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ABSTRACT 

Rutting is one of the most prevalent failure occurring in Hot Mix Asphalt (HMA) 

especially in the summer season and slow moving traffic areas. Rutting is a structural failure 

compromising the safety of traveling and thus needs to be accurately evaluated in a laboratory 

before use on the field. Although the Flow Number (FN) testing is commonly used for evaluating 

the rutting resistance of HMA in a laboratory, there are some shortcomings in using FN testing 

such as the confining pressure value to be used, and the costly and complicated equipment. 

Another potential test that is likely to be more advantageous than the FN testing for evaluating 

the rutting resistance is the Hamburg Wheel Tracking (HWT) test. However, the HWT is 

typically conducted in wet conditions, which can confound rutting with moisture damage effects. 

HWT test can be used in dry condition to avoid the moisture confounding effects, but to date not 

enough studies of HWT test in the dry condition have been reported. The objective of this study 

is to optimize the HWT test by conducting it in a dry conditions as a rational rutting test in the 

laboratory. Fitting response of HWT and FN tests using the power law and the Francken model 

were applied to determine the tertiary points of HWT and FN tests’ results.  In addition, Image 

Processing and Analysis Software version 2(IPAS2) was used to define the mechanisms of 

rutting occurring while testing by the HWT device. The validity of the Dry HWT testing for 

characterization of rutting of asphalt mixtures was verified by comparing its results to those from 

the confined Flow Number (FN) test and the Wet HWT test.  

Results indicate that Dry HWT test is an effective tool for quantifying rutting potential 

with better simulation of typical field behavior. Very good correlations of creep slopes measured 

by the confined FN, unconfined FN, with the Dry HWT confirm that the HWT test could be a 

better test than the FN in terms of cost, simplicity of equipment and field simulation in the 
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laboratory. It was also concluded that the Wet HWT currently used in the AASHTO 324 can be 

used as a substitute to the Dry HWT test in the creep stage (before the Stripping Inflection Point) 

since the difference in creep slope estimated for both conditions is within the experimental error. 

The Wet HWT results after the creep slope remain useful for detecting the moisture sensitivity, 

and the measured cohesion/adhesion of mastics from the mixtures confirm this value of the test.  
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1. INTRODUCTION 

1.1 Background 

Rutting, often referred to as permanent deformation, is the surface depression in the 

wheel path. Figure 1-1 shows a diagram of rutting in an asphalt pavement. Ruts primarily occur 

in warm climate areas. They can often be found in slow moving traffic areas, especially at 

intersections or the lanes of a bus stop. However, ruts also can occur in high-speed traffic due to 

weak asphalt mixtures or excessive truck loading. Typically, there are two basic types of rutting 

namely: asphalt mix rutting and subgrade rutting. Mix rutting occurs when the subgrade does not 

rut yet and surface presents wheel-path depression due to compaction and mix design problems. 

Subgrade rutting happens due to deformation of the subgrade due to loading. In this case, the 

surface settles into subgrade ruts causing wheel-path depression.  

 

Figure 1-1. Diagram of Rutting in an Asphalt Pavement. 

The two primary mechanisms of rutting have been identified, including shear failure 

(lateral movement) and densification (volume reduction). Shear failure (lateral movement) of the 

HMA courses occurs in the top 100 mm of the pavement surface (Yildirim, et al., 2007); 

however, if the material is unsatisfactory, shear failure can occur deeper. Permanent Deformation 

in pavement is usually created gradually with increasing numbers of load applications. Typically, 

it appears as longitudinal depressions in the wheel paths and sometimes occurs in conjunction 

with upheavals on the sides. It is caused by a combination of densification (decrease in volume 
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and, hence, increase in density) and shear deformation and can occur in any one or more of the 

HMA layers as well as in the unbound materials underneath the HMA. Eisenmann and Hilmer 

(Lu, et al., 2006a) also found that rutting was mainly caused by deformation flow rather than 

volume change. However, significant challenges have been realized in developing a cost 

effective laboratory test that can accurately simulate how rutting occurs in the field. This 

problem raises both policy issues within the agency and economic issues within the industry. 

Two tests that are widely used in the United States to determine the rutting in the laboratory are 

Flow Number Test and Hamburg Wheel Tracking Test (HWT).    

The flow number test is the most popular test in the US to determine rutting resistance. 

This test can be carried out using with two conditions: unconfined and confined pressure 

specified in AASHTO TP79. However, it has a shortcoming in simulating the field behavior. In 

addition, the cost of this device is one disadvantage for determining rutting performance in the 

laboratory.  

The HWT is gaining popularity due to being simple and reliable for testing of HMA 

mixes (Yildrim et al. 2007; Liddle and Choi 2007; Lu and Harvey 2006a; Lu and Harvey 2006b). 

Esso, A. G. of Helmut-Wind Inc., Hamburg, Germany, originally manufactured the HWT in the 

1970s. The HWT test was intended to measure rutting performance and moisture damage of 

asphalt mixture. In the early 1990s, the device was initially introduced to the United States by 

pavement engineers and officials, after a European asphalt study tour (European Asphalt Study 

Tour 1991; Yildrim and Kennedy 2001). Studies began to emerge that evaluate HWT device to 

characterize moisture sensitivity of asphalt mixtures and to predict field performance (Liddle and 

Choi 2007; Lu and Harvey 2006a; Lu and Harvey 2006b; Aschenbrenner 1995; Aschenbrenner 

1994; Aschenbrenner and Far 1994). Aschenbrener 1994; Aschenbrener 1995; and Aschenbrener 
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and Far 1994 found that HWT device was sensitive to aggregate quality, asphalt cement 

stiffness, short-term aging duration, asphalt source or refining processes, antistripping 

treatments, and compaction temperatures.  

While HWT device is the preferred equipment to determine the moisture damage of 

asphalt mixtures, one main purpose of the HWT device is to evaluate permanent deformation in 

asphalt mixtures. All research studies pertaining to HWT testing have reported measuring rut 

depth in wet condition, which confound moisture effects in asphalt mixtures with the rutting 

behavior. This confounding effect is the main challenge in how HWT device can be used to 

distinguish rut depth at high temperatures without confounding it with rutting due to moisture 

damage.  

1.2 Problem Statement  

Currently, the Hamburg Wheel Tracking (HWT) test (AASHTO 324) is one prominent 

laboratory method to test rutting resistance of an asphalt mixture as it can represent the cyclic 

loading using actual wheel loads and it is less expensive than Flow Number Test device 

(AASHTP TP 79). However, the current HWT test is conducted using wet conditions and there 

is still no significant research done using the dry condition of the test.  The problem with using 

the wet condition is it confounds the effect of moisture damage with rutting resistance of 

mixtures. In addition, the use of Flow number (which is a dry test) requires defining the 

confining pressure of the sample, which can vary depending on the thickness of layer and type of 

pavement structure.  The use of confined Flow number can also make the test more costly and 

complicated.  

Loaded Wheel Testers currently used in the United States include the Georgia Loaded 

Wheel Tester (GLWT), Asphalt Pavement Analyzer (APA), Hamburg Wheel Tracking Device 
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(HWTD), LCPC (French) Wheel Tracker, Purdue University Laboratory Wheel Tracking Device 

(PURWheel), and one-third scale Model Mobile Load Simulator (MMLS3)  (Cooley Jr., et al., 

2000). Although some of these devices are used for research, the Hamburg Wheel Tracking Test 

is prominently used nowadays for rutting resistance by Highway Agencies. The standard of the 

test for the HWT device (AASHTP 324) is conducted in water and thus cannot be considered a 

reliable method to measure rutting resistance due to repeated traffic loading cycle in dry 

conditions.  Water conditioning may result in stripping the asphalt film from the aggregates and 

reduction of cohesion strength of binder or mastic in the mix. Such effects create a higher creep 

rate and possible a tertiary phase that is distinct from the permanent deformation occurring in dry 

wheel tracking tests. In wet Hamburg wheel tracking test, specimens are cured in the test 

temperature water for 30 minutes to equalize test temperature to specimens. Two failure 

mechanisms that can occur in the test are the cohesive and adhesive failure in HMA, and may be 

due to two factors: the diffusion of water into bitumen weakening of the mastic and the migration 

of water through mastic to the interface of mastic and aggregate. 

Recently, Cox and Sons manufactured HWT device that is capable of conducting the test 

in a dry condition, but very limited data had been published using this device.  

Williams (1999) proposed that HWT test is the most robust equipment among other 

wheel tracking tests, i.e. APA and FPRT, to quantify rut depth of Hot Mix Asphalt. However, 

moisture in asphalt mixture, in some tests, may confound the result of rutting performance. 

Therefore, the resolution of the moisture effect problem in HWT device is needed.  

1.3 Hypothesis 

Hamburg Wheel Tracking Test is a practical rut depth test in which confinement of the 

loaded area is easily achieved and can represent field conditions.  However, the use of wet 
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conditioning is problematic as it can create moisture damage.  Using the Hamburg Wheel Test in 

dry condition can be a better representation of permanent deformation behavior of asphalt 

mixtures in the field and can be used as a reliable performance test.   

1.4 Objectives 

1.    Evaluate the trends of rutting of asphalt mixtures in the flow number (FN) test and 

the HWT test to determine if they can give same information. The power law and the Francken 

models are used in this evaluation.  

2.    Aggregate packing in asphalt mixture changes with an increasing number of cycles 

(Roohi, 2014) in both uniaxial loading cycle test (Unconfined Flow Number Test) and in 

confined FN. To compare the HWT to FN rutting mechanisms, the aggregate structure of asphalt 

mixtures changes in the HWT test need to be evaluated.  

3.    Since FN test gives good results in correlating with the field performance, it can be 

used as the reference for the HWT validity. Therefore, comparing results from FN test to results 

from Dry Hamburg Wheel Test is one of the objectives of this study.  

4.    Since rut depth in wet HWT results is confounded by moisture damage effects, the 

correlation between wet and dry condition testing in HWT test will be used as one of the 

objectives of this thesis to evaluate relative effect of moisture. In addition use the pull-off test to 

determine the cause of the difference between wet and dry HAT testing.  

 

1.5 Research Methodology 

The objectives of this research will be met through completion of the following tasks. 

 Task 1: Literature Review 

o Overview of Permanent Deformation Mechanisms 



6 
 

o Overview of Permanent Deformation Performance laboratory testing in use. 

o The Rational Use of Confined Pressure Testing 

o Overview of Image Processing and Analysis System (IPAS) 

 Task 2: Experimental Design and Testing 

 Task 3: Data Analysis 

o Analysis of using Francken model and Power Law Model to fit the HWT 

curve 

o Evaluation of the aggregate packing of HWT samples tested in dry condition 

o Analysis of the comparison of the strain behavior in dry HWT testing and the 

confined flow number testing 

o Analysis of correlation of HWT results between different testing condition at 

the same temperature 

 Task 4: Development of Recommendations for Implementation. 
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2 LITERATURE REVIEW 

2.1 Permanent Deformation 

Permanent deformation, or rutting, has been a continuing problem in hot mix asphalt 

(HMA) performance (KanDhal, 2003). Rutting is defined as an accumulation of unrecoverable 

strain resulting from applied standing or slow moving loads along the asphalt pavement. The cause 

of deformation can be either the consolidation (densification) or a lateral movement (shear failure) 

of HMA under traffic or both. Shear failure of HMA pavement usually occurs in the top 10 cm of 

the pavement’s surface (Solaimanian, 2003). Permanent deformation not only creates a safety 

hazard for the vehicle traveling along the pavement, but also reduces the service life of the 

pavement. Recently, the permanent deformation potential has increased due to higher traffic 

volumes (equivalent single axle loads [ESALs]) and an increasing use of radial tires, which 

typically exhibit higher inflation pressures. Therefore, an effective laboratory test needed to predict 

HMA rutting potential that is inexpensive and easy to use for quality control and quality assurance 

(QC/QA) would be of excellent benefit. Nowadays, the most common types of the standardized 

laboratory test of this nature are the loaded wheel tester (LWT) and flow number (FN) test. These 

two methods can simulate the field performance of rutting if run in a confined condition as 

confined testing better simulates the rate of deformation in the field (Kalou et al., 2002). 

Many researchers have studied the practicality of devices to measure rutting resistance in 

HMA in the laboratory. There are some advantages to supporting the devices, resulting in good 

correlation with the field performance. However, some disadvantages of each device prevent their 

widespread usage. Witczak (2002) studied the development of test protocols, criteria, and 

guidelines for the simple performance test (SPT) in the laboratory to understand the Superpave 

volumetric mix design procedure. Table 2-1 summarizes the results showing the ranking of high-
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priority SPT candidates for permanent deformation in the laboratory; the top three potential tests 

for determining permanent deformation included the dynamic modulus (E*), the flow number, and 

the flow time. Consequently, these results indicated three testing and parameter combinations as 

performance tests for permanent deformation: 1) the dynamic modulus, E*, determined using the 

triaxial dynamic modulus test; 2) the flow number, Fn, determined using the triaxial repeated load 

test; and 3) the flow time, FT, determined using the triaxial static creep test. Witczak (2005) later 

summarized the theory behind the three validated tests and briefly described the test methods. 

Table 2-1. Ranking Summary of the High-Priority SPT Candidates for Permanent 

Deformation. (Witczak, 2005) 

 

Although some test methods yield a good correlation results to field performance, such as 

unconfined flow number, many studies have not considered a wide variety of mixture types, 

particularly high traffic mixtures. This indicates that the disadvantage of those devices is related 

to simulating field conditions. As shown in Figure 2-1, the correlations between laboratory 

results (i.e., flow number and flow time) and rut depths from the field display an excellent 

relationship with four mixtures, excluding two outliers. These two outliers are mixtures for high 

traffic volume that give less than 10 mm in rut depth for 1.5 million ESALs in the field test; 
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however, laboratory results from flow number and flow time are minuscule (premature failure).

    

(a)              (b) 

Figure 2-1. Neglected High Traffic Mixture Samples in (a) Unconfined Flow Number and (b) 

Unconfined Static Creep Test–Flow Time. (Witczak, 2005) 

Zhang et al. (2005) overviewed fundamental and simulative performance tests of 

permanent deformation for HMA, presenting the summary of advantages and disadvantages of 

permanent deformation testing in a laboratory, as shown in Table 2-2. 

Table 2-2. Summary of Advantages and Disadvantages of Permanent Deformation 

Resistance Testing in a Laboratory. (Zhang, 2005) 

Test Methods Sample Dimension Advantages Disadvantages 

Fundamental Test 

Diametral test 4 in. diameter × 2.5 

in. height 

• Test is easy to 

perform 

• Equipment is 

generally available in 

most 

labs 

• Specimen is easy to 

fabricate 

• State of stress is 

non-uniform and 

strongly dependent 

on the shape of the 

specimen 

• May be 

inappropriate for 

estimating 
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permanent 

deformation 

• High temperature 

(load) changes in the 

specimen shape 

significantly affect 

the state of stress 

and the test 

measurement  

• Were found to 

overestimate rutting 

• For the dynamic 

test, the equipment is 

complex 

Uniaxial Static 

(Creep) 

4 in. diameter × 8 in. 

height and others 

• Easy to perform 

• Test equipment is 

simple and generally 

available 

• Widespread, well 

known 

• More technical 

information 

• Ability to predict 

performance is 

questionable 

• Restricted test 

temperature and load 

levels do not simulate 

field conditions 

• Does not simulate 

field dynamic 

phenomena 

• Difficult to obtain 

2:1 ratio specimens 

in lab 

Uniaxial Repeated 

Load 

• Better simulates 

traffic conditions 

• Equipment is more 

complex 

• Restricted test 

temperature and load 

levels do not simulate 

field conditions 

• Difficult to obtain 

2:1 ratio specimens 

in lab 

Uniaxial Dynamic 

Modulus 

• Non-destructive 

tests 

• Equipment is more 

complex 

• Difficult to obtain 

2:1 ratio specimens 

in lab 

Uniaxial Strength 

Test 

• Easy to perform 

• Test equipment is 

simple and generally 

available 

• Minimum test time 

• Questionable ability 

to predict permanent 

deformation 
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Triaxial Static 

(creep confined) 

4 in. diameter × 8 in. 

height and others 

• Relatively simple 

test and equipment 

• Test temperature 

and load levels better 

simulate field 

conditions than 

unconfined 

• Potentially 

inexpensive 

• Requires a triaxial 

chamber 

• Confinement 

increases complexity 

of the test 

Triaxial Repeated 

Load 

• Test temperature 

and load levels better 

simulate field 

conditions than 

unconfined 

• Better expresses 

traffic conditions 

• Can accommodate 

varied specimen sizes 

• Criteria available 

• Equipment is 

relatively complex 

and expensive 

• Requires a triaxial 

chamber 

Triaxial Dynamic 

Modulus 

• Provides necessary 

input for structural 

analysis 

• Non-destructive test 

• At high temperature 

it is a complex test 

system (small 

deformation 

measurement 

sensitivity is needed 

at high temperature) 

• Some possible 

minor problem due to 

stud, LVDT 

arrangement 

• Equipment is more 

complex and 

expensive 

• Requires a triaxial 

chamber 

Triaxial Strength • Relatively simple 

test and equipment 

• Minimum test time 

• Ability to predict 

permanent 

deformation is 

questionable 

• Requires a triaxial 

chamber 

Simulative Tests 

Hamburg Wheel  

Tracking Device 

10.2 in. × 12.6 in. 

× 1.6 in. 

• Widely used in 

Germany 

• Less potential to be 

accepted widely in 

the United States 
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• Capable of 

evaluating moisture-

induced damage 

• 2 samples tested at 

the same time 

Asphalt Pavement 

Analyzer 

Cylindrical 

6 in. × 3.5 or 4.5 in. 

or beam 

• Simulates field 

traffic and 

temperature 

conditions 

• Simple to perform 

• 3 to 6 samples can 

be tested at the same 

time 

• Relatively 

expensive 

Other Loaded Wheel 

Tracking Test 

Devices 

Varied • Simulates field 

traffic and 

temperature 

conditions 

• Uses SGC sample 

• Not widely 

available in the U.S. 

• Very little data 

available 

 

Table 2-2 shows that the triaxial flow number test can yield a good correlation to field 

performance. The concept of using the triaxial flow number test is applying sinusoidal load on a 

specimen with a specific load and rest period, as shown in Figure 2-2. 

 
Figure 2-2. Loading in the Flow Number Test. 

Figure 2-2 shows a schematic of the repeated loading used in the FN test. Haversine axial 

compressive-load pulses are applied to the specimen. The duration of the load pulse is 0.1 sec, 

followed by a rest period of 0.9 sec. However, Hajj (2010) studied the equivalent deviator stress 
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pulse experienced in the pavement. The study found that typical equivalent deviator stress pulses 

were less than 0.1 sec applied in the FN test in the case of 20 to 60 mph non-braking speeds and 

20 mph braking speed. As a result, the standard load pulse of 0.1 sec does not simulate actual 

traffic-induced deviator stress pulse duration.  

A simulative device that has become increasingly popular in the United States is the 

Hamburg wheel tracking (HWT) test as it can be conducted on both wet and dry conditions to 

address the moisture damage and rutting performance in asphalt mixtures and is also an 

inexpensive device relative to other tests. The original history of the HWT test in the United States 

emerged in 1990. A group of individuals representing AASHTO, FHWA, National Asphalt 

Pavement Association (NAPA), Strategic Highway Research Program (SHRP), Asphalt Institute 

(Al), and TRB participated in a tour of six European countries in September 1990. They found that 

Germany had a large centralized research facility: the Bundesanstalt fur Strassenwesen—the 

Federal Highway Research Center in Germany (BAST). The lab included a full-scale pavement 

testing device to provide wheel tracking tests for rutting (Euro tour, 1990). Later, Aschenbrener 

(1994, 1995) and Aschenbrener et al. (1994) studied the evaluation of the HWT device to predict 

moisture damage in HMA and found that the HWT device was sensitive to aggregate quality, 

asphalt cement stiffness, short-term aging duration, asphalt source or refining processes, 

antistripping treatments, and compaction temperatures. During the Federal Highway 

Administration’s (FHWA) 1993 to 2001 Superpave Validation Study, pavement and laboratory 

tests were performed on five surface course mixtures. The pavement and laboratory tests also 

provided a good correlation between the rut depth in the asphalt pavement layer at 58°C and several 

laboratory mixture properties (one of those properties was the creep slopes from the HWT device 

at 50°C). Later, Stuart (2002) studied the evaluation of the rutting resistance for mixtures 
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containing polymer-modified asphalt binders with identical high-temperature PGs, but varied 

chemistries. As the HWT was one of the performance tests in this study, which found a moderate 

correlation between creep slopes from HWT at 58°C and rut depth from the French pavement 

rutting tester (French PRT) at 70°C. After the study of FHWA, the HWT device gained popularity 

because of its fast and reliable testing of HMA mixes. Many researchers tried to conduct further 

study on the evaluation of HWT device to characterize the moisture sensitivity of asphalt mixtures 

and to predict field performance (Lu and Harvey, 2006a; Lu and Harvey, 2006b; Yildirim et al., 

2007; Liddle and Choi, 2007).  

Although the HWT device is a promising device for determining permanent deformation 

and moisture damage in the laboratory, a dry condition test is needed to quantify only permanent 

deformation without moisture confounding and compare directly with the confined FN, which 

yields excellent results in permanent deformation performance prediction. 

Two promising test methods were identified through a thorough literature review and are 

summarized in Table 2-3. Detailed herein is the literature review for the performance test methods 

of high-temperature resistance.  

Table 2-3. Summary of Proposed Test Protocols for Permanent Deformation. 

Performance Performance HMA Test 

Permanent Deformation Flow Number Test (AASHTO TP79), 

Hamburg Wheel Tracking Test 

(AASHTO T324) 
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2.2 Hamburg Wheel Tracking Test 

Many types of LWT equipment are available, such as the Georgia LWT, the asphalt 

pavement analyzer (APA), the Superfos Construction rut tester, the HWT device, and the French 

Laboratoire Central des Ponts et Chaussées (LCPC) wheel tracker. In order for LWT devices to 

be used with a significant level of confidence, there needs to be an acceptable correlation of 

actual field rutting to those values predicted by LWTs in the laboratory. The most common LWT 

used in many states in the US is the HWT test. 

The HWT test is used to measure the effects of rutting and moisture damage 

performance; it has been gaining popularity because it offers reliable and rapid testing of various 

HMA mixes (Yildirim et al., 2007; Lu et al., 2006a). The HWT test displays sensitivity to the 

premature failure of HMA mixtures due to binder stiffness, weak aggregate packing, moisture 

damage, and insufficient adhesion between the aggregate and binder. The HWT used steel rather 

than the rubber wheels utilized in British devices. The procedures for using HWT and preparing 

a specimen are specified in AASHTO T324. Based on the standard, the device is operated by 

moving a steel wheel backward and forward across the surface of HMA specimens (cylindrical 

or slab/cubical) submerged in a constant temperature water bath specified in AASHTO T324 as 

50±1°C. The equipment is capable of testing a pair of specimens simultaneously. The steel 

wheels have a diameter of 203 mm (8 inches) and a width of 47 mm (1.85 inches). Each steel 

wheel weighs 158 lbs. The typical setup of a HWT device, specimen preparation, and failure 

specimens are shown in Figure 2-3. The result for HWT is rut depth measured by linear variable 

differential transformers (LVDTs) on deformation at 11 points along the length of each specimen 

at an accuracy of 0.01 mm. The device automatically ends the test when either the preset number 

of wheel passes is reached or a rut depth of 20 mm (0.8 inches) is measured. The test duration 
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when considering 20,000 passes including a curing time of 30 minutes is approximately 7 hours. 

However, in some tests the specimens fail early, and test times are shorter. 

 

Figure 2-3. (Clockwise) Final Test Setup of Hamburg Wheel Tracking Device, Specimens 

under the Wheel Load, Specimens Ready for Testing in HWT Device, and Failed Specimens 

with High Rut Depth (Rahman and Hossain 2014). 

The HWT device outputs are rut depth versus the number of wheel passes. Figure 2-4 

shows a curve between rut depth and number of wheel passes, including post-compaction 

consolidation, creep slope, stripping slope, and stripping inflection point. Post-compaction 

consolidation is deformation (mm) at 1,000 wheel passes. It is assumed that the wheel densifies 

the mixture within the first 1,000 passes; consequently, this is called post-compaction 

consolidation. Creep slope is the inverse linear line between post-compaction and stripping 

inflection if stripping occurs. Creep slope relates primarily to rutting as a result of plastic flow, 

and it is the number of wheel passes required to create 1 mm of rut depth. After creep slope, one 

point and one line are related to the moisture resistance of HMA, which is stripping inflection 

point and stripping slope, respectively. The stripping inflection point is the number of wheel 

passes at the intercept of creep slope and stripping slope. Stripping slope is the inverse linear rate 

of deformation after the stripping point. Stripping slope relates to the moisture damage of HMA, 
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and it is the number of wheel passes required to create 1 mm of rut depth after the stripping 

inflection point (Yildirim, et al., 2007). 

 

Figure 2-4. Typical Hamburg Wheel Tracking Device Test Results. 

Some states such as TxDOT, CDOT, KDOT, WSDOT, and MDT adopted the AASHTO 

standard, with some changes depending on the mixture type. For example, Hamburg, Germany, 

specifies allowable rut depth of less than 4 mm at 20,000 passes. The Colorado Department of 

Transportation (CDOT) uses a test temperature according to the site and specifies a rut depth of 

less than 10 mm after 20,000 passes (Izzo and Tahmoressi 1999). The TxDOT follows their TEX-

242-F procedure. Requirements for results of TEX-242-F tests are listed in Table 2-4. 

Table 2-4. Hamburg Wheel Tracking Device Test Criteria. 

High-Temperature Binder 

Grade 

Number of Wheel 

Passes 

Maximum Rut Depth 

(mm.) 

PG 64 10,000 12.5 

PG 70 15,000 12.5 

PG 76 20,000 12.5 

 (Source: Zhou et al. 2005) 
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In past research studies, Aschenbrener (1995) evaluated factors that affect HWT results. 

The stripping performance of 20 different mixtures was compared with the field performance. 

These two sets of data obtained an excellent correlation. The study concluded that HWT results 

are sensitive to the quality of aggregate, asphalt cement stiffness, short-term aging duration, 

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

temperatures. Izzo and Tahmoressi (1999) evaluated the HWT and its capability to assess the 

moisture susceptibility of HMA in Texas. Six different mixtures prepared with and without 

antistripping additives were tested at 40°C and 50°C. Mixtures were modified with hydrated lime 

and liquid antistripping additives. All mixtures used the same asphalt binder. For mixtures tested 

at 40°C, the use of anti-stripping additives improved mix performance. Mixtures with hydrated 

lime performed better than the mixtures modified with a liquid anti-stripping additive. For 

mixtures tested at 50°C, results were inconsistent (Izzo, et al., 1999). Gogula et al. (2003) studied 

the effect of PG binder, including PG 52-28, PG 64-22, PG 58-28, and PG 70-28, and air voids 

on HWT. The result showed that the mixture with PG 70-28 performed better than the mixtures 

with any other binder types. Their study also indicated that mixtures with lower air voids (7%) 

performed better compared to mixtures compacted to 2% higher air voids (9%) (Bonaquist, 

2008). 

2.3 Flow number Test 

The flow number is another approach to measure the rutting performance of asphalt 

concrete mixtures (Mclean and Monismith, 1974). It is the prevalent approach correlating 

laboratory results to the field performance. Flow number is defined as the number of load pulses 

when the rate of change in permanent strain happens during the repeated load test. This can be 

determined by taking the derivative of the permanent strain and number of load cycle curves 
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(Bonaquist, 2012). The device used for testing flow number can be either uniaxial loading cycle 

testing or triaxial testing. The widely used device in the US for flow number is called the asphalt 

mixture performance tester (AMPT), which is a small servo-hydraulic testing device (Figure 2-5) 

developed specifically for testing asphalt concrete mixtures 

 

Figure 2-5. Photograph of the IPC Global Asphalt Mixture Performance Tester. 

In NCHRP Project 9-19, the flow number data were found to correlate well with 

observed rutting in the field pavements (Witczak et al., 2002). The additional development and 

testing work for the AMPT was completed in NCHRP Project 9-29 (Bonaquist, 2011). It 

included ruggedness testing, AASHTO standard draft, and an interlaboratory study to establish 

the precision of the flow number test. The test can be carried out with or without confining 

pressure. If confining pressure is used, it remains constant during the test. The typical permanent 

axial strain response and the determination of the flow number are represented in Figure 2-6. 



20 
 

 

Figure 2-6. Example of Flow Number Test Data. (R. Bonaquist, Evaluation of Flow 

Number (Fn) as a Discriminating HMA Mixture Property 2012) 

The flow number can be determined by using Francken’s (1977) model to fit the 

permanent strain versus number of loading cycle curves and then performing the differentiation 

on the fitted curve (Biligiri et al., 2007). Flow number can be tested in two conditions of 

confining stress: a uniaxial loading cycle test (unconfined pressure test) and a triaxial test 

(confined pressure test).  

2.3.1 Uniaxial Loading Cycle Test (Unconfined Pressure Test) 

The good correlations of flow number and rutting resistance of mixtures used in 

experimental sections at the FHWA Pavement Testing Facility, MNRoad, and WesTrack 

(Witczak et al., 2002) are shown in NCHRP Project 9-19. The example of the relationship 

between flow number and rut depth is shown in Figure 2-7.  
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Figure 2-7. Relationship between Flow Number and Rut Depth for the FHWA Pavement 

Testing Facility Sections (Witczak et al., 2002) 

NCHRP Project 9-33 developed tentative criteria for the flow number test. These are 

based on flow number experimental data collected by the FHWA on several field projects and a 

relationship between mixture volumetric properties and rutting resistance developed in NCHRP 

Projects 9-25, 9-31, and 9-33 (Advanced Asphalt Technologies, 2011). The air void content of 

the specimens is 7.0%±0.5%. The temperature used for testing the flow number was conducted 

at 50% reliability performance grade temperature obtained from LTPPBind 3.1 at a depth of 20 

mm without making traffic volume or speed adjustments. Moreover, the flow number test was 

determined without confinement using an axial stress of 87 psi (600 kPa). The minimum flow 

number for an average rut depth is 7 mm, which is consistent with 95% reliability of 12 mm, as 

shown in Table 2-5. 
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Table 2-5. NCHRP 9-33 Recommended Minimum Flow Number Requirements (Bonaquist, 

2008). 

Traffic Level (Million ESALs) Minimum Flow Number (Cycles) 

< 3 --- 

3 to < 10 53 

10 to < 30 190 

30 740 

 

In a previous WHRP project on flow number, conditioning was shown to have a major 

effect on the flow number. WHRP Projects 0092-08-06 and 0092-09-01 found a reasonable 

relationship between the flow number and estimated rutting resistance from the NCHRP Project 

9-33. The relationship was best when mixtures were conditioned for 4 hours at 135°C. The 

unconfined flow number testing was recommended with the following conditions: 

- Unconfined tests using a repeated deviatoric stress of 87 psi (600 kPa); 

- Testing at the 50% reliability high pavement temperature from LTPPBind 3.1; and 

- Air void content of 7.0%±0.5%. 

The current WHRP project studied the potential test for testing permanent deformation. It 

was found that an unconfined FN test gives premature failure, resulting in an FN of 60 and 65 at 

10 million traffic level mixes. These results show that FNs are less than the minimum value 

specified in the specification.    

.    



23 
 

2.3.2 Triaxial Test (Confined Pressure Test) 

Kaloush et al. (2002) showed a good relationship between the field and laboratory slope 

parameter, as shown in Figure 2-8. Although the unconfined results in the research yielded better 

correlation with field rut depth, this figure indicates that the rate of deformation in the field is 

better simulated by the confined repeated load tests.  

 

Figure 2-8. Comparison of the Slope Parameter for Field and Laboratory Test-Confined 

Laboratory Tests. (Kaloush, 2002) 

Moreover, Table 2-6 summarizes the general project information for the verification 

mixtures along with the testing conditions and the resulting FN (Ulloa, 2013). The results 

showed that the field rut depth and measured flow number are strongly correlated.  
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Table 2-6. General Project Information for Validation and Testing Results. (Ulloa, 2013) 

 

The condition using a confined flow number in WHRP Project 0092-08-06 was used in 

NCHRP Project 9-30A in the development of an improved rutting model for asphalt concrete. 

The confined flow number condition uses a confining pressure of 69 kPa and a repeated 

deviatoric stress of 483 kPa. Air void and temperature use the same criteria condition as the 

unconfined flow number. 

2.3.2.1 The Rational Use Confined Pressure Testing 

Characterizing the flexible pavement stresses under wheel loads can be simply 

considered as a homogeneous half-space. The half-space has an infinitely large area and infinite 

depth with a top plane where the loads are applied. Boussinesq (1885) originated the linear 

theory to analyze a nonlinear half-space based on a concentrated load applied on an elastic half-

space. After that, some researchers modified Boussinesq’s theory, including the Kansas State 

Highway Commission (1947), Foster and Ahlvin (1954), Ahlvin and Ulery (1962), and Huang 

(1968). However, flexible pavements are a layered system where the top layer generally contains 

higher quality materials and cannot be represented by a homogeneous mass (Burmister, 1943). 

Therefore, Burmister developed solutions for a two-layered system in 1943 and then extended it 
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to a three-layered system (Burmister, 1945). Later, Huang developed a multilayer system using a 

computer-based solution called KENLAYER (Huang, 1967, 1968a). KENLAYER is the elastic 

multilayered system under the circular loaded area, where each layer has linear elasticity and is 

homogeneous, isotropic, and infinite in area extent. The results obtained by KENLAYER 

compare well with those from other layer system programs, such as ELSYM5, VESYS, DAMA, 

and MICH-PAVE, which are also used for determining the behavior of flexible pavements. 

Brown and Bell suggested the use of stress invariants as the most appropriate method of 

comparing the stress states affecting material behavior and characterization. A recent study from 

Ulloa et al. (2009) used the mathematical model to determine the stress invariants in pavement. 

The concept for calculating the model is that the octahedral normal and shear stresses are used to 

convert the stress tensor observed in the HMA layer under dynamic loads to deviator and 

confining stresses in FN test setup. In the laboratory, the condition of confinement and deviator 

stress are achieved by applying a static confining pressure all around a sample using compressed 

air and a repeated deviator vertical stress using an axial actuator to a 100 mm in diameter by 150 

mm height cylindrical HMA sample, respectively. The deviator stress, σd, and confining stress 

(i.e., σc = σ2 = σ3) under triaxial conditions can be written as a function of the octahedral stress 

components as represented in Equations 2-1 and 2-2: 

𝜎𝑑 =  
3

√2
|𝜏𝑜𝑐𝑡|     (2-1) 

𝝈𝒄 =  𝝈𝟑 = 𝝈𝟐 = 𝝈𝒐𝒄𝒕 −
𝝈𝒅

𝟑
   (2-2) 

Where:     𝜎𝑜𝑐𝑡 =  
1

3
(𝜎1 + 𝜎2 + 𝜎3) =

1

3
𝐼1 

                 |𝜏𝑜𝑐𝑡| =  
1

3
√(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2 =  √

2

3
𝐼2𝐷 
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In the study, they considered the non-braking and braking conditions with the range of 

deviator stress from 69 to 132 psi and ended up with a range of equivalent confining stresses 

from 27 to 47 psi at 2 inches below the pavement surface with a 4- to 8-inch thick HMA layer. 

The results of the confining stress from each method with the same condition of contact pressure 

(87 psi) and asphalt are summarized in Table 2-7. 

Table 2-7. Summary of Confining Stress at Two Inches Below the Surface Using Different 

Methods. 

Methods Confining Stress (psi)  

Boussinesq (Solution at axis of Symmetry) 36.6 

Foster and Ahlvin 30.4 

KENLAYER 30.78 

Ulloa 34 

 

Different methods of determining confining stress show close results within a range of 

30–36 psi with a contact pressure of 87 psi and a 6-inch asphalt layer. In addition, the confining 

stress used in NCHRP 719 and the WHRP report was 10 psi for the FN test program. NCHRP 

719 implemented various confining stresses to determine the range of confining stress that 

should be applied in the FN test program. Based on Figure 2-9, a small confining stress of 10 psi 

substantially reduces the plastic strains throughout the test program and can retain a sample 

without failure through 10,000 cycles for all tests. Increasing the confining pressure to 20 psi 

only caused a slight additional reduction in plastic strains (NCHRP 719). Therefore, a confining 

stress of 10 psi is adequate for use in the FN test program. 
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Figure 2-9. Influence of Confining Pressure on Total Plastic Strain. (NCHRP 719) 

2.4 Image Processing and Analysis System (IPAS) 

In this study, one of the objectives was to determine the aggregate packing of the HMA 

tested in dry HWT; thus, the image processing and analysis were tools for determining the 

internal aggregate structure of asphalt mixtures. The image processing and analysis software—

namely, Image Processing and Analysis System (IPAS)—applied in this dissertation was 

initiated by Coenen (2011). Afterward, Roohi (2012) developed the software to analyze the 

contact length of the aggregate to determine the effect of the aggregate structure on permanent 

deformation results. Many researchers currently use this imaging analysis software to analyze 

internal aggregate structure in asphalt mixtures. The overview of IPAS is presented below.  

    Two main functions are considered in the software, which is a function of image 

processing and a function of microstructure analysis. The details of both the functions and 

implementation of the initial IPAS version is more understandable in Coenen (2011) and Coenen 

et al. (2011). This chapter presents an overview of IPAS 1 and the evolution of IPAS 2. 
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2.4.1 Image Processing and Analysis System Overview 

A scanned picture of a cut asphalt mixture, as illustrated in Figure 2-10, is processed by a 

digital imaging processor (DIP) algorithm to convert a color image (i.e., red-green-blue [RGB]) 

into a binary image (i.e., black and white). Then the binary color can be calculated by the matrix 

shown in Figure 2-11 in MATLAB to obtain internal structure parameters, such as a number of 

contact zones and aggregate segregation (Coenen, 2011; Coenen et al., 2011). The color of a 

scanned image is a RGB considered as a three-dimensional matrix in MATLAB. Each 

component of the matrix shows the intensity of each color at the specific pixel. However, the 

geometry of each phase (i.e., aggregate and mastic) needs to be determined; therefore, a gray 

color image was used to analyze and distinguish aggregate and mastic because colors of these 

two phases show a significant difference in a gray scale image in terms of color intensity. The 

matrix of the gray scale is a two-dimensional matrix in MATLAB (Figure 2-11). Finally, a gray-

scale image is converted to a binary color (i.e., black and white) image used for microstructure 

analysis. To obtain the most appropriate binary image relative to the actual image, some filters 

are needed to enhance the image quality for separating different phases of material. The image 

filters include median, region maxima (i.e., Hmax), watershed filtering, threshold filtering, and 

erosion techniques. 

 

 

Figure 2-10. A Scanned Picture of a Cut Asphalt Mixture Sample. 
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 There is also the step to quantify the orientation of the aggregate. The orientation feature 

of IPAS calculates the angles of the major axis of each aggregate from the horizontal axis and a 

radial axis. 

 

Figure 2-11. A Digital Image in MATLAB Using a Matrix. (Roohi, 2012) 

2.4.2 Image Processing and Analysis System Development (IPAS2)  

In this development, Roohi (2012) developed the software to quantify the aggregate 

internal structure that contains many indices based on image analysis. Aggregate internal 

structure indices can potentially dictate the rutting resistance of asphalt mixture. The indices in 

IPAS2 are presented in Table 2-8. 

Table 2-8. The New Aggregate Internal Structure Indices in IPAS2 

Aggregate Internal Structure Indices 

 Number of aggregate proximity zones 

 Proximity zone length (i.e., representation of proximity 

area in 2-dimesional analysis) 

 Normal to proximity zone plane orientation 

 First, the number of aggregate proximity zones in the asphalt mixture represents the 

internal aggregate structure packing—that is, how many contact points are in the aggregate 

structure. An increasing number of proximity zone gives rise to a better stress distribution. 

Second, the proximity zone length can represent the degree of interlock in an asphalt mixture. If 
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the proximity zone length increases, the interlock between the aggregate will increase as well. 

The proximity zone is defined as the length of distance between 2 adjacent aggregates between 

which the distance is equal or less than 0.10 mm as detected from the image using pixels of the 

size of less than 0.020 mm. The software convert the image into aggregates into white colored 

pixels and the mastic into black colored pixels. The software then searches for all areas where 

the number of black pixels between the white aggregates is less than the 0.10 mm threshold and 

mark it as proximity zone.  The total length of these zones is called the Total Proximity Length 

(TPL).  Finally, the normal to proximity zone plane orientation represents the orientation of 

loading direction. Roohi (2012) showed that proximity zone length was related to rutting 

resistance in the asphalt mixture as it showed a linear regression (R2) of 0.9 in the total proximity 

zone and flow number in uniaxial loading cycle testing, as presented in Figure 2-12.
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Figure 2-12. Comparing SMA Flow Number Results and Aggregate Packing with Dense 

Graded Mixtures. (Roohi, 2014) 

Furthermore, using the total proximity length to determine aggregate structure in asphalt 

mixture in each cycle zone was evaluated, as shown in Figure 2-13. The results showed that total 

proximity lengths (TPLs) increase in the primary zone, but after the primary zone (i.e., during 

the secondary and tertiary zones), the TPLs reduced with increasing loading cycles. The dilation 

(bulge in asphalt mixture) of the asphalt mixture occurred after testing the uniaxial loading cycle 

as a no confinement, stress-encompassing sample, as shown in Figure 2-14. 

  

Figure 2-13. Evolution in Aggregate Packing during Loading in the FN Test. (Roohi, 2014) 
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Figure 2-14. Cutting Section of a Failed Sample in the FN Test. (Roohi, 2014) 

These results from uniaxial loading cycle testing in previous study could indicate that the 

main mechanism of deformation in the primary creep zone of rutting is the densification of the 

asphalt mixture. The aggregate packing (as measured by TPLs) increases during the primary 

zone. However, TPLs start decreasing when the loading cycles increase during the secondary 

creep zone, as observed by the dilation of the aggregate structure. In addition, the failure and 

tertiary flow in mixtures mainly happened due to the instability of the aggregate structure. The 

instability happens as a result of the aggregate skeleton bulging (dilation) in mixture samples—in 

particular, the portion of the aggregate skeleton close to the outer side of samples, as the 

confining stress is lower. To verify the concept of aggregate skeleton bulging as the main 

mechanism controlling tertiary flow, asphalt mixtures were prepared for testing in a confined 

condition using PVC, as shown in Figure 2-15. 
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Figure 2-15. Confined Flow Number Sample by PVC. (Roohi, 2014) 

These results were also confirmed by the mechanisms shown in Confined FN test during 

which the inception of TPL reduction took much more cycles.  
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3 EXPERIMENTAL PLAN AND INTRODUCTION OF TEST METHODS 

3.1 Experimental Plan 

The goal in designing this experiment was to examine the preliminary result of dry HWT 

to be potentially used in a laboratory to quantify permanent deformation in Wisconsin. Therefore, 

the selected mixes would provide meaningful results while representing the aggregates commonly 

used in Wisconsin mix designs. Loose mixes were obtained from Mathy Construction Company 

in Wisconsin to evaluate the results. The two mix designs acquired were E-3 and E-10. E-3 

represents the mixture for a low traffic volume of 3 million ESAL while E-10 is the mixture for 

10 million ESAL. 

The experimental design was classified into two phases to determine the aggregate 

packing of dry HWT and to correlate with confined FN and HWT testing results. The mix 

designs were evaluated with a different gradation of aggregate and asphalt content. The mix 

designs used in these experiments are summarized in Table 3-1.  

Table 3-1. Summary of Hot Mix Asphalt Mix Designs. 

Mix Designs Binder Type Asphalt  Content (%AC) AV (%) VMA (%) 

E-3 58-28 5.4 4.0 14.6 

E-10 58-28 5.1 3.4 13.3 

All mix designs presented in Table 3-1 were designed to compact and test in the HWT 

test and flow number test to determine Experiments 1 and 2.  
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Experiment 1: Determination of Aggregate Packing of HWT Sample before and after 

Testing 

    HWT samples were prepared to evaluate the aggregate packing and orientation angle of 

the aggregate for this phase. All samples targeted the air void at 7%±0.5. The samples’ height 

and cutting processes followed AASHTO T324. The other factors and number of levels for 

conducting this study are shown in Table 3-2. 

Table 3-2. Summary of Factors to Determine Aggregate Packing of HWT Samples. 

Factors Level Description 

Mixture 2 Loose mixes from Wisconsin(E-3 , E-10) 

Points of cycles to 

analyze 

5 Initial mixture, primary zone, secondary zone, onset 

tertiary zone, and failure 

Replicates 2  

 After testing, each sample was cut into 6 pieces, as shown in Figure 3-1, to analyze the 

aggregate structure and orientation angle. Scanning each face of each piece with a high 

resolution scanner (i.e., HP Scanjet G3110 used) was done after cutting. Finally, the IPAS2 

software was used to analyze aggregate packing and orientation angle in asphalt mixtures.  
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(a) 

 

                            

(b)      (c) 

Figure 3-1. Cut Samples for Analyzing Contact Lengths and Orientation Angles a) 6 pieces 

each sample b) Scanned Sample before Loading c) Scanned Sample after Loading. 

Experiment 2: Determination of Correlation between Dry HWT Test and Confined FN 

Test  

 Two methods of testing, including dry HWT test and confined flow number, were used to 

determine HMA’s permanent deformation performance. All samples targeted an air void at 

7%±0.5. The sample procedure to make dry HWT and confined FN samples was specified in 

AASHTO T324 and AASHTO TP79. A representative sample was obtained by using the 

following types of aggregate sources from varying regions in Wisconsin: 

- Granite: Cisler (north central Wisconsin) 

- Limestone: Waukesha (southeast Wisconsin) 
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These two types of aggregate were selected as they are widely used in the United States. Almost 

all states in the United States can provide either of them. According to the information from 

USGS, shown in Figure 3-2, limestone is mostly found in the central and eastern regions of the 

United States. A few Midwestern states can find limestone too. For granite, most resources are 

found in the eastern and western regions, and some are in the north (i.e., Minnesota and 

Wisconsin). 

 

Figure 3-2. Locations of Aggregate Resources (USGS) 

The factors and level considered in this phase are shown in Table 3-3. 

Table 3-3. Summary of Factors to Correlation between Dry HWT Test and Confined FN 

Test. 

Factors Level Description 

Methods 2 Dry HWT, Confined FN 

Aggregate Types 2 Cisler-Granite, Waukesha-Limestone 

Binder Types 2 S-28, V-28  

Mixture Types 2 MT and HT 
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Experiment 3: Determination of the Correlation between Wet and Dry Condition Testing 

in HWT Test 

 The goal in designing this experiment was to quantify the correlation of failure stages 

occurring in the wet and dry HWT samples; therefore, two conditions of the HWT were carried 

out in this experiment.  

Mixes ranging from permanent deformation resistant to permanent deformation 

susceptibility were selected to allow for evaluation and analysis of the HWT in dry and wet 

conditions at a wide range of sensitivities. The use of mixes with a wide range of behaviors 

provides a valid means of comparison by ensuring that the results of the test would not be 

confounded with the variability inherent in the test method. The mix selection process was 

produced based on the WisDOT mix design specification for medium and heavy traffic from 

aggregate sources that have a variety of angularities resisting and susceptible to permanent 

deformation. To identify the mix design susceptible to moisture and permanent deformation, the 

results of this analysis provided four mix designs with different aggregate gradations and 

aggregate sources. The experimental matrix is provided in Table 3-4. 

Table 3-4. Summary of Factors to Determine the Correlation between Wet and Dry 

Condition Testing in HWT Test. 

Factors Level Description 

Methods 2 Dry HWT, Wet HWT 

Aggregate Types 2 Cisler, Waukesha  

Binder Types 2 S-28, V-28  

Mixture Types 2 MT and HT 

The experimental plan involves two types of binders and mixtures procured from the 

company in Wisconsin (Mathy Construction), including S-28 and V-28, where S and V represent 

the binder used for the standard and very heavy traffic, respectively. The mixture types included 
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MT and HT, which represent the gradation design used for medium and high traffic. To verify 

the properties of the supplied binder, the binder properties measured in this study included 

complex modulus (G*), phase angle (δ), and G*/Sin(δ). All binder properties were measured 

using the dynamic shear rheometer (DSR). Temperature testing and binder properties are 

provided in Table 3-5.  

Table 3-5. Summary of Binder Testing 

Binder 

Types 

Performance 

Grade (˚C) 

Complex Modulus 

[G*(kPa)] 

Phase Angle 

[δ(˚)] 

G*/Sin(δ) 

Original Binder 

S-28 58 1275 72.9 1275 

V-28 64 1658 86.9 1735.33 

RTFO Binder 

S-28 58 3719 82.9 3748 

V-28 70 2315 68.4 2492 

 The performance grade (PG) at a high temperature for these two binders can be evaluated 

based on the PG standard. The PG for these two binders are 58°C and 64°C for S-28 and V-28, 

respectively. The multiple stress creep recovery (MSCR) analysis, also as specified in AASHTO 

TP-70, and MP-19 were carried out to quantify the non-recoverable creep compliance (Jnr) and 

the recovery of each binder, both original and rolling thin film oven (RTFO) binders. Because 

the temperature to conduct the HWT testing was 50°C, 50°C was used in the MSCR testing. The 

summary results of each binder are presented in Table 3-6. 
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Table 3-6. The MSCR Analysis Summary 

Binder Types Parameters Average STD COV 

Original Binder 

S-28 
Average % Recovery (3.2 kPa) 0.89 0.056 6% 

Average Jnr (3.2 kPa) 2.29 0.223 10% 

V-28 
Average % Recovery (3.2 kPa) 34.64 1.151 3% 

Average Jnr (3.2 kPa) 0.51 0.014 3% 

Rolling Thin Film Oven (RTFO) Binder 

S-28 
Average % Recovery (3.2 kPa) 0.81 0.296 8% 

Average Jnr (3.2 kPa) 2.38 0.018 1% 

V-28 
Average % Recovery (3.2 kPa) 30.80 1.219 4% 

Average Jnr (3.2 kPa) 0.96 0.009 1% 

Non-recoverable creep compliance (Jnr) at 3.2 kPa and the percent of recovery at Jnr 

3.2kPa results were reported for both original and RTFO binders. The results show that the Jnr of 

the V-28 binder is less than that of the S-28 binder. This means that, at the same traffic level, the 

V-28 binder can be more resistant to creep behavior than the S-28 binder. The percent of binder 

recovery also shows that the V-28 binder’s capability to recover was greater than that of the S-

28. As seen in Table 3-6, after releasing the constant load, almost fully permanent deformation 

was observed in the S-28 binder.  

The mix designs were evaluated using a different gradation of aggregate and binder 

replacement. The mix designs used in this study are provided in Table 3-7. 
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Table 3-7. Summary of Hot Mix Asphalt Mix Designs. 

Aggregate 

Types 

Mixture 

Types 

Binder 

Type 

Binder 

Replacement 

(%) 

Ndesign AV 

(%) 

VMA 

(%) 

VFA 

(%) 

Granite 

(Cisler) 

MT S-28 18.2 115 3.76 15.84 76.24 

MT V-28 18.2 115 3.38 15.36 77.98 

HT S-28 7.1 160 4.84 17.46 72.27 

HT V-28 7.1 160 3.99 16.25 75.43 

Limestone 

(Waukesha) 

MT S-28 16.1 115 3.92 16.35 74.36 

MT V-28 16.1 115 4.10 16.39 74.97 

HT S-28 9.8 160 4.02 14.97 73.11 

HT V-28 9.8 160 4.48 15.24 70.59 

 All mixes presented in Table 3-7 were designed to compact and test in the HWT test to 

determine the correlation between dry and wet HWT indices. Mix gradations are provided in 

Appendix A.  

 The subsequent sections of this chapter are dedicated to presenting the general concepts 

and procedures of the tests developed in the experimental plan. The test results and detailed 

analyses will be addressed in Chapter 4. 

3.2 Mechanical Testing of Asphalt Mixtures 

 According to the experimental design, three mechanical tests were selected for this study. 

Experiments 1 through 3 aimed to determine aggregate packing of the dry HWT samples, 

correlate the results between the dry HWT and confined FN test, and correlate the parameter 

indices of the failure curve between wet and dry HWT tests. Therefore, two mechanical 

laboratory tests were used to test the samples: HWT device and confined flow number test. 
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3.2.1 Hamburg Wheel Tracking Testing 

3.2.1.1 Wet Hamburg Wheel Tracking Test 

The HWT test was used to measure the effects of rutting and moisture damage 

performance. The HWT test displays sensitivity to the premature failure of the HMA mixtures 

due to improper binder stiffness, weak aggregate packing, moisture damage, and insufficient 

adhesion between the aggregate and binder. The HWT uses a steel wheel rather than a rubber 

wheel, which was utilized in the British device. The procedures for using HWT and preparing 

specimens are specified in AASHTO T324. Based on the standard, the device is operated by 

moving a steel wheel backward and forward across the surface of HMA specimens (cylindrical 

or slab/cubical) submerged in a constant temperature water bath specified in AASHTO T324 as 

50±1°C.  The equipment is capable of testing a pair of specimens simultaneously. The steel 

wheels have a diameter of 203 mm (8 inches) and a width of 47 mm (1.85 inches) and oscillate at 

52±2 passes per minute. Each steel wheel weighs 158 lbs. The typical setup of the HWT device, 

specimen preparation, and failure specimens are shown in Figure 2-3. The rut depth data were 

recorded by the LVDTs at the side of the wheel. The deflection of the LVDTs collected begins at 

0 mm. As the wheel runs over the specimen, the LVDTs record the rut depth of each cycle, with 

a maximum of 11 points along the test specimen at an accuracy of 0.01 mm, as shown in Figure 

3-3. The device automatically ends the test when either the preset number of wheel passes or a 

rut depth of 20 mm (0.8 inches) is reached. The test duration when considering 20,000 passes 

including a curing time of 30 minutes in the water with a specified temperature is approximately 

7 hours. However, in some tests the specimens fail early, and test times are shorter. 
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Figure 3-3. The Position of 11 Points Recorded Along the Test Specimen. 

3.2.1.2 Dry Hamburg Wheel Tracking Test 

The device used to conduct the experiment was the same as a wet HWT. The load of the 

wheel was 705±4.5 N (158 ± 1.0 lb). The wheel reciprocates over the specimen with the position 

varying sinusoidally over time. However, this study used the test in the dry condition with the 

specified temperature. The HWT device used in this study is manufactured by Troxler with a 

single wheel, as shown in Figure 3-4. The conditions for conducting the tests in this study 

followed the same as specified in AASHTO T324 in the wet HWT test as follows: 

Conditions 

- Temperature: 50°C±1°C 

- Speed of the wheel test: 52±2 passes/minute 
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Figure 3-4. Photograph of the Hamburg Wheel Tracking Device. 

The rationale behind using the specified conditions of speed, wheel loading, and sample 

thickness in the HWT test can be addressed as follows:  

1. The wheel moves reciprocally across the top of the specimens at 52 passes per minute, 

with a total travel of 280 mm in one direction; the average speed can be approximated as 1.1 

km/h (Stuart, 2002). The speed was based on an empirical test (Aschenbrener, 1994). 

2. The load applied on a specimen is 703 N (158 lbs), where a steel wheel 47 mm (1.85 

inches) wide rolls 230 mm before reversing direction. The average contact stress of 730 kPa or 

105 psi is approximated as the stress by one rear tire of a double-axle truck. (Beecrof, 2014). The 

manufacturer results produced a load of 158 lbs because tandem- and single-axle vertical stress 

with a braking condition and a non-braking condition are in the 69–132 psi range (Hajj, 2010), 

which corresponds to the average contact stress applied to a specimen (105 psi) in HWT.  
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3. In the field, the minimum lift thickness of a specimen should be at least three times the 

nominal maximum aggregate size (NMAS) to ensure that the aggregate can be oriented during 

compaction to achieve the required density and to ensure that the mix is impermeable. Also, a 

WesTrack Forensic Team (1998) study indicated that a laboratory rut depth of 14 mm would be 

expected in a field rut depth of 12.5 mm. Therefore, the average thickness of 62 mm is thick 

enough to observe the rut depth and corresponds to a nominal maximum aggregate size. 

3.2.2 Confined Flow Number Testing 

Confined flow number testing was conducted in an AMPT, as shown in Figure 3-5. 

Nowadays, WisDOT uses this device to carry out the lab test. The confined flow number 

procedure has not yet been standardized as of the time of this writing. However, many 

researchers use a confined flow number test to determine the permanent deformation of the 

asphalt mixture. It is believed that confining pressure is needed to differentiate the difference in 

rutting resistance for various mixture types as it can eliminate the premature failure of tertiary 

flow (Quintus et al., 2012). In fact, the AMPT equipment is able to test dynamic modulus, flow 

time, and flow number of the asphalt mixture. The temperature, deviator stress, and confining 

pressure condition can be controlled inside an environmentally controlled chamber using AMPT 

software. The conditions to conduct the tests were in accordance with NCHRP 719 and WHRP 

0092-08-06, as follows: 

Conditions 

- Temperature: 50% reliability high-performance grade temperature, without traffic or 

speed adjustments, from LTPPBind3.1 at a depth of 20 mm for surface courses and the 

top of the layer for intermediate and base courses. 

- Air Void Content: 7.0%± 0.5%  
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- Confining Pressure: 69 kPa  

- Repeated Deviator Stress: 483 kPa 

 

Figure 3-5. Photograph of the AMPT 

Why these conditions were used in the confined pressure testing in laboratory were 

addressed in Chapter 2. 

3.3 Image Processing and Analysis System 2 (IPAS2) 

IPAS2 is a tool to analyze aggregate structure in asphalt mixture in this study. The 

analysis in IPAS2 gives the contact length and orientation angle results. These parameters were 

used to determine the aggregate structure in HWT and confined FN samples. The software 

interface shown during data analysis is shown in Figure 3-6. After image processing is 

completed, the contact length data is obtained from a text file. For orientation analysis, there is a 

separate analysis which as shown in Figure 3-7.  Results for orientation angle are given as both 

text file and the bar charts as shown in Figure 3-8.  
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Figure 3-6. The Contact Zone Properties Analysis Part in IPAS2 

 

 

 

Figure 3-7. The Orientation Analysis Part in IPAS2 
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Figure 3-8. The Orientation Angle Bar Chart Showing The Percentage of Aggregate in 

Each Angle Part in IPAS2.
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4 TEST RESULTS AND DATA ANALYSIS  

 The results of previously described test methods and statistical analysis are presented in 

this chapter to show the condition of aggregate packing after dry HWT testing, the correlation 

between HWT and confined as well as unconfined FN test data, and the correlation between dry 

and wet HWT parameter indices. Furthermore, multiple replicates for each mix were tested, 

allowing for the examination of the reliability of each test method. The statistical method of 

analysis of variance is also used to examine further if relevant controlled factors influence the 

rutting measurements from the HWT testing. 

4.1 Evaluation of Rutting Mechanism by Hamburg Wheel Tracking Test  

 The mechanisms of permanent deformation measured in this study need to be evaluated 

during each failure stage prior to analyzing the aggregate packing in the mixtures. In the 

following sections the method to determine the tertiary point, deemed to be the instability point 

in the FN test, is first explained. Then, the aggregate structure analysis of asphalt mixture in each 

stage of the rutting measurements is presented.   

4.1.1 The Tertiary Point in Dry Hamburg Wheel Tracking Test 

The output of HWT includes the permanent deformation accumulation as a function of 

loading passes. The typical output includes three main zones: (1) initial consolidation, (2) creep 

slope, and (3) stripping (or tertiary) slope.  In case of wet condition, the stripping slope is 

generally related to the effect of stripping of binder from aggregate surface or the weakening of 

the mastic due to water diffusion (also called moisture damage). In case of the dry Hamburg, the 

tertiary slope is generally related to the point of mixture instability and it also called the flow 

number at which there is a rapid increase in rutting rate (slope) of sample response.  The points 

of change in rate are called Stripping Inflection Point, or Tertiary Point in the wet and dry 
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condition, respectively. The stripping inflection point is indicative of the intersected point of 

creep slope and stripping slope at the failure by moisture. Similarly the Tertiary Point is the 

intercept point of the creep slope and tertiary slope.  

As specified in many research studies, the flow number test is the prevalent approach to 

correlate the laboratory permanent deformation testing results to the field performance. Several 

models have been tried to fit the flow number curve as illustrated in Figure 4-1. Biligiri et.al 

(2001) concluded that Francken model is the best method to determine the curve fitting and 

calculate the flow number (the tertiary point). Therefore, to define the output of the dry HWT 

test, Francken model was first utilized.  

The typical results of the dry HWT are illustrated in Figure 4-2. In the plot, the y-axis 

shows the rut depth increasing with number of passes. The rut depth drastically increases at the 

beginning of passes, then exhibits a relatively constant slope until finally exhibiting a somewhat 

steeper slope. Considering the curve shape, it is observed however that the tertiary slope is not 

clearly observed and thus the use of the Francken model should be carefully validated before 

applying it to the dry Hamburg test results.  Similar to dry Hamburg test, the wet HWT results 

show 3 stages of the rutting as shown in Figure 4-3. However, the output of the wet test shows a 

very clear increase in slope as the moisture effects could weaken the sample. Therefore, it is 

commonly acknowledged that different definitions should be used to describe the failure 

mechanisms; since the wet HWT is tested in water and shows the premature rut changed on the 

curve, the final stage of rutting is described as the stripping slope.  

In addition to the Francken model, the power law has been used in many studies for 

prediction of pavement rutting in the field.  The power law does not consider the tertiary stage 
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and instead focus on the primary and secondary creep stages as the main pavement distress 

mechanism (Witczak et. Al. 2002).  

 

 

Figure 4-1. Typical Relationship between Permanent Strain and Number of Cycles in 

Repeated Load Permanent Deformation Test. (Biligiri et, al. 2001) 

 

 

Figure 4-2. Typical results for Rut Depth vs. Number of Passes in the Dry and Wet Hamburg 

Wheel Test  
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4.1.1.1 Francken Model Data Analysis 

The data analysis conducted using the Francken composite model to fit the results is 

presented in this section. The steps used to determine the tertiary point values were as follows: 

Step 1: Invert the curve to a positive value. The values on the y-axis need to be positive and be 

converted from rut depth to strain as shown in Figure 4-3.  

 

Figure 4-3. Inverting the HWT plot to positive value and Converting the rut depth on y-axis 

to Strain 

Step 2: Use the Francken model equation to fit the curve.  

𝜖𝑝(𝑁) = 𝐴𝑁𝐵 + 𝐶(𝑒𝐷𝑁 − 1)    4-1 

Where:  

εp(N) = permanent deformation or permanent strain; 

N = number of loading cycles or passes; and 

A, B, C, and D = regression constants. 

Step 3: The first derivative of the Francken model on number of loading passes would produce 

the strain rate of change (composite model) as described in Equation 4-2. This equation 

represents the strain slope. These two steps are illustrated in Figure 4-4. 
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𝑑𝜖𝑝

𝑑𝑁
= (𝐴 × 𝐵 × 𝑁(𝐵−1)) + (𝐶 × 𝐷 × 𝑒𝐷𝑁)   4-2  

 

Figure 4-4. Fitted Curve and Strain Rate on HWT Output. 

Step 4: The tertiary point is mathematically calculated by the second derivative of Francken 

model using Equation 4-3. This would yield the lowest point of the second-degree polynomial 

curve (strain slope) plotted against number of loading passes. The tertiary points are illustrated in 

Figure 4-5. 

𝜕2𝜖𝑝

𝑑𝑁2 = (𝐴 × 𝐵 × (𝐵 − 1) × 𝑁(𝐵−2)) + (𝐶 × 𝐷2 × 𝑒𝐷𝑁)  4-3 
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(a) 

 

(b) 

Figure 4-5. The Tertiary Point Determined by Francken Model for (a) E-10 Mixture (b) E-3 

Mixture. 
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4.1.1.2 Power Law Model Data Analysis  

Another widely used model does not recognize the Tertiary zone in the rutting mechanism 

and assumes that the main stages are the initial consolidation and the secondary creep.  The 

concept behind this model is that tertiary stage represents the ultimate failure and thus need not 

to be modeled.   

As shown in Figure 4-1 , the Power Law model can be fitted such that a slope is 

determined from the power factor (b) in the equation of ε= (aN)b. The creep slopes of Confined 

FN test and Dry HWT can be determined and compared to evaluate if using the 2 tests can give 

same information.   

4.1.2 The Mechanisms of Permanent Deformation of Asphalt Mixtures in the Hamburg 

Wheel Tracking Test Using IPAS2 Imaging software 

Permanent deformation can be caused by either shear deformation failure or 

densification, or by the combination of shear failure and densification. Roohi (2014) showed the 

correlation between the total proximity lengths (TPLs) of aggregates estimated from image 

analysis and loading cycles in uniaxial loading testing. The results indicate that the main 

mechanism of permanent deformation is densification in the primary zone. The material mainly 

loses some air voids rapidly which increases aggregate packing due to the proximity of more 

aggregates. The stiffening of mixtures after the primary stage is due to the higher packed 

aggregates as compared to the initial stage of mixture densification. 

In secondary zone, the aggregate skeleton starts deformation due to shearing. Since the 

aggregate contacts are not perfectly oriented in the axial loading direction, the aggregate skeleton 

begins deformation along the directions. However, since the aggregate skeleton is still stable at 

most of the proximity zones, there is no rapid deformation or failure of the specimen. In the 
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tertiary zone, the deformation occurs via a loss of load bearing capacity in some parts. When 

some parts of the aggregate skeleton as the main paths of stress in the material are highly 

deformed (i.e. localized bulging of a sample), the whole skeleton becomes statically instable due 

to the loss of load bearing capacity in some parts. Therefore, a drastic deformation starts after a 

cycle of loading which is designated as flow number (FN). In some samples localized bulging is 

sufficient for the failure to start; however, other samples may bulge under cyclic loading in 

symmetric shape due to these localized failures. If the stress level is not high enough or the 

mixture aggregate skeleton is highly packed, the mixture may never experience the tertiary zone 

(Low-stress level and highly packed aggregate skeleton reduce the plastic deformation in the 

aggregate skeleton and asphalt binder). 

Since the pavement in the field is confined, using confined testing to determine the 

aggregate packing in asphalt mixture should better predict the permanent deformation 

mechanism in the field.  

The permanent deformation mechanisms can be considered in three failure stages. Flow 

number curve presenting permanent strain against load cycle can show the changing of slopes in 

strain which represents each failure stage in permanent deformation. Figure 4-6 shows the typical 

FN permanent strain against load cycle. 
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Figure 4-6. The Typical FN Permanent Strain and Permanent Strain Rate Curve against 

Load Cycle. 

The cumulative permanent strain (εp) curve in flow number testing can be divided into 

three stages: primary, secondary and tertiary. The definitions of the failure occurring in each 

stage are as follows: 

Primary stage – Permanent strain rapidly increases creating an initial high level of rutting with a 

decreasing permanent strain rate. This is because of a rearrangement of the mix structure with a 

final concentration of stresses at the surface of contact between the loading plate and sample due 

to small irregularities (Archilla, 2007), mainly associated with volume change (densification).  

Secondary stage – Permanent strain gradually increases with a gradually decreasing (almost 

constant) permanent strain rate that is also related to volume change (densification); however, 

shear deformation increases when the permanent strain rate start increasing (Flow Point). Lower 

rates of deformation during the secondary stage of the uniaxial repeated loading test evoke a 

more stable mix after initial densification has been achieved, and the structure of the mixture has 

finished its relocation due to initial traffic compaction (Archilla, 2007).  



58 
 

Tertiary stage – Permanent strain quickly increase with increasing of permanent strain rate. 

High level of permanent axial strain mainly associated with plastic or shear deformations 

subjected to ideal no volume change conditions (Witczak,2002).  

 In this study, two mixes were prepared to quantify the tertiary flow that is adapted from 

the methodology from the previous section. The objective is to track the change in aggregate 

packing during cyclic loading process until failure of the mixtures in HWT testing. The target air 

void for all samples was 7%±0.5%. Two replicate samples were tested for each mixture type to 

determine the tertiary point, and capture the different zones of behavior (i.e. primary, secondary, 

and tertiary zone). The test temperature was controlled in the stable temperature of 50°C in dry 

condition with a wheel load of 158 lbs. Five numbers of loading passes were selected based upon 

the obtained tertiary point in each mixture to represent untested sample, primary zone, secondary 

zone, tertiary point, and tertiary zone. These results were compared with the aggregate packing 

for the untested and the failed samples.  

 Each failure stage was conducted to analyze the aggregate structure inside the mixed 

sample. Two mix designs (i.e. E-3 and E-10) were used for evaluating the aggregate contact 

length at each stage. From the evaluation of flow number curve by Francken model method, the 

loading pass that represented at each failure stage (i.e. original stage, primary stage, secondary 

stage and tertiary stage) of two mix designs are presented in Table 4-1. 
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Table 4-1. Loading Passes of Each Failure Stage for E-3 and E-10 Mix Designs. 

Failure Stage 

Loading Passes 

E-3 E-10 

Original 0 0 

Primary 1,000 4,000 

Secondary 4,000 10,000 

Tertiary 8,000 15,600 

Failure Sample (25 mm) 21,169 50,000 

 

    Samples after testing exhibited characteristic deformation in the center of the sample as 

illustrated in Figure 4-7.  

 

 

(a) Primary stage  

 

(b) Secondary stage 
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(c) Tertiary stage 

Figure 4-7. The Examples of Sample Side image during Testing in HWT and Definition of 

Each Part for Area Analysis.  

 As shown in Figure 4-7, only the areas of asphalt mixture were analyzed for the Total 

Proximity Lengths (TPLs). The cross section areas in each stage for E-3 and E-10 are presented 

in Table 4-2. Considering to the volume of asphalt mixture in each stage, a width and a thickness 

change with increasing number of passes, but no change appears in the length. Hence, the area 

change can be considered as the volume change in each stage. Results show that the cross section 

area reduces with shifting from one stage to another; however, the tertiary stage and failure stage 

show minor changes in the cross section area. These results are in agreement with the 

mechanisms of rutting in each stage of failure in which the volume change occurs in primary and 

secondary stage (Archilla, 2007), but ideal no volume change occurs after tertiary stage 

(Witczak,2002). 

 

 

 

Below Part 

Side Part2 

Upper Part2 

Side Part1 

Upper Part1 
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Table 4-2. The Cross Section Areas of HMA in Failure Stage. 

Dimension 

E-3 

Secondary 

Width 

(mm) 

Height 

(mm) 

Width 

(mm) 

Height 

(mm) 

Area 

(mm^2) 

Area 

(cm^2) 

Below Part 145 43     6235   

  Left Right     

Side Part 45 18 49 21.5 1864   

          8099 81.0 

E-3 Tertiary 

Width 

(mm) 

Height 

(mm) 

Width 

(mm) 

Height 

(mm) 

Area 

(mm^2) 

Area 

(cm^2) 

Below Part 145 37     5365   

  Left Right     

Side Parts 44 25 42 27 2234   

Upper Parts 44 8 42 6 302   

          7901 79.0 

E-3 Failure 

Width 

(mm) 

Height 

(mm) 

Width 

(mm) 

Height 

(mm) 

Area 

(mm^2) 

Area 

(cm^2) 

Below Part 145 38     5510   

  Left Right     

Side Parts 40 21 40 27 1920   

Upper Parts 40 12 40 10 440   

          7870 78.7 

E-3 

Secondary 

Width 

(mm) 

Height 

(mm) 

Width 

(mm) 

Height 

(mm) 

Area 

(mm^2) 

Area 

(cm^2) 

Below Part 145 46     6670   

  Left Right     

Side Parts 48 15 48 15 1440   

          8110 81.1 

E-3 Tertiary 

Width 

(mm) 

Height 

(mm) 

Width 

(mm) 

Height 

(mm) 

Area 

(mm^2) 

Area 

(cm^2) 

Below Part 145 37.5     5438   

  Left Right     

Side Parts 46 24 43 24 2136   

Upper Parts 46 6 43 6 396   

          7970 79.7 

E-3 Failure 

Width 

(mm) 

Height 

(mm) 

Width 

(mm) 

Height 

(mm) 

Area 

(mm^2) 

Area 

(cm^2) 

Below Part 145 35     5075   

  Left Right     

Side Parts 40 30 48 27 2496   

Upper Parts 40 7 48 10 380   

          7951 79.5 
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4.1.2.1 Total Proximity Lengths (TPLs) Analysis  

The TPLs of samples were estimated by analyzing two parts of the sample during testing. 

The first part is the section under the wheel loading and the second is the average of two parts on 

the sides of the loading wheel. The results of the TPLs at various loading passes at the middle 

point of the sample, under the wheel loading, are shown in Figure 4-8 while those on both sides 

of the wheel are shown in Figure 4-9. 

  

Figure 4-8. The Relationship between TPL for the section below The Loading Wheel in 

HMA Sample and Number of Passes. 

Figure 4-8 shows two mix designs of HMA labeled as E-3 and E-10. The results of TPLs 

for both mix designs illustrates the same trend in which TPL increases with number of loading 

pass until a maximum is reached at approximately 8000-10000 passes, then TPLs begins to 

decrease. The steeper slope in the initial failure zone changes to flatter slope when the number of 

loading pass increases. This indicates that at primary and secondary zone, the mechanism to the 
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permanent deformation in HMA is densification under the wheel load followed by better packing 

of aggregates. However after reaching the peak, dilation and loss of packing of aggregates is 

dominating the rutting mechanism. It is clear from the images that there is a shear deformation 

during which the surface of sample on the sides of the wheel are heaving (upward movement).  

These results are consistent with the mechanisms of permanent deformation in the FN test under 

confined and unconfined that were reported by Roohi in 2012.  

To best describe the mechanism of rutting in the HWT it can be stated that the aggregates 

are compacted by the steel wheel at the initial stage, thus aggregate skeleton is becoming more 

packed. In the secondary stage, mixes are in the steady stage during which the aggregate skeleton 

becomes more packed but at a lower rate.  After reaching a maximum packed condition, the 

skeleton begins deforming along the lateral directions and shifted to the sides of the sample 

mixes as observed by dilation of aggregate structure. In the last tertiary stage however, the 

aggregate skeleton deforms rapidly and aggregates move to the sides of the samples, as shown in 

Figure 4-7 (c).  The two sides of the samples are obviously observed to show reoriented 

aggregate skeleton which is an indication of shear failure. The instability happens as a result of 

the aggregate skeleton bulging (dilation) in mixture samples. To confirm this mechanism in the 

Tertiary stage, the TPL analysis of two sides of samples is presented in Figure 4-9. 
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Figure 4-9. TPL vs Number of Loading Passes at Both Sides from the Wheel Track of 

Sample. 

As can be seen in Figure 4.9, the TPLs shows increasing number of loading pass until the 

secondary zone and starts decreasing until failure. This is consistent with the hypothesis of Roohi 

(2012) that the failure in mixture and decrease in TPLs during secondary and tertiary zone is due 

to some localized deformation and discontinuities in the aggregate skeleton of mixes leading to 

failure of the whole sample and severe reduction in load-bearing capacity of mixture. 

4.1.2.2 Shear Deformation Failure Analysis 

The shear deformation failure can be also analyzed by the orientation analysis in IPAS2 

software, since the shear failure is expected to reorient the aggregate skeleton. Therefore, in this 

study the IPAS2 is applied to evaluate the orientation of the aggregate before and after testing in 

the HWT at two sides of samples, as shown Figure 4-10. The orientation angle distribution is 

given as the results, as listed for the E-3 and E-10 mixes in Table 4-3 and Table 4-4, 

respectively. The tables present the percentage of the aggregate orientation angle in three ranges 
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as the combination of vertical and horizontal aggregate angle (0+90+180), the aggregates 

oriented at the angles of 10 to 80˚, and the aggregates oriented at the angles of 100 to 170˚. 

 

 

 

 

 

 

 

Figure 4-10. The Analysis of Aggregate Orientation using IPAS2 
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Table 4-3. The Orientation of Aggregate of Each Loading Pass in Left and Right Side of the 

Sample for E-3 Mixture. 

Type Passes 

Left Side Right Side 

Angle Range Angle 

0+90+180 10-80 100-170 0+90+180 10-80 100-170 

E-3 

0 17% 43% 41% 11% 45% 44% 

4000 14% 47% 39% 12% 38% 49% 

8000 11% 52% 37% 13% 37% 50% 

20000 9% 65% 26% 13% 36% 51% 

Orientation Change 

due to HWT loading  Decrease Increase Decrease 

Minor 

Increase Decrease Increase 

 

Table 4-4. The Orientation of Aggregate of Each Loading Pass in Left and Right Side of the 

Sample for E-10 Mixture. 

Type Passes 

Left Side Right Side 

Angle Angle 

0+90+180 10-80 100-170 0+90+180 10-80 100-170 

E-10 

0 15% 47% 38% 14% 36% 50% 

4,000 15% 48% 37% 13% 35% 52% 

20000 14% 50% 36% 11% 34% 55% 

50,000 14% 56% 30% 10% 30% 60% 

Orientation Change 

due to HWT Loading  Decrease Increase Decrease Decrease Decrease Increase 

 

Left side and right side are analyzed separately since the aggregates angle should be 

oriented differently due to the position of the wheel being to the right of the left sample side and 

to the left of the right sample side.  Results show that the orientation in both mixtures is changed 

with number of loading pass. On the left side of the sample, the percentage of oriented aggregate 

angle for 0˚, 90˚ and 180˚ as well as 100˚ to 170˚ decreases with number of passes, while the 

percentage of the angle of 10˚ to 80˚ keep increasing with number of passes for both E-3 and E-

10 mixtures. In an E-3 mix, from 0 passes to 20000 passes the percentage of the angle of 10˚-80˚ 
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increase from 43% to 65%, while E-10 mix is showing  change from 47% to 50% in 0 to 20,000 

passes.  In the right side of the sample, the aggregate orientation is also changing; however, the 

percentage increase in the range of 100˚-170˚ is form 44% before testing to 51% after 20,000 

passes in E-3, and from 50% to 55% in the E-10 mix. These results indicate that significant 

reorientation of aggregates occurs with increasing number of passes. In the left side of the 

sample, aggregates show increasing in percentage on 10˚-80˚, and 100˚-170˚ in the right side.    

Results of aggregates orientation imply that shear failure occurs in the secondary stage of 

rutting, which is the main cause of reduction in the TPL. 

 

4.2 Correlation between Dry Hamburg Wheel Tracking Test and Confined Flow 

Number Test 

Since confined flow number is the prevalent testing method that many national research 

studies in the United States have used, comparing results in confined flow number and dry 

Hamburg Wheel Tracking test to verify the trends is needed to justify the used of the HWT.  

In this study, a few mixed were prepared to determine the relationship between HWT and 

Confined Flow Number. The objective is to validate the results from the HWT. The target air 

void for test samples was 7%±0.5%. Two replicate samples were tested for each performance 

test to determine the tertiary point (flow number) in HWT and Confined axial test, respectively. 

The testing temperature in HWT used was the same as in the previous study. For confined flow 

number, the test was controlled by the stable temperature of 50°C which is the 50 % reliability 

high-performance grade temperature from LTPPBind3.1 at a depth of 20 mm in pavement for the 

climate of Madison, Wisconsin. The testing conditions of confined flow number were followed 

NCHRP Project 30A in the development of an improved rutting model for asphalt concrete. This 
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test uses a confining pressure of 69 kPa and a repeated deviator stress of 600 kPa. The Project 9-

30A researchers believe that confining pressure is needed to differentiate the difference in rutting 

resistance for various mixture types. It should be mentioned that the HWT is considered a self-

confined test in the sense that sample is approximately 3 times (150-mm) wide while only the 

center 50-mm is loaded.  Also, the effective stress applied from the wheel is 730 kPa.     

4.2.1 Confined Flow Number and HWT Results 

As explained in the previous sections, Tertiary Point can be determined by the second 

derivative of the Francken model method. The model was fitted for both test results and the Flow 

numbers and Tertiary Points from the confined testing are summarized in Table 4-5. The results 

show that the tertiary point in HWT testing is in general lower than the flow number from the 

Confined FN testing by approximately 8,000 cycles. This can be explained by the increased 

stress conditions that are used in the two tests. The average contact stress of 730 kPa (105psi) for 

HWT is higher than the deviator stress of flow number testing of 600 kPa (87psi); therefore, the 

sample in Confined flow number test is expected to fail at higher cycles than the HWT.  

Table 4-5. Tertiary Point and Flow Number for E-3 and E-10 Mixtures 

Mix Type 

Tertiary Point 

HWT (Passes) Confined FN (Cycles) 

E-3 8800 12670 

E-10 15,600 >20,000 

 

4.2.2 Equivalent Cycles Correlation 

In addition to comparing the tertiary point or flow number, strain accumulation in the  

flow number test and converted strain in HWT can be taken into account to correlate the two 
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methods. The objective is to verify that the mechanisms of rutting are similar and equivalent in 

both tests. Although the rate of loading is different in the two tests, comparisons of results can be 

summarized by plotting the relationship per cycle of both tests as shown in Figures 4-11 and 4-

12.  

 

Figure 4-11. Correlation of Equivalent Cycle between Strain of Dry HWT and Confined 

FN until Both Samples Fail. 

Figure 4-11 shows the accumulated strain in the HWT and confined FN until both 

samples are at a failure stage. Results show strain at confined FN from 0.004 until 0.038 and 

strain in Dry HWT from 0 until 0.35. The result of the regression analysis indicates that a strong 

relationship can be established between the strains of the Dry HWT and confined FN with R2 of 

0.958. This shows that the strain rate is linearly correlated of both tests within the secondary 

creep stage. Nevertheless, it can be seen that there are some differences in the initial as well as 

the tertiary zones of the testing.  Therefore the relationship in the tertiary zone is plotted 

separately as presented in Figures 4-12 and 4-13. 
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 Considering to the cycle at which tertiary flow starts, the strain in confined flow number 

up to 0.035 and for HWT up to 0.24 can be considered as the pre-tertiary zones, as presented in 

Figure 4-12. The linear regression relationship (R2) improves to 0.997.  

 

Figure 4-12. Correlation of Equivalent Cycle between Strain of Dry HWT and Confined FN 

to Tertiary Point of Dry HWT Test. 

 In addition, if the strain relationship is considered post the tertiary point of HWT, the 

linear regression shown in Figure 4-13 can be plotted and it is observed that the relationship is 

also linear and R^2 is at 0.9858.  

The results show that before and after the tertiary point, the relationships between both 

tests are in excellent agreement. This clearly confirms that the mechanisms of failures are similar 

and despite the difference in the loading rate, stress, and confining conditions. 
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Figure 4-13. Correlation of Equivalent Cycle between Strain of HWT and Confined FN at 

Tertiary Stage of Both Tests. 

It should be noted that the slope in tertiary stage is 24.58, while the slope value of 

secondary stage for these two tests is approximately 9. This shows that after the tertiary point, 

the strain relationship between both tests is changed, which could be attributed to the difference 

in the confinement. More examples of Flow Number versus dry Hamburg are shown in Figures 

4-14 and 4-15 for other mixes tested in this study.  

Figures 4-14 and 4-15 show the correlations of equivalent cycle between Strain at dry 

HWT and Confined FN to the tertiary point of Dry HWT test for four mixes. These correlations 

show excellent linear relationship with R2 in range of 0.970-0.996. However as shown by the 

correlation lines, the slopes and intercepts of relationships vary among mixes; Therefore, the 

specifications limits for Dry HWT need to be verified and selected independent of the limits used 

today for FN.   
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(a) (b) 

Figure 4-14. Correlation of Equivalent Cycle between Strain of HWT and Confined FN to 

Tertiary Point of Dry HWT Test for (a) Cisler-HT-V-28 (b) Cisler-MT-S-28  

 

  

(a) (b) 

 

Figure 4-15. Correlation of Equivalent Cycle between Strain of HWT and Confined FN to 

Tertiary Point of Dry HWT Test for (a) Waukesha-MT-V-28 (b) Waukesha-MT-S-28 
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4.2.3 The Creep Slope of Dry HWT and Confined FN 

Another method used widely today to model rutting of asphalt pavement is the use of the 

Power Law.  The power law is therefore used for verification if the dry HWT can substitute the 

confined FN based on determining the  creep slope. As explained earlier, the slope acquired from 

the Francken model is calculated by a minimum value from the first derivative equation as 

shown in Equation 4-2, while the Power Law can be determined by the power factor (b) in the 

equation of 𝜀 = 𝑎𝑁𝑏. The creep slopes of Confined FN and Dry HWT by Francken model are 

shown in Figure 4-16 which illustrates the change in strain (mm) as a function of the number of 

cycles for all asphalt mixtures.  
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(b) 

Figure 4-16. The Correlation of Slope between Dry HWT and Confined FN for (a) All 

Mixes (b) All Mixes without Cisler MT S-28 by Minimum Value by Francken Model. 

Results indicate that a good linear relationship exists between Confined FN slope and 

Dry HWT slope for all mixtures with a correlation of 87% as shown in Figure 4-16(a). However, 

the linear regression decreases the correlation to 45% when Cisler MT S-28 mix is removed, as 

shown in Figure 4-16(b). Since in some mixtures, the tertiart point (FN) did not show in confined 

FN test, the minimum values from first derivative are selected at the last observed cycle. As a 

result, the results are not accurate to plot Confined FN against Dry HWT correlation. Hence, the 

Francken model cannot be considered suitable to determine the creep slope. 

For these mixtures that do not show a clear tertiary transition, it could be a better choice 

to use the Power Law to determine a slope (b) from the Power Law fit. An example of the fit for 

the data in normal scale and in a log-log plot are shown in Figure 4-17.  
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(a)  

 

(b)  

 Figure 4-17. Power Law Fit for HWT results, (a) normal scale, and (b) log-log scale  

 

The slope (b) values for Confined FN and Dry HWT are shown in Table 4-6. It should be 

noted that all the data points from the dry HWT test were used in fitting the power law without 

removing the data in the tertiary zone.  
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Table 4-6. The Slope for Dry HWT and Confined FN by Power Law. 

Creep Slope (Power Model) Confined FN Dry HWT 

Cisler MT S-28 0.52 0.50 

Cisler MT V-28 0.43 0.47 

Cisler HT S-28 0.43 0.43 

Cisler HT V-28 0.28 0.42 

Waukesha MT S-28 0.49 0.45 

Waukesha MT V-28 0.29 0.41 

Waukesha HT S-28 0.17 0.39 

Waukesha HT V-28 0.14 0.34 

The relationship of the slope values of Confined FN and Dry HWT by Power Law are 

shown in Figure 4-18 which illustrates that there is no equality between the two tests, but there is 

a very strong linear relationship.  

 

Figure 4-18. The Correlation of Slope between Dry HWT and Confined FN by the Power 

Law Method. 

The results shown indicate that the slope parameters of Dry HWT show a positive and 

rational relationship with those of Confined FN. A good significant slope relationship can be 
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of the HT mixes are above the line of equality. These results are logical since the contact stress 

of Confined FN (87 psi) is lower than that of Dry HWT (105 psi). This is in agreement with 

previous research from Quintus et.al, 2012 in which it is shown that higher stress resulted in 

higher strain slope, as shown in Figure 4-19.  Therefore, using Power Law to determine creep 

slope is a suitable method. For the Confined FN at 10 psi confining pressure, it can be shown that 

the prediction model is as shown in Equation 4-4.  

Y = 0.3149X + 0.3171, R² = 0.8559     4-4 

Where: Y= Slope at Dry HWT (strain/passes) 

X= Slope at Confined FN (strain/cycles) 

 

 

Figure 4-19. Influence of Deviator Stress on Plastic Strain. (Quintus et.al, 2012) 

 To verify the effect of confinement on the relationship between Dry HWT and FN, 

unconfined FN test was conducted with the same mixes. Five mixes were selected to evaluate the 
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Unconfined FN test. The other test condition of Unconfined FN were kept the same as the 

Confined FN test (same test temperature, and deviator stress), but without confining pressure. 

The results were plotted as shown in Figure 4-20. 

 

Figure 4-20. The Correlation of Slope between Dry HWT and Flow Number test by the 

Power Law Method. 

Results indicate that the slope parameters of Unconfined FN mixes are under the line of 

equality. These results are logical since the confining pressure of (10 psi) is expected to reduce 

the rutting rate (lower value of the slope) as compared  the unconfined test.  These results are 

also in agreement with the previous study from Quintus et.al, 2012 in which lower confining 

pressure resulted in higher creep slope as shown in Figure 4-21. Figure 4-20 also shows that the 

slope of Confined FN mixtures can be well shifted to Unconfined FN slope in the same trend. 
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With the significant linear relationship between Dry HWT and Unconfined FN, a simple linear 

relations as shown in Equation 4-5 can be used.  

Y = 0.5515X + 0.1497, R² = 0.9673     4-5 

Where: Y= Slope at Dry HWT (strain/passes) 

X= Slope at Unconfined FN (strain/cycles) 

 

Figure 4-21. Influence of Confining Pressure on Slope from Repeated-Load Triaxial Test. 

(Quintus et.al, 2012) 

 In addition, another parameter that can be potentially considered in permanent 

deformation resistance is an intercept (a). The correlation between the intercepts of Dry HWT 

and Confined FN is shown in Figure 4-22. 
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Figure 4-22. The correlation between the Intercepts of Dry HWT and Confined FN by Power 

Law. 

Results show the intercept parameter (a) of Dry HWT show a rational relationship with 

the Confined FN intercept, but it has a poor measure of correlation. These results are consistent 

with the results in Witczak, 2002 which indicated that no correlation between the intercept 

parameter and the rut depth in lab or field tests could be found. Also, it is noted that the intercept 

effect is very minor on rutting prediction due the small magnitude of intercept as compared to the 

total rutting with passes.  As shown in Figure 4-23, assuming a total strain of 10% to be hardly 

measurable for a typical layer of 50-mm, all values of the intercepts for mixture tested are in a 

group at the corner of zero strain. This indicates that the small magnitudes cannot represent field 

characteristics with a large number of passes of truck loadings. Hence, the intercept (a) 

parameter is not a good indicator for rutting and thus its relationship between Dry HWT and 

Confined FN is not significant. 
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Figure 4-23. The correlation between the Intercepts of Dry HWT and Confined FN by Power 

Law with Extending the Maximum Limit on Both Axes.  

 

4.3 The Comparison between Confined FN and Unconfined FN 

According to above results, the correlations of creep slope between Dry HWT and FN are 

relatively strong. Because the FN is still in use to determine rutting resistance in some states, the 
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Figure 4-24. The Plot of Strain VS. Number of Cycles for Unconfined and Confined FN 

 Results show that the ranking in rutting resistance of confined FN and unconfined FN are 

of the same order, however the rate of strain accumulation is significantly different. In fact the 

confined test do not show the tertiary creep zone for any of the mixtures. These results can 

confirm that test methods can be used to determine rutting resistance in terms of mixture ranking, 

although some mixtures of unconfined FN show premature failure and have very smaller number 

of cycles to tertiary stage. Since the Unconfined condition is not a good simulation of actual field 

conditions, the use of the confined is preferred, but the limits should be reestablishment for using 

confined FN.  

4.4 The Analysis of Outputs between Wet HWT and Dry HWT 

The typical slope of permanent deformation versus wheel passes in the HWT is shown in 
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slope is called stripping slope.  Although these terms are used widely, there is no clear evidence 

reported that in fact the stripping point is the passes at which moisture damage begins.  The 

results for the wet and dry HWT tests reported in the previous sections are compared to 

determine if the creep slope is the same in the wet and dry conditions and what is the cause of the 

stripping point.  Obviously the results in the dry condition do not show the stripping point or the 

stripping slope.  However in the dry condition a mild tertiary point is seen after which the slope 

of the rutting curve increases marginally in some mixes, which can be called tertiary zone.  

The creep slope is calculated as the inverse (absolute value) of the deformation rate 

within the linear region of the deformation curve post densification point and prior to stripping 

point (if stripping occurs). The creep slope measures rutting susceptibility and is assumed as a 

measure of the accumulation of permanent deformation primarily due to a mechanism other than 

moisture damage (Yildirim, 2006). This slope is expect to be similar to the slope of the 

secondary stage in dry HWT or FN testing. However, there is no evidence to verify whether the 

presence of moisture deteriorates the bonding between asphalt and aggregate, or the cohesion of 

the binder, which may make the slope in creep of wet HWT samples different than that in the dry 

HWT test. Therefore, the correlation between wet and dry results of HWT was investigated to 

verify whether the slopes before the stripping point stage for both conditions are equal or 

related.  
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Figure 4-25. Typical Output of HWT Testing. 

4.4.1 Results 

As indicated earlier, the Francken model can well fit the HWT curves in the wet and dry 

conditions. In this analysis, the wet and dry HWT results were used to determine the stripping 

and tertiary points by means of estimating the cycles at which the first derivative of the Francken 

model reaches the minimum. The minimum value is selected since it indicates a change in strain 

accumulation from a decreasing trend to increasing trend. The results are shown in Table 4-7.  

Table 4-7. Stripping and Tertiary Points of the Wet and Dry HWT Results estimated by the 

Francken Model Method. 

Mixture Type 

Stripping / Tertiary Point (Passes) 

Ave. Wet HWT SD. COV. Ave. Dry HWT SD. COV. 

Cisler MT S-28 1,900 141.42 7.4% 9,300 282.84 3.0% 

Cisler MT V-28 5,620 169.71 3.0% 10,150 212.13 2.1% 

Cisler HT S-28 2,050 70.71 3.4% 3,400 70.71 2.1% 
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Cisler HT V-28 5,120 254.56 5.0% 18,000 494.97 2.7% 

Waukesha MT S-28 1,500 183.85 12.3% 9,200 141.42 1.5% 

Waukesha MT V-28 2,650 141.42 5.3% 9,100 141.42 1.6% 

Waukesha HT S-28 2,150 155.56 7.2% 8,800 0.00 0.0% 

Waukesha HT V-28 3,500 14.14 0.4% 26,650 1909.19 7.2% 

In 8 mixes, the results show that the stripping points in wet HWT test present the values 

in range of 1,500 to 5,620 passes, while the tertiary points in dry HWT test are greater than those 

in wet HWT by at least two times, except for the Cisler HT S-28 mix in which they are closer 

than the ratio of 2.    

According to the Wisconsin specification, a critical rut depth to identify the HWT testing 

is 12.5 mm at 20,000 passes. Therefore, in this section, wet and dry HWT outputs are compared 

to distinguish whether the passes of both are equivalent. All tests were conducted through 12.5 

mm with the same conditions of temperature and tire. Figures 4-26 to 4-33 show the rut depth in 

dry and wet HWT measured for different mix designs.  



86 
 

 

Figure 4-26. Rut Depth in Dry and Wet HWT of Cisler HT S-28. 

Figure 4-26 shows two slopes of wet and dry HWT of Cisler HT S-28. The slope of wet 

and dry are identical at the primary stage and the beginning of the secondary stage. Nevertheless, 

after the middle point of the secondary stage of wet HWT at rut depth of 10 mm, the slope of wet 

continues steeper than the dry. The slope for the dry HWT still maintains constant slope through 

25 mm. At the critical rut depth of 12.5-mm for both wet and dry HWT, the number of passes of 

dry condition sample is greater than that of wet condition sample (approximately 4500 passes) by 

approximately 700 passes. 

Figure 4-27 shows the two slopes of wet and dry HWT of Cisler HT V-28, which is the 

exact same mix as the one shown in Figure 4-26 but the binder is modified to achieve the V-28 

grade using an elastomer. Similar to the mix with the S-28 binder, the slope of wet and dry are 

close at both the primary stage and some of the secondary stage. 
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Figure 4-27. Rut Depth in Dry and Wet HWT of Cisler HT V-28. 
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the wet and dry condition.  As can be seen in the table the value of passes and the relative change 

between wet and dry is highly variable and is significantly related to the grade of the binder.  

Table 4-8. Number of Passes to 12.5-mm rut depth  

Mixture Type 

Number of Passes to 12.5 mm rut depth 

Ave. Wet HWT SD. COV. Ave. Dry HWT SD. COV. 

Cisler MT S-28 4,050 212.13 5% 4,625 530.33 11% 

Cisler MT V-28 11,750 1343.50 11% 12,625 106.07 1% 

Cisler HT S-28 4,840 0 0% 5,800 989.95 17% 

Cisler HT V-28 16,100 848.53 5% 33,200 2969.85 9% 

Waukesha MT S-28 4,750 70.71 1% 11,000 2687.01 24% 

Waukesha MT V-28 10,100 707.11 7% 29,150 7141.78 25% 

Waukesha HT S-28 5,680 1640.49 29% 14,525 2368.80 16% 

Waukesha HT V-28 13,000 424.26 3% - - - 

Based on the results shown in Tables 4-7 and 4-8, it is clear that effect of wet 

conditioning starts at the stripping point. Also it is clear that using the 12.5-mm limit in the wet 

Hamburg is not related to the rutting behavior only, but also to the moisture confounding in the 

sample. 
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Figure 4-28. Rut Depth in Dry and Wet HWT of Cisler MT S-28. 

 

Figure 4-29. Rut Depth in Dry and Wet HWT of Cisler MT V-28. 
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Figure 4-30. Rut Depth in Dry and Wet HWT of Waukesha HT S-28. 

 

Figure 4-31. Rut Depth in Dry and Wet HWT of Waukesha HT V-28. 
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Figure 4-32. Rut Depth in Dry and Wet HWT of Waukesha MT S-28. 

 

Figure 4-33. Rut Depth in Dry and Wet HWT of Waukesha MT V-28. 
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creep slope, the power law model was used to verify the effect of the moisture conditioning in wet 

HWT on the creep stage as shown in Tables 4-8. It is noted that the data after tertiary points for 

the dry testing and after the stripping point for the wet testing were removed in the fitting to avoid 

an confounding of the moisture damage effects.  

Table 4-8. Creep Slope for 8 Mixes of Wet and Dry HWT. 

Mixture Type Wet SD. COV. Dry SD. COV. Sensitivity 

Cisler MT S-28 0.51 3.54E-03 1% 0.50 1.13E-02 2% 2% 

Cisler HT V-28 0.37 3.71E-02 10% 0.35 1.32E-02 4% 4% 

Cisler HT S-28 0.47 1.46E-02 3% 0.42 7.07E-05 0% 9% 

Cisler MT V-28 0.42 3.42E-02 8% 0.38 9.05E-03 2% 10% 

Waukesha HT S-28 0.45 7.35E-03 2% 0.39 3.10E-02 8% 15% 

Waukesha HT V-28 0.37 1.90E-02 5% 0.36 2.18E-02 6% 2% 

Waukesha MT S-28 0.47 3.78E-02 8% 0.45 1.80E-02 4% 4% 

Waukesha MT V-28 0.37 3.81E-02 10% 0.33 3.96E-03 1% 10% 

The creep slopes in wet and dry condition are used to calculate the slope sensitivity 

which is equal to (wet creep slope – dry creep slope)/wet creep * 100 as shown in Table 4-8.  

The sensitivity to wet conditioning ranges from 2% to 15% of the wet slope.  All mixtures shows 

relatively low values of sensitivity that can be considered to be within the experimental error of 

the HWT results.    

The results indicate that within the creep stage, rut depth is increasing with very marginal 

confounding effect of moisture damage. This is logical since moisture damage is unlikely to 

happen in the first few hours in HWT testing. Creep slope relates to rutting primarily due to plastic 

flow (Aschenbrener. 1995). Also the ranks of creep slope for wet and dry HWT are in the same 

rank in which the V-28 mixtures are more resistant to permanent deformation than S-28 mixtures. 

However, it is not clear what is the mechanism of the moisture damage after the creep stage and 

beyond the stripping inflection point. Therefore in the next section the asphalt mastic bonding test 

is used to explain the difference of sensitivity between the mixtures for moisture damage. 
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 After the striping inflection point, the slopes of the wet conditioned samples get even 

steeper while the dry condition can hardly show any changes.  The Wet HWT creep and 

stripping slopes were analyzed by the method proposed by Iowa DOT as listed in Table 4-9. The 

analysis method involves fitting a sixth degree polynomial to the wheel passes vs. deflection 

curve, and inserting a tangent line at the location where the first derivative of the polynomial is at 

a minimum near the end of the test; the slope of this tangent is referred to as the stripping slope. 

A tangent line is also inserted at a point where the second derivative of the polynomial is zero 

prior to the stripping initiation point; the slope of this tangent is the creep slope. 

Table 4-9. The Creep Slopes and Stripping Slopes of Wet HWT. 

Name of the mixture Creep Slope SD. COV. Stripping Slope SD. COV. 

Cisler-MT-S-28 -0.00226 0.0001 4.1% -0.0055 0.0007 12.7% 

Cisler-MT-V-28 -0.00069 0.0001 16.3% -0.00164 0.0001 4.6% 

Cisler-HT-S-28 -0.0012 0.0001 8.6% -0.0051 0.0003 6.5% 

Cisler-HT-V-28 -0.00038 0.0000 6.0% -0.00228 0.0004 16.3% 

Waukesha-MT-S-28 -0.00164 0.0000 1.6% -0.00582 0.0006 9.8% 

Waukesha-MT-V-28 -0.00052 0.0000 3.7% -0.00323 0.0003 9.0% 

Waukesha-HT-S-28 -0.00113 0.0002 20.5% -0.00522 0.0001 1.2% 

Waukesha-HT-V-28 -0.00045 0.0000 4.7% -0.00179 0.0000 1.9% 

 

As mentioned earlier the ratio of stripping slope and creep slope in Wisconsin and Iowa 

specification should be equal to or greater than 2 in wet HWT test. The results show that the ratio 

in the wet condition is greater than 2 for all the mixtures as shown in Table 4-10.  
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Table 4-10. The Ratio of Stripping Slope to Creep Slope for the Wet Condition  

Name of the mixture 
Stripping/Creep Slope Ratio  

Average    SD. COV. 

Cisler-MT-S-28 2.43 0.21 8.5% 

Cisler-MT-V-28 2.38 0.28 11.9% 

Cisler-HT-S-28 4.25 0.09 2.1% 

Cisler-HT-V-28 6.02 0.62 10.3% 

Waukesha-MT-S-28 3.56 0.29 8.3% 

Waukesha-MT-V-28 6.21 0.33 5.3% 

Waukesha-HT-S-28 4.6 1.02 22.2% 

Waukesha-HT-V-28 3.93 0.26 6.6% 

The results indicate that all mixtures that were tested in wet HWT test are moisture 

susceptibility. It can be visually observed the difference between dry and wet HWT test by the 

dislodgement of the aggregate as shown in Figure 4-34.  

     

(a)     (b) 

Figure 4-34. Failure of HWT Samples on Running in (a) Dry Condition (b) Wet Condition 
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The results of comparing the wet and dry testing trends lead to conclude that these two tests (dry 

and wet) are interchangeable tests in creep stage; the wet HWT test can substitute the dry HWT 

to determine the permanent deformation.  

4.4.3 Verification of the Cause of Moisture Damage  

To explain the cause of this variation between dry and wet HWT, it is hypothesized that 

moisture damage for the mixtures is the main cause.  Moisture damage can be caused either by an 

adhesion loss between asphalt binder and aggregate surface or by a cohesion strength weakening 

of asphalt mastic caused by the interaction with moisture.  Some researchers have studied the 

mechanism of adhesion loss between asphalt binder and aggregate surface. Cheng et al. (2002) 

stated that the strength loss can predict when the dry adhesive bond compares the wet adhesive 

bond strength between the asphalt and the aggregate. Recently, Moraes et al. (2011) used the 

Bitumen Bond Strength test (BBS) to verify the effect of moisture on asphalt-aggregate adhesive 

bond. This study indicated that bonding between asphalt and aggregate under wet conditions was 

greatly dependent on binder modification type and conditioning time.  

Cohesive failure of asphalt mastic bond is one cause of moisture damage in HMA. This 

damage may be due to two factors: the diffusion of water into bitumen weakening of the mastic 

and the migration of water through mastic to interface of mastic and aggregate. Kim et al. (2002) 

stated that the cohesive strength of the asphalt mastic is not only controlled by the asphalt 

cement, but also by the combination and interaction of the asphalt cement and the mineral filler. 

Terrel and Al-Swailmi (1994) presented that water can affect cohesion of mastic and bond to 

aggregates by reducing the strength of the mastic due to moisture saturation and void swelling or 

expansion. 
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Airey et.al (2007) showed that mineralogical and chemical composition of aggregate 

might play a fundamental role in moisture damage in HMA. In addition, Apeagyei et.al (2013) 

applied the dog bone-shaped tensile specimens to determine the cohesion (tensile strength) of the 

mastics. Results showed a good correlation between moisture condition time and adhesion 

strength. However, the test could not provide the result of the effect on physico-chemical and 

physical mineral fillers. Therefore, the moisture confounding effect can be verified by the 

Bitumen Bond Strength testing (BBS), which is standardized in the AASHTP TP-91 procedure. 

4.4.3.1 Materials 

To select the materials for verifying the mechanism affecting the moisture damage, the 

tertiary point slopes in Francken model method were used in the analysis. The reason of using 

tertiary point slope from Francken model is the stripping and the tertiary stage occur after this 

point. Therefore this point is deemed to be the starting point of having the moisture effect 

leading to the stripping stage. The slopes at the tertiary point for dry and wet HWT are shown in 

Table 4-11. 

Table 4-11. The Slope at the Tertiary Point for Dry and Wet HWT by Francken Model. 

Mixture type DRY SD COV WET SD COV Sensitivity 

Cisler MT S-28 0.0008 2.9E-05 4% 0.0023 3.5E-04 15% 68% 

Cisler MT V-28 0.0005 2.1E-05 4% 0.0007 1.0E-04 16% 26% 

Cisler HT S-28 0.0016 2.6E-04 17% 0.0019 3.0E-04 16% 18% 

Cisler HT V-28 0.0002 6.6E-06 3% 0.0004 3.1E-05 9% 30% 

Waukesha MT S-28 0.0006 5.9E-05 9% 0.0018 9.5E-05 5% 65% 

Waukesha MT V-28 0.0003 5.6E-05 19% 0.0005 9.1E-05 17% 43% 

Waukesha HT S-28 0.0004 1.5E-05 3% 0.0013 1.3E-04 10% 65% 

Waukesha HT V-28 0.0002 4.9E-05 23% 0.0004 3.3E-05 9% 41% 

 

Since the Cisler-HT-S-28 mixture as shown in Table 4-11 shows different dry/wet 

sensitivity in creep slope than others. To verify the mechanism affecting moisture damage and 
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the sensitivity of creep slope, four mixtures need to be considered including Cisler MT S-28, 

Cisler MT V-28, Waukesha MT S-28 and Waukesha HT S-28. However, the amount of the filler 

in MT and HT of Waukesha are similar, and they do not show the difference in the sensitivity. 

Therefore, three types of mineral fillers and two aggregate substrates (Waukesha Limestone and 

Cisler Granite) which are consistent with the aggregate used for the HWT test were selected to 

create asphalt mastic for testing Bitumen Bond Strength: limestone, granite, and blended sand. 

The filler use for each test was consistent with HWT test mixture: Cisler HT-S-28 used Cisler 

Filler, Waukesha HT-V-28 used Waukesha Filler, and Cisler MT-S-28 used Cisler+Blended 

Sand Filler. 

4.4.3.2 Bitumen Bond Strength Test (BBS) 

Bitumen Bond Strength test is developed from the Pneumatic Adhesive Tensile Testing 

Instrument (PATTI) test as shown in Figure 4.35(a) to evaluate the bitumen-aggregate bond 

strength. As shown in Figure 4-35, the BBS device is comprised of a portable pneumatic 

adhesion tester, pressure hose, piston, reaction plate and a metal pull-off stub. During the test, a 

pulling force is applied on the specimen by the metal stub.  Raquel et al. (2011) found that BBS 

test is feasible for assessing moisture susceptibility of aggregate and asphalt binder. Bahia and 

coworkers (2012) developed the test to account for the stiffness of the binder on BBS 

measurements. The test can be conducted with samples curing in both the dry and wet condition. 

In the study by Raquel et al. (2011), it is shown that the pull off strength in the wet condition was 

highly dependent on conditioning time. To confirm that moisture fully infiltrates between asphalt 

mastic and aggregate, longer conditioning time of 96 hours was used for wet condition 

measurement. 
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After preparing the asphalt mastics, all samples were setup on substrate as shown in 

Figure 4-35(b). Two set of samples were cured in dry condition at room temperature for 24 h and 

in the wet condition samples are first left at room temperature for 1 hour to allow for the 

aggregate-bitumen-stub system to reach a stable temperature, then samples are submerged into a 

water bath at 40°C for 96 h. After curing, samples were taken out of water and kept at room 

temperature for 1 h before testing. The parameter that needs to be calculated and recorded is 

POTS, which is calculated using the following equation: 

𝑃𝑂𝑇𝑆 =
(𝐵𝑃−𝐴𝑔)−𝐶

𝐴𝑝𝑠
   (6) 

Where:  

POTS = Pull off tensile strength (kPa)  

BP = Burst pressure (kPa)  

Ag = Contact Area of Gasket with Reaction Plate (mm2)  

C = Piston Constant (Provided by manufacturer)  

APS = Area of pull-off stub (mm2) 

 

 

(a) (b) 

Figure 4-35. The photograph of (a) Bitumen Bond Strength Test Device (BBS) and (b) 

Sample Preparation. 
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4.4.3.3 Iso-Stiffness Temperature Test  

Before testing bonding strength between asphalt mastic and aggregate, obtaining the 

same stiffness in asphalt mastic is necessary to avoid the confusion of the pull-off tensile 

strength in different stiffness. Bahia and co-workers (2012) proposed the method for determining 

binder stiffness by interpolating among three DSR test temperatures (20, 25, and 30°C) to 

calculate the temperature at which the |G*| is equal to 1 MPa. Table 4-12 shows the determined 

iso-stiffness temperature of the selected asphalt mastics. All concentration of fillers in asphalt 

binder are kept at 40% by volume. 

Table 4-12. Asphalt Mastics Iso-Stiffness Temperature. 

Asphalt Mastic Sample Iso-Stiffness Temperature (°C) 

S-28 + Cisler (Granite) 27.9 

S-28 + Waukesha (Limestone) 28.4 

S-28 + Cisler (Granite) + Blended Sand 27.3 

 

These temperatures were adjusted to cure the sample for 5 minutes to maintain test 

temperature before BBS testing. The equipment to control temperature is shown in Figure 4-36. 
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Figure 4-36. The Equipment to Control Temperature of the BBS Samples. 

4.4.3.4 Result and Analysis 

By verifying the moisture damage in the wet HWT test using the BBS testing, it is 

possible that the filler can affect cohesion of the mastic and possibly the bonding of asphalt to 

aggregates. These effects change the moisture susceptibility of mixtures as observed in this study 

and as reported before by other reserachers (Terrel and Al-Swailmi ,1994). Three types of filler 

corresponding to the mixture test were added in asphalt binder at 40% by volume of mastic, 

which is a typical concentration in asphalt mixtures. Figure 4-37 shows three types of mastic 

with the corresponding substrate aggregates to asphalt mixtures. The results are shown in the dry 

and wet condition. Results show that in the dry and wet condition for Cisler_S-28 mastic have 

pull-off tensile strength of 1.78 MPa and 1.48 MPa, respectively, while for Waukesha_S-28 and 

Cisler+Blened Sand_S-28 mastics, lower pull-off tensile strengths are measured of 1.65 MPa, 

1.11 MPa (dry, wet) and 1.20 MPa, 0.83 MPa (dry, wet), respectively. These trends indicate that 

pull off strength is dependent on filler type more than only the stiffness of asphalt mastic, 
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because even at the same stiffness, different pull-off strength values are measured. This confirms 

earlier findings made by Bahia and coworkers (2012). Therefore, the BBS test should be 

conducted in a temperature-controlled environment, and at a temperature that reflects field 

conditions, rather than at room temperature.   

 

Figure 4-37. Pull-Off Tensile Strength of Dry and Wet condition on Cisler S-28 and 

Waukesha S-28 Asphalt Mastic. 

In order to identify the potential effect of mastic on moisture damage resistance, loss of 

strength is calculated as indicator from the BBS testing. The calculation of loss of pull-off tensile 

strength is shown in Equation 4-7. 

% loss of pull-off tensile strength = 
POTSdry−POTSwet

POTSdry
× 100  (7) 

Figure 4-38 shows percent loss of pull-off tensile strength after wet conditioning. Results 

show that percent loss of pull-off strength for Waukesha_S-28 and the combination of Cisler and 

Blended Sand fillers are in a range of 31.1-32.4%, which is higher than the value for Cisler_S-28 
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filler (16.7%). This indicates that the loss of pull-off tensile strength is dependent on mineral 

filler sources.  

It should be noted however that the absolute % loss value of the strength after wet 

conditioning (wet strength) is also a very critical factor since moisture damage is dependent not 

only on % change but also on the wet value of strength.  In this case, values shown for the wet 

strength in Figure 4-37 indicates that wet strengths for the Waukesha and the combination of 

Cisler and Blended Sand fillers are lower than those for the Cisler filler. Therefore, the 

verification from BBS test confirmed the moisture damage occurring in the HWT testing.  

 

Figure 4-38. Percent Loss of Pull-Off Tensile Strength after Moisture. 

4.4.3.5 Mode of Failure  

As shown in Figure 4-38, water conditioning resulted in a reduction in the pull off 

strength of mastic. However the total strength cannot explain if the failure is Cohesive (within 

the mastic), or Adhesive (at the interface with the aggregate surface). The mode of failure can 

only be detected visually by inspecting the surface of the aggregate as shown in Figure 4-39, 
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which illustrates cohesive and adhesive failures form the BBS test. The modes of failure 

observed for all combinations are shown in Table 4-13, which shows that for all of the mastics 

the failure has been cohesive (Figure 4-40). Also, because the wet strengths are lower than the 

dry values, the effect is mostly weakening the mastic itself either by softening of binder or 

weakening the bond between the binder and the filler particles. These results are consistent with 

the cohesive failure (Displacement) mechanism affecting the moisture damage. 

Table 4-13. Mode of Failure in 3 Mastic Types. 

Asphalt Mastic Sample Dry Condition Failure Type Wet Condition Failure Type 

S-28 + Waukesha  C C 

S-28 + Cisler C C 

S-28 + Cisler + Blended Sand C C 

 

     

(a)                                        (b) 

Figure 4-39. Typical Failure Modes in the BBS (a) Cohesive Failure (b) Cohesive and 

Adhesive Failure. 

             

(a)      (b) 
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(c) 

Figure 4-40. Failure Mode (a) S-28 + Cisler Dry (Left), Wet (Right) (b) S-28 + Waukesha 

Dry (Left), Wet (Right) (c) S-28 + Cisler + Blended Sand Dry (Left), Wet (Right) 
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5 SUMMMARY OF FINDINGS, CONCLUSION AND 

RECOMMENDATIONS 

5.1 Overview 

It is well recognized that resistance of asphalt mixtures for rutting can be measured using 

axial repeated loading of cylindrical samples in unconfined or confined mode, or using wheel 

tracking devices.  Currently the most widely used method in the USA include the Hamburg 

Wheel Tracking (HWT) Test (AASHTO T324) and the unconfined axial load test, also called the 

Flow Number (FN) test as described in the AASHTO TP 79.  The HWT is a much simpler 

device that allows using relatively thin samples from constructed pavements, which provides 

confinement similar to the pavement field conditions. The FN test, on the other hand, requires a 

cylindrical sample of 150-mm depth, which is not typically available from the field, and requires 

specifying confining pressure to simulate pavement field conditions.  Currently the HWT is 

conducted in wet conditions, which could confound the effects of moisture and traffic loading, 

however it is known that HWT can be conducted in both wet and dry conditions. The overall 

objectives of this dissertation are to present the rationale for using the dry or wet HWT tests to 

determine the permanent deformation performance of asphalt mixtures in the laboratory as a 

more effective method than the FN test. In this chapter the main findings, conclusions and 

recommendations are listed. 

5.2 Summary of Findings 

This study focused on evaluating the potential of using the HWT device in the dry 

condition to quantifying permanent deformation resistance of asphalt mixtures. The Dry HWT 

test is examined by studying the mechanisms of permanent deformation, correlation with the 
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confined Flow Number (FN) standard test using tri-axial (Confined) loading, and by the analysis 

of outputs from the wet HWT, which is a standard test method, and the dry HWT test.  

5.2.1 Evaluation of Rutting Mechanism by Hamburg Wheel Tracking Test  

The rutting behavior of mixtures in the dry and wet HWT test is found to follow the 

model developed by Francken which can successfully define primary creep, secondary creep and 

tertiary creep. However, in the dry condition not all mixtures showed the tertiary behavior. 

Therefore, a simpler model (the power law model) was used to fit the dry condition results and 

compare them to the confined FN results. To understand the mechanisms in each creep stage, the 

change in aggregate packing during cyclic loading process until failure of the mixtures in HWT 

testing was determined by using IPAS2 software, which allows determining the orientation of 

aggregates and the contact or proximity zones. Based on the analysis of the results, the following 

findings can be stated:     

1. Francken model can be used for appropriate fitting of the HWT data to analyze the creep 

stages and define the tertiary point. However, in the dry condition not all mixes can 

reach the tertiary creep stage within reasonable number of passes. 

2. Rutting in the dry HWT testing is caused by different mechanism; during the initial 

(primary) creep, the aggregates are packed by the load applied from the steel wheel, thus 

aggregate skeleton shows increase in contact/proximity zones between aggregates. In the 

secondary stage, sample mixes are in the steady stage that the aggregate skeleton begins 

deforming along the loading directions and shifted to the sides of the sample mixes as 

observed by dilation of aggregate structure. Since the aggregate skeleton is still stable at 

most of the proximity zones, there is no rapid deformation or failure of the specimen. 

However, the aggregate skeleton deforms rapidly and moves to the sides of the samples 
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(dilation) within the tertiary stage. These mechanisms are confirmed by the observation 

that the two sides of the samples show reoriented aggregate skeleton, which is an 

indication of shear failure. The instability happens as a result of the dilation in mixture 

samples. In this case, the sides of samples appeared as upheavals with some aggregates 

dislodged which is consistent with typical rutting that can be observed in the field. 

3. The failure in mixture and decrease in Total Proximity Lengths (TPLs) values during 

secondary and tertiary zone is due to some localized deformation and discontinuities in 

the aggregate skeleton of mixes leading to failure of the whole sample and severe 

reduction in load-bearing capacity of mixture. In this study, Angle Orientation 

Measurements was adopted to determine the possibility of shear failure of the samples. 

The results show that the angle orientation changed during secondary stage. Hence, this 

method may be one to identify the change in shear mode during loading passes in HWT 

test.  

5.2.2 Correlation between Dry Hamburg Wheel Tracking Test and 

Confined Flow Number Test 

 Based on the results of correlating the dry HWT with FN, the following findings can be 

stated: 

1. The correlations of cumulative strain in the Dry HWT and Confined FN with cycles up to 

the tertiary point of Dry HWT test showed excellent linear relationship with R2 in the 

range of 0.970-0.996 for 8 different mixtures. However, the correlation between Dry 

HWT strain vs Confined strain in tertiary stage of both tests is not consistent for all 

mixtures. Therefore, the specifications limits for Dry HWT need to be verified and 

selected independent of the limits used today for FN.   
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2. With the Francken model, the linear regression analysis of secondary creep rate for 8 

mixes shows a strong relationship with R2 of 0.87. However, if the Cisler MT-S-28 was 

removed, the linear regression reduces the relationship with R2 of 0.45. Hence, the 

Francken model is not a suitable method to determine the creep slope. 

3. With the Power Law fit, Dry HWT test can be used as a surrogate for testing of confined 

FN since a good significant slope relationship can be established between Dry HWT and 

Confined FN with R2 of 0.86. The slope parameters of Confined FN mixes are above the 

line of equality. These results are logical since the contact stress of Confined FN (87 psi) 

is lower than that of Dry HWT (105 psi). Also, the slope was verified by determining 

unconfined FN slopes with the same mixtures. The slope parameters of Unconfined FN 

mixes are under the line of equality. These results are logical since the confining pressure 

of Confined FN (10 psi) exists, while no confining pressure is applied in the HWT test.  

4. Intercept parameters of Dry HWT show a rational relationship with the Confined FN 

intercept, however a very poor correlation could be found. The intercept is not considered 

an important parameter since it contributes very little to the critical rutting depth 

commonly used in specification. Hence, the lack of correlation for the intercept parameter 

can be ignored in regards to the relationship between Dry HWT and Confined FN. 

5.2.3 The Analysis of Outputs between Wet HWT and Dry HWT 

Mixtures with varying asphalt binders, aggregate types and mix designs are selected for 

testing to allow for evaluation of the distinction between the two conditions of wet and dry. The 

results showed that the creep slopes of wet HWT were very similar to those from the dry HWT 

within the creep stage before the stripping point. Therefore the creep rate measured in the dry 

HWT test, which represents rutting without confounding effects of moisture damage, can be 
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estimated from the wet HWT test. The effect of moisture damage in the wet test (stripping slope)  

can be explained by the Bitumen Bond Strength (BBS) test results which indicate that  moisture 

can reduce the Pull-Off Tensile strength (POTs) of mastics, and the % loss of POTs are 

consistent with the difference in the sensitivity of creep slope to wet conditioning estimated from 

the HWT test.   

5.3 Conclusions 

Based on the findings of this study, it can be concluded that the rutting resistance measured 

in the Dry HWT can be successfully used to replace the FN test in measuring the rutting 

resistance of asphalt mixtures. The Dry HWT test shows strong correlation of creep stages 

observed for Confined and Unconfined FN.  It is also concluded that the creep rate measured in 

the Wet HWT, before the stripping inflection point, can be used reliably to estimate the creep 

rate of the Dry HWT since the differences between wet and dry creep slopes are well within the 

experimental error, and the creep slope ranking is also similar.   

5.4 Recommendations 

1. The Hamburg Wheel Tracking test as defined in this report is shown as a suitable testing 

for use as a surrogate for the Flow Number and as a screening test for the public and 

private agency. However, the verification of more HMA mixtures which are both 

sensitive and in-sensitive to rutting performance is needed. Therefore, the development of 

the framework to establish the criteria for HMA testing is recommended for a further 

study. 

2. As the tertiary point was rarely observed in Confined Flow Number test within 20,000 

passes, a variety of temperature testing in the test is needed to investigate if it can 

expedite the occurrence of the tertiary point in stiffer mixture.  
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3. For HMA testing in the laboratory to provide equivalent performance to the field, there is 

a need to consider both wet HWT and field performance testing in verification of the 

effective laboratory testing for rutting performance.  
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APPENDIX A: Detailed Mix Design Information 

Table A-1. MT-S-28-Cisler. 
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Table A-2. HT-S-28-Cisler. 
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Table A-3. MT-V-28-Cisler. 
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Table A-4. HT-V-28-Cisler. 
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Table A-5. MT-S-28-Waukesha. 
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Table A-6. HT-S-28-Waukesha. 
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Table A-7. MT-V-28-Waukesha. 
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Table A-8. HT-V-28-Waukesha. 
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APPENDIX B: Image of Hamburg Wheel Tracking Test Samples  

 

Figure B-1. The E-3 Mix in Experiment 1 and 2 after Dry HWT Testing. 

 

Figure B-2. The E-10 Mix in Experiment 1 and 2 after Dry HWT Testing. 
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Figure B-3. The Example of Cisler Mixes after Dry HWT Testing.
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APPENDIX C: The HWT Curve Fitted by Francken Model. 
 

 

Figure C-1. MT-S-28-Cisler Wet Condition 

 

Figure C-2. MT-S-28-Cisler Dry Condition 
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Figure C-3. MT-V-28-Cisler Wet Condition 

 

Figure C-4. MT-V-28-Cisler Dry Condition 
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Figure C-5. HT-S-28-Cisler Wet Condition 

 

Figure C-6. HT-S-28-Cisler Dry Condition 
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Figure C-7. HT-V-28-Cisler Wet Condition 

 

Figure C-8 HT-V-28-Cisler Dry Condition 
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Figure C-9. MT-S-28-Waukesha Wet Condition 

 

Figure C-10. MT-S-28-Waukesha Dry Condition 
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Figure C-11. MT-V-28-Waukesha Wet Condition 

 

Figure C-12. MT-V-28-Waukesha Dry Condition 
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Figure C-13. HT-S-28-Waukesha Wet Condition 

 

Figure C-14. HT-S-28-Waukesha Dry Condition 
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Figure C-15. HT-V-28-Waukesha Wet Condition 

 

Figure C-16. HT-V-28-Waukesha Dry Conditio 
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