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ABSTRACT 

Procedure for Asphalt Mixture Friction Evaluation for WVDOH 

Danielle Hoyer 

Monitoring asphalt skid resistance in the laboratory could aid in improved friction 

prediction capabilities and provide insight for developing alternative asphalt mixture designs in 

the future. The West Virginia Department of Highways (WVDOH) sought the design of a 

laboratory accelerated asphalt polishing machine to further expand on current skid resistance 

measurement practices. The design is modeled after the North Carolina State University (NCSU) 

polishing machine detailed in ASTM E660. The purpose of this research was to develop a testing 

procedure for the polishing equipment. Friction was monitored with the British Pendulum Tester 

(BPT) according to ASTM E303. 

Specimens were prepared using a Superpave Gyratory Compactor (SGC) at two air void 

contents (4% and 8%) using four asphalt surface course mixtures (JFA 12.5mm Skid-RAP, WVP 

W1-RAP, Greer W1, WVP 12.5mm Skid-RAP). Specimens were placed in the polishing 

machine for a minimum of 48,000 wheel passes and conditioned with silicon carbide abrasive 

powder for accelerated polishing. Tire toe angles were adjusted between low (4° toed in and 2° 

toed out) and high (8° toed in and 4° toed out) toe angles. Average BPN values were plotted and 

used for slope calculations to investigate asymptotic behavior. These trend lines were also used 

as prediction models to determine the number of wheel passes required to reach minimum BPN 

limits; a larger number of wheel passes indicates more polish resistance. Variables evaluated: 

specimen air void content (VTM), tire toe angles, tire type, nominal maximum aggregate size 

(NMAS), and asphalt production company were considered for analysis. Data were compared 

using t-tests at 95% confidence to determine statistical differences between average BPN 

measurements. The most polish resistant mixture was the WVP W1-RAP mix; JFA 12.5mm 

Skid-RAP was the least. T-tests concluded only statistically different results for toe angles and 

lab/field comparisons. Lower friction values for higher toe angles suggest increased polishing 

when using higher toe. These results could provide insight on polishing procedure optimization 

and skid resistant characteristics of asphalt mixtures. 
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Chapter 1: Introduction 

Background 

As an integral part of infrastructure, roadways provide a daily avenue for individuals to 

carry out various activities or trips. Because the roadway infrastructure is so important, it is 

imperative for engineers to maintain the safety of the public, which includes the maintenance of 

proper levels of skid resistance. Skid resistance poses issues for a number of crash types 

including non-departure and departure accidents. According to statistics stated by the Federal 

Highway Administration (FHWA), more than half of the 35,092 fatalities reported in 2015 were 

due to roadway departures (FHWA, 2016). Specific to the state of West Virginia, 214 out of a 

total of 303 fatalities reported in 2017 (71%) were due to at least one vehicle departing the 

roadway, placing West Virginia in the top five within the United States (including Washington 

D.C.) for the largest percentage of fatalities associated with roadway departures (National 

Highway Traffic Safety Administration, 2017). While there are many factors affecting roadway 

departures, the lack of proper skid resistance on roadway surfaces remains a large contributing 

factor, especially in wet conditions (FHWA, 2016). Wet conditions contribute to the majority of 

roadway departure crashes, and approximately 70% could be mitigated with friction 

improvements (FHWA, 2016). 

To combat skid resistance issues, pavement engineers have developed skid resistance 

surface courses, high friction treatments, as well as various other high friction developments. In 

order for these treatments to be successful, engineers rely heavily skid resistant aggregates. 

Unfortunately, the supplies of these aggregates are quickly diminishing in West Virginia, 

prompting a need for the West Virginia Department of Highways (WVDOH) to develop 

additional approaches in providing the public with proper skid resistance on asphalt pavements. 

Eliminating the substantial reliance on skid resistant aggregates requires research in the 

laboratory to measure the skid potential of hot mix asphalt (HMA) mixtures, rather than 

aggregate properties specifically. This approach involves the proper polishing of asphalt samples 

as well as measurements of a skid resistance parameter. This information can provide insight on 

an alternate approach in providing appropriate skid resistance properties based the asphalt 

concrete mixture itself. 
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Problem Statement 

Available skid aggregate in West Virginia is quickly depleting. While aggregates can be 

transported from alternate locations, it is costly and time consuming. Because of this, research is 

necessary to investigate the behavior of readily available aggregates as well as alternate methods 

of providing sufficient skid resistance on roadway surfaces. WVDOH MP 402.02.20 describes 

the procedure for prequalifying aggregates for skid by determining the content of polish 

susceptible carbonate particles in the aggregates. Field skid resistance measurements are 

performed using the locked skid trailer, ASTM E274. The WVDOH does not currently employ 

laboratory methods of measuring skid resistance for asphalt mixtures. Improved testing and 

research is needed in order to improve friction monitoring and predicting capabilities. 

This study was performed in order to evaluate asphalt concrete mixtures with respect to 

skid resistance by means of a newly developed polishing machine and a British Pendulum Tester 

(BPT). Gathering data tracking asphalt mixtures’ ability to resist polishing can provide the 

WVDOH and other agencies with necessary information for performing efficient laboratory 

testing procedures. In addition, this research will aid in developing alternative techniques for 

providing skid resistant mixtures and better predicting pavement performance in the future. 

Objectives 

There are two primary objectives for this research study. The WVDOH has not 

previously incorporated an accelerated polishing machine into laboratory friction testing 

procedures. As such, an accelerated polishing machine was developed. This lead to the first key 

objective for this research, which is to develop an optimal protocol for polishing asphalt concrete 

samples using an accelerated polishing machine. In establishing a proper polishing procedure, 

the next main objective of the study was to evaluate the skid resistance of some current asphalt 

mixtures used across the state by analyzing BPT measurements.  

In addition to the key goals established for this experiment, it is necessary to complete 

supplemental tasks. This primarily includes the monitoring of factors having the potential to 

influence skid resistance and subsequent BPT readings. With continued testing, results could 

provide insight on current issues in correlating laboratory and field friction measurements. This 
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research could also aid in discovering alternative characteristics that influence pavement surface 

friction to compensate for the limited supply of skid aggregates available in the state. 

Scope and Limitations 

Within this experimental study, there were a few constraints regarding asphalt mixture 

types and polishing machine design. Testing materials were limited to plant produced mixtures 

as well as field and laboratory cores provided by contractors and the WVDOH. This includes the 

amount and type of asphalt concrete available from participating plants prior to the experiment. 

Because of this, sample heights also varied. While all laboratory compacted samples could be 

prepared or measured at specific air void contents for tracking purposes, field core air void 

contents could not be controlled. 

The WVDOH provided the accelerated laboratory polishing machine and the BPT used 

for this research. Alternative methods of friction and surface texture measurements were not 

available. With restrictions in the equipment and variety of testing materials, overall conclusions 

from the experiment are also limited. 

Report Outline 

This thesis contains five chapters including an introduction, literature review, 

methodology, results and discussion, and conclusion and recommendations. Chapter 1 is the 

introduction, which is then followed by a literature review (Chapter 2). The literature review is 

comprised of three key topics: pavement surface texture and friction, laboratory polishing 

methods, and friction and texture evaluation. Chapter 3 corresponds to the methodology of the 

experiment. Chapter 4 includes general and statistical results from the experiment. Finally, a 

summary of conclusions and recommendations are presented in Chapter 5. Appendices 

comprised of additional experimental information and details are located at the end of this thesis.  
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Chapter 2: Literature Review  

Skid resistance is a function of vehicle parameters and the texture of the pavement 

surface. Other than field testing for skid resistance, e.g. the locked wheel skid trailer, pavement 

engineers cannot control the vehicle parameters. Hence, laboratory evaluation of asphalt 

mixtures is forced to focus on polishing methods and a measure of how the polishing affects 

either the texture or a controlled friction test. According to Panagouli and Kokkalis (1998), 

pavement surface texture can be categorized into three orders: microtexture, macrotexture, and 

megatexture. While megatexture is an important parameter to monitor for general roadway 

safety, skid resistance relies heavily on pavement microtexture and macrotexture (Corley-Lay, 

1998). A simplified illustration of pavement microtexture and macrotexture is shown in Figure 1 

(Liang, 2013).   

In general terms, macrotexture is the texture caused by aggregate arrangement or spacing, 

while microtexture describes the texture contained on the aggregate itself on a small-scale level 

(“Skid Resistance,” 2019). Texture variations ranging between 0.3-4.0 millimeters and 0.005-0.3 

millimeters represent macrotexture and microtexture, respectively (Panagouli and Kokkalis, 

1998). Within this distinction, macrotexture describes the texture allowing for excess water 

storage on a pavement’s surface, and microtexture represents the interaction between the tire and 

the pavement surface (Federal Highway Administration Research and Technology, 2015). “Tire-

pavement friction” combines friction elements of hysteresis and adhesion. Hysteresis and 

adhesion correspond to macrotexture and microtexture, respectively (FHWA, 2015).  

 

Figure 1: Representative Illustration of Pavement Surface Microtexture and Macrotexture 

(Liang, 2013) 
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Erukulla (2011) found that microtexture defines the magnitude of skid resistance at low 

speeds, while macrotexture controls the slope of skid resistance versus speed relationship. The 

FHWA issues guidelines for roadway departure safety; the compliance by state agencies requires 

monitoring and maintaining proper pavement surface friction. While most state agencies employ 

high speed methods to measure skid resistance, there are techniques in measuring skid resistance 

in low speed applications, which are important for monitoring pavement surface texture.  

Polishing 

During the life of a pavement, the surface becomes polished due to the environment, 

number of wheel passes, and durability of the pavement surface materials. The polishing action 

occurring in the field can be demonstrated under laboratory conditions with accelerated polishing 

devices, which is the focus of this research. Polishing devices are categorized in terms of 

aggregate, HMA, or aggregate and HMA polishing.  

Generally speaking, polishing is discussed in terms of the polishing of aggregates. With 

respect to aggregates, polishing can be described as “the wearing down and smoothing of the 

small surface irregularities of the aggregate under traffic loading” (Gandhi et al., 1991). 

Aggregate polishing devices include the British Polishing Wheel (BPW) and the Michigan 

Indoor Wear Track (MIWT). The ability of aggregates to provide a skid resistant surface can also 

be evaluated with the Micro-Deval Device (MDD) given in (Greer and Heitzman, 2017) and the 

Insoluble Residue Test (WVDOH, 2018). While the polishing of aggregates is important to 

understand the polishing of asphalt mixtures, it is not the focus of this research, and will not be 

further discussed. 

HMA polishing devices include the National Center for Asphalt Technology (NCAT) 

Three Wheel Polishing Device (TWPD), Ohio Polisher, and Third-Scale Model Mobile Load 

Simulator (MMLS3). There are also devices to polish either HMA or aggregates, including the 

Pennsylvania State University (PSU) Reciprocating Polishing Machine, Wehner/Schulze 

Polishing Machine (WSPM), Aachen Polishing Machine (APM), and North Carolina State 

University (NCSU) Circular Track Polishing Machine (CTPM). 

Hall et al. (2009) recognize the three most relevant polishing devices as the NCSU 

CTPM, MIWT, and NCAT TWPD. The NCSU CTPM is the only device with a published 
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ASTM Standard (ASTM E660). The Ohio Polisher (Liang, 2013) is a recent development since 

the completion of the NCHRP report. For this research, the NCSU, NCAT, and Ohio polishing 

devices were primarily considered for equipment development due to their relevancy in current 

standards and usage. Table 1 is Hall et al.’s (2009) summary of polishing devices. Table 2 is a 

summary of the WS and Ohio polishing devices compiled from Freil et al. (2013) and Liang 

(2013). Table 3 provides additional information on the strengths and weaknesses of laboratory 

polishing equipment (Liang, 2013).  

Friction and Texture Evaluation  

Friction Measuring Devices 

Friction measuring devices provide measurements at either high or low speeds. Hall et 

al., 2009 recognizes four primary types of high-speed devices: locked-wheel, side-force, 

variable-slip, and fixed-slip. Descriptions of test methods and corresponding devices are 

summarized by Hall et al. (2009) in Table 4. The locked-wheel skid trailer (ASTM E274) is 

identified as the most used method in the U.S. (Hall et al., 2009). This is also the current method 

used by the WVDOH.  

Table 5 (Hall et al., 2009) describes additional lower speed test methods including the 

BPT and the Dynamic Friction Tester (DFT). The BPT is specified in ASTM E303 and is the 

friction measuring equipment used for this research. While the BPT was a favored low-speed 

friction measuring device in the past, the DFT is often used in current methods (Hall et al., 

2009). It is typically used by NCAT along with the CTM device (Hall et al., 2009). The CTM is 

specific to pavement texture evaluation. Generally speaking, texture measuring methods rely on 

volumetric or laser techniques for evaluating surface friction. Methods for pavement surface 

texture measurements are described by Hall et al., 2009 and displayed in Table 6. However, 

texture measuring devices were not available for this research. 
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Table 1: Summary of Polishing Devices 

 

 

Polishing 

Method/D

evice 

Standard Testing 

Material 
Description Equipment 

Michigan 

Indoor 

Wear 

Track 

(MIWT) 

N/A Aggregates 

The MIWT is a wheel-type 

accelerated polishing 

device for coarse 

aggregates. the wear track 

design allows for two tires 

to pass over samples 

placed in a horizontal 

circular path. Once 

polished, aggregates are 

evaluated for an aggregate 

wear index by measuring 

the frictional tire resistance 

on a wetted sample surface 

(MDOT, 2019).  

 

(Erukulla, 2011) 

NCSU 

Circular 

Track 

Polishing 

Machine 

(CTPM) 

ASTM 

E660 
HMA 

The CTPM provides 

polishing action by rotating 

wheels on twelve samples 

in a circular track 

formation. ASTM E660 

specifies the use of four 

smooth, 11 x 6.00 x 5 inch 

tires rotated over samples 

at a rate of 30 rpm. 

Vertical force on the tires 

is controlled with weights 

(Mullen et al., 1977). Per 

E660-90, slab samples are 

cut into triangular sections 

to allow the samples to fit 

together into a circular 

track. E660-90 indicates an 

8-hour sufficient polishing 

time, or 57,600 cycles. A 

variable speed friction 

tester (VFT) and a BPT 

were used to measure 

friction (Mullen et al., 

1977). 

 

 

(ASTM E660-90) 
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NCAT 

Three 

Wheel 

Polishing 

Device 

(TWPD) 

N/A HMA 

The NCAT TWPD 

polishes asphalt concrete 

slabs by the rotation of 

three wheels on the asphalt 

surface. Laboratory 

samples are prepared using 

a rolling kneading 

compactor, resulting in 20-

inch square slabs, which 

are 2 inches in thickness 

(NCAT, 2016). 

Supplemental friction 

measurements are typically 

performed with a dynamic 

friction tester (DFT). 

Texture can be measured 

with the Circular Texture 

Meter (CTM). 

 

 

(NCAT, 2016) 
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Table 2: Summary of Additional Polishing Devices 

Polishing 

Method/

Device 

Standard 
Testing 

Material 
Description Equipment 

Wehner-

Schulze 

Polishing 

Machine 

(WPSM) 

N/A 
Aggregates 

and HMA 

The WPSM uses cone-shaped 

rubber rollers for polishing 

(Do et al., 2013). These 

rollers rotate on the surface 

of 225mm diameter samples 

at 500 revolutions per minute 

(Patrick, 2011). An abrasive 

water mixture is supplied to 

accelerate polishing. The 

device also includes friction 

measuring equipment, using 

three rotating rubber pads to 

measure the coefficient of 

friction (Friel et al., 2013). 

 

 

(Friel et al., 2013) 

The Ohio 

Polisher 
N/A HMA 

The Ohio Polisher polishes 

by rotating a rubber shoe 

against a sample surface. It 

has the ability to polish either 

slab or gyratory compacted 

samples with dimensions of 

18 x 18 x 2 inches and 6 x 4 

inches, respectively (Liang, 

2013). The rubber pads and 

vertical forced placed, the 

rotational speed, and the rate 

of water applied to the 

sample can be varied. (Liang, 

2013). Samples are measured 

for surface friction using 

either the Dynamic Friction 

Tester (DFT) or the Circular 

Track/Texture Meter (CTM). 

The Ohio Polisher is the only 

commercially available 

polishing machine in the U.S. 

 

 

(Liang, 2013) 
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Table 3: Strengths and Weaknesses of Laboratory Polishing Devices (Liang, 2013) 
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Table 4: Table of Field Friction Test Methods and Devices (Hall et al., 2009) 
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Table 5: Table of Lower Speed Friction Test Methods (Hall et al., 2009) 
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Table 6: Table of Methods for Pavement Texture Measurements (Hall et al., 2009) 

 

Friction Criteria 

Transportation agencies provide recommendations for minimum skid numbers (SN) 

using skid trailers in the field. However, the BPT was the only friction measuring device 

available for this research. There are limited reports providing minimum skid requirements in 

terms of British Pendulum Numbers (BPN). Asi (2005) provides values for varying roadway 

applications, listed in Table 7. The California Department of Transportation (CalTrans) display 

plotted minimum BPT measurements for both Virginia DOT and British standards (Lu and 
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Steven, 2006), Figure 2. Kowalski et al. (2010) compare minimum SN and BPN measurements 

for various mean traffic speeds of roadways in Table 8. 

Table 7: Recommended Minimum BPN Measurements for Various Roadway Applications (Asi, 

2005) 
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Figure 2: Minimum Skid Resistance Requirements (Lu and Steven, 2006) 

Table 8: Suggested SN and BPN Minimum Measurements for Various Mean Traffic Speeds 

(Kowalski et al., 2010) 

 

Asphalt Mixture Friction Characteristics 

There are several asphalt mixture characteristics that influence pavement skid resistance. 

Characteristics discussed in this thesis include: air void content (VTM), aggregate type, 
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aggregate size, aggregate gradation, binder content, and asphalt mixture type. A general increase 

in pavement friction with the addition of skid aggregates and textural differences is reported 

throughout literature. The effects of skid aggregate are indicated by Kowalski et al. (2010), Do et 

al. (2007), Erukulla (2011) and Asi (2005), especially with slag. Textural differences from VTM, 

aggregate size, and aggregate gradation are reported to increase skid resistance according to 

Liang (2013) and Hall et al. (2009). Table 9 summarizes the effects of mixture characteristics on 

pavement friction measurements from various reports.  

Table 9: Friction Results According to Different Asphalt Mixture Characteristics 
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Chapter 3: Research Methodology 

The two main objectives of this research were to develop a polishing procedure for 

asphalt samples with a newly developed laboratory accelerated polishing machine and 

subsequently evaluate some current surface mixtures approved by the WVDOH.  

Materials 

Because the primary focus of this research was the development of laboratory polishing 

protocol, only a total of four asphalt mixtures were obtained for testing. Asphalt mixtures used 

for this research include J.F. Allen 12.5mm Skid-RAP (JFA 12.5mm SR), West Virginia Paving 

12.5mm Skid-RAP (WVP 12.5mm SR), West Virginia Paving W1-RAP (WVP W1-RAP), and 

Greer W1 Heavy (Greer W1H). Additional specimens prepared at the WVDOH laboratory for 

preliminary testing were also used, but the mixture type is unknown. Table 10 provides a 

summary of the four primary mixtures used for this research. Mixture T400 sheets are provided 

in Appendix A.  

Table 10: Asphalt Mixture Material Information 

  

There were also several tire substitutions made throughout the experiment due to either 

poor performance results or availability. Table 11 lists the tires used in this experiment. Tire 

hardness was monitored throughout the experiment to ensure that polishing was consistent 

throughout. The procedure used for measuring tire hardness is in Appendix B. Measurements 

remained consistent throughout and are provided in Appendix C. 
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Table 11: Tire Information 

 

Equipment 

The WVDOH hired a machinist to fabricate the polishing machine based on ASTM 

E660-90. The primary features include:  

• Polishes 12 samples at once 

• Four tires for polishing 

• Variable rotation speed 

• Accommodates variable sample heights and gyratory compacted or field core 

samples 

• Maintains sample height settings for extraction 

The polishing machine components are displayed in Figures 3 through 6. 
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(a) Side View     (b) Top View 

Figure 3: WVDOH Polishing Machine Overview 

 

1. Equipment frame 

2. Upper surface plate, Figure 4  

3. Lower base plate 

4. Safety guards, Figure 6 

5. Rotating wheel assembly, Figure 5 

6. Specimen housing components 

7. Central shaft for rotation 

8. Support pin for wheel assembly in upright position 

9. Tie rod connection for toe angle adjustments 
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Figure 4: Specimen Housing and Clamping Assembly 

 

1. Upper surface plate  

2. Clamping assembly 

3. Specimen height adjustment 

4. Specimen extraction openings 
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Figure 5: Equipment Wheel Assembly 

 

1. Weights for wheel loading (50 pounds total) 

2. Tires (size 11x6-5.00 inches) 

3. Wheel hub and bolt pattern 

4. Wheel fender 

5. Castellated nut for wheel bearing preload 

6. Wheel axle 
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Figure 6: Equipment Operating System 

 

1. Interlock switch mechanism 

2. Safety guards 

3. Polishing cycle counter 

4. Variable frequency drive for 3-phase gear motor control 

Sample Preparation 

Three primary steps for the sample preparation process included inventory, compaction, 

and volumetric verifications. Mixtures were first inventoried and randomized to reduce bias. 

Specimens were compacted to a height of 90mm using a Superpave Gyratory Compactor (SGC) 

according to AASHTO T-312. Target air void contents of 4% ±0.5 and 8% ±0.5 were verified 

using the saturated surface dry (SSD) method, AASHTO T-166. Three replicates of two mixtures 

and two VTMs were prepared, totaling 12 specimens for each polishing session. 
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Development of Accelerated Polishing Procedure 

The polishing procedure was developed through a sequence of trials as summarized in 

Table 12. Various parameters that could affect the polishing process were evaluated with the 

different trials. The first trial evaluated the operation of the polisher; no friction data were 

recorded. The second and third trials used tires that were harder than the original set. Both sets of 

tires used for trials one through three were provided by the WVDOH. An attempt to purchase 

another set of the Burris tires found they were no longer produced. Hoosier R80 tires were 

selected as the replacement based on their properties and availability. These tires were used for 

trials 4 to 9. ASTM specifies toe angles of 2° and 4° on alternating tires. For trials 3, 4, and 7, the 

toe angles were increased to 4° and 8° to check if the greater toe angle increases the rate of 

polishing. Table 13 shows differences between the equipment and procedures described in 

ASTM E660-90 and this research. 

Table 12: Table of Testing Parameters for Trial Experiments
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Table 13: Differences Between ASTM E660 and WVDOH Polishing Equipment and Procedure 

  ASTM E660-90 WVDOH 

Equipment 

Tires 

Pressure = 20psi Pressure = 30psi 

Nylon smooth no-

pattern; 2-ply rating 
Hoosier R80 

Wheels Option for studded 

wheels 
No studded wheels 

Procedure 

Specimens 

Laboratory = 6" 

diameter, no height 

specified; field core 

= 6" diameter, 

38mm height 

(bituminous) 

Laboratory = 6" 

diameter, 90mm 

height; 6" diameter 

field core specimens 

≈90mm height if 
possible 

(bituminous) 

Option for concrete 

specimens 

No concrete 

specimens 

Abrasive No abrasive Silicon Carbide 

Powder 

Toe 

Angles 

4° toe in 2° toe out 

only 
4° toe in 2° toe out; 

8° toe in 4° toe out 

Tire 

Hardness  
No monitoring 

Monitored with 

durometer every 

4,000/6,000 

revolutions 

(16,000/24,000 

wheel passes) 

Friction 

Evaluation 

NCSU Variable 

Speed Friction 

Tester recommended  

British Pendulum 

Tester (BPT) 

Measurements 

recorded at 0, 7200, 

14400, 28000, 

43200, and 57,600 

wheel passes 

Measurements 

recorded at 0, 8000, 

16000, 32000, and 

48000 wheel passes 

Sufficient 

Polishing 

57,600 wheel passes 

(7,200 wheel passes 

per hour for 8hr) 

48,000 wheel passes 
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Friction Evaluation 

The procedures for calibrating and testing surface friction using the BPT were followed 

as described in ASTM E303-93. Arm length and center of gravity were verified; sliders were 

conditioned by swinging the arm ten times over dry sand paper. Each sample required five 

swings of the pendulum, and the first swing was not recorded. Sample surfaces were wetted prior 

to all swings. Sliders were replaced according to ASTM E303-93 failure criteria. There are 

supplementary notes significant to laboratory and field procedures in this experiment.  

BPT Laboratory Procedure Notes 

Supplementary information includes BPT slider preparation, general procedure specifics, 

and optional documentation performed throughout the experiment. These details include:  

• ASTM E303-93 recommended slider spring clip, Figure 7, to reduce rotation of slider during 

impact by the addition of a spring clip. 

 
Figure 7: Recommended Spring Clip Design for BPT Slider Foot (ASTM E303-93) 

  

Figure 8: WVU Fabricated Spring Clip on BPT Slider Foot 
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• BPT fixing jig for SGC laboratory prepared specimens, Figure 9.  

(a) Top View (b) Front View (c) Jig with sample 

Figure 9: BPT Fixing Jig 

• BPT slider conditioning apparatus, Figure 10.  

 
Figure 10: Slider Conditioning Apparatus 
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• Consistent specimen surface wetting, described in ASTM E303-93. A spray bottle was used to 

spray a total of 30 sprays for the first swing of the pendulum and 5 sprays for each of the four 

final swings of the pendulum. Figure 12 displays a specimen following the wetting process. 

Table 14 provides a quantification of the amount of water used for this process. Approximately 

60% of the sprayed water did not cover the specimen surface. This was calculated by 

subtracting dry paper towel weight from the overspray water weight captured on the towels 

after wetting a specimen. This is represented in Table 13 as the actual volume of water on the 

surface.  

 

 

Figure 11: Wetted Specimen Surface for BPT Measurements 

 

Table 14: Amount of Water Used for Specimen Surface Wetting 

 

• Slider failure occurred at approximately 1,200 BPT swings. 

• Randomize specimen measurement order to reduce slider wear bias.  
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BPT Field Procedure Notes 

 Although not a large portion of the experimental procedure, BPT measurements were 

also completed in a field environment for laboratory and field comparisons. There is little 

information in the specification regarding field testing. As such, procedural steps were assumed 

to parallel laboratory techniques accompanied by additional equipment leveling protocol. 

Supplementary notes describing the field procedure used in this experiment include:  

• Field measurement locations were the fast lane of I-79 in Flatwoods, WV. Additional location 

details are provided in the Appendix A. 

• The BPT was leveled according to each of the five location geometries, Figure 12. Testing 

locations were chosen based on the corresponding field cored specimens tested in the 

laboratory. Cored specimens were either extracted from the left or right wheel path. 

Measurements were recorded in either wheel path (dependent on the core location) and in the 

center of the lane. Measurements were also recorded in both the uphill and downhill directions 

due to varying roadway elevations. 

 

Figure 12: BPT in Field Application 

 

• Surfaces were wetted with the same technique used in the laboratory. However, it should be 

noted that precipitation began in the middle of the testing period, which could have influenced 

measurements. Figure 13 depicts the wetted surface in the field. 
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Figure 13: Wetted BPT Surface in Field 

British Pendulum Number Analysis 

Average BPN values were calculated for each specimen using the four recorded 

measurements after each polishing session. These values were plotted versus the number of 

wheel passes. Average measurements calculated for each set of replicates was averaged a second 

time to compute a mixture average. There were three replicates for each mixture. Mixture 

averages were also plotted and used to create trend lines for data fitting. Specimens were 

polished until plotted measurements displayed the appearance of a plateau. BPN measurements 

showed asymptotic behavior varying between 48,000 and 80,000 wheel passes.  

Various fitting methods were considered including polynomial, logarithmic, and power 

functions. Power functions were ultimately chosen due to high R2 values and visual observation. 

This was completed for all mixtures and trials throughout the experiment. The slope was 

calculated for each trend line by inputting the final number of wheel passes ± 100 to determine a 

asymptotic behavior. For example, 47,900 and 48,100 wheel passes were used for trials with a 

maximum of 48,000 wheel passes. Plots were then replicated and altered to represent the 

independent and dependent variables as BPN and the number of wheel passes, respectively. This 

allowed for the prediction of the number of wheel passes (Np) required to achieve two BPN 

limits: BPN=35 (Kowalski et al., 2013) and BPN=47 (Lu and Steven, 2006). For trials where the 

number of wheel passes exceeded 48,000, slope and BPN calculations were computed at 48,000 

wheel passes and the ending number of wheel passes. 
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Statistical Analysis 

BPN measurements were analyzed statistically to determine the significance of variables 

in the polishing procedure. Data were organized according to various factors and levels. Factors 

include tire types, tire toe angles, VTM, nominal maximum aggregate size (NMAS), contractor, 

and environment (lab/field). Factors were broken down into several levels, displayed in Table 15. 

Table 16 shows the factors and levels and the samples. Various statistical analysis methods were 

considered for this experiment including t-tests, ANOVA, and regression. These methods were 

reviewed and discussed in a meeting with a qualified statistician (Pyrialakou, 2020). Based on 

the layout of the data and the advice from a statistical expert, t-tests were chosen for analyzing 

BPN data. All t-tests were for two-tail, assumed equal variances, null hypothesis of equal means, 

and alpha of 0.05. 

Table 15: Experimental Factors and Levels 

 

The significance of toe angles was determined first by comparing measurements 

collected from low and high toe angles with Burris B55A tires. This was followed by analyses 

for all factors using only data collected with Hoosier R80 tires. Additional testing was performed 

for laboratory and field specimens obtained from J. F. Allen by comparing initial BPN 

measurements to determine potential differences in friction behaviors. The same samples were 

compared using BPN data collected after polishing for 48,000 wheel passes. Final t-tests were 

performed comparing initial BPN measurements of field core specimens to measurements 

completed in their corresponding locations on Interstate 79 (I-79). All location details and raw 

data are located in Appendices A and D, respectively. 
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Table 16: Testing Parameter Breakdown and Potential Sample Comparisons 
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Chapter 4: Results and Discussion 

Mixture and procedure evaluations were completed through BPN trend fitting and 

statistical methods. Discussed first are friction trend behaviors, followed by a statistical analysis 

of collected BPN data. All raw data are in Appendix D. Figures and data used for analyses are in 

Appendices E and F. 

BPN Analysis 

Trend behaviors were analyzed for specimens tested in trials 2 through 9. Figure 14 

displays average BPN data for the JFA 12.5mm SR specimens at 8% VTM, polished with Burris 

B55A tires. A power function trend line equation and corresponding R2 value is provided for the 

average of the three replicates. 

 

Figure 14: Average BPN Measurements for Trial 2 JFA 12.5mm SR (Top Surfaces) 8% VTM 

Specimens After 48,000 Wheel Passes at Low Toe Angles and Burris B55A Tires 
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The behavior on Figure 14 is similar to those reported by Vollor and Hanson (2006) and 

Kowalski et al. (2010) when polishing with the NCAT TWPD. There are minimal changes in 

slope after approximately 16,000 wheel passes. The slope of the trend line is 4.27E-05, which is 

close to a slope of zero and appears to visually fit the data. This indicates minimal change in 

BPN measurements after 48,000 wheel passes, which could provide insight for determining the 

number of wheel passes required for sufficient laboratory polishing. Slope values and trend line 

coefficients are summarized in Table 17.  
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Table 17: Trend line Coefficients, R2 Values, and Calculated Slopes for General Data and Predicted Number of Wheel Passes at BPN 

Limits of 35 and 47  

 

Notes: 

* Burris *** BPN=a(Np)
b 

** Hoosier **** Np=a(BPN)b 
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Notes: 

* Burris *** BPN=a(Np)
b 

** Hoosier **** Np=a(BPN)b 
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Figure 14 shows the conventional way to show polishing data. The trend line equation 

from this figure can be used to predict the BPN for certain number of wheel applications. For 

evaluating a mix for skid resistance suitability, a relationship for using BPN limit criteria to 

compute the number of applications is needed. This relationship is shown on Figure 15.  

 

Figure 15: Number of Wheel Passes vs. Average BPN Measurements for Trial 2 JFA 12.5mm SR 

(Top Surfaces) at 8% VTM Specimens at Low Toe Angles and Burris B55A Tire 

For JFA 12.5mm SR specimens 1T through 3T, the number of wheel passes required to 

reach BPN values of 35 and 47 were calculated to be 2.46E08 and 226,235 passes, respectively. 

While 2.46E08 passes is significantly larger than those reported in literature, this value was 

extrapolated from the data, rather than interpolated. Extrapolation can produce inaccurate results 

in some applications. Additionally, a BPN of 35 was reported by Kowalski et al. (2010) as the 

BPN limit for roadways intended for 30 mph speeds, which may not be applicable for a majority 

of roadways. Evaluating at a BPN of 47 produced a more reasonable result, which is more 

consistent to values reported by Vollor and Hanson (2006) and Kowalski et al. (2010). 

Therefore, further discussions of results are in reference to those calculated for a BPN limit of 

47. Figure 16 shows the predicted number of wheel passes for all mixtures to reach a BPN of 47. 
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Figure 17 shows the predicted number of wheel passes at BPN=47 for JFA 12.5mm Skid-RAP 

lab and field core specimens. 

 

Figure 16: Predicted Number of Wheel Passes to Achieve BPN of 47 for All Mixtures 

 

Figure 17: Predicted Number of Wheel Passes at BPN of 47 for JFA 12.5mm Skid-RAP 

Laboratory and Field Core Specimens 
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The projected number of wheel passes at various friction limits can also be used to 

evaluate asphalt mixtures in the experiment. An increased number of wheel passes represents a 

more polish resistant mixture, which could provide insight for asphalt mixture design. From 

Table 17 and Figure 16, it can be seen that the WVP W1-RAP mixture at 8% VTM in trial 2 

resulted in the largest projected number of wheel passes (1.11E06 wheel passes). The five 

samples with the greatest number of wheel passes were the WVP W1-RAP mixture, suggesting 

the WVP W1-RAP mixture is more polish resistant than other tested mixtures. Additionally, the 

majority of mixtures with the largest calculated number of wheel passes were prepared at 8% 

VTM. This result could indicate that the increased surface texture allows for excess water 

storage, producing higher friction measurements.  

The lowest calculated number of wheel passes resulted from trial 9 JFA 12.5mm SR field 

core specimens (973 passes). This is significantly lower than the number of passes calculated for 

WVP W1-RAP specimens, which resulted in the highest calculated values. Lower values could 

be an indication of differences in compaction for field and laboratory samples. However, 

additional testing is required to determine a cause. JFA 12.5mm SR specimens represent five of 

the lowest resulting number of wheel passes, which could suggest that this mixture is the least 

polish resistant of those tested in this experiment. Figure 16 also shows a generally lower number 

of wheel passes for trials using high toe angles with Hoosier R80 tires, revealing a potential 

increase in polishing by implementing higher toe angles.  

For trials 3 and 5, wheel pass predictions were also performed using data up to the 

maximum number of wheel passes (80,000 and 64,000). The majority of these predictions were 

higher than values computed using data for 48,000 wheel passes. This could indicate that 

additional data are useful when predicting the number of wheel passes required to achieve BPN 

limits. Additional testing is needed to determine the value of increased polishing.  

When looking at fitted trend equations, some trials have R2 values less than 0.9. Low R2 

values could indicate that a more complex function is required to properly fit asphalt friction 

behavior. This is observed visually on Figures 54, 58, 73-76, 81, and 82 in Appendix E. 

Inadequate fitting functions could have caused unexpected polishing predictions. Predictions of 

80,000 passes are not reasonable based on literature (Vollor and Hanson, 2006 and Kowalski et 

al., 2010) and laboratory observations. Predictions greater than or equal to approximately 
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400,000 passes is more consistent with values mentioned in literature. Further research is 

required to develop a more complete conclusion. The BPN figures are in Appendix E. 

Statistical Analysis 

Table 18 provides a summary of t-test results including the mean, variance, degrees of 

freedom, and p-values for the tested factors. All raw data and outputs used for the analysis are 

included in Appendix F. Figure 18 shows comparisons of all parameters and standard errors in 

the t-test analysis. Toe angles were evaluated for Burris B55A tires using measurements 

collected from JFA 12.5mm SR and WVP W1-RAP mixtures. The resulting p-value when 

comparing BPN measurements from low and high toe angles for Burris B55A tires is 0.09645. 

This results in a failure to reject the null hypothesis of equal means, indicating measurements are 

statistically similar. Because the influence of toe angles for Burris B55A data was insignificant, 

toe angles remained in the analysis when analyzing data using Hoosier R80 tires. Remaining 

analyses were performed only on data using Hoosier R80 tires.  

Table 18: Summary of T-test Results 

 
Notes: 

* F = Fail to reject null 

** R = Reject null 



   

 

40 

 

Figure 18: Average BPN Comparison for Tested Parameters 
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VTM comparisons for data collected using mixtures with only Hoosier R80 tires report 

similar results. A p-value of 0.8561 indicates a failure to reject the null hypothesis of equal 

means, or no significant difference between BPN measurements for all mixtures. However, it can 

be seen from Table 18 that variances for 4% and 8% VTM were 11.0 and 11.6, respectively. 

High variances may be explained by the lack of direct factor comparisons isolating VTM.   

When comparing low and high toe angles for measurements using Hoosier R80 tires, the 

resulting p-value is 3.342E-05. This results in a rejection of the null hypothesis of equal means, 

which suggests statistical difference between BPN measurements. This contradicts the previous 

toe angle analysis using Burris B55A tires. While resulting variances are high, increased toe 

angles reported a lower variance of 6.81 when compared to the lower toe angle variance of 8.71. 

This could suggest that higher toe angles produce more consistent polishing and should be used 

for future testing. When analyzing mean values, the mean BPN value of 42.9 for higher toe 

angles is several points lower than the mean value of 46.7 reported for lower toe angles. This 

suggests that there is an increase in the polishing for specimens exposed to higher toe angles, 

which decreases the testing time required in the laboratory.   

Insignificant results were reported when comparing data collected from JFA and WVP 

12.5mm SR mixtures to determine the influence of contractor on measured BPN values. The 

resulting p-value is 0.3337, failing to reject the null hypothesis of equal means. However, it is 

important to note that specimens compacted with the JFA mixture resulted in a variance of 17.7 

when compared to WVP specimens with a variance of 2.1. Large variances could be explained 

by the use of data from both toe angles in the analysis, which reported significant differences 

between BPN measurements previously using data from Hoosier R80 tires.  

Similar results are reported when comparing Greer and WVP contractors for the 9.5mm 

mixtures. A p-value of 0.1593 suggests no significant difference and a failure to reject the null 

hypothesis of equal means. For this analysis, specimens compacted using the Greer mixture 

reported a low variance of 0.5, while data from WVP mixtures resulted in a high variance of 

23.1. Low variances using the Greer mixtures suggests that this is a relatively consistent mixture 

in terms of measured friction values. Data collected from both toe angles were included in the 

analysis, which could contribute to higher resulting variances. 
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Analysis performed investigating the influence of NMAS on measured friction values 

reported insignificant results. When comparing all 9.5mm and 12.5mm mixtures, the resulting p-

value is 0.3741, suggesting no significant difference between mean BPN measurements and a 

failure to reject the null hypothesis. Higher variance is reported for data collected from 9.5mm 

specimens when compared to the variance reported from 12.5mm specimens, which were 12.4 

and 9.9, respectively. However, there are difficulties in determining a cause for high variances 

and distinct conclusion in terms of significance due to the lack in direct factor comparisons 

present in the analysis. Additional testing is required to determine more concise results.  

Final t-tests were completed for JFA 12.5mm SR field and laboratory data. Data was first 

compared using initial BPN measurements collected from matching laboratory and field core 

specimens.  Comparing initial BPN measurements resulted in a p-value of 0.4305, indicating a 

failure to reject the null hypothesis of equal means. This suggests that there is no significance 

between the laboratory and field samples. However, it should be noted that reported variances 

are 20.8 and 66.8 for laboratory and field core specimens, respectively. These values are 

extremely large and could potentially be due to differences in compaction. After polishing for 

48,000 wheel passes, the collected measurements were analyzed again, producing a p-value of 

0.1116. This also suggests that there is no significant difference between the paired laboratory 

and field specimens. Reported variances were also less than one, suggesting consistency between 

measurements.  

Measurements were also collected from extracted field core specimens and matching 

field locations on I-79 in Flatwoods, WV. Table 19 displays differences between average initial 

field core measurements and corresponding field measurements. For this comparison, the 

resulting p-value is 0.0003. Because the p-value is less than 0.05, the null hypothesis of equal 

means is rejected, suggesting a statistical difference between BPN measurements. Variances are 

also high for field core and field measurements with values of 17.3 and 53.0, respectively. These 

differences are evident in Table 19 when comparing laboratory and field measurements. Large 

differences could be explained by varying compaction procedures and difficulties setting up 

equipment in the field. However, additional testing is required to further analyze potential 

differences between laboratory and field friction measurements due to inadequate sample sizes. 
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Table 19: Differences in BPN Measurements for Corresponding I-79 JFA 12.5mm SR Field 

Core and Field Measurements 
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Chapter 5: Conclusions and Recommendations 

Significance of Work 

Prior to this thesis experiment, the WVDOH did not employ an accelerated laboratory 

polishing machine in asphalt pavement evaluation practices. This thesis provides descriptions of 

best practices in polishing procedures and laboratory friction measuring techniques for continued 

use within the agency. Data collected from this experiment contributes to information regarding 

asphalt pavement performance. Findings from this research also provide insight into factors 

influencing pavement polishing resistance. Results from this experiment and those completed in 

the future will assist the WVDOH in providing increased safety for the public. 

Conclusions 

BPN Analysis 

The majority of friction behaviors for laboratory compacted specimens was consistent 

throughout the experiment. BPN measurements decreased as polishing increased. Friction values 

displayed asymptotic behavior for most specimens and testing periods. Fitting this behavior with 

power functions allowed for predictions of the number of wheel passes required to achieve BPN 

limits of 35 and 47. Mixtures with the greatest number of calculated wheel passes at given BPN 

limits were deemed more polish resistant. For calculations at BPN=47, W1-RAP at 8% VTM 

had the highest prediction (1.11E06 wheel passes). The WVP W1-RAP mixture made up the 

majority of predictions with the largest number of wheel passes, suggesting that this is the most 

polish resistant mixture. The JFA 12.5mm SR field core data in trial 9 displayed the least polish 

resistant behavior. Five of the lowest computed wheel passes resulted from the JFA 12.5mm SR 

mixture. 

Most JFA 12.5mm SR field core specimens reported increased friction values compared 

to laboratory samples. These measurements could be due to differences in field compaction. 

However, limited specimens were available for performing comparisons. Additional 

comparisons completed on field core and field measurement pairs produced mixed results. When 
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compared to field measurements performed in the same locations, large differences in values 

were computed. This could be due to variability in BPT procedures in the field. 

Statistical Analysis 

Statistical analysis procedures were performed on average BPN data to determine the 

influence of different variables on specimen polishing resistance. A t-test comparing low and 

high toe angles using Burris B55A tires resulted in a p-value of 0.09645, which suggests that 

there is no significant difference between mean BPN measurements. However, this tire type is no 

longer available. Analysis completed for all data using Hoosier R80 tires suggests that toe angles 

are a significant influence on friction behavior. This was the only factor suggesting significant 

difference for data using Hoosier R80 tires. T-test outputs indicate the mean friction value 

reported after polishing with high toe angles is lower than the mean for data at lower toe angles. 

This suggests increased polishing when using higher toe angles, which could decrease the time 

needed for testing. Comparisons between VTM, contractor, and NMAS did not result in any 

statistically significant results. Resulting p-values were 0.8561, 0.3337, 0.1593, and 0.3741, 

respectively. P-values result in a failure to reject the null hypothesis, suggesting no significant 

influence from differences in VTM, contractor, or NMAS. 

When comparing initial BPN measurements for JFA 12.5mm SR field core and 

laboratory compacted specimens, a p-value of 0.4305 was reported, suggesting no significant 

difference. A similar result is reported when comparing the same specimens after polishing for 

48,000 wheel passes. This comparison resulted in a p-value of 0.1116, which again results in a 

failure to reject the null hypothesis of equal means. Comparisons between JFA 12.5mm SR field 

core specimens and corresponding field locations on I-79 suggest there is a statistical difference 

between friction values. This result is consistent with the differences calculated in Table 18. 

Differences in measurements could be a result of difficulties leveling the equipment and 

compaction variabilities in the field.  

It is important to note that sample sizes were limited for a reliable statistical analysis, 

specifically for field data. Inadequate sample sizes could introduce bias in the results. There were 

limited comparisons available for the majority of t-tests, which could have skewed the results. A 

limited sample size is also the cause of higher reported variances, which minimizes the reliability 
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of the results. Because of these implications, a majority of the results could be considered 

inconclusive. Further testing is needed to address sample size and variance issues and provide 

better observations.   

Recommendations 

In terms of equipment, Hoosier R80 tires are recommended for future testing because 

they appear to provide adequate sample surface polishing and maintain their integrity for 

extended testing durations. Following the completion of statistical analysis, VTM had no 

significant influence on BPN measurements. Because of this, it is recommended that specimens 

are compacted at a VTM most similar to those achieved in field applications (approximately 7%. 

Additionally, mean friction values reported for higher toe angles were significantly lower than 

lower toe angles. Higher toe angles are recommended to accelerate the polishing process. 

Similarly, less frequent friction measurements are suggested to further decrease testing durations. 

For this experiment, 48,000 wheel passes in the polishing machine was deemed sufficient to 

reach a stopping point for measurements. Additional testing could also be performed to 

determine the significance of abrasive on the polishing process. The procedure for applying the 

silicon carbide abrasive remained constant; specimens were not tested without the use of 

abrasive. Further analysis is recommended to determine the influence of abrasive.  

Testing is also needed to determine the influence of sample testing surface (top and 

bottom) on average friction measurements. This could provide insight for investing potential 

influences of laboratory compaction on friction measurements. Additionally, mixtures were 

limited to three contractors and two aggregate sizes. NMAS values of 9.5mm and 12.5mm 

mixtures were specific to Marshall and Superpave designs, respectively. Skid and non-skid 

mixtures were also specific to Marshall and Superpave designs. Alternate mixture designs for 

these sizes and 4.75mm mixtures are recommended for future testing. Mixtures with varying skid 

and non-skid designations should also be tested to increase data collection and provide further 

insight on the polishing behavior of various mixtures. 

This experiment also lacked data comparing field and laboratory measurements. The 

sample size for comparisons was limited to six laboratory-compacted and field extracted 

specimen pairs and five field core specimens and field measurement pairs. This is an inadequate 
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sample size for proper statistical analysis. Further investigation of field and laboratory friction 

behaviors is recommended. Upgrading the testing equipment could also provide more insight for 

developing laboratory and field relationships. Skid resistance becomes a more sensitive issue as 

vehicles travel at higher speeds. The BPT measures friction a low speeds, which could explain t-

test results reporting no significant differences for various factors in the analysis. The DFT is a 

state-of-the-art friction measuring apparatus that allows for testing at higher speeds (Hall et al., 

2009). Upgrading to this equipment would allow for more meaningful comparisons between 

laboratory and field friction behaviors in the future. 
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Appendix A: Mix Design, Specimen Characteristics, 

and Field Location Information 

Mix Design T400 Sheets 

 

Figure 19: T400 Sheet for JFA 12.5mm SR Mixture 
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Figure 20: T400 Sheet for WVP W1-RAP Mixture 
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Figure 21: T400 Sheet for WVP 12.5mm SR Mixture 
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Figure 22: T400 Sheet for Greer W1H Mixture 
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Field Core Specimen and Location Information 

 

Figure 23: JFA 12.5mm SR Laboratory Compacted and Field Core Specimen Information 
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Figure 24: JFA 12.5mm SR I-79 Field Core and Field Measurement  Location Information 
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Specimen Information 

Table 20: Specimen Characteristics Catalog 

Specimen Mixture NMAS VTM Surface Toe Tires 

1T 
JFA 12.5mm 

SR 
12.5mm 8% Top Low 

Burris 

B55A 

2T 
JFA 12.5mm 

SR 
12.5mm 8% Top Low 

Burris 

B55A 

3T 
JFA 12.5mm 

SR 
12.5mm 8% Top Low 

Burris 

B55A 

4T 
JFA 12.5mm 

SR 
12.5mm 4% Top Low 

Burris 

B55A 

5T 
JFA 12.5mm 

SR 
12.5mm 4% Top Low 

Burris 

B55A 

6T 
JFA 12.5mm 

SR 
12.5mm 4% Top Low 

Burris 

B55A 

7T WVP W1-RAP 9.5mm 4% Top Low 
Burris 

B55A 

8T WVP W1-RAP 9.5mm 4% Top Low 
Burris 

B55A 

9T WVP W1-RAP 9.5mm 4% Top Low 
Burris 

B55A 

10T WVP W1-RAP 9.5mm 8% Top Low 
Burris 

B55A 

11T WVP W1-RAP 9.5mm 8% Top Low 
Burris 

B55A 

12T WVP W1-RAP 9.5mm 8% Top Low 
Burris 

B55A 

1B 
JFA 12.5mm 

SR 
12.5mm 8% Bottom High 

Burris 

B55A 

2B 
JFA 12.5mm 

SR 
12.5mm 8% Bottom High 

Burris 

B55A 

3B 
JFA 12.5mm 

SR 
12.5mm 8% Bottom High 

Burris 

B55A 

4B 
JFA 12.5mm 

SR 
12.5mm 4% Bottom High 

Burris 

B55A 

5B 
JFA 12.5mm 

SR 
12.5mm 4% Bottom High 

Burris 

B55A 

6B 
JFA 12.5mm 

SR 
12.5mm 4% Bottom High 

Burris 

B55A 

7B WVP W1-RAP 9.5mm 4% Bottom High 
Burris 

B55A 

8B WVP W1-RAP 9.5mm 4% Bottom High 
Burris 

B55A 
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Specimen Mixture NMAS VTM Surface Toe Tires 

9B WVP W1-RAP 9.5mm 4% Bottom High 
Burris 

B55A 

10B WVP W1-RAP 9.5mm 8% Bottom High 
Burris 

B55A 

11B WVP W1-RAP 9.5mm 8% Bottom High 
Burris 

B55A 

12B WVP W1-RAP 9.5mm 8% Bottom High 
Burris 

B55A 

13T Greer W1H 9.5mm 8% Top High 
Hoosier 

R80 

14T Greer W1H 9.5mm 8% Top High 
Hoosier 

R80 

15T Greer W1H 9.5mm 8% Top High 
Hoosier 

R80 

16T Greer W1H 9.5mm 4% Top High 
Hoosier 

R80 

17T Greer W1H 9.5mm 4% Top High 
Hoosier 

R80 

18T Greer W1H 9.5mm 4% Top High 
Hoosier 

R80 

19T 
WVP 12.5mm 

SR 
12.5mm 4% Top High 

Hoosier 

R80 

20T 
WVP 12.5mm 

SR 
12.5mm 4% Top High 

Hoosier 

R80 

21T 
WVP 12.5mm 

SR 
12.5mm 4% Top High 

Hoosier 

R80 

22T 
WVP 12.5mm 

SR 
12.5mm 8% Top High 

Hoosier 

R80 

23T 
WVP 12.5mm 

SR 
12.5mm 8% Top High 

Hoosier 

R80 

24T 
WVP 12.5mm 

SR 
12.5mm 8% Top High 

Hoosier 

R80 

13B Greer W1H 9.5mm 8% Bottom Low 
Hoosier 

R80 

14B Greer W1H 9.5mm 8% Bottom Low 
Hoosier 

R80 

15B Greer W1H 9.5mm 8% Bottom Low 
Hoosier 

R80 

16B Greer W1H 9.5mm 4% Bottom Low 
Hoosier 

R80 

17B Greer W1H 9.5mm 4% Bottom Low 
Hoosier 

R80 

18B Greer W1H 9.5mm 4% Bottom Low 
Hoosier 

R80 
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Specimen Mixture NMAS VTM Surface Toe Tires 

19B 
WVP 12.5mm 

SR 
12.5mm 4% Bottom Low 

Hoosier 

R80 

20B 
WVP 12.5mm 

SR 
12.5mm 4% Bottom Low 

Hoosier 

R80 

21B 
WVP 12.5mm 

SR 
12.5mm 4% Bottom Low 

Hoosier 

R80 

22B 
WVP 12.5mm 

SR 
12.5mm 8% Bottom Low 

Hoosier 

R80 

23B 
WVP 12.5mm 

SR 
12.5mm 8% Bottom Low 

Hoosier 

R80 

24B 
WVP 12.5mm 

SR 
12.5mm 8% Bottom Low 

Hoosier 

R80 

25T 
JFA 12.5mm 

SR 
12.5mm 4% Top High 

Hoosier 

R80 

26T 
JFA 12.5mm 

SR 
12.5mm 4% Top High 

Hoosier 

R80 

27T 
JFA 12.5mm 

SR 
12.5mm 4% Top High 

Hoosier 

R80 

28T 
JFA 12.5mm 

SR 
12.5mm 8% Top High 

Hoosier 

R80 

29T 
JFA 12.5mm 

SR 
12.5mm 8% Top High 

Hoosier 

R80 

30T 
JFA 12.5mm 

SR 
12.5mm 8% Top High 

Hoosier 

R80 

31T WVP W1-RAP 9.5mm 4% Top High 
Hoosier 

R80 

32T WVP W1-RAP 9.5mm 4% Top High 
Hoosier 

R80 

33T WVP W1-RAP 9.5mm 4% Top High 
Hoosier 

R80 

34T WVP W1-RAP 9.5mm 8% Top High 
Hoosier 

R80 

35T WVP W1-RAP 9.5mm 8% Top High 
Hoosier 

R80 

36T WVP W1-RAP 9.5mm 8% Top High 
Hoosier 

R80 

25B 
JFA 12.5mm 

SR 
12.5mm 4% Bottom Low 

Hoosier 

R80 

26B 
JFA 12.5mm 

SR 
12.5mm 4% Bottom Low 

Hoosier 

R80 

27B 
JFA 12.5mm 

SR 
12.5mm 4% Bottom Low 

Hoosier 

R80 

28B 
JFA 12.5mm 

SR 
12.5mm 8% Bottom Low 

Hoosier 

R80 
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Specimen Mixture NMAS VTM Surface Toe Tires 

29B 
JFA 12.5mm 

SR 
12.5mm 8% Bottom Low 

Hoosier 

R80 

30B 
JFA 12.5mm 

SR 
12.5mm 8% Bottom Low 

Hoosier 

R80 

32B WVP W1-RAP 9.5mm 4% Bottom Low 
Hoosier 

R80 

33B WVP W1-RAP 9.5mm 4% Bottom Low 
Hoosier 

R80 

34B WVP W1-RAP 9.5mm 8% Bottom Low 
Hoosier 

R80 

35B WVP W1-RAP 9.5mm 8% Bottom Low 
Hoosier 

R80 

36B WVP W1-RAP 9.5mm 8% Bottom Low 
Hoosier 

R80 
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Appendix B: Polishing Procedure 

Polishing 

1. Prepare and label 12 specimens at desired VTM using SGC. 

2. Mark specimens with a vertical line for equipment placement, Figure 23. 

 

Figure 25: Vertical Sample Markings 

3. Perform BPT measurements as per ASTM E303 for each sample prior to placement in the 

polishing machine.  

4. Randomize sample positions in the polishing machine to reduce bias. 

5. Place dry specimens in the polishing machine by aligning vertical markings with the clamp 

opening and adjusting height sample surface to be flush with top plate of machine. Proper 

specimen placement is pictured below in Figure 25. 
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(a) (b) 

Figure 26: (a) Specimen Vertical Alignment; (b) Specimen Flushed with Surface Plate 

 

7. Tighten all height adjustment and clamping bolts to ensure zero movement. 

8. Record specimen surface temperatures and both the tire tread and sidewall temperatures with 

an infrared laser thermometer gun for documentation. 

9. Measure 2 grams of silicon carbide abrasive powder and distribute over each specimen 

surface, Figure 26. 

 

 

Figure 27: Silicon Carbide Abrasive Distribution on Specimen 
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10. Lower the wheel assembly down carefully and place two 25-pound weights on top of each 

wheel assembly. 

11. Latch safety gates and turn the machine on. 

12. With the drive (Figure 27) initially set to “zero,” press “system reset” and adjust to desired 

rotation speed to begin polishing. In this experiment, the desired speed was marked for 

consistent polishing, Figure 27b. The speed marked was approximately 30 revolutions per 

minute (rpm).  

(a) (b) 

Figure 28: (a) General Equipment Controls; (b) Variable Speed Drive 

 

13. When desired polishing is achieved, press the “stop” button. 

14. When the polishing machine is fully stopped, measure specimen surface and tire 

temperatures to track initial and final temperatures (if applicable). Examples of these 

measurements are displayed in the Appendix C.  
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15. Remove excess abrasive from specimen surfaces. In this experiment, an air hose was used 

initially to remove abrasive while specimens remained in the machine. Following specimen 

removal, a vacuum was used to remove any remaining abrasive from surfaces. This is an 

important step in the procedure to ensure abrasive has no influence on BPT results. 

16. Perform BPT measurements.  

17. Repeat above steps for each round of polishing until desired ending is reached. 

Sample Removal 

1. Place wheel arms in the locked position as pictured previously in Figure 28. 

2. Loosen clamp assembly to allow sample movement. Note: It is not necessary to loosen the 

height adjustment mechanism to remove specimens. 

3. Using the removal tools (Figure 28), push on specimens in the upward direction via the holes 

in the plastic holding platens, and lift specimens from the machine. Height adjustments will 

not be affected. 

 

Figure 29: Specimen Removal Tools 
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Tire Hardness 

1. Ensure tires are fully cooled (room temperature) before measuring hardness. 

2. Remove tires from machine. This is done by loosening the nuts from the hub and pulling the 

tire and hub assembly directly from the axle. 

3. Assemble durometer by attaching the weight carefully, Figure 29.  

 

Figure 30: Durometer with Weight Attached 

4. Make sure durometer needle is located at the “zero” position before performing 

measurements.  

5. Place durometer above tire vertically, and carefully roll over tire surface. Durometer should 

remain perpendicular to tire surface for proper measurements. Record measurement as per 

the marking needle. For this experiment, hardness was measured on the outside edge of the 

tire tread (side with valve pointing outwards), inside edge of the tire tread, center of the tire 

tread, and the sidewall of the tire. Tire hardness measurements are located in Appendix C. 

6. Repeat for all 4 tires. 
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Additional Procedure Notes 

The procedure listed above is a generalized polishing procedure developed using results 

and observations documented throughout the length of this thesis experiment. It should be noted 

that a portion of the procedural steps are specific to this particular experiment and can be 

adjusted according to the scope of testing. Details specific to this experiment and those which 

can be modified as per user discretion include: 

• Polishing wheel pass increments were chosen as 8000, 16000, 32000, and 48000 passes. The 

number of increments can be increased or decreased dependent on desired outcomes. A total 

of 48,000 wheel passes were deemed sufficient for analysis during this experiment.  

• Corresponding to the chosen polishing increments, tire hardness was monitored prior to use 

as well as following 16000, 32000, and 48000 wheel passes in the polishing machine. 

• Silicon abrasive powder was placed on specimen surfaces prior to each polishing session. 

This can be altered based on the scope of testing. 

• Sample tracking pictures and temperature tracking measurements were taken for 

documentation purposes throughout the experiment. This can be withdrawn from the 

procedure if the information is not valuable to the user. 
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Appendix C: Specimen and Experiment Tracking Data 

Specimen Surface Temperature 

Table 21: Trial 2 JFA 12.5mm SR and WVP W1-RAP Initial and Final Surface Temperatures (°F) During Polishing Procedure 
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Table 22: Trial 3 JFA 12.5mm SR and WVP W1-RAP Initial and Final Surface Temperatures (°F) During Polishing Procedure 

 

 

Table 23: Trial 4 WVP 12.5mm SR and Greer W1H Initial and Final Surface Temperatures (°F) During Polishing Procedure 
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Table 24: Trial 5 WVP 12.5mm SR and Greer W1H Initial and Final Surface Temperatures (°F) During Polishing Procedure 

 

 

Table 25: Trial 6 JFA 12.5mm SR and WVP W1-RAP Initial and Final Surface Temperatures (°F) During Polishing Procedure 
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Table 26: Trial 7 JFA 12.5mm SR and WVP W1-RAP Initial and Final Surface Temperatures (°F) During Polishing Procedure 
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Table 27: Trial 8 JFA 12.5mm SR Laboratory Compacted and Field Core Initial and Final Surface Temperatures (°F) During 

Polishing Procedure 

 

 

Table 28: Trial 9 JFA 12.5mm SR I-79 Field Core Initial and Final Surface Temperatures (°F) During Polishing Procedure 
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Tire Surface Temperature  

Table 29: Trial 2 JFA 12.5mm SR and WVP W1-RAP Initial and Final Tire Surface Temperatures (°F) During Polishing Procedure 

 

 

Table 30: Trial 3 JFA 12.5mm SR and WVP W1-RAP Initial and Final Tire Surface Temperatures (°F) During Polishing Procedure 
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Table 31: Trial 4 WVP 12.5mm SR and Greer W1H Initial and Final Tire Surface Temperatures (°F) During Polishing Procedure 
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Table 32: Trial 5 WVP 12.5mm SR and Greer W1H Initial and Final Tire Surface Temperatures (°F) During Polishing Procedure 

 

 



   

 

76 

 

Table 33: Trial 6 JFA 12.5mm SR and WVP W1-RAP Initial and Final Tire Surface Temperatures (°F) During Polishing Procedure 
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Table 34: Trial 7 JFA 12.5mm SR and WVP W1-RAP Initial and Final Tire Surface Temperatures (°F) During Polishing Procedure 
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Table 35: Trial 8 JFA 12.5mm SR Laboratory Compacted and Field Core Initial and Final Tire Surface Temperatures (°F) During 

Polishing Procedure 
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Table 36: Trial 9 JFA 12.5mm SR I-79 Field Core Initial and Final Tire Surface Temperatures (°F) During Polishing Procedure 
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Tire Hardness 

Table 37: Trial 2 JFA 12.5mm SR and WVP W1-RAP Durometer Measurements During 

Polishing Procedure for Burris B55A Tires 

 

Table 38: Trial 3 JFA 12.5mm SR and WVP W1-RAP Durometer Measurements During 

Polishing Procedure for Burris B55A Tires 
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Table 39: Trial 4 WVP 12.5mm SR and Greer W1H Durometer Measurements During Polishing 

Procedure for Hoosier R80 Tires 

 

Table 40: Trial 5 WVP 12.5mm SR and Greer W1H Durometer Measurements During Polishing 

Procedure for Hoosier R80 Tires 

 



   

 

82 

 

Table 41: Trial 6 JFA 12.5mm SR and WVP W1-RAP Durometer Measurements During 

Polishing Procedure for Hoosier R80 Tires 

 

Table 42: Trial 7 JFA 12.5mm SR and WVP W1-RAP Durometer Measurements During 

Polishing Procedure for Hoosier R80 Tires 
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Table 43: Trial 8 JFA 12.5mm SR Laboratory and Field Core Durometer Measurements During 

Polishing Procedure for Hoosier R80 Tires 

 

Table 44: Trial 9 JFA 12.5mm SR I-79 Field Core Durometer Measurements During Polishing 

Procedure for Hoosier R80 Tires 
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Appendix D: Raw Recorded BPN Measurements 

Trial 1: WVDOH Specimens (Unknown Mixture) 

Table 45: BPN Measurements for Trial 1 WVDOH Specimens (Unknown Mixture) Polished 

with Burris B44A Tires at Low Toe for 160,000 Wheel Passes 

  British Pendulum Number (BPN) 

Number of Wheel 

Passes 
Specimen Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 

8000 2 61 59 57 56 56 57.8 

8000 3 60 59 58 56 55 57.6 

8000 5 56 56 55 54 53 54.8 

8000 6 61 60 58 57 56 58.4 

8000 8 54 53 50 49 50 51.2 

8000 9 56 55 54 54 53 54.4 

8000 11 54 52 52 51 51 52 

8000 12 61 59 56 55 54 57 

16000 2 52 50 49 48 48 49.4 

16000 3 60 58 58 57 56 57.8 

16000 5 55 53 52 51 51 52.4 

16000 6 53 52 50 49 50 50.8 

16000 8 58 55 54 54 53 54.8 

16000 9 54 52 51 51 50 51.6 

16000 11 50 50 49 48 48 49 

16000 12 52 50 49 49 48 49.6 

32000 2 72 62 60 59 58 62.2 

32000 3 60 59 55 55 54 56.6 

32000 5 55 54 54 50 49 52.4 

32000 6 56 54 52 54 51 53.4 

32000 8 50 49 49 46 46 48 

32000 9 53 53 49 48 47 50 

32000 11 54 53 51 53 52 52.6 

32000 12 56 54 52 51 51 52.8 

64000 2 50 47 46 45 45 46.6 

64000 3 46 44 42 41 40 42.6 

64000 5 52 50 48 48 46 48.8 

64000 6 46 44 43 42 42 43.4 

64000 8 44 42 41 40 39 41.2 
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  British Pendulum Number (BPN) 

Number of Wheel 

Passes 
Specimen Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 

64000 9 45 42 42 41 40 42 

64000 11 44 42 42 40 40 41.6 

64000 12 50 48 46 45 45 46.8 

96,508 2 45 43 41 40 39 41.6 

96,508 3 51 45 45 43 44 45.6 

96,508 5 47 45 42 42 41 43.4 

96,508 6 45 43 41 40 38 41.4 

96,508 8 42 39 38 36 36 38.2 

96,508 9 46 42 40 39 36 40.6 

96,508 11 46 43 42 41 40 42.4 

96,508 12 47 45 42 42 40 43.2 

128000 2 48 45 43 43 42 44.2 

128000 3 50 47 45 44 43 45.8 

128000 5 46 46 43 43 42 44 

128000 6 45 42 42 40 40 41.8 

128000 8 41 39 39 36 35 38 

128000 9 48 45 45 43 42 44.6 

128000 11 47 44 43 42 41 43.4 

128000 12 46 43 42 41 41 42.6 

160000 2 48 46 43 42 41 44 

160000 3 50 47 44 43 42 45.2 

160000 5 47 44 41 41 40 42.6 

160000 6 47 44 42 40 39 42.4 

160000 8 46 45 43 41 40 43 

160000 9 45 43 40 38 37 40.6 

160000 11 46 44 41 41 38 42 

160000 12 50 48 44 43 42 45.4 

160000 1 45 42 40 29 37 38.6 

160000 4 38 45 35 34 32 36.8 

160000 7 40 38 36 36 35 37 

160000 10 42 39 37 36 35 37.8 
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Trial 2: JFA 12.5mm SR and WVP W1-RAP Specimens (Top 

Surfaces) 

Table 46: BPN Measurements for Trial 2 JFA 12.5mm SR and WVP W1-RAP (Top Surface) 

Specimens Polished with Burris B55A Tires at Low Toe for 48,000 Wheel Passes 

Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

JFA 12.5mm 

Skid-RAP 

8% VTM 

0 1T 81 81 77 77 79.0 
  

0 2T 77 75 77 77 76.5 

0 3T 81 80 77 76 78.5 78.0 

JFA 12.5mm 

Skid-RAP 

4% VTM 

0 4T 84 82 82 81 82.3 
  

0 5T 85 85 84 81 83.8 

0 6T 77 76 76 75 76.0 80.7 

WV Paving 

W1-RAP 

4% VTM 

0 7T 86 78 84 82 82.5 
  

0 8T 85 82 79 77 80.8 

0 9T 85 85 84 83 84.3 82.5 

WV Paving 

W1-RAP 

8% VTM 

0 10T 88 81 80 83 83.0 
  

0 11T 88 87 85 83 85.8 

0 12T 84 83 82 81 82.5 83.8 

  

JFA 12.5mm 

Skid-RAP 

8% VTM 

8000 1T 65 62 59 61 61.8 

  8000 2T 60 58 58 57 58.3 

8000 3T 63 60 55 54 58.0 59.3 

JFA 12.5mm 

Skid-RAP 

4% VTM 

8000 4T 58 49 50 55 53.0 

  8000 5T 59 56 56 56 56.8 

8000 6T 57 58 57 54 56.5 55.4 

WV Paving 

W1-RAP 

4% VTM 

8000 7T 64 61 59 56 60.0 

  8000 8T 64 60 60 59 60.8 

8000 9T 64 62 58 61 61.3 60.7 

WV Paving 

W1-RAP 

8% VTM 

8000 10T 65 62 61 58 61.5 

  8000 11T 63 62 62 60 61.8 

8000 12T 63 63 61 60 61.8 61.7 

  

JFA 12.5mm 

Skid-RAP 

8% VTM 

16000 1T 56 56 55 55 56 

  16000 2T 53 52 51 50 52 

16000 3T 56 56 50 54 54 53.7 

JFA 12.5mm 

Skid-RAP 

4% VTM 

16000 4T 43 45 49 49 47 

  16000 5T 55 51 49 52 52 

16000 6T 51 49 49 52 50 51.1 

16000 7T 59 54 55 55 56   
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Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

WV Paving 

W1-RAP 

4% VTM 

16000 8T 56 55 55 54 55 

16000 
9T 59 54 54 52 55 55.2 

WV Paving 

W1-RAP 

8% VTM 

16000 10T 58 55 56 55 56 

  16000 11T 60 56 58 57 58 

16000 12T 59 51 52 55 54 56.0 

  

JFA 12.5mm 

Skid-RAP 

8% VTM 

32000 1T 55 54 53 53 53.8 

  32000 2T 50 49 49 48 49.0 

32000 3T 52 50 49 48 49.8 50.8 

JFA 12.5mm 

Skid-RAP 

4% VTM 

32000 4T 52 51 50 49 50.5 

  32000 5T 51 50 49 48 49.5 

32000 6T 51 49 48 48 49.0 49.7 

WV Paving 

W1-RAP 

4% VTM 

32000 7T 55 53 52 51 52.8 

  32000 8T 55 53 52 52 53.0 

32000 9T 54 52 52 52 52.5 52.8 

WV Paving 

W1-RAP 

8% VTM 

32000 10T 56 54 54 53 54.3 

  32000 11T 55 51 52 52 52.5 

32000 12T 55 56 54 54 54.8 53.8 

  

JFA 12.5mm 

Skid-RAP 

8% VTM 

48000 1T 54 52 50 50 51.5 

  48000 2T 50 48 47 46 47.8 

48000 3T 52 50 48 47 49.3 49.5 

JFA 12.5mm 

Skid-RAP 

4% VTM 

48000 4T 51 48 47 46 48.0 

  48000 5T 48 46 45 44 45.8 

48000 6T 50 48 46 46 47.5 47.1 

WV Paving 

W1-RAP 

4% VTM 

48000 7T 54 52 50 49 51.3 

  48000 8T 54 52 51 50 51.8 

48000 9T 52 49 48 48 49.3 50.8 

WV Paving 

W1-RAP 

8% VTM 

48000 10T 54 52 51 50 51.8 

  48000 11T 53 51 49 48 50.3 

48000 12T 58 56 55 54 55.8 52.6 
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Trial 3: JFA 12.5mm SR and WVP W1-RAP Specimens 

(Bottom Surfaces) 

Table 47: BPN Measurements for Trial 3 JFA 12.5mm SR and WVP W1-RAP (Bottom Surface) 

Specimens Polished with Burris B55A Tires at High Toe for 80,000 Wheel Passes 

Mix Type 

Number of 

Wheel 

Passes 

Sample 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

JFA 12.5mm 

Skid-RAP 8% 

VTM 

0 1B 72 72 69 70 70.8 
  

0 2B 72 72 71 70 71.3 

0 3B 72 70 69 67 69.5 70.5 

JFA 12.5mm 

Skid-RAP 4% 

VTM 

0 4B 73 71 70 69 70.8 
  

0 5B 75 75 74 73 74.3 

0 6B 69 67 67 67 67.5 70.8 

WV Paving W1-

RAP 4% VTM 

0 7B 80 79 78 77 78.5 
  

0 8B 79 77 77 75 77.0 

0 9B 80 79 77 73 77.3 77.6 

WV Paving W1-

RAP 8% VTM 

0 10B 83 81 80 77 80.3 
  

0 11B 75 74 73 73 73.8 

0 12B 74 73 70 72 72.3 75.4 

  

JFA 12.5mm 

Skid-RAP 8% 

VTM 

8000 1B 54 52 51 50 51.8 

  8000 2B 55 54 53 52 53.5 

8000 3B 55 54 53 53 53.8 53.0 

JFA 12.5mm 

Skid-RAP 4% 

VTM 

8000 4B 54 52 51 51 52.0 

  8000 5B 56 54 54 53 54.3 

8000 6B 54 53 52 52 52.8 53.0 

WV Paving W1-

RAP 4% VTM 

8000 7B 60 58 58 57 58.3 

  8000 8B 57 56 55 55 55.8 

8000 9B 61 59 58 58 59.0 57.7 

WV Paving W1-

RAP 8% VTM 

8000 10B 58 56 56 55 56.3 

  8000 11B 60 59 58 57 58.5 

8000 12B 59 57 56 56 57.0 57.3 

  

JFA 12.5mm 

Skid-RAP 8% 

VTM 

16000 1B 51 49 48 48 49.0 

  16000 2B 51 50 48 48 49.3 

16000 3B 51 49 48 47 48.8 49.0 

JFA 12.5mm 

Skid-RAP 4% 

VTM 

16000 4B 50 48 48 47 48.3 

  16000 5B 53 52 51 50 51.5 

16000 6B 50 48 48 47 48.3 50.6 

16000 7B 56 55 54 53 54.5   
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Mix Type 

Number of 

Wheel 

Passes 

Sample 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

WV Paving W1-

RAP 4% VTM 

16000 8B 54 52 52 51 52.3 

16000 9B 56 55 54 53 54.5 53.8 

WV Paving W1-

RAP 8% VTM 

16000 10B 55 53 52 51 52.8 

  16000 11B 54 53 52 52 52.8 

16000 12B 54 53 53 52 53.0 52.8 

  

JFA 12.5mm 

Skid-RAP 8% 

VTM 

32000 1B 49 48 47 46 47.5 

  32000 2B 54 52 51 50 51.8 

32000 3B 52 51 49 49 50.3 49.8 

JFA 12.5mm 

Skid-RAP 4% 

VTM 

32000 4B 50 48 47 47 48.0 

  32000 5B 51 50 48 48 49.3 

32000 6B 50 48 47 46 47.8 48.3 

WV Paving W1-

RAP 4% VTM 

32000 7B 53 52 50 49 51.0 

  32000 8B 53 51 50 49 50.8 

32000 9B 54 52 52 51 52.3 51.3 

WV Paving W1-

RAP 8% VTM 

32000 10B 53 51 50 49 50.8 

  32000 11B 53 52 51 50 51.5 

32000 12B 53 52 51 50 51.5 51.3 

  

JFA 12.5mm 

Skid-RAP 8% 

VTM 

48000 1B 51 49 48 46 48.5 

  48000 2B 51 48 47 46 48.0 

48000 3B 52 49 48 47 49.0 48.5 

JFA 12.5mm 

Skid-RAP 4% 

VTM 

48000 4B 47 45 44 43 44.8 

  48000 5B 50 48 47 46 47.8 

48000 6B 50 48 47 46 47.8 46.8 

WV Paving W1-

RAP 4% VTM 

48000 7B 52 50 48 47 49.3 

  48000 8B 51 49 48 47 48.8 

48000 9B 51 49 48 48 49.0 49.0 

WV Paving W1-

RAP 8% VTM 

48000 10B 52 49 48 48 49.3 

  48000 11B 53 50 49 48 50.0 

48000 12B 52 50 49 48 49.8 49.7 

  

JFA 12.5mm 

Skid-RAP 8% 

VTM 

64000 1B 52 49 47 46 48.5 

  64000 2B 53 49 48 47 49.3 

64000 3B 50 48 47 46 47.8 48.5 

JFA 12.5mm 

Skid-RAP 4% 

VTM 

64000 4B 54 51 49 47 50.3 

  64000 5B 49 48 47 46 47.5 

64000 6B 47 46 45 45 45.8 47.8 

WV Paving W1-

RAP 4% VTM 

64000 7B 55 52 49 47 50.8 

  64000 8B 53 50 48 47 49.5 
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Mix Type 

Number of 

Wheel 

Passes 

Sample 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

64000 9B 55 52 51 49 51.8 50.7 

WV Paving W1-

RAP 8% VTM 

64000 10B 53 50 48 47 49.5 

  64000 11B 53 50 48 47 49.5 

64000 12B 53 51 49 47 50.0 49.7 

  

JFA 12.5mm 

Skid-RAP 8% 

VTM 

80000 1B 55 52 49 47 50.8 

  80000 2B 57 53 51 49 52.5 

80000 3B 57 53 50 49 52.3 51.8 

JFA 12.5mm 

Skid-RAP 4% 

VTM 

80000 4B 55 52 49 48 51.0 

  80000 5B 56 53 50 48 51.8 

80000 6B 57 54 51 49 52.8 51.8 

WV Paving W1-

RAP 4% VTM 

80000 7B 54 50 48 47 49.8 

  80000 8B 55 52 49 48 51.0 

80000 9B 54 51 48 47 50.0 50.3 

WV Paving W1-

RAP 8% VTM 

80000 10B 56 52 50 48 51.5 

  80000 11B 53 50 48 47 49.5 

80000 12B 55 52 50 48 51.3 50.8 

 

Trial 4: WVP 12.5mm SR and Greer W1H Specimens (Top 

Surfaces) 

Table 48: BPN Measurements for Trial 4 WVP 12.5mm SR and Greer W1H (Top Surface) 

Specimens Polished with Hoosier R80 Tires at High Toe for 48,000 Wheel Passes 

Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

Greer W1 Heavy 8% 

VTM 

0 13T 83 82 81 80 81.5 

  0 14T 84 84 83 82 83.3 

0 15T 82 81 80 80 80.8 81.8 

Greer W1 Heavy 4% 

VTM 

0 16T 85 84 84 83 84.0 

  0 17T 88 88 87 86 87.3 

0 18T 85 85 83 82 83.8 85.0 

WV Paving 12.5mm 

Skid-RAP 4% VTM 

0 19T 85 83 83 81 83.0 

  0 20T 87 85 84 82 84.5 

0 21T 85 85 83 83 84.0 83.8 

0 22T 86 86 85 84 85.3   
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Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

WV Paving 12.5mm 

Skid-RAP 8% VTM 

0 23T 88 89 88 87 88.0 

0 24T 86 85 84 82 84.3 85.8 

  

Greer W1 Heavy 8% 

VTM  

8000 13T 55 54 53 53 53.8 

  8000 14T 55 54 54 54 54.3 

8000 15T 53 53 52 52 52.5 53.5 

Greer W1 Heavy 4% 

VTM 

8000 16T 52 51 50 50 50.8 

  8000 17T 55 53 53 52 53.3 

8000 18T 56 55 54 53 54.5 52.8 

WV Paving 12.5mm 

Skid-RAP 4% VTM 

8000 19T 57 56 55 54 55.5 

  8000 20T 58 56 55 55 56.0 

8000 21T 57 56 55 54 55.5 55.7 

WV Paving 12.5mm 

Skid-RAP 8% VTM 

8000 22T 60 59 58 57 58.5 

  8000 23T 60 58 57 56 57.8 

8000 24T 59 57 57 56 57.3 57.8 

  

Greer W1 Heavy 8% 

VTM  

16000 13T 50 49 48 47 48.5 

  16000 14T 50 49 49 48 49.0 

16000 15T 52 51 50 50 50.8 49.4 

Greer W1 Heavy 4% 

VTM 

16000 16T 48 47 46 45 46.5 

  16000 17T 48 47 46 46 46.8 

16000 18T 50 48 48 47 48.3 47.2 

WV Paving 12.5mm 

Skid-RAP 4% VTM 

16000 19T 52 51 50 50 50.8 

  16000 20T 52 51 50 49 50.5 

16000 21T 52 51 49 49 50.3 50.5 

WV Paving 12.5mm 

Skid-RAP 8% VTM 

16000 22T 54 53 52 52 52.8 

  16000 23T 54 53 52 51 52.5 

16000 24T 50 49 48 48 48.8 51.3 

  

Greer W1 Heavy 8% 

VTM  

32000 13T 47 47 46 45 46.3 

  32000 14T 47 46 46 45 46.0 

32000 15T 51 49 48 48 49.0 47.1 

Greer W1 Heavy 4% 

VTM 

32000 16T 47 46 46 45 46.0 

  32000 17T 46 45 44 44 44.8 

32000 18T 48 47 46 46 46.8 45.8 

WV Paving 12.5mm 

Skid-RAP 4% VTM 

32000 19T 48 47 46 46 46.8 

  32000 20T 48 48 47 46 47.3 

32000 21T 53 51 50 49 50.8 48.3 

WV Paving 12.5mm 

Skid-RAP 8% VTM 

32000 22T 53 51 50 49 50.8 

  32000 23T 52 50 49 48 49.8 
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Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

32000 24T 51 50 49 48 49.5 50.0 

  

Greer W1 Heavy 8% 

VTM  

48000 13T 45 43 42 42 43.0 

  48000 14T 45 44 43 42 43.5 

48000 15T 47 45 44 43 44.8 43.8 

Greer W1 Heavy 4% 

VTM 

48000 16T 46 45 44 43 44.5 

  48000 17T 45 43 43 42 43.3 

48000 18T 44 43 42 42 42.8 43.5 

WV Paving 12.5mm 

Skid-RAP 4% VTM 

48000 19T 48 47 45 45 46.3 

  48000 20T 48 46 45 44 45.8 

48000 21T 50 48 47 46 47.8 46.6 

WV Paving 12.5mm 

Skid-RAP 8% VTM 

48000 22T 49 48 47 46 47.5 

  48000 23T 48 47 45 45 46.3 

48000 24T 49 48 46 45 47.0 46.9 

 

Trial 5: WVP 12.5mm SR and Greer W1H Specimens (Bottom 

Surfaces) 

Table 49: BPN Measurements for Trial 5 WVP 12.5mm SR and Greer W1H (Bottom Surface) 

Specimens Polished with Hoosier R80 Tires at Low Toe for 64,000 Wheel Passes 

Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

Greer W1 Heavy 8% 

VTM  

0 13B 77 75 76 74 75.5 
  

0 14B 77 76 75 74 75.5 

0 15B 76 76 75 74 75.3 75.4 

Greer W1 Heavy 4% 

VTM 

0 16B 77 77 77 75 76.5 
  

0 17B 77 76 74 74 75.3 

0 18B 77 77 76 75 76.3 76.0 

WV Paving 12.5mm 

Skid-RAP 4% VTM 

0 19B 79 78 77 77 77.8 
  

0 20B 79 78 78 77 78.0 

0 21B 77 77 77 75 76.5 77.4 

WV Paving 12.5mm 

Skid-RAP 8% VTM 

0 22B 80 81 80 79 80.0 
  

0 23B 76 75 74 74 74.8 

0 24B 79 79 77 77 78.0 77.6 
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Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

Greer W1 Heavy 8% 

VTM 

8000 13B 56 55 54 53 54.5 
  

8000 14B 56 55 54 54 54.8 

8000 15B 55 54 54 53 54.0 54.4 

Greer W1 Heavy 4% 

VTM 

8000 16B 53 52 52 52 52.3 
  

8000 17B 55 54 54 53 54.0 

8000 18B 56 55 54 54 54.8 53.7 

WV Paving 12.5mm 

Skid-RAP 4% VTM 

8000 19B 57 56 56 55 56.0 
  

8000 20B 59 57 56 56 57.0 

8000 21B 56 55 55 54 55.0 56.0 

WV Paving 12.5mm 

Skid-RAP 8% VTM 

8000 22B 56 56 55 55 55.5 
  

8000 23B 56 55 54 54 54.8 

8000 24B 56 56 55 54 55.3 55.2 

  

Greer W1 Heavy 8% 

VTM  

16000 13B 52 51 50 49 50.5 
  

16000 14B 54 52 52 51 52.3 

16000 15B 50 50 48 48 49.0 50.6 

Greer W1 Heavy 4% 

VTM 

16000 16B 51 50 49 49 49.8 
  

16000 17B 53 52 51 50 51.5 

16000 18B 52 52 50 50 51.0 50.8 

WV Paving 12.5mm 

Skid-RAP 4% VTM 

16000 19B 55 54 54 53 54.0 
  

16000 20B 54 53 51 51 52.3 

16000 21B 52 51 50 49 50.5 52.3 

WV Paving 12.5mm 

Skid-RAP 8% VTM 

16000 22B 54 53 52 52 52.8 
  

16000 23B 52 51 50 50 50.8 

16000 24B 53 52 51 50 51.5 51.7 

  

Greer W1 Heavy 8% 

VTM  

32000 13B 50 48 47 47 48.0 
  

32000 14B 48 47 47 46 47.0 

32000 15B 48 47 46 46 46.8 47.3 

Greer W1 Heavy 4% 

VTM 

32000 16B 49 48 47 47 47.8 
  

32000 17B 49 48 47 47 47.8 

32000 18B 48 47 47 46 47.0 47.5 

WV Paving 12.5mm 

Skid-RAP 4% VTM 

32000 19B 51 49 49 48 49.3 
  

32000 20B 52 50 49 48 49.8 

32000 21B 50 49 48 47 48.5 49.2 

WV Paving 12.5mm 

Skid-RAP 8% VTM 

32000 22B 50 47 47 46 47.5 
  

32000 23B 50 48 47 47 48.0 

32000 24B 48 47 46 46 46.8 47.4 
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Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

Greer W1 Heavy 8% 

VTM 

48000 13B 46 44 43 42 43.8 
  

48000 14B 43 43 42 42 42.5 

48000 15B 46 44 43 42 43.8 43.3 

Greer W1 Heavy 4% 

VTM 

48000 16B 45 43 42 42 43.0 
  

48000 17B 44 43 42 42 42.8 

48000 18B 45 43 42 42 43.0 42.9 

WV Paving 12.5mm 

Skid-RAP 4% VTM 

48000 19B 47 46 45 44 45.5 
  

48000 20B 50 48 47 45 47.5 

48000 21B 46 44 44 43 44.3 45.8 

WV Paving 12.5mm 

Skid-RAP 8% VTM 

48000 22B 46 44 43 42 43.8 
  

48000 23B 45 44 43 42 43.5 

48000 24B 47 46 45 45 45.8 44.3 

  

Greer W1 Heavy 8% 

VTM  

64000 13B 42 40 39 39 40.0 
  

64000 14B 42 41 40 39 40.5 

64000 15B 42 40 39 39 40.0 40.2 

Greer W1 Heavy 4% 

VTM 

64000 16B 41 39 39 37 39.0 
  

64000 17B 40 38 37 37 38.0 

64000 18B 40 38 38 37 38.3 38.4 

WV Paving 12.5mm 

Skid-RAP 4% VTM 

64000 19B 44 43 42 41 42.5 
  

64000 20B 44 42 42 41 42.3 

64000 21B 42 40 39 39 40.0 41.6 

WV Paving 12.5mm 

Skid-RAP 8% VTM 

64000 22B 43 41 40 39 40.8 
  

64000 23B 45 42 41 40 42.0 

64000 24B 44 42 41 41 42.0 41.6 

 

Trial 6: JFA 12.5mm SR and WVP W1-RAP Specimens 

(Bottom Surfaces) 

Table 50: BPN Measurements for Trial 6 JFA 12.5mm SR and WVP W1-RAP (Bottom Surface) 

Specimens Polished with Hoosier R80 Tires at Low Toe for 48,000 Wheel Passes 

Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

JFA 12.5mm 

Skid-RAP 4% 

VTM 

0 25B 78 79 79 77 78.3 
  

0 26B 75 76 76 76 75.8 

0 27B 78 75 76 80 77.3 77.1 
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Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

JFA 12.5mm 

Skid-RAP 8% 

VTM 

0 28B 73 74 73 73 73.3 
  

0 29B 77 77 80 80 78.5 

0 30B 76 79 76 76 76.8 76.2 

WV Paving W1-

RAP 4% VTM 

0 31B 85 86 87 87 86.3 
  

0 32B 81 85 85 85 84.0 

0 33B 86 86 86 85 85.8 85.3 

WV Paving W1-

RAP 8% VTM 

0 34B 85 86 85 84 85.0 
  

0 35B 83 82 82 81 82.0 

0 36B 87 86 85 86 86.0 84.3 

  

JFA 12.5mm 

Skid-RAP 4% 

VTM 

8000 25B 58 56 56 56 56.5 

  8000 26B 58 57 57 56 57.0 

8000 27B 58 56 56 55 56.3 56.6 

JFA 12.5mm 

Skid-RAP 8% 

VTM 

8000 28B 59 57 57 56 57.3 

  8000 29B 56 55 54 54 54.8 

8000 30B 61 59 58 58 59.0 57.0 

WV Paving W1-

RAP 4% VTM 

8000 31B 63 62 62 61 62.0 

  8000 32B 63 62 61 60 61.5 

8000 33B 63 62 61 61 61.8 61.8 

WV Paving W1-

RAP 8% VTM 

8000 34B 64 63 61 61 62.3 

  8000 35B 63 62 61 60 61.5 

8000 36B 63 61 60 60 61.0 61.6 

  

JFA 12.5mm 

Skid-RAP 4% 

VTM 

16000 25B 53 52 51 51 51.8 

  16000 26B 52 51 51 50 51.0 

16000 27B 54 52 52 51 52.3 51.7 

JFA 12.5mm 

Skid-RAP 8% 

VTM 

16000 28B 53 52 51 51 51.8 

  16000 29B 54 53 52 51 52.5 

16000 30B 55 54 53 53 53.8 53.1 

WV Paving W1-

RAP 4% VTM 

16000 31B 56 55 54 53 54.5 

  16000 32B 57 56 54 54 55.3 

16000 33B 58 56 55 54 55.8 55.2 

WV Paving W1-

RAP 8% VTM 

16000 34B 59 56 56 55 56.5 

  16000 35B 59 56 56 56 56.8 

16000 36B 58 57 56 56 56.8 56.7 

  

JFA 12.5mm 

Skid-RAP 4% 

VTM 

32000 25B 50 48 48 47 48.3 

  32000 26B 52 50 49 48 49.8 

32000 27B 52 50 50 49 50.3 49.4 

32000 28B 52 50 49 49 50.0   
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Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

JFA 12.5mm 

Skid-RAP 8% 

VTM 

32000 29B 52 51 50 49 50.5 

32000 
30B 54 53 53 52 53.0 51.2 

WV Paving W1-

RAP 4% VTM 

32000 31B 55 53 53 52 53.3 

  32000 32B 54 52 52 51 52.3 

32000 33B 54 53 52 51 52.5 52.7 

WV Paving W1-

RAP 8% VTM 

32000 34B 55 53 53 52 53.3 

  32000 35B 55 54 53 52 53.5 

32000 36B 56 55 53 53 54.3 53.7 

  

JFA 12.5mm 

Skid-RAP 4% 

VTM 

48000 25B 49 48 47 46 47.5 

  48000 26B 49 47 47 46 47.3 

48000 27B 51 49 48 47 48.8 47.8 

JFA 12.5mm 

Skid-RAP 8% 

VTM 

48000 28B 52 50 49 48 49.8 

  48000 29B 51 50 48 47 49.0 

48000 30B 52 50 48 47 49.3 49.3 

WV Paving W1-

RAP 4% VTM 

48000 31B 53 51 50 49 50.8 

  48000 32B 51 49 48 47 48.8 

48000 33B 52 51 50 49 50.5 50.0 

WV Paving W1-

RAP 8% VTM 

48000 34B 53 51 50 49 50.8 

  48000 35B 53 51 49 48 50.3 

48000 36B 51 49 48 47 48.8 49.9 

 

Trial 7: JFA 12.5mm SR and WVP W1-RAP Specimens (Top Surfaces) 

Table 51: BPN Measurements for Trial 7 JFA 12.5mm SR and WVP W1-RAP (Top Surface) 

Specimens Polished with Hoosier R80 Tires at High Toe for 48,000 Wheel Passes 

Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

JFA 12.5mm 

Skid-RAP 4% 

VTM 

0 25T 74 74 73 73 73.5 
  

0 26T 77 76 76 75 76.0 

0 27T 74 73 72 71 72.5 74.0 

JFA 12.5mm 

Skid-RAP 8% 

VTM 

0 28T 80 79 77 78 78.5 
  

0 29T 74 73 73 73 73.3 

0 30T 76 74 75 75 75.0 75.6 

WV Paving W1-

RAP 4% VTM 

0 31T 81 80 80 79 80 
  

0 32T 80 82 82 83 81.8 
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Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

0 33T 77 74 74 73 74.5 78.8 

WV Paving W1-

RAP 8% VTM 

0 34T 82 82 80 80 81.0 
  

0 35T 81 86 81 81 82.3 

0 36T 79 82 81 81 80.8 81.3 

  

JFA 12.5mm 

Skid-RAP 4% 

VTM 

8000 25T 52 51 50 50 50.8 
  

8000 26T 55 53 53 52 53.3 

8000 27T 53 52 52 51 52.0 52.0 

JFA 12.5mm 

Skid-RAP 8% 

VTM 

8000 28T 53 51 51 50 51.3 
  

8000 29T 53 52 52 51 52.0 

8000 30T 53 52 51 51 51.8 51.7 

WV Paving W1-

RAP 4% VTM 

8000 31T 57 56 55 54 55.5 
  

8000 32T 57 56 55 54 55.5 

8000 33T 57 55 54 54 55.0 55.3 

WV Paving W1-

RAP 8% VTM 

8000 34T 55 54 53 53 53.8 
  

8000 35T 57 56 55 55 55.8 

8000 36T 53 55 55 54 54.3 54.6 

  

JFA 12.5mm 

Skid-RAP 4% 

VTM 

16000 25T 48 47 47 46 47.0 
  

16000 26T 48 47 47 46 47.0 

16000 27T 50 48 48 47 48.3 47.4 

JFA 12.5mm 

Skid-RAP 8% 

VTM 

16000 28T 48 47 47 46 47.0 
  

16000 29T 49 47 47 47 47.5 

16000 30T 49 47 47 47 47.5 48.6 

WV Paving W1-

RAP 4% VTM 

16000 31T 54 53 52 51 52.5 
  

16000 32T 52 50 49 48 49.8 

16000 33T 53 51 51 49 51.0 51.1 

WV Paving W1-

RAP 8% VTM 

16000 34T 51 50 48 47 49.0 
  

16000 35T 56 51 53 53 53.3 

16000 36T 52 50 49 48 49.8 50.7 

  

JFA 12.5mm 

Skid-RAP 4% 

VTM 

32000 25T 41 39 39 38 39.3 
  

32000 26T 42 41 41 40 41.0 

32000 27T 42 41 41 40 41.0 40.4 

JFA 12.5mm 

Skid-RAP 8% 

VTM 

32000 28T 40 40 39 39 39.5 
  

32000 29T 42 41 40 40 40.8 

32000 30T 41 41 40 40 40.5 40.3 

WV Paving W1-

RAP 4% VTM 

32000 31T 42 40 40 40 40.5 
  

32000 32T 43 42 41 41 41.8 

32000 33T 43 42 41 41 41.8 41.3 
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Mix Type 

Number of 

Wheel 

Passes 

Specimen 

British Pendulum Number (BPN) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Average 

Mix 

Average 

WV Paving W1-

RAP 8% VTM 

32000 34T 42 41 41 40 41.0 
  

32000 35T 44 43 42 41 42.5 

32000 36T 42 41 41 41 41.3 41.6 

  

JFA 12.5mm 

Skid-RAP 4% 

VTM 

48000 25T 42 41 40 38 40.3 
  

48000 26T 41 41 40 38 40.0 

48000 27T 42 41 41 40 41.0 40.4 

JFA 12.5mm 

Skid-RAP 8% 

VTM 

48000 28T 42 41 40 39 40.5 
  

48000 29T 44 42 41 40 41.8 

48000 30T 42 41 40 39 40.5 40.9 

WV Paving W1-

RAP 4% VTM 

48000 31T 42 41 40 39 40.5 
  

48000 32T 43 41 40 39 40.8 

48000 33T 43 42 41 40 41.5 40.9 

WV Paving W1-

RAP 8% VTM 

48000 34T 43 42 41 40 41.5 
  

48000 35T 42 41 41 40 41.0 

48000 36T 42 41 39 38 40.0 40.8 

 

Trial 8: JFA 12.5mm SR Laboratory Compacted and Field Core 

Specimens 

Table 52: BPN Measurements for Trial 8 JFA 12.5mm SR Laboratory Compacted and Field 

Core Specimens Polished with Hoosier R80 Tires at High Toe for 48,000 Wheel Passes 

Mix Type 
Number of 

Wheel Passes 
Specimen 

Specimen 

Type 

British Pendulum Number (BPN) 

Trial 1 Trial 2 Trial 3 Trial 4 Average 

JFA 12.5mm 

Skid-RAP 

0 1L Lab 60 60 59 58 59.3 

0 1F Field 63 61 61 59 61.0 

0 2L Lab 57 56 54 54 55.25 

0 2F Field 67 66 66 65 66.0 

0 3L Lab 63 62 60 59 61.0 

0 3F Field 75 73 72 71 72.8 

0 4L Lab 56 55 53 53 54.25 

0 4F Field 55 53 53 52 53.3 

0 5L Lab 62 60 59 58 59.8 

0 5F Field 56 54 53 52 53.8 

0 6L Lab 70 67 66 65 67.0 

0 6F Field 72 71 69 67 69.8 
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Mix Type 
Number of 

Wheel Passes 
Specimen 

Specimen 

Type 

British Pendulum Number (BPN) 

Trial 1 Trial 2 Trial 3 Trial 4 Average 

  

JFA 12.5mm 

Skid-RAP 

8000 1L Lab 47 46 45 45 45.8 

8000 1F Field 48 47 46 46 46.8 

8000 2L Lab 48 47 46 45 46.5 

8000 2F Field 48 47 47 47 47.3 

8000 3L Lab 49 47 47 47 47.5 

8000 3F Field 49 47 47 47 47.5 

8000 4L Lab 50 48 48 47 48.3 

8000 4F Field 46 45 45 44 45.0 

8000 5L Lab 49 48 47 47 47.8 

8000 5F Field 48 47 46 46 46.8 

8000 6L Lab 49 48 47 47 47.8 

8000 6F Field 50 47 47 47 47.8 

  

JFA 12.5mm 

Skid-RAP 

24000 1L Lab 46 44 43 43 44 

24000 1F Field 46 45 43 43 44.25 

24000 2L Lab 43 42 42 41 42.0 

24000 2F Field 46 44 43 42 43.75 

24000 3L Lab 45 43 42 42 43.0 

24000 3F Field 45 43 43 42 43.3 

24000 4L Lab 46 44 43 42 43.8 

24000 4F Field 45 43 42 42 43.0 

24000 5L Lab 46 45 45 44 45.0 

24000 5F Field 45 44 43 42 43.5 

24000 6L Lab 48 47 46 45 46.5 

24000 6F Field 46 45 43 43 44.3 

  

JFA 12.5mm 

Skid-RAP 

48000 1L Lab 44 42 41 41 42 

48000 1F Field 46 44 42 42 43.5 

48000 2L Lab 42 41 41 39 40.75 

48000 2F Field 46 44 43 42 43.75 

48000 3L Lab 44 42 42 41 42.25 

48000 3F Field 45 43 42 41 42.75 

48000 4L Lab 46 44 42 42 43.5 

48000 4F Field 44 42 42 40 42 

48000 5L Lab 45 43 41 41 42.5 

48000 5F Field 46 44 42 42 43.5 

48000 6L Lab 44 43 42 41 42.5 

48000 6F Field 45 43 42 41 42.75 
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Trial 9: JFA 12.5mm SR Field Core Specimens and 

Corresponding Field Measurements  

Table 53: BPN Measurements for Trial 9 JFA 12.5mm SR Field Core Specimens Polished with 

Hoosier R80 Tires at High Toe for 48,000 Wheel Passes 

Mix Type 

Number of 

Wheel 

Passes 

Specimen 
British Pendulum Number (BPN) 

Trial 1 Trial 2 Trial 3 Trial 4 Average 

JFA 12.5mm Skid-

RAP I79 Field 

Cores 

0 D1 63 60 57 56 59.0 

0 D2 51 48 47 46 48.0 

0 D3 54 51 49 48 50.5 

0 D4 53 51 50 49 50.8 

0 D5 54 52 50 49 51.3 

Dummy Samples 

0 T2 (JFA) 77 77 78 77 77.3 

0 T5 (WVP W1) 72 72 72 71 71.8 

0 T6 (WVP W1) 86 85 87 86 86.0 

0 
T11 (WVP 

12.5) 
77 78 78 77 77.5 

0 
T14 (WVP 

12.5) 
82 84 85 84 83.8 

0 S8G (Greer) 74 72 71 70 71.8 

0 S11G (Greer) 74 73 73 72 73.0 

  

JFA 12.5mm Skid-

RAP I79 Field 

Cores 

8000 D1 52 50 48 48 49.5 

8000 D2 49 47 47 46 47.3 

8000 D3 50 47 47 47 47.8 

8000 D4 50 48 48 48 48.5 

8000 D5 50 49 48 48 48.8 

Dummy Samples 

8000 T2 (JFA) 51 49 48 48 49.0 

8000 T5 (WVP W1) 57 55 54 54 55.0 

8000 T6 (WVP W1) 58 52 51 51 53.0 

8000 
T11 (WVP 

12.5) 
55 53 53 52 53.3 

8000 
T14 (WVP 

12.5) 
55 53 52 52 53.0 

8000 S8G (Greer) 51 50 49 49 49.8 

8000 S11G (Greer) 48 47 47 47 47.3 

  

JFA 12.5mm Skid-

RAP I79 Field 

Cores 

24000 D1 48 46 46 45 46.3 

24000 D2 46 46 44 44 45 

24000 D3 45 43 42 42 43.0 

24000 D4 47 46 45 44 45.5 
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Mix Type 

Number of 

Wheel 

Passes 

Specimen 
British Pendulum Number (BPN) 

Trial 1 Trial 2 Trial 3 Trial 4 Average 

24000 D5 47 45 45 44 45.3 

Dummy Samples 

24000 T2 (JFA) 47 46 46 45 46.0 

24000 T5 (WVP W1) 50 48 48 47 48.3 

24000 T6 (WVP W1) 51 49 48 48 49.0 

24000 
T11 (WVP 

12.5) 
52 50 49 48 49.8 

24000 
T14 (WVP 

12.5) 
53 52 51 51 51.8 

24000 S8G (Greer) 48 46 46 46 46.5 

24000 S11G (Greer) 47 46 46 45 46.0 

  

JFA 12.5mm Skid-

RAP I79 Field 

Cores 

48000 D1 43 43 41 41 42 

48000 D2 43 42 42 41 42 

48000 D3 42 40 39 39 40 

48000 D4 42 40 40 39 40.3 

48000 D5 42 41 40 39 40.5 

Dummy Samples 

48000 T2 (JFA) 41 40 39 38 39.5 

48000 T5 (WVP W1) 47 46 45 44 45.5 

48000 T6 (WVP W1) 45 43 43 42 43.3 

48000 
T11 (WVP 

12.5) 
47 45 44 44 45.0 

48000 
T14 (WVP 

12.5) 
46 45 44 44 44.8 

48000 S8G (Greer) 42 41 41 41 41.3 

48000 S11G (Greer) 41 40 39 38 39.5 

 

Trial 10: JFA 12.5mm SR I-79 Field Measurements 

Table 54: BPN Measurements for Trial 9 JFA 12.5mm SR I-79 Field Locations 

  British Pendulum Number (BPN) 

Location

/Core 

Number 

Downhill/Up

hill 

Location 

on Lane 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Avg. 

Lane 

Avg. 

Uphill/ 

Downhill 

Avg. 

D1 Flat Curve 

Right 

Wheel 

Path 

76 72 73 72 73.25 74.5 
74.5 

Center 75 76 76 76 75.75   

D2 Uphill 

Left 

Wheel 

Path 

86 84 82 80 83 84.5 69.9 
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  British Pendulum Number (BPN) 

Location

/Core 

Number 

Downhill/Up

hill 

Location 

on Lane 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 
Avg. 

Lane 

Avg. 

Uphill/ 

Downhill 

Avg. 

Center 86 86 86 86 86   

Downhill 

Left 

Wheel 

Path 

56 55 54 54 54.75 55.4 

Center 56 55 56 57 56   

D3 

Uphill 

Left 

Wheel 

Path 

77 75 74 74 75 74.1 

67.4 
Center 74 74 73 72 73.25   

Downhill 

Left 

Wheel 

Path 

61 62 61 60 61 60.6 

Center 61 60 60 60 60.25   

D4 

Downhill 

Right 

Wheel 

Path 

55 55 54 53 54.25 55.5 

73.5 
Center 57 57 57 56 56.75   

Uphill 

Right 

Wheel 

Path 

93 92 91 92 92 91.5 

Center 92 92 90 90 91   

D5 

Downhill 

Right 

Wheel 

Path 

77 76 75 74 75.5 76.3 

86.3 
Center 77 77 77 77 77   

Uphill 

Right 

Wheel 

Path 

96 95 95 94 95 96.4 

Center 97 99 98 97 97.75   

 

 



   

 

103 

 

Appendix E: BPN Analysis 

  

Figure 31: Trial 2 Average BPN Trend for JFA 12.5mm SR Specimens (Top Surfaces) at 4% 

VTM After 48,000 Wheel Passes  

 

Figure 32: Trial 2 Prediction of Required Wheel Passes at BPN Limits for JFA 12.5mm SR 

Specimens (Top Surfaces) at 4% VTM After 48,000 Wheel Passes 
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Figure 33: Trial 2 Average BPN Trend for WVP W1-RAP Specimens (Top Surfaces) at 4% VTM 

After 48,000 Wheel Passes 

 

 

Figure 34: Trial 2 Prediction of Required Wheel Passes at BPN Limits for WVP W1-RAP 

Specimens (Top Surfaces) at 4% VTM After 48,000 Wheel Passes  
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Figure 35: Trial 2 Average BPN Trend for WVP W1-RAP Specimens (Top Surfaces) at 8% VTM 

After 48,000 Wheel Passes 

 

Figure 36: Trial 2 Prediction of Required Wheel Passes at BPN Limits for WVP W1-RAP 

Specimens (Top Surfaces) at 8% VTM After 48,000 Wheel Passes 
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Figure 37: Trial 3 Average BPN Trend for JFA 12.5mm SR Specimens (Bottom Surfaces) at 8% 

VTM After 48,000 Wheel Passes 

 

Figure 38: Trial 3 Prediction of Required Wheel Passes at BPN Limits for JFA 12.5mm SR 

Specimens (Bottom Surfaces) at 8% VTM After 48,000 Wheel Passes 
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Figure 39: Trial 3 Average BPN Trend for JFA 12.5mm SR Specimens (Bottom Surfaces) at 4% 

VTM After 48,000 Wheel Passes 

 

Figure 40: Trial 3 Prediction of Required Wheel Passes at BPN Limits for JFA 12.5mm SR 

Specimens (Bottom Surfaces) at 4% VTM After 48,000 Wheel Passes 
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Figure 41: Trial 3 Average BPN Trend for WVP W1-RAP Specimens (Bottom Surfaces) at 4% 

VTM After 48,000 Wheel Passes 

 

Figure 42: Trial 3 Prediction of Required Wheel Passes at BPN Limits for WVP W1-RAP 

Specimens (Bottom Surfaces) at 4% VTM After 48,000 Wheel Passes 
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Figure 43: Trial 3 Average BPN Trend for WVP W1-RAP Specimens (Bottom Surfaces) at 8% 

VTM After 48,000 Wheel Passes 

 

Figure 44: Trial 3 Prediction of Required Wheel Passes at BPN Limits for WVP W1-RAP 

Specimens (Bottom Surfaces) at 8% VTM After 48,000 Wheel Passes 
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Figure 45: Trial 4 Average BPN Trend for Greer W1H Specimens (Top Surfaces) at 8% VTM 

After 48,000 Wheel Passes 

 

Figure 46: Trial 4 Prediction of Required Wheel Passes at BPN Limits for Greer W1H 

Specimens (Top Surfaces) at 8% VTM After 48,000 Wheel Passes 
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Figure 47: Trial 4 Average BPN Trend for Greer W1H Specimens (Top Surfaces) at 4% VTM 

After 48,000 Wheel Passes 

 

Figure 48: Trial 4 Prediction of Required Wheel Passes at BPN Limits for Greer W1H 

Specimens (Top Surfaces) at 4% VTM After 48,000 Wheel Passes 
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Figure 49: Trial 4 Average BPN Trend for WVP 12.5mm SR Specimens (Top Surfaces) at 4% 

VTM After 48,000 Wheel Passes 

 

Figure 50: Trial 4 Prediction of Required Wheel Passes at BPN Limits for WVP 12.5mm SR 

Specimens (Top Surfaces) at 4% VTM After 48,000 Wheel Passes 
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Figure 51: Trial 4 Average BPN Trend for WVP 12.5mm SR Specimens (Top Surfaces) at 8% 

VTM After 48,000 Wheel Passes 

 

Figure 52: Trial 4 Prediction of Required Wheel Passes at BPN Limits for WVP 12.5mm SR 

Specimens (Top Surfaces) at 8% VTM After 48,000 Wheel Passes 
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Figure 53: Trial 5 Average BPN Trend for Greer W1H Specimens (Bottom Surfaces) at 8% VTM 

After 48,000 Wheel Passes 

 

Figure 54: Trial 5 Prediction of Required Wheel Passes at BPN Limits for Greer W1H 

Specimens (Bottom Surfaces) at 8% VTM After 48,000 Wheel Passes 
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Figure 55: Trial 5 Average BPN Trend for Greer W1H Specimens (Bottom Surfaces) at 4% VTM 

After 48,000 Wheel Passes 

 

Figure 56: Trial 5 Prediction of Required Wheel Passes at BPN Limits for Greer W1H 

Specimens (Bottom Surfaces) at 4% VTM After 48,000 Wheel Passes 
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Figure 57: Trial 5 Average BPN Trend for WVP 12.5mm SR Specimens (Bottom Surfaces) at 4% 

VTM After 48,000 Wheel Passes 

 

Figure 58: Trial 5 Prediction of Required Wheel Passes at BPN Limits for WVP 12.5mm SR 

Specimens (Bottom Surfaces) at 4% VTM After 48,000 Wheel Passes 
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Figure 59: Trial 5 Average BPN Trend for WVP 12.5mm SR Specimens (Bottom Surfaces) at 8% 

VTM After 48,000 Wheel Passes 

 

Figure 60: Trial 5 Prediction of Required Wheel Passes at BPN Limits for WVP 12.5mm SR 

Specimens (Bottom Surfaces) at 8% VTM After 48,000 Wheel Passes 
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Figure 61: Trial 6 Average BPN Trend for JFA 12.5mm SR Specimens (Bottom Surfaces) at 4% 

VTM After 48,000 Wheel Passes 

 

Figure 62: Trial 6 Prediction of Required Wheel Passes at BPN Limits for JFA 12.5mm SR 

Specimens (Bottom Surfaces) at 4% VTM After 48,000 Wheel Passes 
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Figure 63: Trial 6 Average BPN Trend for JFA 12.5mm SR Specimens (Bottom Surfaces) at 8% 

VTM After 48,000 Wheel Passes 

 

Figure 64: Trial 6 Prediction of Required Wheel Passes at BPN Limits for JFA 12.5mm SR 

Specimens (Bottom Surfaces) at 8% VTM After 48,000 Wheel Passes 
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Figure 65: Trial 6 Average BPN Trend for WVP W1-RAP Specimens (Bottom Surfaces) at 4% 

VTM After 48,000 Wheel Passes 

 

Figure 66: Trial 6 Prediction of Required Wheel Passes at BPN Limits for WVP W1-RAP 

Specimens (Bottom Surfaces) at 4% VTM After 48,000 Wheel Passes 
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Figure 67: Trial 6: Average BPN Trend for WVP W1-RAP Specimens (Bottom Surfaces) at 8% 

VTM After 48,000 Wheel Passes 

 

Figure 68: Trial 6 Prediction of Required Wheel Passes at BPN Limits for WVP W1-RAP 

Specimens (Bottom Surfaces) at 8% VTM After 48,000 Wheel Passes 
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Figure 69: Trial 7 Average BPN Trend for JFA 12.5mm SR Specimens (Top Surfaces) at 4% 

VTM After 48,000 Wheel Passes 

 

Figure 70: Trial 7 Prediction of Required Wheel Passes at BPN Limits for JFA 12.5mm SR 

Specimens (Top Surfaces) at 4% VTM After 48,000 Wheel Passes 
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Figure 71: Trial 7 Average BPN Trend for JFA 12.5mm SR Specimens (Top Surfaces) at 8% 

VTM After 48,000 Wheel Passes 

 

Figure 72: Trial 7 Prediction of Required Wheel Passes at BPN Limits for JFA 12.5mm SR 

Specimens (Top Surfaces) at 8% VTM After 48,000 Wheel Passes 
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Figure 73: Trial 7 Average BPN Trend for WVP W1-RAP Specimens (Top Surfaces) at 4% VTM 

After 48,000 Wheel Passes 

 

Figure 74: Trial 7 Prediction of Required Wheel Passes at BPN Limits for WVP W1-RAP 

Specimens (Top Surfaces) at 4% VTM After 48,000 Wheel Passes 
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Figure 75: Trial 7 Average BPN Trend for WVP W1-RAP Specimens (Top Surfaces) at 8% VTM 

After 48,000 Wheel Passes 

 

Figure 76: Trial 7 Prediction of Required Wheel Passes at BPN Limits for WVP W1-RAP 

Specimens (Top Surfaces) at 8% VTM After 48,000 Wheel Passes 
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Figure 77: Trial 8 Average BPN Trend for JFA 12.5mm SR Laboratory Compacted Specimens 

After 48,000 Wheel Passes 

 

Figure 78: Trial 8 Prediction of Required Wheel Passes at BPN Limits for JFA 12.5mm SR 

Laboratory Compacted Specimens After 48,000 Wheel Passes 
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Figure 79: Trial 8 Average BPN Trends for JFA 12.5mm SR Field Core Specimens After 48,000 

Wheel Passes 

 

Figure 80: Trial 8 Prediction of Required Wheel Passes at BPN Limits for JFA 12.5mm SR Field 

Core Specimens After 48,000 Wheel Passes 
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Figure 81:Trial 9 Average BPN Trends for JFA 12.5mm SR Field Core Specimens After 48,000 

Wheel Passes 

 

Figure 82: Trial 9 Prediction of Required Wheel Passes at BPN Limits for JFA 12.5mm SR Field 

Core Specimens After 48,000 Wheel Passes 
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Appendix F: Statistical Analysis Data and T-test 

Results 

Toe Angles (B55A Tire Data) 

Table 55: Data and Excel Output for JFA 12.5mm SR and WVP W1-RAP Polished with Burris 

B55A Tires at Low and High Toe Angles 

 

 



   

 

130 

 

VTM (Hoosier R80 Tire Data) 

Table 56: Data and Excel Output for All Mixtures Polished with Hoosier R80 Tires at 4% and 

8% VTM 
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Toe Angles (Hoosier R80 Tire Data) 

Table 57: Data and Excel Output for All Mixtures Polished with Hoosier R80 Tires at Low and 

High Toe Angles 
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NMAS (Hoosier R80 Tire Data) 

Table 58: Data and Excel Output for All Mixtures Polished with Hoosier R80 Tires Comparing 

9.5mm and 12.5mm NMAS 
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Contractor (Hoosier R80 Tire Data) 

Table 59: Data and Excel Output for 12.5mm Mixtures Polished with Hoosier R80 Tires 

Comparing JFA and WVP Contractors 
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Table 60: Data and Excel Output for 9.5mm Mixtures Polished with Hoosier R80 Tires 

Comparing Greer and WVP Contractors 
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Environment (Laboratory vs. Field) 

Table 61: Data and Excel Output Comparing Initial BPN Measurements for JFA 12.5mm SR Laboratory 

Compacted and Corresponding Field Core Specimens Polished with Hoosier R80 Tires 

 

 

Table 62: Data and Excel Output Comparing BPN Measurements After Polishing 48,000 Wheel Passes 

for JFA 12.5mm SR Laboratory Compacted and Corresponding Field Core Specimens Polished with 

Hoosier R80 Tires 
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Table 63: Data and Excel Output for JFA 12.5mm SR Field Core Specimens and Corresponding Average 

Field Measurements  
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