the expansion of using recycled materials and warm mix additives, it is clear that 

using volumetric properties alone to approve asphalt mixture designs is a risky approach.  

Wheel-Tacking tests are among the most widely used methods for evaluating rutting resistance, 

and the AASHTO T 324 (HWT) is the most widely accepted and followed procedure used today 

in the USA (Mohammad, 2015).  However, there are challenges using the HWT among which 

the most difficult are the poor repeatability, time required to complete the test, and the sample 

preparation details.  This study reports on an alternative wheel tracking method called the Rotary 

Asphalt Wheel Tester (RAWT) that can successfully address the challenges currently faced with 

using the HWT device.  The method requires no cutting of the gyratory samples, significantly 

reduces time to complete the test and collect results, and appears to offer acceptable repeatability 

of the results.  The method has existed commercially for more than 15 years, and although used 

only in a few labs, acceptance criteria for the test is already developed by one agency. The study 

includes evaluating an expanded set of mixtures tested at two temperatures, and two air void 

contents. The results of the RAWT are compared with the results of the HWT for a subset of all 

the mixtures tested to show the sensitivity of the RAWT to critical mixture variables. 

 The mixtures included in this study were prepared from two sources, both sources 

utilizing a performance grade (PG) of a ‘58S’, which is a neat asphalt and a PG ‘58H’ grade, 

which includes binder modification. The mixtures were tested at 46°C and 52°C, and compacted 

to three and seven percent air voids. The mixture sources differ in that one was lab produced 

using aggregates from the northern part of the State and is known to have a high moisture 

damage potential, whereas the other source was plant produced using aggregates from the 

southern part of the state and was sampled as loose mixture from a truck and delivered in 

~15,000 gram boxes. The mixture produced from the northern aggregates included samples 

produced with and without the use of anti-strip, resulting in twice as many samples tested than 

those produced from the plant southern source.  
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 The results collected in the study are encouraging in that the RAWT is found sensitive to 

many mix design factors known to impact rutting resistance, including the type and source of 

aggregates, binder grade, air void content, and testing temperature. The RAWT may also offer a 

more practical rutting resistance test due to the device’s configuration. Furthermore, there is no 

sample preparation needed to configure the sample after determining the air void content. To 

complete testing of one sample, a significant amount of time required for the HWT is reduced, 

allowing for multiple samples to be tested per day. Lastly, software is provided with the RAWT 

to conduct the analysis of tested samples. It is also found that variability of test results is 

significantly reduced as compared to the HWT. Considering these encouraging findings, this 

device can be considered a potential alternative to the current HWT device.  
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1. INTRODUCTION 

1.1 Background 

One performance criterion often monitored with asphalt pavements is the ability to resist 

permanent deformation, often referred to as rutting. Rutting is a common failure mode often seen 

in warmer climates and areas with slow moving or exceptionally heavy traffic, such as 

intersections or bus stops. Generally, there are two types of rutting associated with asphalt 

pavements. First, rutting of the mixture layer may happen due to either mix design flaws or lack 

of proper installation processes such as with compaction. A second type of rutting is observed 

when the subgrade begins to experience deformation due to traffic loading or inadequate 

compaction. Performance tests conducted on the laboratory scale to evaluate resistance to rutting 

primarily focus on the first mechanism.  

A second pavement distress that is commonly observed in climate regions with wet and/or 

freezing weather is moisture susceptibility. As with rutting, there are two types of failure caused 

by moisture: adhesive and cohesive. Adhesive failure is characterized by the film of asphalt 

binder covering an individual aggregate being stripped from the aggregate surface. Cohesive 

failure is the change in mechanical response of the asphalt film when subjected to a load. These 

types of failure can be related to the respective asphalt and aggregate source selected, quantity of 

asphalt binder, and the presence of highly plastic materials such as clay disrupting the necessary 

bonds between aggregate and the asphalt binder. Although moisture susceptibility and rutting are 

not mutually exclusive pavement distresses, and any combination of rutting and moisture 

damage could occur in a given pavement, test methods have been developed that quantify each 

distress simultaneously. 

 The Hamburg Wheel-Tracking device was introduced in the early 1990’s and has since 

become the most widely accepted test procedure to measure the permanent deformation as well 

as the moisture susceptibility of asphalt mixtures (Mohammad, 2015). A benefit of testing using 

this procedure is that the test can be conducted in either a wet or dry condition, although the use 

of the dry condition is primarily conducted in research type settings. A benefit of the wet 

condition is that the parameters characterizing the moisture susceptibility may substantiate the 

results of other procedures such as Tensile Strength Ratio (TSR) in AASHTO T 283. However, 
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researchers have demonstrated that measuring the asphalt mixture’s moisture susceptibility has a 

confounding effect on permanent deformation (Bahia and Lyu, 2018). For this reason, the HWT 

may also be tested in a dry condition. Despite the HWT’s vast use and capabilities of being 

tested in different conditions, there are several critical challenges with utilizing this procedure, 

and therefore exploring alternative methods and procedures is justified for better representation 

of asphalt pavement performance in practice.   

 

1.2 Problem Statement 

The HWT test is utilized by many state agencies and industry contractors to measure 

deformation resistance and moisture susceptibility of asphalt mixtures. Despite its widespread 

use, there are several negative attributes of testing with this machine. Care must be taken during 

sample preparation to ensure the saw cut of each replicate creates a consistent joint for the tested 

sample as consistent saw cuts are required to minimize the variability between samples. In 

addition, the test duration may take upwards of eight hours, which does not include the time to 

prepare the sample and the machine for the test. Further, the widely accepted procedure for the 

HWT test, AASHTO T 324, only offers an explanation as to what data from the HWT device 

needs to be analyzed but does not offer any methods for how to do so. It becomes the 

responsibility of the interpreter of the results to calculate and report the parameters required. In 

addition, no precision and bias statements are included for the procedure at this time. For these 

reasons, opportunity exists to improve upon the HWT device to minimize sample preparation 

and testing time, and reduce testing variability while still effectively characterizing rutting and 

moisture susceptibility performance of asphalt mixtures.  

 

1.3 Hypothesis 

The Rotary Asphalt Wheel Tester is a simple and effective alternative to the HWT test to 

characterize the permanent deformation resistance potential of asphalt mixtures.  
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1.4 Objectives 

The specific objectives of this thesis are: 

1. Verify that the RAWT is sensitive to common mix design and mixture conditioning 

factors, such as: 

a. Total air void content  

b. Aggregate source and mix design 

c. Binder modification 

d. Use of anti-strip additive 

2. Compare the critical parameters of the RAWT with those of the HWT in order to 

establish the ability of the RAWT to effectively measure deformation resistance and to 

determine whether a relationship exists between the HWT device and RAWT. 

3. Identify the effect of altering the testing conditions when testing the RAWT, namely: 

a. Changing the test temperature 

4. Conduct a statistical analysis of the collected data to provide commentary on the 

precision of the RAWT.  

 

 1.5 Thesis Outline 

This thesis is divided into five sections that include the following content: 

Section 1: Introduction – This section will include a short background on two pavement 

distresses, permanent deformation and moisture susceptibility. The background is followed by 

the problem statement which entails the current state of practice that measures these two 

distresses and the possible shortcomings of this methodology. The final parts of this section 

include the thesis hypothesis and research objectives.  

Section 2: Literature Review – The literature review summarizes major findings related to the 

thesis topic and identifies knowledge gaps required to advance or improve upon the industry’s 
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understanding of the topic. Permanent deformation and moisture susceptibility have their own 

section explaining the various test methods conducted to measure the respective distress, as well 

as the factors and material properties that influence the response. The HWT test configuration in 

terms of confinement is addressed, as well as the systematic bias from the sample preparation in 

how the aggregates become oriented, in relation to the direction of loading from the respective 

devices. The literature review then shifts towards direct use of the two devices, discussing what 

has been already conducted and the possible shortcomings. The final part of this section focuses 

on the relationship of tested samples between devices, as well as within the same device but with 

contrasting conditions, specifically a wet versus dry condition.    

Section 3: Experimental Plan and Introduction of Test Methods – This section includes the 

testing methodology which explains the controlled factors of the study, the design of the material 

from each source, and an explanation of the devices and the respective procedures to interpret the 

results.  

Section 4: Results and Analysis – This section will present the results using the aforementioned 

procedures. The results will indicate which factors were the most significant in terms of 

performance and the amount of influence each factor had between the respective devices. Lastly, 

an attempt at creating a relationship between devices was formulated using the obtained results.  

Section 5: Conclusions and Recommendations – Concluding remarks about the interpreted 

results from relevant parts of the study are included, as well as suggestions for future research.  
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2. LITERATURE REVIEW 

 The motivation for this research stems from state agencies and contractors alike adopting 

and using the AASHTO T 324, or a modified version, in using the HWT device. Addressing the 

sample preparation details in a simpler manner, minimizing the test duration to be completed in a 

more practical amount of time, offering a standard method to interpret the results, and perhaps 

most importantly, providing precision and bias values to substantiate whether or not results 

obtained are valid. To address all four of these flaws an option would be to look into considering 

an alternative method that would provide both an index of rutting resistance and moisture 

susceptibility.  

 This section provides a background into the general understanding that has been achieved 

by the industry, in regard to the respective section, as well as providing context that will be used 

as justification for relationships formulated between the two devices.  

 The first section describes the types of devices that are available to agencies and 

contractors to measure permanent deformation and moisture susceptibility, which leads towards 

how the selection and design of materials will impact the response of the respective distress. 

Next, aggregate orientation of the sample during the preparation is reviewed and its impact on 

rutting resistance relative to the direction of loading. Also, the testing configuration, whether the 

device provides confinement of the sample, was reviewed to see its impact on the two types of 

distresses. 

  Furthermore, the review leads into direct use of the two devices, bringing to the forefront 

the findings and the possible shortcomings. Also, differing sample geometries for samples using 

the same device, however for a different mixture performance test, created the opportunity to 

make a relationship between the geometries to accurately predict performance. This relationship 

developed for samples is justification for applying the same concept to differing machines that 

measure the same pavement distresses, permanent deformation and moisture susceptibility. This 

literature review serves to address the current state of measuring permanent deformation and 

moisture susceptibility with the HWT device and provides context for justifying the relationships 

and methodologies completed with the RAWT.  
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2.1 Background  

2.1.1 Types of Devices to Measure Permanent Deformation and Moisture 

Susceptibility  

 Both the RAWT and HWT devices measure the permanent deformation and moisture 

susceptibility of asphalt mixtures in the laboratory. Multiple other methods with varying levels of 

industry support have also been developed to measure these parameters and are summarized in 

the table below. This literature review will offer a background on the development of how these 

separate properties of failure are measured and will also shed some knowledge on how to design 

asphalt mixtures to combat these types of failures.  

Table 1 Performance tests that could be considered for use in mixture design and have 

received some level of acceptance in the asphalt industry (FHWA, 2013). 

Property Method 

Standardization Criteria Complexity Equipment 

Method Precision 
Mix 

Design 
Pass/Fail 

Performance 
Prediction 

Model 
Method Analysis Availability Reliability Cost 

Permanent 
Deformation 

AMPT Flow 
Number Yes Yes Yes Yes Moderate  Low Yes High Moderate 

Repeated 
Shear Yes Yes Yes Yes Moderate Moderate Yes Moderate High 

High 
Temperature 

Indirect 
Tensile 

Strength 

Draft No Yes No Low Low Yes High Low 

Asphalt 
Pavement 
Analyzer 

Yes No Yes No Moderate Low Yes High Moderate 

Hamburg 
Wheel 

Tracking 
Device 

Yes No Yes No Moderate Low Yes High Moderate 

Moisture 
Sensitivity 

Tensile 
Strength 

Ratio 
Yes Yes Yes No Moderate Low Yes High Low 

Hamburg 
Wheel 

Tracking 
Device 

Yes No Yes No Moderate Low Yes High Moderate 

 

 



17 
 

 

 

2.1.2 Moisture Susceptibility  

 Moisture damage of asphalt mixtures is predicated by two mechanisms: adhesive and 

cohesive failure. Adhesive failure relates to the asphalt film being stripped from the aggregate 

surface, whereas cohesive failure is a result of changes to the asphalt binder mechanical response 

under load. Mixture components, aggregate and asphalt binder, are brought together to form Hot 

Mix Asphalt (HMA) and the interactions between the separate materials affect the moisture 

sensitivity of asphalt pavements. Adhesion failure between the aggregate and asphalt binder 

could be a result of the sources of materials selected being incompatible with one another, or the 

presence of clay fines on the aggregate. Furthermore, in relation to the binder, the optimum 

asphalt quantity used to achieve the target density of the pavement is also in connection to the 

film thickness, coating of the aggregate, and its significant impacts on cohesion. Moisture 

damage of field pavements could also be a result of high levels of permeability caused by high 

air voids after compaction. If the moisture becomes capable of penetrating the pavement then 

both types of failure are possible.  

 Five primary mechanisms causing the stripping of asphalt pavements were outlined by 

Taylor and Khosla (1983). These mechanisms, which are (a) detachment which is the separation 

caused by water of the asphalt film from the aggregate without any visual break in the asphalt 

film (b) displacement which results from the intrusion of water to the aggregate surface through 

a break in the asphalt film or through the film itself (c) spontaneous emulsion which is the 

formation of an inverted reversible emulsion at the aggregate (d) pore pressure which is the 

increased pressure caused by circulation of trapped water through the void structure of the 

aggregate (e) hydraulic scouring which occurs on surface courses because of a compression-

tension cycle caused by the interaction of tire pressure with surface water, either work 

individually or together to cause the failures of adhesion and/or cohesion. In an effort to combat 

moisture damage in asphalt mixtures many agencies require the use of anti-stripping treatments. 

These treatments vary in that they may be of a liquid form, added to the asphalt binder, or 

hydrated lime, which would be accounted for in the aggregate selection.  

 The liquid form of an anti-strip works to reduce the surface tension in the selected asphalt 

binder. This is accomplished by imparting an electrical charge to the binder that is opposite to 
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that of the aggregate. A typical dosage of liquid anti-strip ranges from 0.1 to 1.0% by weight of 

the asphalt binder and is typically blended into the asphalt binder prior to mixing the binder and 

aggregate together. However, a shortcoming is conceivable in that not all of the additive is 

guaranteed to reach the asphalt-aggregate interface and so another method of adding the liquid 

anti-strip would be by adding it to the aggregate before the process of mixing so that all the 

additive is on the aggregate surface. This however is not ideal either as it is not blended with the 

aggregate and leaves the potential for some interfaces for the foreseeable bonding to not have 

opposite electrical charges. Also, the liquid form may vary in performance from one asphalt 

binder to another.  

 The hydrated lime treatment replaces negative ions on the aggregate surface with positive 

calcium ions, creating improved adhesion between the asphalt binder and aggregate. The lime 

also incurs an added benefit because the molecules cause the asphalt binder ions to be readily 

absorbed on the aggregate surface and are therefore less likely to dissociate and associate with 

water molecules. Lime is typically added in 1.0-1.5% dosages by total weight of the aggregate 

selection. A drawback of using lime is that moisture is needed to activate the molecules, 

resulting in the application of the lime to be a slurry compound. Another factor weighing into the 

decision to use hydrated lime is cost as it is generally much more expensive than a liquid anti-

strip due to the application process.  

 Figure 1 provides an idea of the preference between the certain types of anti-strip by 

state. The differentiation between states can be attributed to a life cycle cost analysis for the use 

of an anti-strip. Agencies are expected to test all anti-strips before production of the pavement to 

see the impact it will have in terms of moisture damage. Lime is often required in the western 

half of the country due to accessibility of it since it is predominantly produced there. Also, the 

inability to control the dosage rate of the anti-strip at the plant is another contributing factor for 

the use of lime. The Midwestern and east coast states need to weigh the advantages of lime and 

see if they outweigh the shipping cost and the cost to attain the material as it more expensive 

than the liquid anti-strip. 
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Figure 1 States that treat HMA for moisture damage (Solaimanian, 2003) 

 As for the test procedure, the vast majority of agencies use a tensile test (AASHTO T 

283, ASTM D4867, or similar), while the small majority is made up of a compressive test 

(AASHTO T115 or similar), retained stability, and wheel-tracking tests. Figure 2 provides an 

idea of the agencies by state that use the certain type of anti-strip and testing procedure.  
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Figure 2 Tests used for moisture susceptibility (Solaimanian, 2003)  

 The other device that is widely used to measure moisture damage is the HWT device. The 

parameters that describe moisture sensitivity are the stripping inflection point and stripping 

slope. More discussion on how these are derived from the data output file will be in section 3. 

However, in a study conducted by Aschenbrener (1995), it was found that the HWT results are 

sensitive to the quality of the aggregate source, asphalt binder stiffness, short-term aging 

duration, refining process, liquid anti-stripping agents, hydrated lime additives, and compaction 

temperature. Further research was conducted by Izzo and Tahmoressi (1999) to confirm the use 

of anti-stripping additives and hydrated lime as well as research by Gogula et al. (2003) to 

confirm the effect of binder stiffness and density. This later research helped to confirm the 

results obtained by Aschenbrener (1995).  

 

2.1.3 Permanent Deformation 

 Rutting is the surface depression or accumulated non-recoverable strain of the asphalt 

pavement that is due to the repeated tire loading. Rutting failure is associated with high 
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temperature and therefore is a concern over summer months. The level of degree the pavement 

may rut is related to the loading rate, or traffic speed, the weight or force that tire loads exert on 

the pavement, and the amount of traffic volume. As the traffic speed decreases or as the force by 

the wheel increases, the potential for rutting will increase, often seen for example at bus stop 

lanes and urban intersections. Rutting may also translate into a safety hazard due to precipitation 

settling in the rutted section of the pavement which can cause vehicles to hydroplane.  

 The two most prominent procedures for measuring rutting in the laboratory are with a 

loaded wheel tracking device and the Flow Number (FN) test. The FN procedure is specified by 

AASHTO T 378 (Mclean, 1974). FN is defined as the number of cycles required for the sample 

to begin exhibiting tertiary creep, or unstable flow. More clearly, FN is the number of cycles 

which corresponds to the minimum rate of change in permanent axial strain. The Asphalt 

Mixture Performance Tester (AMPT) is the device used to measure FN, and is a small servo-

hydraulic device intended for testing specifically asphalt mixtures. The preparation of the 

cylindrical sample, AASHTO PP 60, contributes to the lack of widespread use of this procedure 

as it is much more involved in that samples need to be cored and then cut to fit the mold of the 

AMPT. Furthermore, depending on the level of precision desired, three or four samples need to 

be tested to achieve an indication of the FN. Depending on if the sample is HMA or Warm 

Mixed Asphalt (WMA), the samples need to be conditioned for four or two hours, respectively. 

The sample preparation is simplified, and the number of samples required to be tested is reduced 

for loaded wheel tracking devices.  

 As for loaded wheel tracking devices, many different devices have been developed 

including the Asphalt Pavement Analyzer (APA), LCPC (French) Wheel Tracker, Purdue 

University Laboratory Wheel Tracking Device (PURWheel), Georgia Loaded Wheel Tester 

(GLWT), and one-third scale Model Mobile Load Simulator (MMLS3) (Cooley, 2000). All of 

the listed devices test the samples as a dry condition (temperature-controlled air), but the HWT 

device, PURWheel and MMLS3 are also capable of testing under water as well. Due to the 

confounding effects of testing while submerged in water, the combined impacts of moisture and 

permanent deformation, the use to test dry, despite the lack of standardization for this method, 
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needs more investigation. Literature recently completed and discussed in a later section by Lyu 

and Bahia (2018) successfully correlated the wet HWT device to the dry HWT device  

 The material component of the asphalt binder influencing the rutting resistance is the 

stiffness. The stiffness is dependent upon the binder grade selection, in that modification to the 

binder either increases the stiffness at a specified temperature (PG HT) and/or improves the 

recoverable strain upon unloading the tire load. The addition of polymers, either a plastomer or 

elastomer, to the asphalt binder will help contribute in resisting rutting. An asphalt mixture with 

the use of a polymer is often referred to as a Polymer Modified Asphalt (PMA). A plastomer 

increases the stiffness and toughness of the binder, whereas elastomers are known to increase the 

stiffness and the elastic response (Arshadi, 2013).  

 The load from the tire causes shear stresses at the top of the surface course layer 

producing a significant amount of external energy to the pavement which leads to rutting. The 

aggregate packing skeleton of the mixture also contributes to the stability of the pavement. The 

interlock of aggregates at the interface and the expansion of the packing skeleton is one potential 

explanation for rutting to occur. The gradation, angularity, and shape of the aggregates that make 

up the skeleton are what determine the quantity of expansion and thus rutting. The design of 

HMA is dynamic in which all properties of the aggregate selection must be known to optimize 

the performance of the pavement. Many methods have been developed to reduce the external 

energy absorbed by the aggregate skeleton such as by utilizing a finer gradated mixture which 

leaves less voids for the aggregate structure to expand into. Another concept to increase the 

internal resistance of the mixture is to use a Stone-Mixed Asphalt (SMA) design in which it is an 

open graded mixture that relies on aggregate interlocking, stone on stone contact, to provide the 

rutting resistance.  

2.1.4 Effect of Aggregate Orientation on Permanent Deformation 

 Aggregate orientation may offer a better understanding as to how the pavement will 

respond to sustained traffic loading, which in turn can cause rutting. The density of HMA is the 

most widely used quality control parameter during construction. Despite this measurement being 

controlled in the field, pavements with similar levels of density often display differing levels of 

rutting, leading to the observation that the density of HMA may be misleading in some cases in 
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terms of performance. Coenen (2011) investigated whether aggregate proximity, aggregate to 

aggregate contact points, through digital image processing (DIP) would be an alternative 

indicator of rutting for HMA.  

 One program developed for DIP of asphalt is Image Processing & Analysis System 

(IPAS), in which aggregate proximity, aggregate orientation, and aggregate segregation are 

quantified. By measuring the minimum distance between the surface pixels of adjacent 

aggregates relative to a predefined surface distance threshold, the two aggregates contribute to 

the Aggregate Proximity Index (API). The API was calculated using a range of minimum 

aggregate sizes for two separate gradations. The API was correlated to FN. 

 Coenen (2011) points out a stipulation with this type of testing, loading applied in the 

axial or vertical direction, in that vertical aggregate-to-aggregate contact may play an influential 

role by observing aggregates supporting one another in resisting the applied vertical load and that 

the horizontal contact made by aggregates simply identifies a neighboring aggregate that 

provides no structural support in the vertical direction (Coenen, 2011) . However, API is an 

indicator of the connectivity of the aggregate skeleton and the stipulation is therefore mute. A 

greater API should represent a greater number of vertical and horizontal contact points 

independently.  

 When density is correlated with FN as seen in Figure 3, the samples are limited to a very 

narrow vertical range because the target air voids are held constant. Albeit, distinctions are made 

between aggregate gradation, binder type, and other mixture parameters. However, this leads to 

investigating the relationship between API and FN.   
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Figure 3 Density (or % air voids) versus mechanical performance (Coenen, 2011) 

 When correlating API and FN, Table 2 and Figure 4&Figure 5 show that as the minimum 

aggregate size decreases, the mixtures no longer fall in a narrow vertical range. This finding 

differs when density is correlated with FN as seen in Figure 3. Rather, a positive correlation is 

seen thus indicating that an increased value of API relates to a greater number of cycles to 

tertiary creep, or greater resistance to permanent deformation. This finding, as described by 

Coenen (2011), may be an indication that the currently accepted quality control parameter, 

density, could be misleading and that imaging the internal structure of HMA has the potential to 

better differentiate between mixtures, and even performance.  
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Table 2 API (per 100cm2) for various minimum aggregate sizes (Coenen, 2011) 

 

 

Figure 4 API versus FN for coarse-graded mixtures (Coenen, 2011) 
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Figure 5 API versus FN for fine-graded mixtures (Coenen, 2011) 

 Coenen’s (2011) work proved that the aggregate skeleton between varying mixtures can 

be significantly different as a result of binder rheological and mix design properties, even when 

identical densities are achieved. Thus, indicating that there is not a direct relationship between 

the aggregate skeleton and density for HMA.  

 Sefidmazgi (2014) builds off of that finding by focusing on how to (a) determine the load 

transfer mechanism in the HMA aggregate skeleton and the relation to rutting failure, (b) 

develop a method for aggregate structure characterization in HMA and define the relation 

between aggregate structure parameters and high temperature performance, and (c) to explain the 

aggregate structure formation mechanism during compaction of HMA and determine the main 

factors affecting this process (Sefidmazgi, 2014) .  

 To complete these objectives, Sefidmazgi (2014) characterized the microstructural 

properties of HMA by analyzing both the vertical and horizontal directions. The main reason 

why all image analysis is performed on vertical sections that are cut in the compaction direction 

is because the aggregate skeleton in the loading direction dictates the rutting performance. 

However, Sefidmazgi (2014) acknowledges that loading perpendicular to the compaction 

direction, such as with the Indirect Tensile Test (IDT), is not uncommon.  
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 To conduct the study, Sefidmazgi (2014) selected two mix designs, coarse and fine, as 

well as field cores. Each of these types of samples were prepared and sliced in both the vertical 

and horizontal directions at 15 mm thicknesses as seen in Figure 6.  

 

Figure 6 Mixture samples’ slices (Sefidmazgi, 2014) 

 The Total Proximity Length (TPL) at the ends for the lab compacted samples are smaller 

as seen in Figure 7, which is a result of more air voids being exposed to the sample ends as 

opposed to the middle of the core. The same can be said for the field core surface sections. 

Furthermore, Figure 7 shows that there is significantly higher packing of the aggregates in the 

compaction direction. Consequently, the difference of ~1000 mm/100cm2 could lead to 

significantly different performance and deformation mechanisms of mixtures in two directions.  

  
   (a)          (b)     

Figure 7 TPL measurement for mixtures in: a) vertical direction b) horizontal direction 

(Sefidmazgi, 2014) 
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 Aggregate orientation was also quantified and was defined as the angle between the main 

axis, the axis connecting furthest point of an aggregate, and the horizontal axis in the image 

which varies between 0-180 degrees. As seen in Figure 8, the aggregates of samples sliced in the 

vertical direction see an orientation of the aggregates as perpendicular to the compaction 

direction, which results in the percent occurrence more abundant at 0 and 180 degrees. This 

contrasts with horizontal slices as the aggregates are randomly oriented. These results would 

seem to indicate that there is an effect of compaction direction on the distribution of aggregate 

orientation.  

 

(a) 

 

(b) 
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(c) 

Figure 8 Average aggregate orientation distribution histogram: a) coarse gradation b) fine 

gradation c) field sample (Sefidmazgi, 2014) 

 The axisymmetric characteristics of laboratory compacted samples were also checked by 

cutting each sample in two vertical sections perpendicular to one another, which resulted in four 

sections or eight images as seen in Figure 9a. Again, the aggregate orientation distribution is 

shown in Figure 9b through the means of a histogram and indicate that orientations are quite 

repeatable.  

 

(a)                                 (b) 

Figure 9 a) cutting sections for axisymmetric analysis b) aggregate orientation analysis 

from cutting sections (Sefidmazgi, 2014) 
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 Lastly, the proximity zone orientation was measured for the vertical and horizontal sliced 

samples. A proximity zone with a normal orientation closer to 90 degrees is desirable because 

transferring loads are more efficient since less of the load is transferred in shearing and more so 

at the contact points. Ultimately, increasing the proximity zones in HMA and TPL results in a 

pavement that is more resistive to loads in the direction of compaction and loading. As seen in 

Figure 10 the horizontal slices display a random distribution whereas the vertical slices adhere 

closely to 90 degrees.  

 This distinction of proximity zone orientation in relation to how the samples were sliced 

is vital in understanding the sample performance of the current study. Samples produced in the 

laboratory with a Superpave Gyratory Compactor (SGC) confine the loose mixture during 

compaction and from Figure 10 orient the aggregates at a 90 degree angle more frequently than 

not. The direction in which the HWT device loads the samples is in this same direction, 

promoting the rutting resistance. However, the samples tested in the RAWT device are loaded 

perpendicular to the direction of compaction, leading to inherent bias of the results caused by the 

SGC.  

 

(a) 
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(b) 

 

(c) 

Figure 10 Aggregate proximity zone orientation in horizontal and vertical directions 

(Sefidmazgi, 2014)  

 

2.1.5 Effect of Confinement on Permanent Deformation in Laboratory Testing 

 Figure 3 shows that for the same air void percentage between samples and being tested 

with confinement, the FN is not significantly impacted. Kaloush et al. (2003) focused their study 

on test parameters obtained from laboratory permanent deformation testing of asphalt mixtures 

with an emphasis on FN and Flow Time (FT). The FN is the number of repetitions from a 

repeated load test in which shear deformation under a constant volume begins. FT is generated 

from a static creep test and is the time in which shear deformation under a constant volume 

begins. A mixture matrix of four air void levels and four levels of binder content were used to 
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see the difference between confined and unconfined states of stress to develop a Simple 

Performance Test (SPT). Potential candidates for the SPT included evaluating test parameters 

from the static creep and repeated load permanent deformation tests.  

 Table 3 summarizes the test sections selected from each site, mixture types and 

properties, and the rut depth measured in the field. Static creep and repeated load tests, confined 

and unconfined, using replicate test samples for each mixture were completed.   

Table 3 Average mixture properties and rut depth measured for each test section (Kaloush 

et al., 2003) 

 

 

 Figure 11 is a typical plot of the recorded rut depth for each test section at the ALF site, 

versus the confined FT test. Figure 11 displays good distinction among the varying mixtures in 

that poor performing mixtures had the lowest laboratory FT while good performing mixtures had 

the largest laboratory FT. The authors attest the widespread range of air voids to perhaps 

masking other test parameters from being good indicators to field performance, but would not 

affect the onset of tertiary flow.  
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Figure 11 Rut depth versus confined test FT, ALF mixtures (Kaloush et al., 2003)  

 Figure 12 displays a typical relationship for the FN of repetitions with the rut depth. 

Comparing the correlation values between Figure 11 and Figure 12, the confined tests were 

lower, however, subjectively the two levels of confinement for the respective tests were in the 

same classification rating and this relationship was proven for all mixtures evaluated.  

 

 

Figure 12 Rut depth versus unconfined test FN of repetitions, ALF mixtures (Kaloush et 

al., 2003)  

 To evaluate the SPT test parameters, FT and FN, a sensitivity analysis using a PG 64-22 

binder at contents of 3.9%, 4.55%, 5.2%, and 5.05% were compared in matrix to four air void 
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levels of 1.5%, 4%, 7%, and 10%.  The results in Figure 13 would suggest that both confined and 

unconfined tests are sensitive to changes in air void and binder contents for the samples tested. 

The unconfined results show that an optimal FT value was achievable as a function of binder 

content, but the same could not be said for the confined test. Furthermore, unconfined FT values 

would continue to increase as air voids decrease and did not incur a drop in value at a critical 

threshold, which was present for confined tests.  

 

Figure 13 Sensitivity results for the confined FT test (Kaloush et al., 2003)  

 The FN results in Figure 14 for confined and unconfined testing show that there is an 

optimal binder content that will give maximum resistance to permanent deformation. Also in 

Figure 14, there is a distinct maximum point for each air void content, settling in around 4.55% 

binder content.  
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Figure 14 Sensitivity results for the unconfined FN of repetitions test (Kaloush et al., 2003) 

 Two important conclusions came from this study. First, the unconfined and confined FT 

tests were sensitive to mixture volumetrics. The confined test was considered to lead to more 

rational and fundamental sensitivity relationships as a function of air voids, but was unaffected 

by the optimal binder content. The other, both confined and unconfined FN test results showed 

that relatively larger FN values occurred at air voids less than the critical threshold normally 

accepted in conventional mix design.  

 Tsai et al. (2016) focused their attention on confinement regarding the HWT device and 

suggested improvements to provide more consistent and representative results pertaining to 

AASHTO T 324. The authors identified multiple vulnerabilities of the widely accepted standard, 

one of which addresses the HWT device’s level of confinement and how it defines “rut depth”.  

 First, Tsai et al. (2016) aimed to address the sample setup of the cylindrical sample for 

the HWT device. Three separate models were setup to evaluate the gap and bonding effect on the 

performance of the samples; full bonding, no bonding, and partial contact. The strain and 

displacement distributions of the full bonding model were considerably reduced versus the other 

models, with up to six times the reduction as seen with the no bonding scenario as seen in Figure 

15. The results would suggest that testing SGC samples with the HWT device without any 

bonding could result in localized failures around the saw cut and it was suggested by the authors 
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that the two cylindrical replicates should be glued at the interface, creating this full bonded 

scenario in order to avoid any localized failure modes.  

 

Figure 15 Change in maximum principal strain over time for a mastic element (Note: 

Mastic volume element selected for output extraction is close to the top part of the 

separation surface) (Tsai et al., 2016)  

 Further monitoring was conducted at the specific LVTD locations. The results in Figure 

16Figure 17 show that at locations 5, 6, and 7 there is a significantly higher percent difference in 

the recorded strain values between bonding and no bonding of the interface. This finding would 

suggest that these three stations may not be reliable for inclusion of the HWT device analysis if 

they were not to be bonded.  
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Figure 16 The gap/bonding effect on surface displacement distribution along the traffic 

direction (Tsai et al., 2016)  

 

Figure 17 Percent change in displacement at station (Tsai et al., 2016)  

 Also, the shape of the mold and cylindrical sample tested provide a constraint to shear 

flow. The cylindrical replicates width varies along the path the testing wheel takes and therefore, 

it was expected that the areas with smaller widths would have lower shear stresses and 

displacements due to less asphalt material under stress and considerable amount more of 

confining material. The LVDT locations are located at the sample’s width ranging from 88 mm 

to 150 mm. Tsai et al. (2016) found as seen in Figure 18, that the width versus displacement 

curves converge to a value around 120 mm and suggests that segments less than this threshold 
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are likely to yield lower deformation results. Ultimately, to minimize the shape effect on the test 

results, it was recommended to average the rut depths of the LVDT stations near the center of the 

test sample.  

 

Figure 18 Effect of segment width on HWT device test results: Change in average 

displacement with increasing segment width (Tsai et al., 2016) 

 These recommendations, gap/bonding effect and sample shape effect, were verified by 

using four procedures to measure the rut depth: Avg(6), Avg(5,6,7), Avg(2,3,4,8,9,10), and 

Avg(3,9). Figure 19 provides a schematic of LVTD locations and the procedures outlined by the 

authors all make an effort to avoid measured rut depths at widths of less than 120 mm. The 

results proved that taking the average of stations 2,3,4,8,9,10 or stations 3 and 9 gave more 

representative rut depth data than collecting along the entire length of the sample. The benefits of 

using either of these procedures would be the minimization of risk of introducing bias of 

interpreting the HWT device output results and to reduce the variation of the rut evolution 

curves.  
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Figure 19 HWT device collection at 11 stations and their corresponding sample widths 

(Tsai et al., 2016)  

 As Tsai et al. (2016) discussed, the nature of testing with the HWT device is not with 

uniform confinement, albeit it does have confinement of the sample. The RAWT device 

however, provides zero confinement of the sample. This characteristic of confinement, or lack 

thereof between the separate devices should be considered in the discussion of the results 

because the device that would provide some level confinement would intuitively present a better 

performing sample.   

 

2.1.6 HWT Device Results Variability  

 Azari and Mohseni (2014) aimed to address the variability seen while using the HWT 

device in which the standard, AASHTO T 324: Hamburg wheel-track testing (HWTT) of 

compacted HMA, lacks to provide. In Azari and Mohseni’s (2014) study, the authors provide 

precision estimates as well as providing a thorough analysis in hopes of explaining the variability 

and lack of reproducibility this device has. To generate precision estimates, Azari and Mohseni 
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(2014) determined the variability of test parameters for laboratories with similar results and 

laboratories without similar results. They analyzed these variabilities between mixtures by 

comparing the mean and variance of properties measured at all measurement locations with those 

measured at (a) all except the three middle measurement locations and (b) all except two 

measurement locations at each end. Lastly, they investigated into the causes for the variability 

and proposed modifications to rectify the problems experienced by other professionals.  

 One point of focus for Azari and Mohseni (2014) was the recorded deformation at each 

sensor location. Figure 20 shows the deformation at each sensor as well as the deformation 

versus number of passes for laboratories with repeatable mixtures (a & c) and laboratories with 

non-repeatable mixtures (b & d). Figure 20 also shows that the preferred HWTT parameters are 

for well performing mixtures as the variability is much lower between the different sensor 

locations.  

 

Figure 20 Deformation profile and deformation history of the gyratory specimens of Field 

mixture: (a) deformation profile, labs with similar results; (b) deformation profile, labs 
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with variable results; (c) deformation history, labs with similar results; and (d) 

deformation history, labs with variable results (Azari and Mohseni, 2014)  

 Due to the variability seen in Figure 20, Azari and Mohseni (2014) looked at what sensor 

location had the highest frequency of largest deformation. As seen in Figure 21, at or near the 

midpoint of the sample is where the largest deformation most frequently occurred for gyratory 

samples. Again, this was justified by the higher confinement at the ends and lower confinement 

at the joint, resulting in a slope toward the middle of the specimens and thus generating 

extraneous dynamics in the wheel. 

 

Figure 21 Distribution of Maximum Deformation (Azari and Mohseni, 2014)  

 Due to the variability observed between the sensor locations, Azari and Mohseni (2014) 

analyzed the data in different ways. First, the three middle sensor locations were excluded from 

the average rut depth and creep slope calculation across the sample, resulting in a slight but not 

statistically significant change in repeatability and reproducibility benefitting the samples 

performance. In fact, excluding these three points saw an increase in the number of passes to 

both 6 mm and 12 mm of rut depth and positively impacted the slope of the stripping. The only 

parameter that saw a significant change statistically was the stripping slope.  
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 The opposite was seen when excluding the end measurement locations. These results 

negatively affected the HWTT parameters. The parameters that became statistically significant as 

a result of excluding these four points were number of passes to 12 mm of rut depth and the 

stripping slope. Due to too few variables becoming significant after the exclusion of sensor 

locations, Azari and Mohseni (2014) recommended that all measurement locations should be 

averaged and considered when the HWTT data is analyzed.  

 With the results obtained, Azari and Mohseni (2014) generated precision estimates for 

the various HWTT parameters as seen in Table 4. The values suggested for the COV% are as 

high as 32 for samples tested between laboratories and as low as 14 for samples tested at a single 

lab.  

Table 4 Precision Estimates for AASHTO T 324 (Azari and Mohseni, 2014)  

Precision Estimate for Single-operator Multi-laboratory 

Properties COV% 
Acceptable range of two 

test results (% of mean) 
COV% 

Acceptable range of 

two test results (% of 

mean) 

Rut depth, mm 14.2 40.2 26.0 73.6 

Number of passes to 

threshold rut depth 
16.6 47.0 24.2 68.5 

Number of passes to 

inflection point 
23.9 67.6 32.1 90.9 

Creep slope, mm/pass 16.6 47.0 28.3 80.1 

Strip slope, mm/pass 17.7 50.0 20.8 58.8 
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 Azari and Mohseni (2014) concluded by commenting on the lack of detail that the 

AASHTO T 324 provides to complete a test. For example, the starting position of the wheel, 

alignment of the wheel with respect to the sample, and the measurement locations used in the 

analysis. Furthermore, the inconsistency seen at the joint of the sample was believed to be a 

source for the high variation because the cut determines the specimen length, and thus defines 

the level of confinement at the middle as well as the ends. For example, a larger cut leaves a 

small sample length, leading to the wheel traveling more toward the ends where confinement is 

the highest. As stated previously this will initiate extraneous dynamic effects that lead to uneven 

rutting and premature failure. Azari and Mohseni (2014) ultimately recommended to do away 

with the saw cut of the sample and to explore a material for the mold with a lower stiffness and 

coefficient of thermal expansion than polyethylene to reduce confinement experienced at the 

ends of the samples. Lastly, to include all sensor locations in the analysis as it would provide a 

more comprehensive representation of the entire deformation experienced by the samples.  

 A separate earlier study by Chowdhury et al. (2004) also looked at the variability of 

HWT device. This study was part of an implementation project where seven HWT devices were 

used, five by TxDOT and two by industry contractors, in order to provide training to assist 

technicians in proper procedures for testing and analysis. The data that was collected was used 

for a proficiency study to determine the accuracy and precision of the seven HWT devices.  

 The data reported in Table 5 and Table 6 by Chowdhury et al. (2004) only included the 

averages and standard deviations, respectively. These values were generated from a set of four 

samples, 28 overall samples for each mixture type, that were tested at each lab. The COV% 

values were calculated from the reported data and are also included in Table 5 and Table 6.  The 

idea for reporting the rut depths at 10,000 cycles and number of cycles to reach 12 mm was to 

determine if any systematic differences or biases exist among the seven machines for the two 

different mixtures.  
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Table 5 Rut depth at 10,000 cycles for Limestone and River Gravel mixtures (Chowdhury 

et al., 2004)  

HWT Machine Type D Limestone Mixture Superpave River Gravel Mixture 
Average Std. Dev. COV% Average Std. Dev. COV% 

TTI 5.62 1.47 26.6 6.00 1.87 31.2 
PaveTex 6.40 2.15 33.6 8.05 1.09 13.5 
TxDOT-Chico 6.59 2.12 32.2 7.72 1.91 24.7 
TxDOT-M1 5.09 1.66 32.6 8.98 2.88 32.1 
TxDOT-M2 4.94 0.37 7.5 9.16 2.17 23.7 
TxDOT-M3 5.12 0.92 18.0 8.30 2.34 28.2 
TxDOT-M4 4.36 1.46 33.5 6.54 0.37 5.7 
Average 5.45  26.2 7.82  22.7 
Std. Dev. 0.81   1.18   
COV% 14.8   15.1   

 

Table 6 Number of cycles to reach 12 mm rut depth for Limestone and River Gravel 

mixtures (Chowdhury et al., 2004)  

HWT Machine Type D Limestone Mixture Superpave River Gravel Mixture 
Average Std. Dev. COV% Average Std. Dev. COV% 

TTI 15,050 2,182 14.5 16,550 3,333 20.1 
PaveTex 14,525 2,325 16.0 13,622 2,633 19.3 
TxDOT-Chico 15,399 3,173 20.6 16,465 4,437 26.9 
TxDOT-M1 18,050 2,614 14.5 13,251 3,719 28.1 
TxDOT-M2 16,938 1,779 10.5 11,033 2,847 25.8 
TxDOT-M3 16,250 1,733 10.7 14,976 4,018 26.8 
TxDOT-M4 18,135 2,575 14.2 15,926 2,961 18.6 
Average 16,335  14.4 14,546  23.7 
Std. Dev. 1,435   2,027   
COV% 8.8   13.9   

 

 Despite the standard deviations for some samples differing by nearly one order of 

magnitude, Chowdhury et al. (2004) attest these differences to being a statistical artifact arising 

from the variability inherent in HMA, in conjunction with small sample sizes for each machine. 

Overall, no statistical differences were seen by the authors when comparing the averages 

between machines.  
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 Only looking at the COV% of Table 5 and Table 6 and comparing to the estimates made 

by Azari and Mohseni (2014) indicate staggering discrepancies. Between laboratories for both 

test parameters and mixtures, the COV% are well within the multi-laboratory precision estimate. 

However, all but three rut depths at 10,000 passes exceed the COV% for a single operator. 

Furthermore, the effect of the quality of mixture played a role in the number of machines 

exceeding the COV% for number of cycles to 12 mm of rut depth. All River Gravel mixtures 

exceeded the 16.6% threshold whereas the Limestone saw only one of the seven mixtures go 

over the limit.  

 A concluding recommendation made by Chowdhury et al. (2004) was to modify the data 

analysis procedure by eliminating the rut depth measurement at the midpoint and to use the 

average of the highest five measurements or the remaining ten measurements to produce the rut 

depth measurement, which differs from Azari and Mohseni (2014).    

 Another study focusing on the variability of results from the HWT device was conducted 

by Cox et al. (2013). The objective was to determine whether the existing procedures could 

produce consistent and repeatable results, which can then be used in design and eventually in 

field acceptance tests. It was hypothesized that the lack of standardization for sample preparation 

was the root cause for the variability seen between laboratories.  

 The results of the study are characterized in Table 7 and are ultimately evaluated by the 

COV%. In test cycle 1, equal amounts of aggregate and asphalt binder were distributed to 

participating labs and it was the responsibility of each lab to prepare and test the samples. The 

results for test cycle 1 are based off of two samples being tested at each lab.  

 The difference between test cycle 1 and 2 is only the preparation of the samples, resulting 

in a significant decrease in the COV%. The central lab prepared all samples and distributed them 

among the other labs. The COV% between laboratories, as seen with test cycle 2, is actually 

quite favorable in comparison to the ten total samples tested at the central lab. Test cycle 3 is 

coupled with validation test cycles for samples tested at the central lab, which ultimately 

determined the recommended COV% of 24 for single-lab samples. Furthermore, the precision 

statement for multi-lab samples was 67%.  
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Table 7 Summary of Results of Rut Depths for Test Cycles 1 to 3 (Cox et al., 2013) 

Test Cycle # 1 (six labs) 2 (five labs) 2 (central lab) 3 (central lab) 

Mean, mm 10.91 4.73 4.47 5.60 

Std. Dev. 5.88 0.75 1.15 1.34 

Range, mm 15.98 2.64 3.98 5.42 

COV% 53.9 15.8 25.7 24.0 

 When compared to the precision estimates provided by Azari and Mohseni (2014) there 

is a conflict. The COV% recommended by Cox et al. (2013) exceeds the 14.2% by Azari and 

Mohseni (2014) but the acceptable range of the results of 67% does not exceed the 73.6%. These 

separate studies indicate that variability remains high, for DOTs between states even, and that 

repeatability issues seen with the HWT device should be rectified. 

 To get a better understanding of the variability with the HWT device used at the 

University of Wisconsin-Madison Modified Asphalt Research Center (MARC) relative to 

devices in the area, a comparative study was conducted. The other two devices in the area 

belonged to the Wisconsin Department of Transportation (WisDOT) and Behnke Materials 

Engineering (BME) (MARC, 2017b). To minimize variability during the sample preparation 

stage, BME prepared all samples and shipped them to the other participating laboratories. 

Testing followed AASHTO T 324 protocol and samples were tested at 46oC. Of the 11 Linear 

Variable Differential Transducers (LVDTs), the average of the middle seven rut measurements 

(points 3 to 9) were calculated and used as the rut depth for each recorded pass. The average rut 

depth versus passes curve was then plotted and fitted to a 6-degree polynomial model following 

the modified Iowa DOT approach to determine the creep slope, stripping slope, and stripping 

inflection point (SIP).  

 As seen in Figure 22 samples from each laboratory are included and report the rut depth 

versus the number of passes. It is worth noting that the HWT device at MARC is a single wheel 
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tracker and therefore, sample 1 and sample 2 were tested at different times. Furthermore, the 

curves in Figure 22 did not show a stripping slope resulting in no determination of the SIP. What 

has been shown in Figure 22 has also been summarized by reporting the rut depths and creep 

slope in Table 8.  

 

Figure 22 Rut depth versus number of passes for the HWTT in the three laboratories 

(MARC, 2017b)  

Table 8 Summary of HWTT results from each laboratory (MARC, 2017b) 

 

 Overall, high variability was seen between laboratories as the COV% was 32% for rutting 

depths despite only the one laboratory preparing all samples. A similar value of 38.6% for the 

creep slopes. Moreover, the difference between the highest average maximum rut depth and the 

lowest was just over 3 mm.  
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 Also, the samples tested at MARC displayed some noise, as seen in Figure 22, leading to 

analyzing the variability between the measured rut depth values along the tested sample. To 

achieve this, points 1 through 11 were investigated and the rut depth values at passes 500, 1,000, 

5,000, 10,000, 15,000, and 20,000 were plotted for each sample in Figure 23. The minimum, 

maximum, and average COV% for each sample is viewable in Table 9. 

 

 

Figure 23 Measurements of rut depth at the 11 points along the tested samples of each 

laboratory for different number of passes (MARC, 2017b) 
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Table 9 Summary of COV% for measurements 3-9 from each laboratory (MARC, 2017b) 

 

 The measurements recorded at positions seven and eight for the MARC device were 

consistently much higher than the rest of the measurements. However, the other two laboratories 

attained data that was much more consistent across the seven measurement points. Only the left 

test sample from the WisDOT laboratory had high variability, which would explain the high rut 

depth at 20,000 passes as compared to the right sample. Due to positions seven and eight of the 

MARC device causing the variability, these two points were removed and the same analysis was 

conducted. The updated summary is viewable in Table 10 and Table 11.  

 

Table 10 Updated summary of HWTT results from each laboratory (MARC, 2017b)  
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Table 11 Updated summary of COV% for measurements 3-9 from each laboratory 

(MARC, 2017b) 

 

 

 After removing these two measurement points along the sample, the results from 

MARC’s device became a little bit closer to the results of the other laboratories, dropping its 

COV% from 18.9 to 10.3, respectively. In addition, the creep slopes of MARC and WisDOT 

samples were quite similar, indicating that the BME samples, coupled with the result that BME 

had the lowest average maximum rut depth, might be the outlier in this study.  

 The precision limits stated in the literature suggest that the HWT device is highly variable 

because the limits factor in the variability of the preparation, analysis methods, and try to 

encompass the variability seen from device to device. Any empirical relationship between the 

two devices, HWT and RAWT, would likely be device-specific.  

 

2.1.7 Previous Research Completed Using the RAWT 

 The only study found in the literature using the RAWT was done so by Foreman as part 

of a master’s thesis from the University of Arkansas (Foreman, 2009). The topic of Foreman’s 

(2009) paper was to evaluate the effect of the Voids in the Mineral Aggregate (VMA) on rutting 

performance. The VMA is the volume of void space between aggregate particles which is 

comprised of air and effective asphalt content. The VMA often needs to meet a minimum 

percentage to ensure there is enough space for asphalt binder and air voids in the mixture.  
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 The research was comprised of 24 different asphalt mixture designs using the Superpave 

method. The mixture designs included four aggregate sources (sandstone, limestone, syenite, and 

gravel), two gradation types (coarse and fine), and three levels of VMA (low, medium, and 

high). These mixtures were tested for rutting and stripping in two devices: the Evaluator of 

Rutting and Stripping in Asphalt (ERSA), which is similar to the HWT device, and the RAWT. 

Four samples from each mixture type were tested in ERSA and three for RAWT, respectively.  

 The 24 mixture designs were comprised of a nominal maximum aggregate size (Nmas) of 

12.5 mm and an asphalt binder of PG70-22. For testing in the ERSA, samples were compacted to 

a height of 75 mm at an air void content of 7%±1%. The ERSA was equipped with a 132lb 

wheel and the samples were submerged in a 50°C bath for four hours to ensure even temperature 

distribution. The testing conditions for the RAWT differ in that only a load of 75lb was applied 

and the conditioning of the sample was one hour. In addition, the original plan was to test 

samples at a temperature of 50°C, but because of rapid deterioration of samples the temperature 

was decreased to 40°C. The same air void percentage was targeted.  

 The outputs of the two devices were similar but characterized in different ways. Samples 

were allowed to rut to a depth of 25 mm or to 21,000 cycles in the ERSA. A cycle in ERSA 

corresponds to one pass completed across the sample by the steel wheel.  At the conclusion of a 

tested sample, the parameters analyzed were rutting slope, stripping slope, stripping inflection 

point, rut depth at 10,000 cycles, and the final rut depth or the rut depth at 21,000 cycles.  

 However, the RAWT rotates the sample between three steel wheels at 70 cycles per 

minute. One cycle for RAWT corresponds to one revolution of a wheel. Samples in the RAWT 

were allowed to be tested to 16 mm of rutting or 30,000 cycles. The water bath the samples were 

submerged in was changed every 24 hours or after three samples were tested to ensure no bias 

was instituted into results gathered farther along in the testing plan. An internal sensor of the 

RAWT collected the rut depths at intervals of 30 cycles. The recorded outputs were the 

maximum rut depth at failure, number of cycles at failure, and rut depth per cycle.  

 The results of this study, seen in Figure 24, showed that the ERSA preferred low to 

medium levels of VMA and there was slight favorability for mixtures with finer gradation 
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mixtures but still showed signs of needing more clarity. The distinct result from the RAWT was 

that finer mixes outperformed coarse mixes.  

 

(a) 
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(b) 

Figure 24a/b Mixture rankings for each performance property (Foreman, 2009) 

 The results from the two different devices were somewhat conflicting. A clear correlation 

of aggregate source, gradation type, and VMA level could not be found between the two devices. 

The explanation for the confliction were the differing testing conditions. The ERSA has a wheel 

going back and forth across the sample, prompting Foreman (2009) to state that this type of 

loading is more representative to field conditions. However, the RAWT circulates the sample 

between three wheels in a continuous direction, further prompting Foreman (2009) to state that 

the load motion is more representative of the field. The RAWT was a relatively new device at the 

time of Foreman’s (2009) study, and so the validity of the results could not be confirmed as 

being more or less accurate than the ERSA due to the lack of field data to use in validation. 

 A preliminary study of this current research included testing two types of asphalt mixture, 
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at two separate air voids, and at two test temperatures for both the HWT device and the RAWT 

at MARC (MARC, 2017a). The mixtures consisted of a Light Traffic (LT) and High Traffic 

(HT) mixture and were compacted to 3±1% and 7±1% air voids. The test temperatures were 

50°C and 60°C, respectively. Both mixtures used a PG64-10, however the LT mixture was 

prepared with 20% RAP whereas the HT mixtures were prepared with 50% RAP. A total of 16 

samples were prepared for each mixture and test temperature.  

 The sample preparation was handled by the City of LA, as well as the testing conducted 

using the RAWT. The HWT samples were sent to MARC as 120 mm height samples and were 

cut in half, representing one sample to be tested. Plaster of Paris was used for samples that were 

below the minimum height required by the HWT device mold according to AASHTO T 324.  

 Initial observations from  

Table 12 and Table 13 show that air voids and test temperature can both have a significant effect 

on rutting resistance; lower temperature and/or lower voids results in more resistance to rutting. 

These trends are logical and were proved to be also true for the Wisconsin and Illinois mixtures 

seen in the current study.  

 

Table 12 HWT (a) and RAWT (b) test samples and results for the LT mix (MARC, 2017a)  

Sample 
Group 

Testing 
Temperature 
(°C) 

Maximum 
Passes 

Max 
Rut 
Depth 
(mm) 

 Sample 
Group 

Testing 
Temperature 
(°C) 

Final 
Cycles 

Max 
Rut 
Depth 
(mm) 

1 
50°C           
Air Voids     
(6% - 8%)  

20000 9.58  

1 
50°C           
Air Voids     
(6% - 8%) 

4410 6.02 
20000 7.64  4890 6.03 
20000 9.01  5640 6.00 
20000 8.97  3720 6.01 

2* 
60°C           
Air Voids     
(6% - 8%) 

10172 16.65  

2 
60°C           
Air Voids     
(6% - 8%) 

390 6.00 
7895 17.42  480 6.01 
10162 17.76  450 5.75 
9225 16.55  420 6.14 

3* 
60°C           
Air Voids     
(2% - 4%) 

15265 15.67  

3 
60°C           
Air Voids     
(2% - 4%) 

3840 6.17 
20000 14.72  3930 6.18 
16969 15.43  6570 6.04 
20000 7.36  4740 6.04 
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*Value removed from Figure 25.  

(a)                                                                  (b) 
 

Table 13 HWT (a) and RAWT (b) test samples and results for the HT mix (MARC, 2017a)  

Sample 
ID 

Testing 
Temperature 
(°C) 

Maximum 
Passes 

Max 
Rut 
Depth 
(mm) 

 Sample 
ID 

Testing 
Temperature 
(°C) 

Final 
Cycles 

Max 
Rut 
Depth 
(mm) 

1 
50°C           
Air Voids     
(6% - 8%)  

20000 8.11  

1 
50°C           
Air Voids     
(6% - 8%) 

6900 1.37 
20000 5.91  6900 1.60 
20000 4.68  6900 1.32 
20000 5.55  6900 1.61 

2 
60°C           
Air Voids     
(6% - 8%) 

20000 11.31  

2 
60°C           
Air Voids     
(6% - 8%) 

6510 6.01 
20000 13.07  6510 6.02 
15224 17.35  6630 6.01 
18594 17.80  6900 4.78 

3 
60°C           
Air Voids     
(2% - 4%) 

20000 9.89  

3 
60°C           
Air Voids     
(2% - 4%) 

6900 1.13 
20000 10.45  6900 1.04 
20000 9.02  6900 1.11 
20000 8.65  6900 1.08 

4 
50°C           
Air Voids     
(2% - 4%) 

20000 8.55  

4 
50°C           
Air Voids     
(2% - 4%) 

6900 0.50 
20000 6.63  6900 0.55 
20000 7.75  6900 0.51 
20000 8.06  6900 0.54 

(a)                                                                  (b) 
 

 This study focused on an analysis of RAWT samples at 3±1% versus 7±1% air voids. 

This preliminary study allows the same interpretation to happen but for considering the HWT 

device. Figure 25 shows the effect air voids have on each mixture. Comparison was made 

between the recorded rut depths because for some mixtures, such as LT tested at 50°C, the 

number of passes were equal for both air voids, thus more of a differentiation could be made. 

Furthermore, the sample groups tested at 60°C for LT mixtures were excluded because these 

samples did not undergo the same amount of passes relative to the other mixtures. The data 

points in Figure 25 tend to be near the line of equality and to the right. Also, the spread of the 

4 
50°C           
Air Voids     
(2% - 4%) 

20000 5.64  

4 
50°C           
Air Voids     
(2% - 4%) 

6900 0.58 
20000 6.13  6900 0.55 
20000 8.72  6900 0.58 
20000 8.66  6900 0.55 
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data for each point is much wider in the horizontal direction. Ultimately, the results prove that as 

the density of tested samples increases, the resistance to rutting also increases for HWTT 

samples. 

 

Figure 25 Maximum rut depth for LT (a) and HT (b) mixtures comparing 3% versus 7% 

air voids (MARC, 2017a) 

 To evaluate the RAWT in conjunction with the HWT device, two studies were 

conducted; the first was in collaboration with the City of LA lab during which mixture samples 

were produced at their lab and tested by the RAWT, while replicate samples were sent to MARC 

for testing. A single HWT device was used and two specimens for each of the mixtures were 

tested. Figure 26 shows the comparison of the results of the variability testing for four mixtures 

tested at 50oC and 60oC. Four replicates were used for each mixture. Results clearly show the 

advantage of the RAWT in terms of better repeatability in Figure 26.  The COV% for all mixture 

and test types show that the COV% is greater for the HWT device, further proving the greater 

variability seen with this device. The HWT device COV% ranged from 3.4% to 29.9% and 8.6% 

to 24.1% for LT and HT mixtures, respectively. The RAWT had a range for 0.2% to 3.1% and 

3.6% to 10.8% for the same mixtures, respectively. 
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Figure 26 Comparison of the Coefficient of Variability of Maximum Rut Depth Measured 

in HWT Versus the RAWT (MARC, 2017a) 

 

2.1.8 Relating Varying Sample and Testing Geometry and its Applicability to the 

RAWT 

 In an effort to evaluate and relate the HWT device and the RAWT in terms of rutting 

resistance and moisture susceptibility a study was found in which there was a similar objective in 

relating performance measures across varying platforms. Kandhal et al. (1990) sought to 

investigate premature rutting of asphalt pavements incurring heavy duty loads of traffic. To 

combat this premature failure, pavement engineers generally agree that increasing the size of the 

aggregate utilized in the binder and base courses will minimize this type of rutting. Despite this 

agreement, depending on the mix design procedure, whether it be Marshall or Superpave, a 

maximum size aggregate is enforced in the preparation for laboratory mixtures. Marshall mix 

design prepares samples with a diameter of four inches whereas Superpave prepares six-inch 

samples. It is understandable that these different methods of preparation outline the allowable 

maximum size aggregate due to limited space and volume of the compaction mold. However, 
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Kandhal et al. (1990) saw a potential bias from the collected results between the two methods, 

and thus decided to evaluate and compare performance criteria of four-inch and six-inch 

diameter asphalt samples.   

 The Marshall stability and flow values were tested for all samples, four and six inches in 

diameter, and were compared against one another to find a correlation. The observed trend was 

all six-inch samples exhibited higher stability relative to the corresponding four-inch samples. 

However, a relatively uniform shift factor was observed to correlate results using six-inch 

samples to four-inch; from the experimental data the average of 11 stability ratios was 2.18 and 

the average of 11 flow ratios was 1.44. These values are quite insignificant unless values similar 

to these could be theoretically derived.  

 To compute a theoretical value for Marshall stability, the load applied to the specimen 

was converted into stress reported as pounds per square inch (PSI). An external load applied to 

the circumference of a cylinder may be considered as acting directly on the diametrical cross 

section of the cylinder. The diametrical cross section for a six-inch sample is 22.5 square inches 

whereas the four-inch sample yields 10 square inches. On the basis of unit stress, the authors 

made the conclusion that the total load on a six-inch sample should be 2.25 times the load 

applied to a four-inch sample of the same mixture. For example, if the minimum required 

stability of a four-inch sample is to 1,000 pounds, the six-inch sample would need to achieve a 

minimum stability of 2,250 pounds.  

 The flow of asphalt mixtures is the total movement of the breaking head to the point of 

maximum stability. Considering flow on the basis of unit stress, a six-inch sample will be 1.5 

times that of a four-inch sample. The two derived values of 2.25 and 1.5, respectively, are quite 

similar to the values of 2.18 and 1.44 and would seem appropriate to use these ratios moving 

forward in relating the mixtures across platforms.   

 This example of using geometry-ratios as a basis to correlate performance of asphalt 

mixtures justifies a related comparison to be made between testing configurations of devices 

measuring similar modes of failure. An attempt at deriving a coefficient to relate the HWT and 

RAWT devices was made solely based upon how the samples are loaded. If and when the 

coefficient is applied to the output data and the correlations between the devices are not 
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strengthened, then it is fair to conclude that the separate devices are fundamentally different in 

how they measure permanent deformation and moisture susceptibility of asphalt mixtures.  

 

2.1.9 Proposed Method to Eliminate Confounding Effects of Moisture on Rutting 

Resistance 

 In a study conducted by the Texas A&M Transportation Institute under NCHRP Project 

9-49 (Performance of WMA Technologies: Stage I – Moisture Susceptibility) Yin (2014) 

considered a new method in which interacting effects, loading and stripping effects, affected the 

final rut depth of the wet HWT test. This developed method considers the inflection point of the 

rutting curve, where the slope of the testing trace changes from negative to positive, to be 

defined as the Stripping Number (LCSN). To fit the data from the beginning of the test to the 

inflection point the negative part of the fitted curve was completed by the Tseng-Lytton model as 

seen in Equation 1.   

Equation 1 (Yin, 2014)  

𝜀#$ = 𝜀&
#$exp	[−(

𝛼
𝐿𝐶)

2] 

Where:  𝜀#$	𝑖𝑠	𝑣𝑖𝑠𝑐𝑜 − 𝑝𝑙𝑎𝑠𝑡𝑖𝑐	𝑠𝑡𝑟𝑎𝑖𝑛 

  𝜀&
#$, 𝛼, 𝜆	𝑎𝑟𝑒	𝑡ℎ𝑒	𝑚𝑜𝑑𝑒𝑙	𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 

 

 The slope of the projected visco-plastic strain (𝜀#$) was calculated by the visco-plastic 

strain increment at 10,00 load passes (𝜀FG,GGG
#$ ). Further, this leads to calculation of the permanent 

strain induced by stripping (𝜀HI) by the difference between the total permanent strain and the 

projected visco-plastic strain after the inflection point as seen in Equation 2. 

Equation 2 (Yin, 2014)  

𝜀HI =
𝑅𝐷LM
𝑇 − 𝜀&

#$exp	[−(
𝛼
𝐿𝐶)

2] 
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Where: 𝜀HI is stripping strain 

             𝑅𝐷LM  is rutting depth at a certain number of load 

cycles 

T is thickness (mm) of the HWT test sample 

 

 Lastly, to characterize the moisture of the sample, the stripping life, 𝐿𝐶HI, represents the 

additional load cycles recorded after 𝐿𝐶OP needed for the rut depth accumulated by the predicted 

stripping strain to reach 12.5 mm. The parameters from Equation 1Equation 2 are shown in 

Figure 27.  

 

 

Figure 27 Texas analysis method parameters determination (Lyu and Bahia, 2018) 

 This method operates under the assumption that the inflection point of the curve is an 

indicator of the onset of the stripping. This assumption was confirmed by Lyu and Bahia (2018) 

by comparing the results of eight samples tested in the wet and dry condition of the HWT device.  

 Lyu and Bahia (2018) modified the Texas A&M method by eliminating the first 1,000 

wheel passes of the wheel from the analysis. The HWTT curve is typically characterized in three 

phases: 1) post-compaction phase, 2) creep phase, and 3) stripping phase (Aschenbrener, 1995). 

During phase 1 the rapid reduction in air voids is related to the continual densification after being 

subjected to the wheel load, therefore seeing an initial consolidation in the first 1,000 wheel 
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passes (Yildirim et al., 2007). Despite the varying mixture characteristics of the eight different 

samples prepared, them being different binders, aggregates and gradations, a small variance in 

the HWT device samples is that they are prepared to 7%±1% and is observable as see in Figure 

28. 

 

Figure 28 Relationship between AV contents with the rutting depths at the post-compaction 

phase and the number of passes to failure of eight mixtures (Lyu and Bahia, 2018) 

 There is a high correlation between the fist 1,000 passes and its associated rutting depth 

with the respective air void. However, the same cannot be said for the total number of passes 

with the respective air void, therefore the air void dependent deformation in the first 1,000 passes 

can affect the calculated parameters (CS, SS, SIP, and passes to 12.5 mm) in the wet HWT test. 

Lyu and Bahia suggested removing the first 1,000 passes from the analysis in an effort to 

eliminate the confounding effect of sample air void and post-compaction consolidation.  

 To verify this suggestion, albeit an arbitrary value, a more objective way of defining the 

post compaction phase was to find the point in which the slope of the rutting curve decreases 

significantly beyond the experimental error. As shown in Figure 29, the first derivative of a 

sample tested in the wet condition was graphed with points marked out as to where 80% and 

50%, respectively, was a decrease of the initial slope.  
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Figure 29 A more objective way to define the post compaction phase (Lyu and Bahia, 2018)  

 Table 14 provides a summary of the number passes to the inflection point while also 80% 

and 50%, respectively, of the initial slope for each mixture. To decrease to 80% of the initial 

slope, some of the mixtures only underwent between 200 and 300 passes, which is not enough to 

ensure sufficient consolidation in the post compaction phase. However, the average number of 

passes to achieve 50% of the initial slope was 979. Clearly, some mixtures will severely 

outperform others depending on the mix design characters (W-HT-V28), but searching for the 

50% point was suggested as a reasonable criterion to define the post compaction range as the 

first 1,000 passes in the wet HWT device.  
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Table 14 Summary of the inflection points and passes to 80% or 50% of initial slope (Lyu 

and Bahia, 2018) 

 

 

 Figure 30 is showing the comparison between the two methods. Part a of Figure 30 shows 

that the rutting curve for the dry and wet testing condition differ at the beginning of the creep 

stage. Further, there was no indication of overlapping amongst the data between the dry HWT 

device results and the Texas A&M method therefore making it inappropriate to use any part of 

the wet HWT device rutting curve to predict the dry testing condition. However, part b of Figure 

30 shows that the normalized wet HWT device curve almost overlaps the normalized dry HWT 

device curve in the creep stage, especially in the negative curvature of the wet curve. This mere 

overlap qualifies the use of the negative curvature part of the wet HWT device to predict the 

rutting performance under the dry condition. Even after the creep stage in part b, the projected 

visco-plastic rutting curve was still close to the normalized dry HWT device curve, signifying an 

accurate prediction.   
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(a) 

 

(b) 

Figure 30 Comparison between the original and normalized rutting curves of W-HT-V28 in 

dry and wet HWT device (a) Modeled visco-plastic rutting (𝜺vp) based on the original 

rutting curve – Texas A&M Method (b) Modeled visco-plastic rutting (RDvp(N’)*) based 

on a normalized rutting curve-new method (Lyu and Bahia, 2018) 
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2.2 Summary 

 This literature review aimed to provide a background of relevant findings that directly 

apply to the current study.  The major takeaways of this section are as follows: 

 

Aggregate Orientation – During compaction with the SGC, the mold that is used to compact 

HMA provides confinement. This confinement, in addition to the gyrating motion cause the 

aggregates to orient in the direction of compaction. This is an important consideration because 

the direction of the loading on the samples differs between the HWT and RAWT. The HWT 

device loads the sample in the same direction of compaction, which would promote rutting 

resistance. However, the RAWT device loads the sample perpendicular to the compaction 

direction, which may result in an overly conservative measurement of rutting resistance.  

 

Confinement – The level of confinement differs between the two devices. The HWT device 

provides non-uniform confinement during the test, largely due to the shape effect of the sample. 

The RAWT device provides zero confinement. Intuitively, a device that offers more support for 

the sample against permanent deformation would ultimately perform better than a device that 

does not.  

 

HWT Variability – The literature provided on the variability of the HWT device suggests that the 

device is highly variable. Furthermore, the variability is not consistent across all HWT devices. 

Therefore, an alternative method that is much less variable for measuring these two types of 

distresses should be considered. Also, a standard relationship between the two devices likely 

does not exist due to the variability across HWT devices. The relationship would need to be 

device specific.   

 

Previous RAWT Research – The RAWT device has been used in the past to find a correlation 

across testing devices to see if there was a relationship between devices and mix design factors. 
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In one case, it was hard to make a distinction between aggregate source, gradation, and the VMA 

level. Another study focused on the difference in variability between the HWT and RAWT when 

controlling the air void content, test temperature, and gradation. That study found that the 

RAWT was much less variable than the HWT device.  

 

Geometry Ratio – The sample geometry of one sample to another can be correlated to the 

performance of asphalt mixtures. A relatable ratio, that being across testing platforms, is derived 

to relate the differing loading mechanisms of the two devices. If the ratio does not contribute in 

creating a stronger correlation between devices, it is justifiable to conclude that the devices in 

this study are fundamentally supplying different information about the test sample.  

 

Confounding Effects of Moisture on Rutting with RAWT – To measure the effects that moisture 

has on rutting performance in the RAWT, an analysis that was developed for the HWT device 

was applied.  
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3. EXPERIMENTAL PLAN AND INTRODUCTION OF TEST METHODS 

3.1 Experimental Plan 

Based on the preliminary study of the RAWT device outlined in section 2, the objective for 

the current study is to better understand the sensitivity of the RAWT in terms of: 

• Aggregate source and mix design 

• Binder modification 

• Anti-Strip (AS) effects 

Initially all samples in this study were tested at an air void percentage of 7%, which is typical 

of asphalt performance testing and standard for the HWTT. It was found that at this air void level 

results were generally not able to differentiate among the studied factors (i.e. S vs. H, liquid AS 

vs. no AS, etc.). Therefore, the study was expanded to include all samples prepared and tested at 

an air void content of 3%. This also allowed for the factorial analysis to consider the impact total 

air void content on sample performance in the RAWT.  

Mixtures tested in the RAWT were prepared in duplicate for testing using the HWTT. In 

terms of permanent deformation, the responses that were measured and under review between 

the two respective devices were the number of passes to a specified rut depth and the creep slope 

(rutting rate), which is an indication of how quickly the sample achieved the specified rutting 

depth, if at all. To quantify moisture susceptibility of the asphalt mixtures, the Stripping 

Inflection Point (SIP) and Theta parameter was used for the HWT device and RAWT, 

respectively. The stripping slope was also quantified and gives an indication of how the samples 

responded to the onset of moisture damage in the samples.  

Test temperature was also investigated. The test temperatures selected were 46oC and 52oC; 

46oC represents the current HWTT testing temperature under consideration by WisDOT, while 

52oC is selected in order to provide a sufficient temperature effect; a six degree increase in 

temperature would be expected to approximately halve the binder modulus. In a study conducted 

by Swiertz et al. (2017) using the HWT device at several temperatures, there was a significant 

difference in HWTT parameters between samples tested at 45oC and 50oC.  
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Table 15-Table 16 show the controlled factors of the experimental study as well as the 

responses measured. Note that not all combinations of factors were evaluated for each device 

and/or mixture to reduce experimental cost and time.  

Table 15 Controlled factors of the experimental study 

Factor High (+) Low(-) Comments 

Test Procedure HWT RAWT Compare results of two systems 

Aggregate 
Source and Mix 

Design 

North  South  Compare aggregate source and mix design 

Modification S H Compare effect of binder modification 

Air Voids (AV) 7% 3% Compare effect of percent air voids (density) 

In addition, for some of the combinations of the three above factors, the following additional factors 
were included. 

Test 
Temperature 

46°C 46°C & 52°C Verify sensitivity of RAWT to test temperature 

Anti-Strip 

7% AV  

@ 46°C  

(North Only) 

All combinations 
for North Mix 

Only 

Verify sensitivity of HWT and RAWT to anti-strip 

additive for North mix 

 

Table 16 Responses measured from the experimental study 

Test Procedure  HWT RAWT Comment 

1. Passes to 
given rut depth 

12.5 mm 6.0 mm Overall rutting resistance  
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2. Creep Slope Yes Yes Rutting (deformation) rate 

3. Stripping 
Slope 

Yes Yes Stripping (moisture damage) rate 

3. SIP Yes Yes Overall moisture susceptibility of mixtures 

4. Theta No Yes Overall moisture susceptibility of mixtures 

5. Ipas (Total  

Proximity  

Length &  

Mortar  

Thickness) 

Yes Yes 

Results were not an output of either device. 
Analysis was conducted separately on 

volumetric samples to help justify and interpret 
the results from the two devices.  

 

Samples tested in this study were provided from two different sources labeled for this study 

as North and South. The samples originating from the northern half of the state were prepared at 

the contractor’s lab and delivered the day after completing the preparation of the samples. It was 

a point of emphasis to remain consistent throughout the duration of testing to ensure no 

systematic bias was created. The southern mixtures were plant produced and delivered as asphalt 

blocks straight from the plant in 15,000 gram quantities. The reheating and preparing of the 

asphalt blocks followed the reheating procedure outlined in Lemke et al. (2017) and conditioned 

the samples according AASHTO R30 protocol. The air voids of the southern samples were 

checked after allowing the samples to cool to room temperature as per AASHTO T 166. All 

samples were tested in one location by one operator. Samples tested in the HWT device were 

conducted as per AASHTO T 324. 

The following were the conditions used for testing the RAWT. The conditioning period for 

testing (amount of time the sample spent in the device under a temperature-controlled 

environment) was two hours and all samples were wrapped with plastic wrap as per the manual 

developed by the City of LA (Pine, 2016). The samples were rotated between the three steel 
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wheels at 70 cycles per minute. The samples were permanently deformed for a duration of 6,900 

cycles, where one complete revolution of the sample between the three wheels equals three 

cycles, or to a maximum allowable rut depth of 6.0 mm. The maximum rut depth and maximum 

number of cycle values were determined by the City of LA by evaluating several asphalt 

mixtures in a separate device and relating the performance back to the RAWT device (Villacorta, 

2006). The device was emptied and cleaned after every 24 hours or after three test samples were 

completed (Foreman, 2009).  

 To complete the experimental study, a total of 48 samples were tested allowing for two 

replicates per sample combination. Due to the North utilizing a liquid AS, twice as many 

samples were needed from that source. For each air void content, the North and South sources 

needed to provide 16 and eight samples, respectively.  

 

3.2 Materials 

The mixtures used to complete this study were produced from the northern and southern half 

of Wisconsin, respectively. The northern (“North”) mixes were lab produced, meeting WisDOT 

specification, whereas the southern (“South”) mixes were plant produced and were prepared as 

per the Illinois Department of Transportation (IDOT) specification. Also, the North mix is 

known to require a liquid anti-strip additive for moisture damage resistance as quantified using 

the ASTM D4867, WisDOT Modified Tensile Strength Ratio (TSR) test. Both mixtures were 

produced using a PG 58S-28 and PG 58H-28 binder, respectively, and both mixtures were 12.5 

mm Nmas designation mixtures. Figure 31 includes the Job Mix Formula (JMF) for the three 

different asphalt mixtures. A characteristic from the respective mix designs to make note of are 

the differences in binder replacement. Table 17 shows the respective mix design properties.  

Table 17 North and South mixture properties 

Property 
 

North Mix 
PG58-28 

South Mix 
PG58-28 

WisDOT 
Spec. 
Min. Max. 

Binder Designation S & H S H   
Mix Ndes 75 40 100   
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Produced At Lab Plant   
Design Asphalt Content, % 5.2 5.7 5.9   
Nmas, mm 12.5 12.5   
Anti-Strip Dosage, % 
(By Weight of Total 
Binder) 

0.5 - -   

Percent Binder 
Replacement, At 4% 
Voids, (Pbr) 

22.6 28.8 21.4  25.0 

Voids in Mineral 
Aggregate, %, (VMA) 14.7 15.0 14.6 14.5  

Voids Filled with Binder, 
%, (VFB) 73.0 80.0 79.4 70 76 

Dust to Binder Ratio, %, 
(DP) 1.0 1.01 0.98 0.6 1.2 

% Gmm @ Nini 
% Gmm @ Nmax 

90.2 
96.8 

91.3 
97.0 

87.2 
96.8  89.0 

98.0 
Tensile Strength Ratio, %, 
(TSR) 88.5 85.1 83.7 75%  

 

 Traffic design volumes are converted into an Equivalent Single Axle Load (ESAL) and 

are based upon predominantly by the application of the pavement. The number of ESALs are 

distinguished between traffic level classifications as seen in Table 18 by WisDOT (Wisconsin, 

2018).  

 

Table 18 Traffic level classifications based upon ESALs for pavement application 

(Wisconsin, 2018)  

Traffic Level Classifications 
LT (Low Traffic Volume) £ 2 million ESALs 

MT (Medium Traffic Volumes) > 2 to £ 8 million ESALs 
HT (High Traffic Volumes) > 8 million ESALs 

 

 An LT mix is designed for low volume pavements which will see a low volume of trucks 

during its service life. An MT mix makes up more than half of the pavements built by WisDOT 
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and has many applications such as rural 2-lane highways and urban arterial streets. Lastly, an HT 

mix is designed for heavily trafficked urban arterial streets, 4-lane divided highways, and 

intersections that include increased levels of stopping and turning. To accommodate these greater 

volumes of ESALs, the angularity of the gradation must become more pronounced to resist the 

increased opportunity for permanent deformation.  

 The North mix was lab produced with a total recommended optimum binder content by 

percent mass of 5.2%. The aggregate selection for the North mix design was an MT. The design 

was using a Warm Mix Asphalt (WMA) method of mixing and compaction temperatures of 

275oF and 250oF, respectively. The samples that included anti-strip had an effective dosage rate 

of 0.50% by total weight of the asphalt binder.  

 The South mix was plant produced with the ‘S’ mixture using an optimum asphalt 

content of 5.3% whereas the ‘H’ mixture used 5.5%. Also, the ‘S’ mixture used an aggregate 

selection LT whereas the ‘H’ mixture was designed for an HT. The South mix design was 

completed by using a HMA method of mixing and compaction temperatures of 300oF and 275oF, 

respectively. 

 

Figure 31 JMF for all three gradations including WisDOT limits for a 12.5 mm mixture 
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3.3 Mechanical Testing of Asphalt Mixtures 

3.3.1 Hamburg Wheel-Tracking Testing 

This widely used test procedure to measure rutting and moisture susceptibility of HMA 

submerges compacted samples and utilizes a reciprocating rolling wheel to induce the permanent 

deformation. Test setup and sample preparation for testing can be seen in Figure 32. This method 

seeks to find the premature failure susceptibility due to weakness in the aggregate structure, 

inadequate binder stiffness, or moisture damage by measuring the rut depth and number of 

passes to failure.  

 

Figure 32 Mechanism of loading in the HWT device (Rahman and Hossain, 2014) 

 As seen in Figure 32 the sample preparation is quite involved and includes cutting of the 

sample to fit the mold after density verification. Figure 33 is a schematic from AASHTO T 324. 

The molds that accompany any HWT device may vary from device to device in terms of length. 

Therefore, to achieve a gap distance of 7.5mm, 11mm must be sliced off the end of each 

replicate so that the testing setup follows protocol.    



74 
 

 

 

 

Figure 33 Schematic of cylindrical specimen mounting system (AASHTO T 324) 

 The HWT device operates by taking the laboratory compacted cut replicates, submerging 

in a temperature-controlled water bath, and subjecting a steel wheel producing a reciprocated 

motion over the sample, with the position varying sinusoidally over time. This wheel makes 52 

passes per minute across the tested sample. Due to the stop and go motion of the wheel, the 

maximum speed the wheel will reach while going across the sample will be located at the saw 

cut or exactly in the middle of the tested sample.  

 The rut depth data is recorded during the test for 20,000 passes by the Linear Variable 

Differential Transducers (LVDTs) at the side of the wheel. The collected deflection of the 

LVDTs begins at 0.0 mm each test and records the rut depth with each pass with a maximum of 

11 points along the test specimen. The rut depth is recorded to the nearest 0.01 mm. The average 

of the middle seven rut measurements (point three to nine) in the center of the two samples is 

calculated and used as the rut depth at each recorded pass. The average rut depth versus passes 

curve is then plotted and fitted to a 6-degree polynomial model following the modified Iowa 

DOT approach to determine the creep slope (CS), stripping slope (SS), creep and stripping 

intercepts, and the stripping inflection point (SIP) as shown in Figure 34 (Iowa, n.d.). 
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Figure 34 Determination of HWT test results using the Modified Iowa DOT approach 

The outputs used in the analysis from the HWT device can be seen in Figure 35. The 

deformation is recorded at 11 LVDT locations for every 20 passes the wheel makes while also 

monitoring the temperature. The middle seven measurements (L3 to L9) are averaged and 

plotted. From the plot, the CS and SS are determined manually to ultimately find the SIP. The 

CS is an indication of the rate at which the sample is being deformed. In other words, a constant 

stress is applied along the sample and the deflection is monitored. It is a measure to estimate the 

rutting potential as opposed to using the rutting depth because the number of passes in which 

moisture damage starts to impact the rut depth varies between mixtures.  

The SS is the rate at which the asphalt film (thickness of asphalt binder covering aggregates) 

is being stripped or pulled off. It is a measure of the accumulation of moisture damage. The 

intercept of the SS and CS is the SIP, which is used to evaluate the potential for moisture 

susceptibility.  
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Figure 35 Significant outputs from HWT device 

 

 The preliminary limits for the HWT device for the state of Wisconsin are provided in 

Table 19. The limits only consider the asphalt binder grade (high temperature) as to what the 

passing requirement is.   

 

Table 19 Number of passes required for each asphalt binder grade in Wisconsin 

(Wisconsin, 2018)  

Asphalt Binder Grade Number of Passes to 12.5 mm 
Rut Depth 

Number of Passes to SIP 

PG 76-XX (PG 58E) 20,000 20,000 
PG 70-XX (PG 58V) 15,000 15,000 
PG 64-XX (PG 58H) 10,000 10,000 
PG 58-XX (PG 58S) 5,000 5,000 

 

 As mentioned in the literature review, there are several methods proposed to analyze the 

output data from the HWT device. These methods vary when trying to determine which LVDT 

locations will be considered in the analysis. The methods vary from using a holistic approach of 

the device by including all measurement locations to only using the middle three measurement 

locations (sample width varying at these LVDT locations of 145mm to 150mm). Furthermore, it 

is the role of the interpreter of the results to determine the CS (red line in Figure 34) and the SS 

(green line in Figure 34). Ultimately, this device measures the permanent deformation and the 

moisture susceptibility of asphalt mixtures.  
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3.3.2 Rotary Asphalt Wheel Tracking Testing 

 The RAWT is an alternative method to the conventional HWTT for measuring rut 

resistance of HMA. Despite the development of the RAWT more than fifteen years ago, this 

equipment is not widely used. The city of LA has an official procedure called the “LA 

Accelerated Test Method for Preparation and Determination of Resistance to Permanent 

Deformation and Moisture Susceptibility of HMA by Means of the Rotary Asphalt Wheel Tester 

(RAWT).” 

 The concept of loading for the RAWT is different than the HWT device in the sense that 

three wheels rotate around a gyratory sample as shown in Figure 36 rather than a single wheel 

going back and forth on a cut sample.  

    

Figure 36 Mechanism of loading in the rotary asphalt wheel tester (Modified, 2017b) 

 As shown in Figure 36, the RAWT uses the full gyratory sample and thus eliminating the 

need to cut and align the two replicates from the gyratory compactor required for the HWT 

testing.  This approach reduces the time of preparation, and expedites the process.  It also could 

reduce the variability or errors caused by improper cutting of the gyratory sample, and or 

misalignment of the two sections of the HWT test sample.  

 In addition, by positioning three wheels on the gyratory sample versus just the one for the 

HWT device, time is significantly reduced. The combination of the warm-wet environment and 

the loaded wheels subject the sample to an unconfined rutting and stripping state of conditions. 
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The RAWT device is highly aggressive in verifying the samples structural and stripping 

characteristics. It is characterized as a highly aggressive device because the test duration is 

significantly decreased due to the nature of loading. The sample is loaded on its cylindrical side 

instead on the top surface. The nature of loading is described in a subsequent paragraph.  

 The RAWT device is configured by applying a force to the sample using a dead weight 

system. Despite the wheels being symmetrically configured around the sample, the forces 

applied by the two lower wheels is higher than the force applied by the upper wheel due to the 

weight of the specimen while submersed in water. Each of the lower wheels need to account for 

and provide an additional force to support half of the sample mass, typically weighing between 

2,800-2,900 grams when submerged in water (Pine, 2016).  

 The RAWT device also unifies the loading direction and eliminates the concerns with 

loading reversal and the reality that every point along the HWT sample is subjected to a varying 

speed since the wheel has to accelerate and decelerate twice in each cycle. The outcome in the 

RAWT is therefore considered a more uniform and consistent loading, simulating actual traffic. 

Furthermore, the loading of the sample is on the side and as previously mentioned in the 

literature review, the aggregate orientation plays a role in considering this device aggressive. The 

aggregate structure is orientated perpendicular to this type of loading, which does not allow for 

the skeleton to provide resistance like it would during a HWT test.   

 It should be mentioned that the cyclic loading known to happen under moving vehicles is 

maintained as a sample rotates and not only experiences an increase to the maximum load under 

each wheel but also experiences a decrease to a minimum of half way between any two wheels, 

as shown in Figure 37.  

                                                           
 

           
 

Movement of Wheel in the RAWT 

 

Loading applied at any given point 

on sample under test  
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Figure 37 Mechanism of load application per cycle in the RAWT 

 

 As mentioned earlier, the City of LA has been using this method for more than ten years 

and have found a very good correlation between field performance and laboratory results. Figure 

38 shows examples of field performance and test results of the RAWT as reported by the City of 

LA.  

 

Figure 38 Examples of field performance and laboratory results from the RAWT reported 

by the City of LA (Villacorta, 2006) 

 Another performance indicator, theta (q), is assumed to be a combination of rutting and 

moisture susceptibility of the HMA samples tested. The value of q is determined by Equation 3 

where y is the rut depth test value and x is the number of test cycles at y.  
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Equation 3 Performance indicator theta calculation (Pine, 2016) 

𝜃 = tanVF W
1150 ∗ 𝑦

𝑥 ^ 

where: y is rut depth (mm) 

                                    x is number of cycles at 

 

 A value of q greater than 45 indicates potential moisture susceptibility and stripping of 

the sample tested. Table 20 associates values of q to a traffic load, ESALs, that the City of Los 

Angeles Rotary Asphalt Wheel Tester Method uses. The criteria outlined in Table 20 was 

defined using historical performance information of HMA and previous test results of HMA 

properties.  

 

Table 20 City of LA requirements for theta parameter (Pine, 2016) 

Angle, q 
Traffic Load (ESAL in 

Millions) 

<10 ³30 

<20 10 to <30 

<30 3 to <10 

<40 1 to <3 

<50 0.3 to <1 

 

 The theta parameter is a normalized parameter that takes into consideration the rutting 

and stripping potential of the HMA mix. Theta converts the values of rut depth and number of 
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cycles into an equivalent angle which was characterized in Table 20. A visual representation is 

included in Figure 39. The angle for the sample comes from drawing a line from the origin to the 

end point of the sample. As previously stated, this derived angle is assumed to be a combination 

of rutting and moisture susceptibility. 

 

Figure 39 Rut Depth (mm) versus load cycle forming a 45° angle between the performance 

criteria 

 The value of 1,150 that is used to determine the angle comes from dividing the number of 

cycles by the corresponding rut depth. The passing criterion for the RAWT device is 6,900 

cycles for 6.0mm of rutting. The quotient of the two values gives 1,150. This coefficient value is 

not a standard value to be used across all HMA, as previously described, the cycle duration and 

rutting depth were generated from a separate device the City of LA was using to correlate to the 

RAWT device. The theta parameter would need to be calibrated for different mixtures. In 

Wisconsin, since the passing criterion for an ‘S’ mixture is 5,000 passes to 12.5 mm of rutting, 

the suggested coefficient would be 400. Ultimately, the theta parameter will be compared to the 

SIP of the HWT device to see if there is any correlation between the devices in terms of moisture 

susceptibility.  

 Another feature that contributes to attesting this device to being aggressive and that 

significantly affects the samples performance is the lack of confinement the end caps and 

cantilever beams provide the sample with. When the samples begin to deform, the devices design 
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of suspending the sample between the three wheels does not provide support for the sample 

whereas the HWT device does. When the deformation is taking place between the wheels and the 

contact area of the sample, the sample will inherently begin to bulge out outside of this contact 

area. For some samples, the lack of confinement to prevent this bulging action is not great 

enough to combat the deterioration that has been experienced.  

 The HWT device does not have this issue as these samples are being deformed on the flat 

side whereas the RAWT is on the cylindrical side. The mold of the HWT device does not allow 

the sample to move or bulge in the horizontal direction, hence providing some level of 

confinement. For some samples however, the deformation of the sample becomes too great and 

the bulging action that is seen in the RAWT actually begins in the HWT device where samples 

will be forced up and out. It is important to make note that there is confinement in the field when 

paving HMA except for near the edges of the paving path. Figure 40a and Figure 40b show an 

example of the lack of confinement in the RAWT as opposed to the type of confinement 

provided in the HWT device.  

 

(a)     (b) 

Figure 40 Comparison of sample confinement between RAWT and HWTT 
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3.4 Summary 

 This section (section three) covered the details of the experimental plan of the study 

including the controlled factors of the research, performance parameters monitored and analyzed, 

materials used to complete the study, and the two devices utilized to measure the performance of 

asphalt mixtures in terms of rutting resistance and moisture susceptibility.  

 

Material Selection: The study includes two sources of asphalt mixture that have been used in the 

field. The separate sources are called the North and South mixtures; The North mixture uses one 

JMF for mixtures produced with two asphalt binder grades (PG 58-28 S and PG 58-28 H).  The 

mixtures include aggregates selection that satisfies the requirements for a Medium Traffic level 

(MT) mixture. The South mixture was also produced with the same binder grades (PG 58-28 S 

and H) but used separate JMFs for the two mixtures. A Low Traffic (LT) mixture design was 

used for the ‘S’ binder whereas the ‘H’ mixture uses a High Traffic (HT) mixture design. All 

mixtures in this study had the same Nominal Maximum Size (Nmas) of 12.5 mm.  

 

Hamburg Wheel Tracking (HWT) Device: The first device used to measure the performance of 

the separate mixture sources is the HWT device. The HWT device is used following an 

AASHTO standard method (AASHTO T 324) and it allows measuring the permanent 

deformation (rutting) at 11 different locations across the wheel path. The permanent deformation 

is averaged across the middle seven LVDT’s and the permanent deformation at 5,000 passes for 

‘S’ mixtures and 10,000 passes for ‘H’ mixtures are the acceptance criterion values. The Creep 

Slope (CS) and the Strip Slope (SS) are manually determined from the output data to find the 

Stripping Inflection Point (SIP). Acceptance criterion of the SIP follows the same trend as the 

permanent deformation values.  

 

Rotary Asphalt Wheel Tracking (RAWT) Device: The second device used to measure the 

performance of the separate HMA sources is the RAWT device in which an asphalt sample is 

suspended between three wheels and the load is applied to the cylindrical side rather than the top 
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side as with the HWT device as shown in Figure 40. The permanent deformation is measured for 

every 30 cycles completed and the test is complete when 6,900 cycles is applied without 

deforming more than 6.0 mm. The cycle duration and rutting depth parameters are normalized to 

estimate the amount of moisture susceptibility known as theta. Generally, a theta value less than 

45° is an acceptable sample in terms of moisture susceptibility.  
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4. TEST RESULTS AND DATA ANALYSIS 

As explained in Chapter one, this study seeks to find an alternative method for measuring 

the permanent deformation and moisture susceptibility of HMA. To utilize the RAWT as 

an alternative method, verification of the device in terms of its sensitivity to the level of 

density, aggregate source and mix design, binder modification, and the use of anti-strip 

were evaluated. Concurrently, in addition to monitoring these mix design factors, the 

effects of changing test conditions such as altering the testing temperature are studied.  

Since the HWT is currently considered the preferred wheel tracking test, the critical 

output parameters of the RAWT were compared to those of the HWT device in order to 

establish the ability of the RAWT to effectively measure deformation resistance and 

moisture susceptibility. To estimate the output parameters, the rut depth trend with 

loading passes were analyzed in the same fashion using the Iowa DOT Method used in 

the HWT to check for similarities between the two devices. To further understand the 

relationship between the results of the two devices, the nature of loading in each of the 

devices was analyzed to derive a coefficient that can link the loading mechanisms. Also, 

an image analysis of the mixtures tested was completed to help explain the difference in 

performance of the mixtures from the different sources. Finally, a statistical analysis of 

the collected data was completed to provide commentary on the factors affecting the 

results and the precision of the RAWT. The following section explains the effects of each 

of the factors controlled in the study. 

 

4.1 Factors Affecting the Results of the RAWT 

4.1.1 Effect of Air Void Content 

 To study the effects of air-voids on the rutting resistance of mixtures, samples were 

compacted to 3% voids and 7% voids and tested in the RAWT.  The 3% was selected because it 

is the standard air voids used by the City of LA; the 7% was selected because it is used currently 

for the HWT and required by the standard AASHTO T 324 method.  Since it is known that the 

test temperature can have significant effect on the results, the samples at both air voids were 

tested at 46oC and 52oC. For each test, the results were analyzed to estimate the average cycles to 
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failure and the average parameter theta (q) from the two replicate samples tested for each 

combination of mixture, air voids and temperature.  

 Figure 41 and Figure 42 show the results of the cycles to failure for the samples tested at 

7% and at 3%, respectively. The error bars indicate the minimum and maximum cycle value for 

the respective mix. Results in Figure 41 show that none of the mixtures compacted to 7% air 

voids and tested at 52oC can reach 1,000 cycles regardless of the source of aggregates (South or 

North), binder grade (S or H), or the usage of anti-strip. At 46oC, only two of the mixtures 

produced from the South source of aggregates could reach more than 1,000 cycles, with the mix 

produced with the ‘H’ binder showing more than double the cycles of the same mixture with the 

‘S’ binder. In fact, the results show that there is significant improvement of the resistance to 

rutting (higher cycles to failure) for all mixtures when the “H” binder is used. 

 

Figure 41 Average cycles to failure for mixes tested in the RAWT at 7% air void content 

 The results for the samples compacted to 3% air voids shown in Figure 42 show much 

better resistance to rutting with number of cycles to 6.0 mm ranging from 600 cycles to more 

than 6,900 cycles, which is the maximum cycles allowed in the RAWT device. The trends for the 

effects of binder grade and the effects of temperature are confirmed at 3% voids as all samples 

tested at 46oC show higher cycles to failure than the 52oC; also, all samples with the ‘H’ binder 

giving higher cycles than the same mixtures with the ‘S’ binder.    
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Figure 42 Average cycles to failure for mixtures tested in the RAWT at 3% air void content 

 Comparison of the results from Figure 41 and Figure 42 are shown in an equality plot in 

Figure 43, which shows that the difference in cycles to failure due to decrease in air-voids ranges 

from a few hundred cycles when mixtures tested at 52oC to more than 5,000 cycles for some 

mixtures tested at 46oC.  The deviation from the equality line shown in Figure 43 leaves no doubt 

that air voids are very critical in this test and that using 7% voids is not optimum for the mixtures 

produced with such relatively soft binders as the mixtures cannot be differentiated due to the 

change in mixture design factors.  
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Figure 43 Effect of air void on cycles to failure for samples tested in the RAWT device 

 The theta parameter, which is an indication of the combination of rutting and moisture 

susceptibility is presented in Figure 44. As discussed in Chapter 3, as the theta parameter 

increases the number of ESAL’s the mixture can bear decreases (less resistance to rutting). It is 

clear from Figure 44 that increasing the density of the sample positively impacts the theta 

parameter as all samples fall on the right side of the equality line.  

 

Figure 44 Effect of air void on theta for samples tested in the RAWT device 
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 The theta parameter analysis confirmed that the density of the sample had an extreme 

effect on its performance. Decreasing the air voids of a sample for the sake of seeking 

improvement in performance was not the goal of this variable. The objective was to see if 

common performance trends, among the various mixture characteristics, would be seen at the 

varying levels of air voids. As it turned out, tangible conclusions could not be drawn from the 

target air void of 7% often targeted in the field, while it appears that using the 3% voids as 

recommended by the City of LA Laboratory will give much better and logical differentiation 

among mixtures produced with various sources and binder grades.  

 

4.1.2 Effect of Test Temperature  

 To study the effect of test temperature the samples in the study were subjected to a water 

bath temperature of 46oC and 52oC for the North and South mixtures at all air void contents and 

binder grades. However, the initial high testing temperature was to be completed at 60oC because 

that is the standard temperature the City of LA Laboratory tests at but because of the relatively 

soft binders used in the study, and the RAWT devices nature of testing, in that it applies 

aggressive level of loading which results in rutting in a significantly shorter amount of time, this 

temperature needed to be decreased to 52oC to allow for differentiation between the mixture 

characteristics. The 46oC was selected because that is the temperature used to test asphalt 

samples in the HWT device in the State of Wisconsin.  

 A summary of the results in terms of cycles at the respective test temperatures are listed 

in Table 21. There is a clear difference in the values of cycles to 6.00 mm rut depth between the 

two temperatures, 46oC showing much higher values (more favorable), in regard to the overall 

average, maximum and minimum values.  
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Table 21 Average, maximum, & minimum cycles to 6.0 mm rut depth for 46oC and 52oC 

 46oC 52oC 

Average 2,806 1,286 

Maximum 6,900 5,430 

Minimum  210 60 

  

 Another scatter plot with the X and Y axes showing the values at 46oC and 52oC, 

respectively, is shown in Figure 45. As expected, samples tested at 46oC always outperformed 

their counterparts at 52oC, with data points falling below the line of equality, in terms of cycles 

to failure. The cycles, however, confirm that at 7% air voids the North mixtures are too low and 

difficult to show the distinction due to temperature effects.  The results show that the RAWT 

device can detect the effect of change in temperature as all results fall below the line of equality, 

showing favoritism to the less extreme temperature. 
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Figure 45 Effect of temperature on cycles to failure for the mixtures tested by the RAWT 

 The theta parameter values are plotted in Figure 46 in terms of the testing temperature. 

The results relative position to the equality line reiterates what the cycles to failure output was in 

Figure 45 in that the lower temperature proves to be much more favorable (lower theta values) 

and that the device is capable of distinguishing between the varying temperatures. It is 

interesting to point out that groupings are formed in Figure 46. There are six data points for each 

binder type and it is evident that the theta of the mixtures with ‘H’ samples are always lower than 

the corresponding ‘S’ sample for at 46oC and at 52oC, except for the first grouping closest to the 

y-axis. The binder grade correlations will be explained further in the subsequent section. 
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Figure 46 Effect of test temperature on theta for samples tested in the RAWT device 

 In summary, the testing temperature in the RAWT device is found to be a significant 

factor. The difference in performance of mixtures due to temperature, as shown by the number of 

cycles to failure or the theta parameter indicate that as the test temperature is lowered, the 

samples show higher cycles to failure and lower Theta values. The difference in performance is 

conclusive in stating that at varying test temperatures, at least a 6oC difference, will affect the 

outcome of the data. Therefore, it is necessary to set the testing temperature to an appropriate 

temperature for the binder selection. 

4.1.3 Effect of Binder Modification 

 A PG 58S-28 and PG 58H-28 binder grades were selected to complete this study. These 

grades are typical binders that are used statewide in Wisconsin for application in the field. This is 

evident as the mixtures supplied for this study were designed and prepared from the northern and 

southern part of the state. As shown in Table 22, the ‘H’ binder had a much higher overall 

average than the ‘S’ binder. The South source provided the maximum ‘S’ and ‘H’ mixture. 

However, if the South samples were excluded from the study, the new maximum for the ‘S’ and 

‘H’ would be 1,500 and 5,055 cycles, respectively. The difference between these maximum 

values is similar to the minimum values in that the ratio between is about three. 
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Table 22 Average, maximum, & minimum cycles for ‘S’ and ‘H’ binders 

 ‘S’ Binder ‘H’ Binder 

Average 1,494 2,599 

Maximum 6,900 6,900 

Minimum 60 180 

 

 The effect of binder modification was another confirmed factor in this study. The RAWT 

device proved to detect differences in binder modification and is shown in Figure 47 where the 

results for the ‘H’ samples are plotted on the x-axis with the ‘S’ samples plotted on the y-axis. 

The results indicate samples with ‘H’ binders achieve better (higher cycles to failure of 6-mm) 

than samples produced with ‘S’ binders for both mixture sources and air voids as seen in Figure 

47.  Only one mixture is shown at the equality line. This point was from the South source and 

had reached the maximum of 6,900 cycles allowed by the RAWT device for both grades of the 

binders used.  
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Figure 47 Effect of binder modifications on rutting resistance of mixtures measured by the 

RAWT 

 A plot with a line of equality was also drawn for the theta parameter in terms of the ‘S’ 

and ‘H’ binder modification. The results in Figure 48 show all but one data point falling above 

the equality line, which proves that as the binder modification isn’t as modified, the more likely 

the sample will be susceptible to moisture. However, a visual comparison to the other two plots 

interpreting the theta results (Figure 44&Figure 46) would show that the results in Figure 48 do 

not show as widespread of the data points, possibly indicating that this factor is not as significant 

as the others when being evaluated in the RAWT device. 
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Figure 48 Effect of binder modification on theta for samples tested in the RAWT device 

 It was practical to test samples with varying binder grades because many agencies will 

allow more than one binder to be used for the appropriate road and climate conditions. The 

degree of modification of the binders used in this study proved to be impactful to the data. In 

terms of cycles, the data tended to be favorable towards ‘H’ samples, as to be expected, as well 

as receiving a higher theta value for ‘S’ samples. Despite these logical trends, the spread of the 

data was not as great for this factor, therefore concluding that this factor may not be as 

significant as the factors previously discussed. 

 

4.1.4 Effect of Source and use of Anti-Strip 

 Two different sources of asphalt mixture were selected to complete this project. These 

mixtures were designed and produced at the respective contractor facility for field application in 

the State of Wisconsin and Illinois. The sources originate from separate parts of the state, leading 

to the differentiation in source being termed North and South. Section 3 included a section 
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added to combat this failure mode. The AS is a factor of this study that is only considered for 

samples from the North source.  

 Table 23 is a summary of the results showing the performance in terms of cycles to 

failure for both the North and South source. The values included in this table consider all air void 

contents, binder modifications, testing temperature, and the AS additive. The results show that 

the South mixture significantly outperformed the North source as the overall average was more 

than three times more cycles. The maximum and minimum amount of cycles for any test were 

also more favorable for the South source.   

 

Table 23 Average, maximum, & minimum cycles for North and South sources 

 North South 

Average 1,163 3,812 

Maximum 5,055 6,900 

Minimum 60 450 

 

 The data from both sources was also plotted with an equality line as shown in Figure 49. 

All data points fall below the line of equality, clearly indicating that the RAWT device is capable 

of distinctively showing differences in the design of separate asphalt mixtures. The AS was 

expected to help the performance of the North samples, therefore only those data points are 

plotted with the South samples; keeping in mind that the North data set is twice as large as the 

South data set because of the AS factor in this study. Furthermore, for the sake of making this a 

comparative study, it is acknowledged that an ‘S’ and ‘H’ from one source may not be exactly 

equivalent to that of another source, but that assumption was made to complete the study. Lastly, 

the groupings of the various mixtures, as stated in previous sections, are again apparent.  
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Figure 49 Effect of mixture type/source on rutting resistance as measured by the RAWT 

 The common trend for the theta parameter in this study continues for the distinction 

between source. Figure 49 clearly showed that the South samples outperformed all the North 

samples and the same is true for the theta parameter. In Figure 50, all samples lie above the 

equality line showing that the North samples were more susceptible to moisture. Again, only 

North samples including AS were included in this plot with the South samples. 
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Figure 50 Effect of source on theta for samples tested in the RAWT device 

 As mentioned in Section 3, the North source is known to require an AS additive to meet 

the Tensile Strength Ratio (TSR) requirement. The results of the TSR testing and photos of the 

mixture samples before and after use of the anti-strip additives are shown in Table 24 and Figure 

51, respectively.   The TSR increased from 61.5% to 99.9% indicating clear effect of the anti-

strip additive. Also, the pictures in Figure 51 show the impact of the additive. It is important 

however to point out that the North samples with anti-strip would be an acceptable mixture for 

WisDOT.  

 

Table 24 North PG 58S-28 samples with and without anti-strip tested for TSR 

Without Anti-Strip With Anti-Strip 

Replicate Dry, PSI Wet, PSI Replicate Dry, PSI Wet, PSI 
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A 101.1 63.6 A 103.3 104.2 

B 107.2 62.1 B 106.0 110.0 

C 103.3 66.1 C 101.5 102.6 

D 110.9 67.8 D 101.6 95.3 

Average 105.6 64.9 Average 103.1 103 

SD 3.75 2.2 SD 1.83 5.24 

TSR 61.50% TSR 99.90% 

 

 

Figure 51 Visual representation of samples tested for TSR with and without anti-strip 

 The North mixture with and without AS were tested in the RAWT and the results of 

cycles to failure are presented in Table 25. The comparison does not show that the RAWT can 

detect the effects of the AS at all since the cycles to failure are higher for the neat samples for the 

average, maximum, and minimum.  This is not totally surprising as wheel tracking devices can 

confound the effects of rutting and moisture damage (as discussed in the Literature Review), and 

for some mixtures, it is difficult to separate the rutting from moisture damage.  
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Table 25 Average, maximum, & minimum cycles for neat and AS samples from North 

Source 

 Neat AS 

Average 1,266 1,164 

Maximum 5,460 4,230 

Minimum 90 60 

 

 The two factors discussed in this section were the effect of source and AS. It was a 

practical strategy of this study to include an asphalt mixture from varying parts of the state which 

utilize these exact mixtures for pavements in the field because the design and quality of the 

material, as shown by the RAWT device, can have a significant impact on performance. The 

South source was clearly characterized by the RAWT as the superior source. However, despite 

the RAWT device’s ability to make a distinction between the source, it could not detect the 

usage of AS. On the contrary, samples without AS (Neat) outperformed samples with AS, which 

is the opposite of what the reported TSR results show. Further research is recommended with the 

RAWT device to see if the effect of AS may be detected. 

 

4.1.5 Summary of Significance of Controlled Factors on the RAWT Device Results 

 An ANOVA analysis was conducted to evaluate the significance of effects of the mix 

factors controlled in this study on rutting resistance measured by the RAWT. The factors 

included mixture source, air void content, test temperature, and binder modification. The 

response evaluated is the average cycles to 6.00 mm rut depth. A quantitative value was given to 

each of the factors to complete the ANOVA. First, air void content and test temperature are 

already quantitative measures and so the exact values targeting three and seven percent air voids 

were used and the testing temperatures of 46oC & 52oC were used. However, evaluating the 
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North and South sources were done by including the average contact length of the aggregate 

structure. The values of 11.1 and 17.5 for the North and South source, respectively, were used 

and are explained further in section ‘4.3 Image Processing and Analysis System (IPAS) for 

North and South Mixtures’. Furthermore, the evaluation of the binder modification between the 

‘S’ and ‘H’ were characterized by the estimated non-recoverable creep compliance (Jnr). The Jnr 

is used to determine the presence of elastic response in an asphalt binder and is an indicator of 

the resistance of an asphalt binder to permanent deformation under repeated load. To account for 

higher traffic loading, the stiffness of the asphalt binder is increased, which in turn reduces the 

compliance.  

 IN DETERMINING THE JNR THE ACCEPTANCE CRITERION OF A MAXIMUM VALUE OF 4.0 KPA-1 AND 2.0 

KPA-1 WERE USED FOR STANDARD AND HEAVY TRAFFIC, RESPECTIVELY. ALSO, THE AMOUNT OF RECYCLED 

MATERIAL IN THE MIXTURE CONTRIBUTES TO THE OVERALL STIFFNESS. THE AGGREGATE BLENDS FOR THE MIXTURES 

PROVIDED IN THIS STUDY ARE INCLUDED IN THE  

 

 

Appendix and show varying amounts of RAP used. The North source used 20% RAP for both 

the ‘S’ and ‘H’ mixtures whereas the South source used 41% RAP for the ‘S’ and 30% for the 

‘H’ mixtures, respectively. In addition, a ‘H’ binder is assumed to have twice the elastic modulus 

as a ‘S’ binder, therefore a coefficient of one was applied to the ‘H’ and a half for the ‘S’. The 

values generated to characterize the binder modification were done so by using a blending 

equation. The acceptance criterion of either four or two was multiplied by the percent of the 

mixture that did not include RAP; for example, the North ‘S’ sample was four * 80% (20% 

RAP). This value was added to the function multiplying the coefficient of 0.5 to the RAP content 

of 20%. 

 An initial analysis was conducted on the main effects in this study: source, air void 

percentage, temperature, binder modification, and number of replicates. The replicates were 

considered as a factor in the analysis to see if the variability between samples is significant. 

Table 26 summarizes the analysis of the main effects. The coefficient of determination (R-
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squared adjusted for the main effects show a value of 80%, which indicates the main factors 

considered can explain the majority of the variation the cycles to the maximum rut depth.  

 

Table 26 Summary of Fit, Analysis of Variance ,and the Effect of Tests 

 

 

 The results indicate that all main effects in this study were significant except for the 

replicates. This finding agrees with the results provided in previous sections where each of the 

controlled factors drastically influenced the amount of cycles to failure.  

To evaluate if there were any interactive effects of the main factors, the quantitative 

values characterizing the factors in this study were also multiplied by each other and included in 

the multiple linear regression. The analysis of interactive factors showed that the interactive 

factor that have the most significance is the interaction of air void content (AV) and binder 

modification (BM). This result is logical because the equation to determine the blended effective 

Jnr of the modified binders included RAP, which is known to influence the air void content.  As 

shown in Table 27, adding this indicative factor provided a greater coefficient of determination 

(R squared adjusted) of 85% as compared with 80 % for the model without interactions.  

 

Table 27 Summary of Fit, Analysis of Variance, and Effect of Tests with Interactions 
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 The ANOVA showed that all effects remained significant in addition to the interaction of 

air void content and binder modification. An estimate for the coefficient of each effect is also 

found and used for showing a predictive equation for the number of cycles to failure as a 

function of the significant factors as shown in Equation 4. 

 

Equation 4 Determining cycles to failure for significant effects in study 

𝐶𝑦𝑐𝑙𝑒𝑠	𝑡𝑜	𝐹𝑎𝑖𝑙𝑢𝑟𝑒 = 189.04 + (347.20 ∗ 𝑆𝑜𝑢𝑟𝑐𝑒) − (14.80 ∗ 𝐴𝑖𝑟	𝑉𝑜𝑖𝑑	%) −

(2.46 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) − (0.25 ∗ 𝐵𝑖𝑛𝑑𝑒𝑟	𝑀𝑜𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛) + (0.03 ∗ ′𝐴𝑉 ∗ 𝐵𝑀q)  

 

 The coefficients in the equation above is logical in determining the amount of cycles to 

failure in terms of the signage of the coefficients and the expected effects on cycles to failure. 

First, the source has a positive sign which is expected because the source is represented by the 

contact length per square centimeter of the aggregates in the sample and as that value of contact 

length increases the number of cycles to failure is expected to increase. Air void percentage, 

temperature, and binder modification all have negative signs which is also logical as all these 

factors increase, the number of cycles to failure will decrease because the mix is weaker and 

should show more rutting. Lastly, the interaction between air void percentage and binder 
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modification carries a positive sign. This is not logical as both variables when increased should 

decrease the total cycles to failure. However, this could be explained by the effect of RAP which 

could increase the stiffness of the mixture at a given voids content.   

 

4.2 HWT Device in Relation to the RAWT 

 Since the HWT Device is currently the most widely accepted wheel tracking method, it is 

useful to compare the results from the RAWT to those of the HWT for the same mixtures and 

evaluate if there is some sort of equivalency between the results of the two devices.  One of the 

challenges, however, in establishing the comparison is the voids content of the mixtures 

recommended for each of the tests.  As explained earlier, the RAWT appears to give the best 

results when voids content of the samples is at 3% while the standard HWT procedure requires 

that the voids be at 7%. The following sections includes the comparison with consideration of the 

variation in voids. 

 

4.2.1 Relating Raw Data Values 

 Table 28 includes the number of cycles to failure in the RAWT (6.0 mm) for some of the 

mixtures tested in both devices.  It should be noted that the failure in the HWT is 12.5 mm as 

defined by many states’ agencies, however for this comparison the number of cycles in the HWT 

to 6.0 mm are listed.  As shown in the table, the samples in the RAWT are reaching the 6.0 mm 

failure limit at much lower cycles in comparison to the HWT device. Based on the ratio 

calculated in the last row of Table 28, at 7% air voids this ratio of cycles in the HWT to RAWT 

varies between 4.0 and 21.6, while it varies between 2.6 and 11.6 for samples with 3% voids, 

which indicates that finding a common conversion factor that will equate the HWT with RAWT 

in terms of cycles to failure is not possible. However, it appears that there are important 

similarities between the effect of the mixture variables. For example, both devices show that the 

performance of mixtures with ‘H’ grade binders are always better than for the same mixtures 

with the ‘S’ grade binders. The ratios of the cycles to failure ranges from 1.47 to 4.01 depending 

on the voids and the use of AS. It can also be seen in the table that the samples with 3% voids 
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show higher cycles to failure than the 7% voids in both devices, and finally it is observed that the 

South ‘S’ mixes always show more cycles to failure than the North ‘S’ mixtures in both devices.   

 The simple analysis of the data shown in Table 28 can therefore show the RAWT and 

HWT show very similar changes in relative performance when binder grade, mixture source, and 

voids are changed. This is a promising trend since although there is no simple equivalency, there 

are similar sensitivities to mixture important variables.  

 

Table 28 Duration and relation to failure for RAWT (7% & 3% samples) and HWTT 

Cycles 
to   6-
mm rut 
depth 

North S 
Neat 
7%    3% 

North S 
A.S. 
7%    3% 

South S 
7%    3% 

North H 
Neat 
7%    3% 

North H 
A.S. 
7%    3% 

South H 
7%    3% 

RAWT 
(No. of 
Cycles) 

270 1,260 240 1,500 1,905 6,900* 690 5,055 540 4,185 4,155 6,900* 

HWTT 
(No. of 
Passes) 

4,640 17,490* 5,190 17,350 11,320 NA** 11,190 NA 7,580 NA** 16,590 17,830* 

Ratio of 
HWT/ 
RAWT 

17.2 13.9 21.6 11.6 5.9 NA 16.2 NA 14.0 NA 4.0 2.6 

Ratio of H to S (RAWT) 2.56 4.01 2.25 2.79 2.18 NA 

Ratio of H to S (HWT) 2.41 NA 1.46 NA 1.47 NA 

NA: Samples did not reach 6.0-mm after 20,000 cycles; *: test stopped at maximum cycles 

before reaching 6.0-mm 

 

 Because of the differences in mechanism by which the load is applied in the RAWT and 

HWT, and the criteria to failure, it is more useful to compare the relative rate of rutting for the 

various samples tested rather than the cycles to a given rut depth. Using the CS, which represents 

the rutting rate before the SIP, Figure 52 provides the correlation between the CS values from the 
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separate devices using the 7% air voids and the 3% air voids samples. The CS values of both 

devices have a strong correlation of 83%, meaning that the ranking based on the rate at which the 

samples deformed is relatively the same. However, the rates of rutting are much higher for the 

RAWT as compared to the HWT device; in fact the correlation shows that on average the RAWT 

CS is about ten times the CS value of the HWT device, which confirms that the sample size and 

loading mechanism is different.   

 

Figure 52 Correlation of CS between HWT and RAWT for 7% samples 

 To further analyze the performance in the two devices, the results of three mixture types 

tested in the HWT device at 3% air voids are compared in Table 29 with the RAWT for the SS 

and the SIP. This is done to see if there was a strong correlation between the two devices. As 

seen above, the CS had a strong correlation with the SS and SIP having weaker correlations at 

7% air voids. However, when the density was increased the correlations did not improve, and 

actually had a significant drop off. The CS, SS, and SIP correlations were 28%, 22%, and 14%, 

respectively. The results of samples with a higher density are provided in Table 29. 
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Table 29 CS, SS, & SIP results for 3% mixtures for the HWT and RAWT 

Temperature 
°C 

Mixture 
Type 

3% Air Void (HWT) 
CS             SS             SIP 
     mm/1000passes       Passes 

3% Air Void (RAWT)  
CS             SS             SIP 
    mm/1000passes        Passes  

46°C 

North S 
Neat -0.15 -0.75 15,769 -0.8 -45.0 1155 

North S 
A.S. -0.21 -0.6 15,070 -0.83 -50.0 1420 

South H -0.15 -0.73 15,041 -0.07 NA NA 

 

4.2.2 Converting Between Devices 

 The literature review covered in section two provided context in relating performance 

between samples with different geometries. This section applies similar concepts but towards the 

varying nature of loading between the HWT device and the RAWT. The derivation is based on 

finding the distance that the wheel traverses the sample. The distance traveled by a RAWT wheel 

was simply done by calculating the circumference of the cylindrical test sample, while the 

distance travelled by the HWT is taken from the literature. The HWT device and RAWT operate 

at 52 passes per minute and 70 cycles per minute, respectively. Using the distance traveled and 

the operating speed of each device, a relative speed across the sample was found.  

 The complete derivation of the loading is shown in Table 30 which uses a formula 

provided by Huang (2004) . The duration of the load is dependent upon the tire contact area 

radius, as well as the speed. The contact area of the HWT device was estimated by Yildirim et al. 

(2007) to be 970 mm2 (1.5 in.2). The provided contact area was used to calculate an equivalent 

radius to be used in Huang’s formula. The contact area of the RAWT was assumed to be greater 

because the diameter of the wheels in the RAWT are larger. The value assumed was 1,290 mm2 

(2.0 in.2). The difference in diameter between the devices is one inch with the RAWT having 

nine-inch wheels whereas the HWT device has an eight-inch wheel. Furthermore, as the sample 

begins to rut the contact area will inherently increase with rut depth because the sample will 

begin to experience deformation. Lastly, once the duration of load was estimated for each device, 

the number of wheels or times of contact by a single wheel during a single cycle was calculated.  
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Table 30 Calculated coefficient relating RAWT to HWTT 

RAWT HWTT 
Circumference of Cylinder = 2pr          
Distance Traveled by Wheel (1 cycle):         
2p * (75mm) = 471 rr

stsuv
 

1 Cycle = 2 Passes by Wheel 
320 mm traveled per pass (Yildirim et al., 
2007) 
Distance Traveled by Wheel (1 cycle): 
640 rr

stsuv
 

Speed of Wheel = 23.3 stsuv
rwx

 Speed of Wheel = 26.0 stsuv
rwx

 

471
𝑚𝑚
𝑐𝑦𝑐𝑙𝑒 ∗ 23.3

𝑐𝑦𝑐𝑙𝑒
𝑚𝑖𝑛 = 10,974	

𝑚𝑚
𝑚𝑖𝑛 640

𝑚𝑚
𝑐𝑦𝑐𝑙𝑒 ∗ 26.0

𝑐𝑦𝑐𝑙𝑒
𝑚𝑖𝑛 = 16,640	

𝑚𝑚
𝑚𝑖𝑛 

𝑑 = Fyz
H

        (Huang, 2004) 
Where: d = Duration of Load 
a = Tire Contact Radius 
s = Vehicle Speed 

Contact Area = 1,290 mm2     (Assumed 12.5 
mm longer contact length) 

1290	𝑚𝑚y = 𝜋𝑟y 
𝑟 = 20.26	𝑚𝑚 

Where: r = equivalent radius  

Contact Area = 970 mm2  (Yildirim et al., 
2007) 

970	𝑚𝑚y = 𝜋𝑟y 
𝑟 = 17.57	𝑚𝑚 

𝑑 =
12	 ∗ 	(20.26	𝑚𝑚)

10,974	 𝑚𝑚𝑚𝑖𝑛
= 0.022	𝑚𝑖𝑛 

0.022min = 1.32	𝑠𝑒𝑐 

𝑑 =
12 ∗ (17.57	𝑚𝑚)

16,640	 𝑚𝑚𝑚𝑖𝑛
= 0.013	𝑚𝑖𝑛 

0.013min = 0.78	𝑠𝑒𝑐 
3 Wheels * 1.32 sec = 3.96 sec 2 Wheels * 0.78 sec = 1.56 sec 

~.��	Hvs
F.��	Hvs

= 𝟐. 𝟓𝟒  

 

 The mechanically derived coefficient relating the loading time for the two devices was 

found to be 2.54. However, the correlation between the CS results shown in Figure 52 suggest 

that the rate of rutting is about ten. This difference in values would suggest that the relationship 

between the devices is affected by factors other than only the loading time. These other factors 
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could be related to how each device applies the load on the sample and how the samples are 

confined during testing. The testing configurations are different and the sample orientation 

within the device relative to loading is different. Section 2.1.4 Effect of Aggregate Orientation 

on Permanent Deformation’ addressed the role that the aggregates play in resisting rutting.  

 

4.3 Image Processing and Analysis System (IPAS) for North and South Mixtures 

 An Image Processing and Analysis System (IPAS) was used for image analysis of the 

internal aggregate structure from both sources. As discussed in the Literature Review, more 

contact between the aggregates of the asphalt mixture leads to better performance against 

permanent deformation. Two samples produced with the ‘H’ grade binder from each source were 

analyzed for the total contact length per unit area. As seen in Table 31, the results are 

significantly different between sources, but it is clear that the change in voids from 3% to 7% did 

not result in significant difference in contact length for either of the mixtures. The average 

contact for the South source is much higher than that of the North source. This is a good 

explanation as to why the South source outperformed the North source in both the RAWT and 

HWT device. The North source had six replicates analyzed due to the COV% being slightly 

higher than the South source.  

 

Table 31 IPAS results for North and South source 

Source 

Sample, 
‘H’ 

Mixture @ 
3&7% AV 

Total 
Contact 
Length 
(mm) 

Area 
(cm2) 

Total 
Contact 
(Length 

mm/cm2) 

Average 
Total 

Contact 
(Length 

mm/cm2) 

COV% 

South 

H3-1 2432 145.7 16.7 

17.4 4 H3-2 2557 150.3 17.0 
H3-3 3075 167.8 18.3 
H3-4 2964 168.0 17.6 
H7-1 2647 145.0 18.3 

17.5 6 H7-2 2886 156.0 18.5 
H7-3 2720 159.0 17.1 
H7-4 2565 158.8 16.2 
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North 

H3-1 1799 149.3 12.0 

11.3 14 

H3-2 2093 151.3 13.8 
H3-3 1817 169.2 10.7 
H3-4 1942 168.6 11.5 
H3-5 1342 150.8 8.9 
H3-6 1606 149.3 10.8 
H7-1 2103 150.0 14.0 

10.9 17 

H7-2 1282 146.1 8.8 
H7-3 1608 166.5 9.7 
H7-4 1588 156.5 10.1 
H7-5 1885 157.4 12.0 
H7-6 1667 150.3 11.1 

 

4.4 RAWT Variability  

 Table 32 provides the coefficient of variance for the RAWT samples in this study. There 

is a complete distinction in variance between the multiple factors. The 7% air void samples are 

nearly twice as variable as the 3% air void samples. The ‘S’ mixture for both set of air voids is 

twice as variable as the ‘H’ mixture. The same can be said for the test temperature but for only 

the 3% air void samples. The variance values are also provided for the use of an additive and by 

source.  

 

Table 32 Coefficient of Variance for RAWT Samples 

Factor CoV % Values Averaged by Factor 
Voids 3% 7% 
Avg. by Voids 8.9 16.1 

Avg. by Binder 
Modification 

S H S H 
12.8 5.1 20.9 11.3 

Avg. by Test 
Temp. 

46 C 52 C 46C 52C 
5.2 12.7 14.1 18.1 

Avg. by Additive 
No AS w AS No AS w AS 

6.8 9.4 13.5 22.1 

Avg. by Source 
North South North South 

8.1 10.6 17.8 12.8 
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4.5 Summary 

 This chapter presented the data and analysis of the RAWT and HWT device in measuring 

the resistance to rutting and the susceptibility to moisture. Mix design factors, testing conditions, 

and relating the RAWT to the HWT device in terms of direct comparison, analysis methods, and 

deriving a relationship between the two respective devices were made. The next section of this 

thesis will provide the summary of major findings, share the limitations and practicality of the 

study, concluding remarks, and recommendations for future work. 

 
  



112 
 

 

 

5. FINDINGS, CONCLUSIONS, AND RECOMMENDATIONS FOR FUTURE 

WORK 

 The hypothesis of this research is the RAWT is a simple and effective alternative to the 

HWT test used to characterize the permanent deformation resistance of asphalt mixtures. Based 

on the analysis of results collected in this study the summary of findings is stated in section 5.1.  

 

5.1 Summary of Major Findings 

Regarding the sensitivity of the RAWT to important mixture parameters known to be related to 

rutting resistance the following points summarize the findings:  

• Effect of air Void 

 The air voids content as measured by density of the sample had a significant effect on 

rutting performance. The RAWT proved to be very sensitive to the change in air voids between 

three and seven percent as the average cycle count for each level of air void was 3,265 and 828, 

respectively. Also, the theta parameter for all samples prepared to seven percent air voids was 

greater than the three percent air voids samples.  

 

• Effect of Test Temperature  

 The testing temperature for the wet condition was found to have significant impact on 

rutting performance. The average number of cycles to failure at 46oC and 52oC was 2,806 and 

1,286, respectively. Moisture damage found between the two levels of temperature was also 

profound as all samples at the increased temperature had a higher theta. Ultimately, it was found 

that the RAWT was sensitive to test temperature.  

 

 

• Effect of Binder Modification 
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 The difference in rut performance due to binder modification was noticeable between the 

mixtures produced with ‘S’ and ‘H’ binders as the average number of cycles to failure was 1,494 

and 2,599, respectively.  

 

• Effect of Source of Aggregates  

 There was a clear effect of mixture design and aggregates source as the North mixture 

samples averaged 1,163 cycles to failure whereas the South mixture samples averaged 3,812 

cycles. Furthermore, all the North samples showed higher moisture damage as the theta 

parameter was greater in comparison to the South source.  

 

• Effect of Anti-Strip Additive 

 The RAWT device is not found to be sensitive to the usage of anti-strip additives. Anti-

strip is used to improve an asphalt sample’s resistance to moisture damage. The RAWT device 

shows better performance of North samples that did not use the anti-strip as the overall average 

was 1,266 cycles to failure compared to samples with anti-strip reporting 1,164. This finding 

contradicts the results of the Tensile Strength Ratio testing, which is used currently by Wisconsin 

DOT to evaluate moisture sensitivity of mixtures. The TSR results for this mixture with the use 

of the Anti-Strip additive passed the WisDOT specification exceedingly well and without the AS 

failed miserably.  

 

• ANOVA Results 

 The ANOVA results indicate that all the main factors monitored in this study are 

statistically significant. Also, there is a significant interaction between the air voids and source 

main factors which could be related to the amount of RAP used in the mix by each source and 

the effect of contact length on air voids.  The best fit model has a coefficient of determination of 

approximately 85%, which indicates that the factors controlled can very effectively explain the 

change in rutting performance in the RAWT.  The signs of the coefficients for the main factors 
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are logical in terms of predictive change with increase in values of the factors. The model and the 

statistical significance analysis confirm the sensitivity of the RAWT to important mixture factors 

and its ability to show expected trends in rut depth changes with air voids, temperature, and 

binder modification.     

 

• Creep Slope Comparison Between Devices  

It is more useful to compare the relative rate (creep slope) in which rutting occurs for the 

various mixtures tested in this study rather than monitoring the test duration and total rutting due 

to the different mechanisms in which the load is applied by the RAWT and HWT device. It is 

found that the Creep Slope values measured for the mixtures by the devices are highly correlated 

(R2 = 83%), but the RAWT gives a slope that is approximately 10 times that of the HWT.  A 

detailed analysis of the loading time per cycles shows that the RAWT imposes a loading time 

that is about 2.5 times greater than the HWT device every cycle, which is much lower that the 

factor of 10 found for the Creep Slope Ratio. It is speculated that the remaining differences 

between the devices including the aggregate orientation relative to the direction of loading, and 

the confinement of the sample during loading, contribute to the large difference in Creep Slopes.  

 

• RAWT variability  

 The RAWT proved to be a device that can deliver acceptable repeatable results. The 

ANOVA analysis showed that the Replicate is a minor factor as compared to the other controlled 

variables.  It was also noted that samples prepared to 3% air voids are nearly twice as repeatable 

as those prepared to 7% air voids, and a higher test temperature is about twice as variable as the 

using a lower temperature. Therefore for a more repeatable test, it is recommended to use the 3% 

voids and use a temperature that is six degrees lower than the high temperature of the PG grade 

used in the mixture design.  
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5.2 Limitations and Practicality of Study 

 Monitoring permanent deformation of asphalt mixtures on a laboratory scale focus on the 

rutting of the surface course. Rutting of the surface course may be due to a faulty design of the 

mixture or inadequate compaction. To combat this failure mode, many methods and devices have 

been developed over time to qualitatively rate the performance of asphalt pavements against 

rutting. The most widely used and accepted standard, AASHTO T 324, was subject to 

comparison in this study to an alternative device called the RAWT. The flaws of the HWT 

device characterized in the Literature Review deem this study as a practical effort to understand 

and potentially utilize an alternative device.  

 The findings of this study are subject to some limitations. Due to the sources of the 

supplied samples in the study being only from Wisconsin, the findings and conclusions related to 

source should be treated with care. The findings characterize the RAWT’s sensitivity to multiple 

mix and testing factors, although only for material used locally in Wisconsin to produce asphalt.  

 

5.3 Conclusions 

From the summary of findings listed, several important conclusions can be made.  

1. RAWT Practicality and Ease of Use  

 Preparation of samples, test duration, analysis, and physical size of the device are all an 

improvement over the HWT device. The RAWT tests a gyratory sample straight out of the 

compactor after checking the density without the need to cut the sample. This advantage 

eliminates the need to cut and align two specimens from the gyratory, which is the current 

requirement for HWT testing. The reduction in preparation of the sample also reduces the 

variability caused by improper cutting and or misalignment of the two specimens in the HWT 

device mold.  

 The maximum amount of testing time for a RAWT sample is approximately one and half  

to two hours. This is a significant reduction in time from nearly six and half hours for the HWT 

device. This significant advantage for the RAWT will allow testing multiple samples daily. A 
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part of the significant reduction in time is due to the loading mechanism. The RAWT positions 

three wheels on the gyratory sample, unifying the loading direction and eliminates concerns with 

loading reversal often seen with the HWT device.  

 The RAWT device is supplied with software that will automatically summarize the 

testing results. Therefore, the interpretation of the results is no longer up relied upon by the users 

conducting the analysis. Lastly, the physical size of the device is much more confined and takes 

up less space than the HWT device.  

 

5.4 Recommendations for Future Work 

Two recommendations are proposed for future work regarding the RAWT device: 

1. Confinement 

 The current design of the RAWT does not allow a high level of confinement of the 

asphalt sample, which could contribute to the differing relationship derived for the two devices. 

It is not known if the HWT device method of confining the sample is a better or worse 

simulation of pavement conditions. Further research, similar to what Tsai et al. (2016) did for the 

gap bonding effect in the HWT device, could analyze effects of differing methods of 

confinement for the RAWT to see if there is an effect.  

 

2. Moisture damage 

 Measurement of the confounding effect of moisture on a sample in the RAWT was not 

conducted in this study. The RAWT is currently not manufactured to test samples under a dry 

condition. The limited amount of space within the enclosed box in which the RAWT operates 

made it difficult to get the air temperature to 46oC to conduct a test. The analysis characterizing 

the confounding effect of moisture for the HWT device proposed by Lyu and Bahia (2018) could 

be a good benchmark in evaluating the RAWT under a dry condition.  
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