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FOREWORD

This study focuses on using a Performance-Based Brake Tester (PBBT) to determine selected
commercial vehicles' brake performance over time and quantifying associated brake component
wear as a function of mileage. Additionally, ORNL was tasked with assisting the State of
Tennessee in identifying suitable PBBT machines, procuring a PBBT machine, installing the
PBBT machine to be used in this research, and training Tennessee Department of Safety (TDOS)
Staff on the operation of the PBBT machine.

The work performed under the project included:

¢ Drafting of the project Statement of Work
¢ Drafting of the Field Operation Test Plan
e Downselection of viable PBBT machines
e Providing PBBT procurement assistance
o Facilitating the PBBT installation

e Facilitating PBBT training and operator certification
e Developing industry partnerships

e Conducting the Field Operational Test

e Conducting supporting testing

¢ Analyzing the Field Operational Test data
¢ Drafting a Final Report

NOTICE

This document is disseminated under the sponsorship of the Department of Transportation in the
interest of information exchange. The United States Government assumes no liability for its
contents or the use thereof.

The contents of this Report reflect the views of the contractor, who is responsible for the
accuracy of the data presented herein. The contents do not necessarily reflect the official policy
of the Department of Transportation.

This Report does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers named herein. Trade
or manufacturers’ names appear herein only because they are considered essential to the
objective of this document.
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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS

APPROXIMATE CONVERSIONS FROM SI UNITS

Symbol | When You Know Multiply By | To Find | Symbol || Symbol | When You Know | Multiply By | To Find | Symbol
LENGTH LENGTH
in inches 25.4 millimeters mm mm millimeters 0.039 inches in
ft feet 0.305 meters m m meters 3.28 feet ft
yd yards 0914 meters m m meters 1.09 yards yd
mi miles 1.61 kilometers km km kilometers 0.621 miles mi
AREA AREA
in2 square inches 645.2 square millimeters ~ mm2 mm?2 square millimeters  0.0016 square inches in2
ft2 square feet 0.093 square meters m2 m2 square meters 10.764 square feet ft2
yd2 square yards 0.836 square meters m?2 m?2 square meters 1.195 square yards yd2
ac acres 0.405 hectares ha ha hectares 2.47 acres ac
mi2 square miles 2.59 square kilometers km?2 km?2 square kilometers  0.386 square miles mi2
VOLUME VOLUME
fl oz fluid ounces 29.57 milliliters ml ml milliliters 0.034 fluid ounces fl oz
gal gallons 3.785 liters 1 1 liters 0.264 gallons gal
ft3 cubic feet 0.028 cubic meters m3 m3 cubic meters 35.71 cubic feet ft3
yd3 cubic yards 0.765 cubic meters m3 m3 cubic meters 1.307 cubic yards yd3
MASS MASS
0z ounces 28.35 grams g g grams 0.035 ounces 0z
1b pounds 0.454 kilograms kg kg kilograms 2.202 pounds Ib
T Tl};;))rt tons (2,000 0.907 megagrams Mg Mg megagrams 1.103 lstl::)rt tons (2,000 T
TEMPERATURE (EXACT) TEMPERATURE (EXACT)
°F Fahrenheit 5(F-32)/9 Celsius °C °C Celsius 1.8C+32 Fahrenheit °F
temperature or (F-32)/1.8 temperature temperature temperature
ILLUMINATION ILLUMINATION
fc foot-candles 10.76 lux Ix Ix lux 0.0929 foot-candles fc
fl foot-lamberts 3.426 candela/m2 cd/m2 cd/m2 candela/m2 0.2919 foot-lamberts fl
FORCE AND PRESSURE OR STRESS FORCE AND PRESSURE OR STRESS
Ibf pound-force 4.45 newtons N N newtons 0.225 pound-force Ibf
psi pound-force 6.89 kilopascals kPa kPa kilopascals 0.145 pound-force psi

per square inch

per square inch

* SI is the symbol for the International System of Units. Appropriate rounding should be done to comply with Section 4 of ASTM E380.
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ABBREVIATIONS, ACRONYMS, AND SYMBOLS

AAL
AM

BE

BF

BWPT
CDL
CMV
CMVRTC

Curb Weight

Ccv
CVE
CVSA
CVSP
DAS
DOT
FMCSA
FOT
GAWR

GC
GVW
GVWR

HOS

IS

NAS
NHTSA

Artificial Axle Loading

Aftermarket, referring to brake lining or other equipment or materials that meet
original equipment specifications but are not sold as original equipment. This
equipment or materials are typically sold at a lower cost than original
equipment

Brake Efficiency; braking force divided by weight

Braking Force

Brake Wear and Performance Test

Commercial Driver's License

Commercial Motor Vehicle

Commercial Motor Vehicle Roadside Testing Corridor; a real-world test bed
for testing vehicles and technology that includes the Knox County and Greene
County, TN inspection stations and the ~70 miles of interstate highway that
connects them.

The weight of a vehicle with maximum capacity of all fluids necessary for
operation of the vehicle, but without cargo or accessories that are ordinarily
removed from the vehicle when they are not in use. It will, for the purposes of
this testing, include the driver and instrumentation.

Coefficient of Variation

Commercial Vehicle Enforcement

Commercial Vehicle Safety Alliance

Commercial Vehicle Safety Plan

Data Acquisition System

Department of Transportation

Federal Motor Carrier Safety Administration

Field Operational Test

Gross Axle Weight Ratings; maximum weight an axle is rated to carry by the
manufacturer. Includes both the weight of the axle and the portion of the
vehicle's weight carried by the axle.

Greene Coach Tours

Gross Vehicle Weight; the total weight of the vehicle and load

Gross Vehicle Weight Ratings; the value specified by the manufacturer or up
fitter as the loaded weight of a single vehicle.
Hours of Service

Inspection Station
North American Standard
National Highway Traffic Safety Administration
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NTRCI
MCSAP
MOU
OE

ORNL
00S
Partner
PBBT
POC
PP

PS

RD

ST
TDOS
TDOT
THP
TV
VUT

National Transportation Research Center, Inc.
Motor Carrier Safety Assistance Program
Memorandum of Understanding

Original Equipment - Brake components that are the same part number,
manufacture, and materials as those that came on the vehicle when it was
purchase in the new/unused state.

Oak Ridge National Laboratory

Out of Service

A CMV carrier who has agreed to participate in the BWPT via MOU
Performance-Based Brake Tester

Point Of Contact

Pioneer Petroleum Co.

Portable Scales

Richard Diehl Inc.

Summers-Taylor Inc.

Tennessee Department of Safety

Tennessee Department of Transportation

Tennessee Highway Patrol

Test Vehicle; any one of the participating fleet CMVs

Vehicle Under Test - the specific vehicle undergoing testing at any particular
time relative to this Test Plan

X



EXECUTIVE SUMMARY

Performance-Based Brake Testers (PBBTs) are devices that can be used to evaluate the current
braking capabilities of a vehicle through the measurement of brake forces developed as a vehicle
engages in a braking event while on a PBBT machine. The Federal Motor Carrier Safety
Administration (FMSCA) passed legislation on February 5, 2003, allowing a PBBT that meets
the FMCSA functional specifications to be used as an enforcement tool. Previously, citations
could be written, although the test results could not be used to put a vehicle out-of-service
(O0S). Failure to meet minimum braking efficiency as measured by a PBBT was added as an
OOS criteria effective April 1, 2007. However, the few PBBT machines in the continental
United States are used primarily for screening and conducting research.

The Oak Ridge National Laboratory (ORNL) was tasked by FMCSA in August of 2005 to: 1)
assist the Tennessee Department of Safety (TDOS) in the procurement and installation of a
PBBT machine; 2) train and certify PBBT machine operators; and 3) layout the framework for a
Brake Wear and Performance Test (BWPT) project using the installed PBBT machine.

A PBBT machine was installed at the Greene County, Tennessee Commercial Motor Vehicle
(CMYV) Inspection Station (IS) located in Bulls Gap Tennessee. This CMV IS serves as the
northeastern anchor of the FMCSA CMV Roadside Testing Laboratory (CMVRTC). This
equipment is a roller dynamometer with the capability of measuring a vehicle’s rolling
resistance, weight, and brake force. In a typical PBBT test, the vehicle’s tires are placed on and
between the rollers which will start rolling the wheels as if the vehicle were traveling forward
and will attain a rotational speed of approximately 2 mph. As the driver gradually depresses the
brake, the PBBT measures the force exerted by the braking system on the axle under test. This
data is sent directly to the PBBT desktop computer. This process is repeated for each axle until
the entire vehicle has been tested. The overall result reported is the brake efficiency, the ratio of
the total braking force to the gross vehicle weight (GVW).

As part of the training plan, ORNL and TDOS arranged for the supplier of the PBBT machine to
conduct operational training and operator certification for all ORNL and TDOS staff responsible
for operating the machine.

ORNL drafted the Brake Wear and Performance Test (BWPT) Test Plan in September 2007 with
the approach of testing eight commercial vehicles from four vocations for a period of 12-to-18
months. Each vehicle would receive new foundation brake components before the start of the
BWPT Field Operational Test (FOT) and then receive a PBBT test on a monthly basis to
determine if the vehicle's ability to stop degrades over time. Additionally, ORNL would look at
wear as a function of mileage and explore induced ovality within a vehicle's brake drums or
rotors and the PBBT's ability to measure this induced ovality. For the BWPT, ORNL conducted
specific training for each trooper participating in the data collection effort.

PURPOSE

As a fleet operates its vehicles over time, brake components wear and, in some cases, fail. To
date, little is known regarding the effect of this wear and component failure on the vehicle’s



brake performance and safety. This study sought to measure these effects as the test vehicles
carry out their normal vocation.

The goals of this evaluation were as follows:

1. To quantify, using a PBBT, the heavy vehicle braking performance of multiple vehicles
over time in a real-world environment

2. To use the PBBT to detect a vehicle with a braking system failure or gross degradation
(i.e., ruptured wheel seal, improperly functioning brake chamber, etc.)

3. To monitor the operational issues, failures, and acceptance levels of user personnel of an
in-ground PBBT, over time

4. To measure the acceptance and operational ease of an in-ground PBBT by drivers, over
time

5. To measure the total wear of brake linings, drums, and rotors at the end of their normal
life, as a function of mileage

6. To explore drum ovality at the end of component life and to explore the possible
correlation to PBBT ovality measurements

PROCESS

This study represents an examination of brake wear and performance in selected CMVs. Four
CMV fleets (Partners) were asked to make available, on a semi-gratis basis, two class-8 CMVs
from each fleet for the BWPT. ORNL used project funds to purchase (via contractor) the
necessary brake components to bring the foundation brake system of the two test vehicles to
“new condition.” This included, at a minimum, new linings, drums, and/or rotors. Each
participating test vehicle’s braking system was required to be inspected by a certified mechanic
to be sure that other foundation brake components (beyond linings, drums/rotors) were in good
serviceable condition. The components inspected included air lines, brake cambers, slack
adjusters, pushrods, camshafts, camshaft bushings, s-cams, wheel seals, etc. Any components
found not to be serviceable were required to be replaced. The needed brake components were
itemized by each Partner and the list was submitted to ORNL for approval prior to the actual
purchasing and installation.

Four types of vehicles participated in the Field Operation Test (FOT): 1) class-8 combination
tanker, 2) class-8 tri-axle dump, 3) class-8 combination dry-box van, and 4) class-8 motor coach.
The testing included the following steps:

e Testing the participating vehicles on the PBBT machine prior to the start of the field test.

o Fitting these vehicles with new original equipment (OE) or new aftermarket (AM) brakes
and drums or rotors and pads (of the type typically used by the owner fleet).

e Verifying that the vehicles have operational braking systems using the PBBT.

e Testing the vehicles on the PBBT to establish baseline brake performance at curb weight
and 80% GVWR.
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o Testing the participating vehicles weekly for one month to monitor changes to the brake
system performance as the linings are burnished.

e Testing the vehicles monthly on the PBBT at their regular loaded weight or 80% GVWR
using artificial axle loading of the PBBT when not loaded with regular cargo.

For the brake components:

e The new linings, drums, and rotors were measured at the beginning of the test to establish
their baseline dimensions.

e The linings, drums, and rotors were measured again at the end of their service life to
determine their total wear.

Besides investigating the brake performance and wear of the eight participating vehicles, other
related studies were conducted in this project. Those included:

e A Level-1/PBBT Correlation Study to help identify trends in the data collected by
researchers at the CMVRTC;

e A PBBT Valuation Study aimed at determining the PBBT’s ability to increase the
number of contacts with CMVs and exploring how the PBBT affects the CMV out-of-
service (OOS) rate;

e A study to determine the accuracy of the EWJ PBBT machine in measuring axle weight
and artificial axle load;

¢ A study comparing different methods to calculate brake efficiency; and

e A study to explore the effect of wear on ovality and eccentricity, and their effect on brake
performance.

STUDY FINDINGS
Key findings from the investigation are as follows:

In 95% of the cases there was an increase in brake efficiency in the first part of the brake’s life
cycle. The single axle brake efficiency information collected showed that within 5,000 miles of
the initial test there were gains in brake efficiency of 17.5%, on average.

The results of the FOT also showed that in 96% of the cases there was not a statistically
significant degradation of the brakes during the length of the test conducted in this project.

The results of the wear analysis showed that on average the left and right end of any given axle
presented similar wear of the brake linings, although there was a slight tendency in the data
towards a faster wear of the linings of the right axles. Also, in 86% of the cases in which the
brake shoes were arranged in a top-bottom layout, the linings of the bottom shoe wore at a faster
rate than that of the top shoe (the remaining 14% of the cases included the tag axles, which are
deployed only when needed).
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The results of the wear analysis also showed that, in general, the axles that support less weight
reflected less wear in the diameter of the drums over the test period.

The Level-1/PBBT Correlation Study showed than when vehicles were selected at random from
the traffic stream, they were only 1.93% less likely to “pass” both a PBBT test and Level-1
inspection than when traditional vehicle selection methodologies were used.

The PBBT Valuation Study provided valuable information regarding time savings, OOS rates,
and the number of vehicles which could be contacted using various inspection methods. The
inspection pit was shown to be beneficial because its use doubled the OOS rate in the small
sample of vehicles tested, although it did not appear to increase the number of vehicles
contacted. This is explained by better access to the underside of the vehicle, allowing the officer
to conduct a more thorough inspection.

The independent testing of the EWJ PBBT machine strongly suggested that the PBBT is very
accurate at measuring both actual —i.e., axle weight— and artificial loads (note: at present, the
brake performance criterion found in FMCSR 393.52 specifies that the vehicle be tested in the
“as-is” condition of loading; as such, the use of artificial axle load does not come into play).

CONCLUSIONS

The main conclusion from the data collected in the FOT is that well maintained brakes result in
consistently high performing brakes, even after a considerably large number of miles logged (the
result of the analysis suggested that there was not a statistically significant degradation of the
brakes during the length of the test conducted in this project).

Regarding the selection of vehicles to be inspected, and based on a small sample, there are only
minor differences (2%) between traditional methodologies and randomly selecting vehicles from
the stream of traffic that pass both PBBT and Level-1inspections.

The availability of the PBBT inspection pit doubled the OOS rate (in the small sample of
vehicles tested), but it did appear to increase the number of vehicles contacted.

DEPLOYMENT STRATEGIES

A set of functional specifications currently exists for a PBBT machine to be purchased using
Motor Carrier Safety Assistance Program (MCSAP) grant funding. Thus, a funding mechanism
is in place for states to purchase PBBT machines. However, changes will need to be made in the
North American Standard (NAS) Inspection guidelines in order to give weight to the PBBT
inspection, making it on par with the current Level-1 and -2 vehicle inspections. Also, changes
will be needed in the MCSAP Commercial Vehicle Safety Plan (CVSP) that will accept a PBBT
inspection as part of the performance-based criteria in lieu of or in support of NAS Level-1 and -
2 inspections. These changes would allow state enforcement staff to get "credit" for PBBT
testing and will be necessary for states to be willing to purchase and utilize PBBT machines.
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1. INTRODUCTION

1.1 BACKGROUND

1.1.1 Performance-Based Brake Tester

Performance-Based Brake Testers (PBBTs) are devices that can evaluate the current braking
capabilities of a vehicle through the measurement of brake forces developed as a vehicle engages
in a braking event while on a PBBT. PBBT devices are typically in-ground, but can also be in
portable configurations. The common types of PBBTs include roller dynamometers, flat-plate
testers and breakaway torque testers. Some PBBTs are equipped with the capability for artificial
axle loading. This capability can ensure constant wheel loadings and repeatable testing despite
the actual load of the vehicle.

The PBBT installed at the Greene County Commercial Motor Vehicle (CMV) Inspection Station
(IS) is a roller dynamometer with the capability of measuring a vehicle’s rolling resistance,
weight, and brake force. The vehicle’s tires are placed on and between the red rollers shown in
Figure 1. The driver is asked to maintain a minimum of 90-100 psi of system air pressure at all
times. The PBBT will start rolling the wheels as if the vehicle were traveling forward and attain a
rotational speed of approximately 2 mph. As the driver gradually depresses the brake, the PBBT
records the force being activated in Ibf. This data is sent directly to the PBBT desktop computer.
This process is repeated for each axle until the entire vehicle has been tested. The overall result
reported is the brake efficiency: the ratio of the total braking force to the gross vehicle weight
(GVW). Figure 1 shows the parts of the Greene County CMV IS’s PBBT, the machine used for
all of the PBBT testing in this report.

Figure 1. Diagram of a PBBT



Figure 2 Legend

1. Dynamometer rollers 3. Inspection pit
3. Tachometer roller 4. Location of PBBT computer

The overall vehicle brake efficiency is calculated from the sum of the wheel-end brake forces
divided by the total vehicle weight. In order to pass a PBBT test, the overall vehicle has to score
a 43.5 or higher. Anything less than a 43.5 is failing. An invalid test may occur because the
driver slams on the brakes (brake application is too fast) or the trailer is too lightly loaded
(potentially resulting in scores over 100). Figure 2 shows the PBBT display with its dials
indicating the brake forces being applied by the right and left wheel-ends during a PBBT test.

= ——— -“-.

Figure 2. PBBT Display

Motor carrier communities and law enforcement can benefit from PBBT technologies because
they can reduce overall inspection times, and can provide a consistent and objective measure of
the braking performance of a vehicle.

Although PBBTs have been in general use in Europe and Australia for over 25 years, the
experience has not been the same in the US. However, this may be due to the short amount of
time since the Federal Motor Carrier Safety Administration (FMCSA) issued its final rule
establishing performance criteria for use with PBBTs (effective February 5, 2003 and is
applicable to all commercial motor vehicles and commercial vehicle combinations weighing over
10,000 pounds).

Because of the significant benefits of utilizing PBBT technologies (time/labor savings, error
reduction, objective measures, consistency, enhanced fleet safety), FMCSA has an interest in
assessing a vehicle’s long-term brake performance using PBBT technology to measure (for each



vehicle in the test fleet) the brake force for the overall vehicle, and for each individual wheel-end
over a sufficiently long period of time. Such an effort would provide experiential data, and
would quantitatively assess benefits from long-term brake performance data.

1.1.2 Legislation

FMSCA passed legislation on February 5, 2003, allowing a PBBT that meets the FMCSA
functional specifications and has been certified to be used as an enforcement tool. Citations
could be written, although the test results could not be used to put a vehicle out-of-service
(O0S). Thus, the few PBBT machines in the continental United States were used for screening
and conducting research.

In the fall of 2007 the Commercial Vehicle Safety Alliance (CVSA) added the PBBT test results
to the OOS criteria. This ruling took affect in April 2008 as part of the North American Standard
(NAS) OOS criteria dated April 1, 2008. According to this ruling, a vehicle may be put out of
service for failing to develop a total brake force as a percentage of gross vehicle or combination
weight of 43.5 or more on an approved PBBT (393.53(a)). In order to be returned to service, the
vehicle must meet the following criteria: 1) If an approved PBBT is available, the vehicles shall
be retested on an approved PBBT and achieved a total brake force as a percentage of gross
vehicle or combination weight of 43.5 or more; or 2) If an approved PBBT is unavailable, each
of the brake fault areas indentified on the inspection report shall be inspected and repaired.

1.13 ORNL Efforts Leading up to the BWPT

ORNL was tasked by FMCSA in August of 2005 to: 1) assist the TDOS in the procurement and
installation of the PBBT machine; 2) train and certify PBBT machine operators; and 3) layout
the framework for a BWPT project using the installed PBBT machine. The statement of work
and authorization to begin the effort was approved by FMCSA in September 2005.

1.1.31 Procurement and Installation

Site Selection: The effort was initiated with a visit to the CMV IS facilities in Knox County
and Greene County Tennessee to determine the best site for the PBBT installation. Images of the
truck inspection areas of these sites are shown in Figure 3, Figure 4, and Figure 5 with callouts
for proposed locations for the PBBT machine. A letter report assessing the Knox County sites
was drafted and submitted by ORNL to FMCSA in October 2005. A letter report assessing the
Greene County site was drafted and submitted by ORNL to FMCSA in November 2005. The
Greene County site was ultimately chosen due the space limitations at the Knoxville sites.



Figure 4. Knox County CMV IS Westbound 1-40



Figure 5. Greene County CMV IS Southbound 1-81

PBBT Machine Procurement: ORNL conducted a market survey of companies that produced
PBBT machines with artificial axle loading (AAL) capability. Artificial axle loading is typically
accomplished by securing straps to the vehicle under test (VUT) and applying force to these
straps to simulate a vehicle cargo load. Three companies with sales offices in the United States
were indentified. They were:

¢ Link-Radlinski, Inc; Representing B&M; East Liberty, Ohio
e Infinity Test; Representing EWJ Teknik A/S; Canada
e VIS; Orlando, Florida

Visits and demonstrations were arranged to allow ORNL to analyze the features and capabilities
of the machines. Additionally, ORNL arranged for the identified companies to visit the Greene
County site to make recommendations as to a potential installation location(s) of the PBBT
machine and express concerns and issues related to the site condition, available power, and
vehicle access.

The PBBT machine was funded via a Motor Carrier Safety Assistance Program (MCSAP) grant
from FMCSA and procured through the TDOS procurement office. ORNL prepared a set of
procurement specifications for the PBBT machine in January 2006 and participated in the
procurement process.

Installation: As a part of the installation of the PBBT machine, it was decided to install an
inspection pit to allow for easier application of the AAL straps to the VUT. Construction of the
pit began in May 2007 and was completed in July 2007. The excavation of the pit is shown in
Figure 6 and Figure 7. The completed pit is shown in Figure 8 and the installed PBBT machine
is shown in Figure 9.
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Figure 6. Excavation for the CMV Inspection Pit

Figure 7. Inspection Pit Progress in June 2007



Figure 8. Finished CMV Inspection Pit



Figure 9. Finished PBBT Machine

1.1.3.2 Training

ORNL and TDOS arranged for the supplier of the PBBT machine to conduct operational training
and operator certification for all ORNL and TDOS staff responsible for operating the machine.
ORNL conducted Brake Wear and Performance Test (BWPT) specific training for each trooper
participating in the data collection for the BWPT effort.

1.1.3.3 BWPT Framework

ORNL Drafted the BWPT Test Plan in September 2007 with the approach of testing eight
commercial vehicles from four vocations. Each vehicle would receive new foundation brake
components before the start of the BWPT Field Operational Test (FOT) and then receive a PBBT
test on a monthly basis to determine if the vehicle's ability to stop degrades over time.
Additionally, ORNL would look at wear as a function of mileage and potentially explore induced
ovality within a vehicle's brake drums or rotors, and the PBBT machines ability to measure this
induced ovality.

1.14 CMVRTC

On August 7, 2007, FMCSA launched the Commercial Motor Vehicle Roadside Technology
Corridor (CMVRTC) at a keynote address given by then FMCSA Administrator John Hill. He
indicated that the FMCSA established the CMVRTC for the purpose of testing and promoting
new truck and bus safety inspection technologies and will work in partnership with the
Tennessee Departments of Safety and Transportation, ORNL, and the University of Tennessee
(UT). ORNL was requested to take the lead role for coordination and management of CMVRTC
activities as part of a multi-year interagency agreement with the FMCSA.



The CMVRTC is currently bounded by the Knoxville CMV IS located on I-40 (east and west
bound) and the Greene County CMV IS located on I-81 southbound. There is approximately 70
miles of interstate highway between the two facilities. Figure 10 shows an illustrated map of the
CMVRTC including its research partners.

The vision for the CMVRTC is to have established and ready testing facilities at the ISs
bounding the corridor to demonstrate, test, evaluate, and showcase innovative safety
technologies in real-world conditions in an effort to improve commercial truck and bus safety by
increasing the adoption of these technologies by public and private stakeholders.

The CMVRTC provides a platform to showcase inspection technologies and highlight their
systematic integration with existing enforcement operations and highway information systems by
State partners at the TDOS and the Tennessee Department of Transportation (TDOT). Data
gathered from experiments and field tests along the corridor will be used to support FMCSA
enforcement and compliance programs, state safety programs, policy research and future
rulemaking activities.

Field Operational Testing
Vil Test-bed for_ Truck
and Bus Safety

Bench-top testing
Hardware-in-the-loop testing ..
Driving simulator testing’

“Test course testing

. Active testing of
S infrastructure-based B8
‘technologies at
SNInspection Stations

Figure 10. lllustrated Map of CMVRTC



1.2  GOALS

As a fleet operates its vehicles over time, brake components wear and in some cases fail. Little
is known regarding the effect of this wear and component failure on the vehicle’s brake
performance and safety. This evaluation seeks to measure these effects as the test vehicles carry
out their normal vocation.

The goals of this evaluation were to do the following:
¢ Quantify, using a PBBT, heavy vehicle braking performance of multiple vehicles over

time in a real-world environment,

e Use the PBBT to detect a vehicle with a braking system failure or gross degradation (i.e.,
ruptured wheel seal, improperly functioning brake chamber, etc.),

e Monitor the operational issue, failures, and acceptance level of user personnel of an in-
ground PBBT over time,

e Measure the acceptance and operational ease of an in-ground PBBT by drivers over time,

e Measure the total wear of brake lining, drums, and rotors at the end of their normal life as
a function of mileage, and

e Explore drum ovality at the end of component life and explore possible correlation to
PBBT ovality measurements.

1.3  PARTNERSHIPS

1.31 Commercial Motor Vehicle Enforcement

Within the CMVRTC, ORNL partnered with the Tennessee Highway Patrol Commercial Vehicle
Enforcement Division (THP CVE) to assist with the needed data collection for this research. For
the purposes of this testing, the Knox County and Greene County CMV ISs were selected as
locations for data collection by the THP. The majority of the data collection was accomplished
at the Greene County site. Images of the sites can be seen in Figure 11 and Figure 12.

10



Figure 11. Knox County CMV IS

Figure 12. Greene County CMV IS

THP officers operated the PBBT machine for the data collection portion of the BWPT and
conducted the NAS Level-1, -2, and -3 inspections needed for the other support efforts within the
BWPT effort.
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1.3.2 Fleet Partnerships

1321 Rational for Fleet Partnerships

In order to gather the needed "real-world" data necessary to analyze fleet brake wear and
performance over time and mileage, ORNL formed partnerships with fleets of interest to
FMCSA. These partnerships were formed to:

1. Gain access to the needed commercial motor vehicles (CMV),
2. Mitigate the cost of operating eight (8) CMVs over a 12 to 18-month period, and

3. Gather data from actual working vehicles in their normal vocation.

1.3.2.2 Mechanism for the Fleet Partnerships

ORNL used a Memorandum of Understanding (MOU) as the mechanism to define the scope of
the effort and the roles relative to four commercial fleets (Section 1.3.2.4) and ORNL. A sample
MOU can be found in Appendix A.

1.3.2.3 Terms of the Fleet Partnerships

The four CMV fleets (Partners) were asked to make available, on a gratis basis, two Class-8
CMVs from each fleet for the BWPT. ORNL provided for the cost of the necessary brake
components to bring the foundation brake systems of the two test vehicles to “as-new" condition.
This included, at a minimum, new linings, drums, and/or rotors. Each participating test vehicle’s
braking system was required to be inspected by a certified mechanic to be sure that other
foundation brake components (i.e., beyond linings, drum/rotors) were in good serviceable
condition. The components inspected included air lines, brake cambers, slack adjusters, pushrod,
camshaft, camshaft bushings, s-cams, wheel seals, etc.). Any components found not to be
serviceable were required to be replaced. The needed brake components were itemized by each
Partner and submitted to ORNL for approval prior to their purchase and installation.

ORNL elected that in the event that a particular fleet CMV (test vehicle) needed a brake
component(s) replaced due to wear during the course of the testing, ORNL would review the
data collected and the total time that particular vehicle had been in the test and make a
determination on a case-by-case basis whether or not to replace the brake component or remove
the vehicle from the testing. This occurred only once during the FOT and that particular trailer
was retired from the test because its brake linings were determined to be at the end-of-life.

For test vehicles that did not have a glad-hand connection on the vehicle's service brake line, a
pressure port was required to be installed by the Partner to monitor the test vehicle's brake
application pressure during the PBBT test event.

The THP CVE agreed not to issue monetary fines against vehicles participating in this test (while
at the IS specifically for the purposes of this test). When an OOS violation was identified while
a test vehicle is at the IS, the officer notified the driver, the Partner, and ORNL. The violation
was then corrected by the Partner before the vehicle was allowed to return to service. Partners
were encouraged to access the condition of their vehicles prior to the vehicle's arrival at the IS
for testing.
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Any repairs or adjustments made to the test vehicle’s brakes or braking system during the 18-
month test period were requested to be noted by the Partner regarding date, mileage, and type of
work done, and then reported to ORNL.

1.3.24 Fleet Partners

Partnerships were formed with the following Class-8 vocational fleets:

1. Dry-Box Van
2. Motor Coach
3. Tanker

4. Tri-Axle Dump

Dry-Box Van: Richard Diehl, Inc., a refrigerated carrier based in Jonesborough, TN was
selected as the dry-box van vocation Partner and supplied two Class-8 tractor-trailers. These
vehicles are shown in Figure 13 and Figure 14. Richard Diehl has over 30 tractor-trailers and
specializes in the transportation of grain and feed ingredients as well as refrigerated loads.

Figure 13. Richard Diehl Inc. Truck # 375
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Figure 14. Richard Diehl Inc. Truck # 379

Motor Coach: Greene Coach Tours based in Greeneville, Tennessee, provided two Class-8
motor coaches for this research effort. They are shown in Figure 15 and Figure 16. Greene
Coach Tours is a provider of Charter and specialty tours service in the continental U.S. and

Canada.

GREENE CORCH

C

Figure 15. Greene Coach Tours Unit #190
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Figure 16. Greene Coach Tours Unit #194

Tanker: Pioneer Petroleum Co. based in Morristown, Tennessee provided two Class-8 tanker
tractor-trailers. These vehicles are shown in Figure 17 and Figure 18. Pioneer Petroleum is an
oil petroleum wholesaler operating in East Tennessee.

Figure 17. Pioneer Petroleum Co. Unit #1
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Figure 18. Pioneer Petroleum Unit #2

Tri-Axle Dump: Summers-Taylor, Inc. of Elizabethton, Tennessee supplied two Class-8 tri-axle
dump trucks. These vehicles are shown in Figure 19 and Figure 20. Summers-Taylor is the

largest heavy and highway construction contractor in the Northeast Tennessee with operations in
Tennessee, North Carolina, and Virginia.

Figure 19. Summers-Taylor Inc. Truck Number S2226
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Figure 20. Summers-Taylor Inc. Truck Number S2235
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2. METHODOLOGY

As called out in Section 1.3.2.4, four types of vehicles were chosen from area fleets for
participation in the FOT. They are: Class-8 combination tanker, Class-8 tri-axle dump, Class-8
combination dry-box van, and Class-8 motor coach. Two vehicles from each of these vocations
were utilized for this testing. These vehicles were

Tested on the PBBT machine prior to the start of the field test,

Fitted with new original equipment (OE) or new aftermarket (AM) brakes and drums or
rotors and pads (of the type typically used by the owner fleet),

Verified as having operational braking systems using the PBBT,

Tested on the PBBT to establish baseline brake performance at curb weight and 80%
GVWR,

Tested weekly for one month to monitor changes to the brake system performance as the
linings are burnished, and

Tested monthly on the PBBT at regular loaded weight or 80% GVWR using artificial
axle loading of the PBBT when not loaded with regular cargo.

For the brake components:

2.1

The new linings, drums, and rotors were measured at the beginning of the test to establish
baseline dimensions.

The lining, drums, and rotors were measured again at the end of their service life to
determine total wear.

TEST VEHICLES AND BRAKE COMPONENTS

Although the scope of this study only focused on the lining/drum/rotor components of the
foundation brakes, every effort was made to ensure that foundation brakes of the test vehicles
were rebuilt to “as new,” thus allowing for optimum performance and wear of the brake linings.
Table 1 shows the brake components used on the test vehicles.
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Vehicle
Type

Tanker

Tri-Axle
Dump

Motor
Coach

Dry-Box
Van

Vehicl
elD#

#1

#2

#2226

#2235

#190

#194

#375

#379

AxI

= 0~ WN P OO WNPE OO~ WOWDNPRP

a b~ wN

Table 1. Brake Materials by Test Vehicle
Brake Mfg /Size

(in)

Haldex 15x4

Haldex 16.5x7
Haldex 16.5x7
Haldex 16.5x7
Haldex 16.5x7
Haldex 15x4

Haldex 16.5x7
Haldex 16.5x7
Haldex 16.5x7
Haldex 16.5x7

Fleet Pride
16.5x6

Fleet Pride
16.5x7

Fleet Pride
16.5x7

Fleet Pride
16.5x7

Fleet Pride
16.5x6

Fleet Pride
16.5x7

Fleet Pride
16.5x7

Fleet Pride
16.5x7

Fleet Pride
16.5X6

Haldex 16.5x8
5/8

Fleet Pride
16.5x6

Meritor
Meritor
Meritor
Meritor

Meritor
Meritor
Meritor
Meritor
Meritor

Meritor
Meritor
Meritor
Meritor

Brake
Style

4702QR
4707QR
4707QR
4515QR
4515QR
4702QR
4707QR
4707QR
4515QR
4515QR
47425 E2

4515Q
4709 E2
4709 E2
4715Q
4515Q
4515Q
4515Q
4715Q
4711QR
4715Q
04-01-
1019
04-01-
1019
04-01-
1019
4702QP

4707
4707
4707
4707
4702QP

4707
4707
4707
4707

Brake
Chamber
Size (in)
24
30-30
30-30
30-30
30-30
24
30-30
30-30
30-30
30-30
24

24
30-30
30-30
24
24
30-30
30-30
30L
30-30
24-24
30
24-24
24-24
24
30-30
30
30-30
30-30
24
30-30
30

30-30
30-30
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Slack
Adjuster
Size (in)
51/2
51/2
51/2

6

6

51/2
51/2
51/2

51/2

51/2

51/2

51/2
51/2
51/2
N/A
N/A
N/A
51/2

51/2
51/2
51/2
51/2
51/2

51/2
51/2
51/2
51/2

Drum/Rotor
Mfg/Size (in)

Webb 15.0
Webb 16.5
Webb 16.5
Webb 16.5
Webb 16.5
Webb 15.0
Webb 16.5
Webb 16.5

MotorWheel 16.5
MotorWheel 16.5

Webb 16.5

Webb 16.5

Webb 16.5

Webb 16.5

Webb 16.5

Webb 16.5

Webb 16.5

Webb 16.5

Webb 16.5

Webb 16.5

Webb 16.5

Meritor ~17.25

Meritor ~17.25

Meritor ~17.25

Meritor 15

Webb 16.5
Webb 16.5
Webb 16.5
Webb 16.5
Meritor 15

Webb 16.5
Webb 16.5
Webb 16.5
Webb 16.5

Drum/Rot
Part
Number

61528B
66884B
66884B
67518F
67518F
61528B
66884B
66884B
89996B
89996B
652668

67518F

63032F

63032F

65152B

66864F

66864B

66864B

65600B

66845B

656008

32187140
4

32187140
4

32187140
4

53123567
002

66884B
66884B
66884B
66884B

53123567
002

66884B
66884B
66884B
66884B



2.2 MEASUREMENTS

221 Performance

PBBT tests were performed on each vehicle prior to the installation of the new brake
components to establish a baseline for the vehicle. Once the new brakes were installed, these
tests were performed weekly to capture the burnish period. After the first month, the tests were
carried out monthly for the remainder of the FOT. Each vehicle remained in the FOT for
approximately 18 months before the final tests were performed. From these tests, ORNL
determined the change in braking performance over the course of the FOT.

To maintain consistent vehicle axle loading throughout the FOT, artificial axle loading was used
when the vehicles arrived at the PBBT unloaded. A detailed description of the testing
procedures may be found in the project test plan.

2.2.2 Wear

In addition to regular PBBT tests for performance data, a number of physical dimensions were
measured at the beginning and end of the FOT to obtain wear data for the brake components.
These dimensions include rotor thicknesses, pad thicknesses, drum diameters, and lining
thicknesses. Figure 21 shows the depth gauge used to take the lining thickness measurements on
one of the test components prior to the FOT.

Figure 21. Lining Thickness Measurement Prior to the FOT for ST 2226
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3. FOT DATA ANALYSIS

As described previously, eight vehicles participated in the 20 month test. During that period, 90
PBBT tests were conducted which resulted in 367 axle evaluations. Table 2 presents a summary
of the tests conducted on each of the 8 participating vehicles, including the total miles logged
during the tests period (i.e., the difference in the vehicle odometer between the first and last test),
the number of days between the first and the last test, and the average vehicle weight.

Table 2. Tests Summary by Vehicle

Average
veicle | PBBT | wiair pressure | 1Otel | Toal | veh.
Measurements [bs]
GC 190 17 12 77,771 | 564 50,060
GC 194 12 11 57,098 | 589 50,387
PP 1 9 7 154,254 | 508 71,038
PP 2 9 7 134,392 | 398 71,346
RD 375 12 9 174,454 | 469 73,061
RD 379 6 5 131,808 | 326 74,373
ST 2226 13 12 33,794 | 562 53,362
ST 2235 12 10 39,173 | 562 53,192
Total 90 73

* Does not include tests with empty vehicles and no Artificial Axle Load

Table 2 also shows that in 73 out of the 90 PBBT tests, brake-line air pressure data was collected
in real-time as the PBBT test progressed. To collect this data, a pressure tap, installed by the
driver in the service air line between the tractor and the trailer via the glad-hand connectors, was
used (see Figure 22). A pressure transducer attached to the device permitted sampling the air
pressure in the system at 10 Hz —i.e., a sampling rate of one observation every 0.1 sec.
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Glad-Hand Connector
and Brake Application

Figure 22. Glad-Hand Pressure Tap

3.1 VEHICLE BRAKE EFFICIENCY

The results of the PBBT tests are presented in Table 3 to Table 6, for each pair of vehicles,
respectively. These tables show the date when the test was conducted, the vehicle mileage, and
the result of the PBBT test for the vehicle in terms of vehicle brake efficiency (note: efficiencies
below 0.435 are highlighted).
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Table 3. Test Date, Vehicle Mileage and Vehicle Brake Efficiency (GC 190 and GC 194)

GC 190 GC 194

fest Date Mileage Bé?]!(. € Date Mileage Blrz?]!(. €
1 10/04/07 | 367,473 0.4822 11/08/07 | 169,418 0.4697
2 10/11/07 | 368,402 0.4914 11/15/07 | 171,493 0.5443
3 10/23/07 | 369,969 0.5216 02/12/08 | 180,947 0.5558
4 11/28/07 | 376,922 0.5372 04/25/08 | 189,255 0.5459
5 02/12/08 | 385,253 0.5317 05/27/08 | 194,126 0.5560
6 04/01/08 | 396,569 0.6123 07/30/08 | 199,340 0.5450
7 05/27/08 | 410,155 0.5665 08/29/08 | 205,562 0.5170
8 06/19/08 | 412,813 0.5736 09/25/08 | 207,551 0.4788
9 07/30/08 | 415,571 0.5450 10/14/08 | 209,711 0.5130
10 08/29/08 | 420,188 0.5569 11/20/08 | 209,893 0.5793
11 09/25/08 | 423,093 0.5779 12/05/08 | 211,431 0.4681
12 10/16/08 | 425,861 0.6241 06/19/09 | 226,516 0.4956
13 11/05/08 | 428,446 0.5547

14 12/16/08 | 432,143 0.5331

15 01/13/09 | 432,659 0.6436

16 02/17/09 | 436,322 0.5973

17 04/20/09 | 445,244 0.5266

Avg. 0.5574 0.5224

Table 4. Test Date, Vehicle Mileage and Vehicle Brake Efficiency (PP 1 and PP 2)

PP 1 PP 2
Test Date | Mileage Blrz?]!(. € Date | Mileage Blrz?fk. €
1 10/11/07 | 40,812 0.5161 03/28/08 | 185,600 | 0.7058
2 10/18/07 | 42,500 0.5070 04/02/08 | 187,288 | 0.4695
3 10/30/07 | 45,400 0.5883 06/06/08 | 208,428 | 0.4906
4 01/29/08 | 65,625 0.4815 06/17/08 | 212,443 | 0.5061
5 05/13/08 | 98,734 0.5654 07/31/08 | 227,067 | 0.3658
6 07/23/08 | 120,627 | 0.4858 11/17/08 | 266,890 | 0.5321
7 09/03/08 | 134,315 | 0.4853 01/13/09 | 285,538 | 0.4089
8 01/21/09 | 183,657 | 0.5652 03/11/09 | 304,299 | 0.4718
9 03/02/09 | 195,066 | 0.4536 04/30/09 | 319,992 | 0.4693
Avg. 0.5165 0.4911
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Table 5. Test Date, Vehicle Mileage and Vehicle Brake Efficiency (RD 375 and RD 379)

RD 375 RD 379
fest Date Mileage Bé?]!(. € Date Mileage Blrz?]!(. €
1 01/31/08 | 351,322 | 0.5009 | 05/22/08 | 279,163 | 0.5314
2 02/12/08 | 356,200 | 0.4822 | 07/17/08 | 301,642 | 0.4887
3 04/25/08 | 387,184 | 0.4701 | 09/09/08 | 323,793 | 0.4560
4 05/23/08 | 398,157 | 0.5011 11/17/08 | 348,569 | 0.5440
5 06/25/08 | 409,058 | 0.4934 | 02/16/09 | 381,012 | 0.5127
6 08/01/08 | 420,592 | 0.4173 | 04/13/09 | 410,971 | 0.4970
7 08/21/08 | 426,044 | 0.4971
8 09/04/08 | 431,443 | 0.4788
9 11/17/08 | 460,743 | 0.5377
10 01/09/09 | 481,672 | 0.5301
11 03/04/09 | 500,212 | 0.5222
12 05/14/09 | 525,776 | 0.4509
Avg. 0.4901 | | 0.5050

Table 6. Test Date, Vehicle Mileage and Vehicle Brake Efficiency (ST 2226 and ST 2235)

ST 2226 ST 2235

Test Date | Mileage Blrz?]!(. € Date | Mileage BIrE?E €
1 10/16/07 | 282,513 | 0.5884 | 10/16/07 | 97,968 | 0.4984
2 10/23/07 | 283,580 | 0.4859 | 10/23/07 | 99,001 | 0.5789
3 10/30/07 | 284,180 | 0.6039 | 10/30/07 | 99,785 | 0.5783
4 11/28/07 | 286,246 | 0.6158 | 11/15/07 | 102,760 | 0.5234
5 12/11/07 | 286,739 | 0.5877 | 12/11/07 | 104,604 | 0.5415
6 01/29/08 | 287,103 | 0.6114 | 03/13/08 | 104,921 | 0.6060
7 05/02/08 | 290,835 | 0.6091 | 05/02/08 | 106,261 | 0.5721
8 06/27/08 | 295,767 | 0.5861 | 06/27/08 | 113,950 | 0.5452
9 07/23/08 | 298,197 | 0.4765 | 07/23/08 | 116,924 | 0.4499
10 09/09/08 | 303,458 | 0.4118 | 09/09/08 | 122,409 | 0.4381
11 11/20/08 | 309,280 | 0.6037 | 11/20/08 | 126,501 | 0.6240
12 01/12/09 | 311,972 | 0.6515 | 04/30/09 | 137,141 | 0.5117
13 04/30/09 | 316,307 | 0.5788

Avg. 0.5700 | | 0.5390

The information presented in these tables show that the average vehicle brake efficiency ranged
from 0.490 (RD 375) to 0.570 (ST 2226), and for single test the minimum and maximum were
0.366 and 0.706, respectively (both for PP 2). This information is also shown in Figure 23 which
presents the distribution of the vehicle brake efficiencies. Notice that in 86 out of the 90 tests
conducted (or 95.5% of the cases) the vehicles passed the PBBT test (i.e., the vehicle overall
brake efficiency was larger than 0.435).
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Figure 23. Distribution of Vehicle Brake Efficiencies

Figure 24 is similar to Figure 23, but in this case the distribution of brake efficiencies was built
using all of the information (i.e., wheel-end bra