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ACRONYMS AND DEFINITIONS

AM — After Market

ABS — Anti-lock Braking System

ATA - American Trucking Association

ATV - All-Terrain Vehicle

Class-7 — A truck or tractor with a GVWR of 26,001-33,000 Ibs

Class-8 — A truck or tractor with a GVWR of 33,001 Ibs or more

CRSD - Constant Deceleration Rate Stopping Distance

DR — Deceleration Rate

FMCSA — Federal Motor Carrier Safety Administration

FMVSS — Federal Motor Vehicle Safety Standards

GPS - Global Positioning System

GVWR - Gross Vehicle Weight Rating

Heavy Vehicle - GVWR > 26,000 pounds

Hi-PV — High-Speed/High-Load. A set of test conditions on the SSBT in which the product of the
load and sliding speed equals the maximum used in this study (approximately 4800 N-m/s or 4.8
kJ/s)

IBT — Initial Brake-Drum Temperature

ID — Internal Diameter

IR — Infra Red

Knox Co. — Knox County Fleet Service Center

LICL — Low-Cost, Imported Aftermarket Truck Brake Lining Material

LLVW — (a.k.a. Curb Wt.) Lightly Loaded Vehicle Weight

LPG — Laurens Proving Grounds

Low-PV — Low-Speed/Low-Load. A set of test conditions on the SSBT in which the product of the
load and sliding speed equals the minimum used in this study (approximately 1000 N-m/s or 1.0
kJ/s)

MPH — Miles per Hour

MSD — Maximum Stopping Distance

NDR — Normalized Deceleration Rate

NTRCI — National Transportation Research Center, Inc.

NHTSA — National Highway Traffic Safety Administration

OE - Original Equipment

ORNL — Oak Ridge National Laboratory

PRI — Performance Review Institute

psi — Pounds per Square Inch

RP — Recommended Practice

RR — Ratio of the Sum of the Braking Torques to the Sum of the Gross Axle Weight Ratings
RSD — Recorded Stopping Distance

SAE — Society of Automotive Engineers

SDDI — Stopping Distance Difference Indicator

SiC — Silicon Carbide

SSBT — Sub-Scale Brake Tester

SUT — Single-Unit Truck

TDOS — Tennessee Department of Safety

TMC - Technology and Maintenance Council

TRC - Transportation Research Center, Inc.

VBOX - Velocity Box (from Racelogic)

VDA — Vehicle Dynamics Area

VUT — Vehicle Under Test

Xi



Walker (also W) — Walker’s Truck Contractors Inc.
Waste Connections (also WC) — Waste Connections of Tennessee, Inc.
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EXECUTIVE SUMMARY

Reducing the disparity between the stopping distances of heavy trucks and the lighter vehicles with
which they share the road continues to be one of the National Highway Traffic Safety Administra-
tion’s high-priority areas. Current truck designs typically take between 1.5 and 2 times as far to
stop from highway speeds, as do passenger cars. Truck brake performance has been identified as
a major factor contributing to crashes involving large trucks. Analysis of the 2001 Fatality Analysis
Reporting System (FARS) data shows that single-unit trucks (SUTs) are involved in 27 percent of
all fatal crashes that involve large trucks (GVWR > 10,000 Ibs).

The research described in this report was sponsored by NHTSA through a Cooperative Agreement
(# DTNH22-04-H-01397 dated September 17, 2004) with the National Transportation Research
Center, Inc. (NTRCI). Oak Ridge National Laboratory (ORNL) conducted the research for NTRCI in
conjunction with several local fleet partners who voluntarily provided access to their class-7 and
class-8 SUTs for test-track and field testing.

The overall objectives of this work were:

1) to provide objective test data from test-track and field testing to further refine NHTSA’s experi-
ence base on stopping distances for SUTs (Class-7 single-axle dump truck, Class-8 tandem-
axle dump truck, Class-8 tri-axle dump truck, and a Class-8 tandem-axle refuse truck) using
original equipment (OE) brake linings for the test-track and field testing;

2) to provide objective data from test-track and field testing for stopping distance performance for
the same four vehicle configurations using aftermarket (AM) brake linings;

3) to study, via Sub-Scale Brake Testing (SSBT) and chase tests, the behavior of the same OE
and AM braking materials addressed in items 1) and 2);

4) to provide real-world driving environment data on the same OE and AM braking materials ad-
dressed in items 1) and 2); and

5) to attempt to correlate the results of the bench top, test-track, and field tests.

Information related to friction coefficients for a low-cost imported replacement lining material was
also gathered because fleets are now using this material.

The laboratory tests, test-track tests, and real-world field tests were linked tests, i.e., the same
brake materials were used in all three testing regimes, and the same trucks were used for the test-
track and field tests.

The brake materials tested in this project were selected by contacting the manufacturers/upfitters
(the body builder who installed the equipment prior to delivery) of each vehicle and determining the
OE brake lining material that was provided with the vehicle when new and was delivered to the end
customer complete with body and drop axle as appropriate, and determining if this OE brake mate-
rial was still available in the market. The AM linings were selected by interviewing the fleet partners
to determine the typical replacement lining material used in their operations.

The SSBT tests were conducted under low-speed/low-load (“Low-PV”) conditions as well as high-
speed/high-load (“High-PV”). For the Low-PV cases, friction coefficient results compared well to
those typically reported for brake friction materials in general. The High-PV results, because of
thermally induced fade, did not compare as well. SSBT tests were also conducted on a low-cost
import replacement lining material, which showed a lower friction coefficient than the other brake
linings (both OE and AM) studied in this project (note: no test-track or field testing were conducted
on this lining material). Regarding SSBT-based wear tests, a good correlation was found to exist
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between mass loss (wear) and friction coefficient. For data generated in the SSBT-based friction
and wear tests, there was, however, no evident trend that OE brake linings were necessarily any
better than AM linings. Similar results were obtained from the Chase tests. [Similar results were
obtained from the standard laboratory test method SAE J661, also known as the Chase test. It in-
volves a one-square-inch pad of lining material sliding against the inside of a rotating cast iron
drum.] These results clearly indicate that the control of variables inherent in the method of testing is
a very important factor in any study of brake material performance. Laboratory tests are a better
isolator of the lining-drum material interaction than vehicle tests because the vehicle introduces
other variables that can mask or compensate for the characteristics of the materials. Such effects
include brake system design, controls like ABS, driver reactions, vehicle condition, tire perform-
ance, road surface variations, and more. Therefore, it is not at all surprising that road tests of the
same linings did not map one-to-one with results from the more tightly controlled laboratory experi-
ments. From the observation that the laboratory test results showed similar ranges of friction and
wear between OE and AM linings, it is evident that there is no a-priori reason to expect that manu-
facturers will put less engineering effort into developing AM linings than OE linings. In correlating
laboratory and field behavior for a large set of linings, a large number of observations would have to
be made involving tightly controlled factors. The current study involved a number of factors that
were beyond the investigators’ direct control.

Test-track testing involved stopping data for the same brake materials addressed in the laboratory-
based friction testing. For the stopping data generated from the test-track tests, the OE brake lin-
ings were shown to provide higher deceleration rates than the AM brake linings (measurements
were taken from the same truck, with the same payload, with the same driver, at the same test
track, almost at the same time). While the OE linings outperformed AM linings in this specific case,
the performance differences on the test track are likely due to different lining formulations; however,
the current study involved too small a sample to draw general conclusions about the vast selection
of available commercial linings, and analysis of the lining formulations was beyond the scope of this
research.

The field tests involved the least controlled of the test environments. Because the vehicles were
engaged in their normal vocational activities, the loads of the vehicles varied. In addition, even
though the test vehicle drivers were professional drivers, there was significant variation in the
amount and steadiness of the applied braking pressure. Without appropriately “correcting” the data
to account for these phenomena, results would be meaningless. ORNL developed a means for cor-
recting collected data due to treadle pressure variations, and variations in the truck weight during
testing. For the stopping data generated from the field tests, the OE brake linings were shown to
provide higher deceleration rates than the AM brake linings (measurements were taken from sister
trucks, with the same driver). Wear analysis for the field test data indicated that the AM brake lin-
ings exhibited more wear than the OE brake linings. Interestingly, some of the measurements were
possibly confounded due to a “curing” or “swelling” effect as the new brake lining was used.

Comparison of results between testing domains was not straightforward. Selection of the appropri-
ate variables, within appropriate testing environments, etc., can involve significant effort and typi-
cally requires significant assumptions. In comparing SSBT friction test results to Chase test results,
a fair correlation of relative rankings in friction coefficient between the Chase and SSBT test results
was found. Ranking of the AM linings resulted in a widely different order between these tests.
Comparison of SSBT, Chase and The Technology and Maintenance Counci's Recommended
Practice for lining dynamometer testing, RP 628, results showed no evident correlation. It should
be noted, however, that the linings used for RP 628 testing were from different batches of lining ma-
terial than those used for the SSBT and Chase tests that used samples from the same brake shoe
for each type of lining. The lack of correlation is therefore not surprising.
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Comparison of SSBT/Chase results to the test-track results showed a correlation for special cases
of the SSBT (i.e., Low-PV) and Chase tests. Comparison of SSBT/Chase results to the field test
results was similar in that moderate correlations existed for certain special cases. Further analysis,
correlating both test-track and field observations with SSBT results confirmed these results by
showing a significant correlation between Low-PV friction coefficients and observed deceleration
rates.

Comparison of the test-track results to the field test results involved separate comparisons between
the test-track results from TRC and from LPG. For the TRC data, there was an exceptionally strong
correlation between the test-track results and the field test. In contrast, data from LPG produced no
correlation with the field data. It should be noted that the TRC tests were done with a strong adher-
ence to FMVSS-121 protocols and in a very controlled environment where every procedure was
carefully documented. Similar thoroughness may not have been experienced at LPG.

The research conducted in this project provided good insight into friction performance and stopping
performance of heavy SUTs using OE and AM brake linings. The correlation between the labora-
tory results (friction performance) and more real-world results (stopping performance) was in some
cases weak, although significant in others. Such correlation is intuitive and warrants additional at-
tention.

Real-world field testing of brake performance is a good complement to the test-track testing that is
typically conducted for brake testing. However, such testing is complex because of the number of
intervening variables, and the time required for its conduct. For example, consistency in brake
pressure application and vehicle weight were problems in field testing. However, this data is valu-
able because it brings real-world experience into the research regimen, and if carefully designed
and executed, provides an additional dimension to the research. Better and more sophisticated
control over the intervening variables while using real-world vehicles is recommended.

Limited lab tests and analysis were performed on one low-cost imported replacement lining mate-
rial. The preliminary results indicated that this low-cost import reflected a lower friction coefficient
than the other brake linings (both OE and AM) studied in this project. The predicted deceleration
rate was also found to be at the lower end of those observed during the test-track and field testing
experiments. It is therefore recommended that a broad research emphasis be placed on those low-
cost imported brake materials. Such products have the potential for poor performance and should
be looked at in context of American-made brake materials.

Lastly, a greater emphasis on brake wear is suggested. The effects of ovality and eccentricity can

cause undue wear in the braking system and lead to safety problems long before the expected life
cycle for a brake is concluded. Such issues should also be studied.
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1.0 Project Overview

1.1 Introduction

Reducing the disparity between the stopping distances of heavy trucks and the lighter vehicles with
which they share the road continues to be one of NHTSA'’s high-priority areas. Current truck de-
signs typically take between 1.5 and 2 times as far to stop from highway speeds, as do passenger
cars. Truck brake performance has been identified as a major factor contributing to crashes involv-
ing large trucks. Analysis of the 2001 Fatality Analysis Reporting System data shows that SUTs are
involved in 27 percent of all fatal crashes that involve large trucks (GVWR > 10,000 Ibs.)

For 2004, NHTSA has reported1 that 416,000 large trucks were involved in traffic crashes in the
United States, that a total of 5,190 people died (12% of all the traffic fatalities reported in 2004), and
an additional 116,000 were injured in those crashes. One out of eight traffic fatalities in 2004 re-
sulted from a collision involving a large truck, with SUTs involved in 28 percent of those truck re-
lated fatalities. In a widely cited study by Jones and Stein [1], it was reported that brake defects
were quite common and were found in 56 percent of the tractor-trailers involved in crashes. In the
more recent Large-Truck Crash Causation Study [2], it was concluded that 29.4 percent of all large
truck crashes involved brake failure, brakes out of adjustment, or other brake related issues.”

Compounding the brake defects issue even more so is the fact that although original equipment
(OE) brakes must comply with federal motor vehicle safety standards (FMVSS) which specify
maximum stopping distances according to vehicle weight, loading, pedal effort (with and without
power assistance) and brake condition (green and burnished linings), there are no federal perform-
ance standards for aftermarket (AM) brake linings. It is typically assumed that replacement AM
brake linings perform the same as or better than the OE brake linings on a vehicle. Unfortunately,
there is currently no methodology or rating system available that can assure OE-equivalent brake
performance from AM brake linings.

The research described in this report was sponsored by NHTSA through a Cooperative Agreement
(DTNH22-04-H-01397 dated September 17, 2004) to NTRCI. One of the primary goals of the
NTRCI in its Heavy Vehicle Safety Program is to conduct research that will contribute significantly
to the improvement of the safety associated with heavy truck operations on our highways.

A major factor in heavy vehicle safety is braking system performance. NTRCI has previously con-
ducted research on integrated brake systems, the compatibility of braking between tractors and
trailers, and the enhancement of TRUCKSIM to account for fade, humidity and braking torque. The
current research extends NTRCI’s braking research base and has initiated research outside of the
laboratory to include test-track and field testing.

1.2 Objective/Scope

This project had multiple objectives related to heavy truck brake performance and its scope was
focused on SUTs per the request of NHTSA. The overall objectives of this work were:

1) to provide objective test data from test-track and field testing to further refine the NHTSA'’s ex-
perience base on stopping distances for SUTs (Class-7 single-axle dump truck, Class-8 tan-

! See: http://www-nrd.nhtsa.dot.gov/pdf/nrd-30/NCSA/TSF2004/809907 .pdf



dem-axle dump truck, Class-8 tri-axle dump truck, and a Class-8 tandem-axle refuse truck) us-
ing OE brake linings for the test-track and field testing;

2) to provide objective data from test-track and field testing for stopping distance performance for
the same four vehicle configurations using AM brake linings;

3) to study, via Sub-Scale Brake Testing (SSBT) and Chase tests, the behavior of the same OE and
AM braking materials addressed in items 1) and 2);

4) to provide real-world driving environment data on the same OE and AM braking materials ad-
dressed in items 1) and 2); and

5) to attempt to correlate the results of the bench top, test-track and field tests.

Objectives 1) and 2) focused on stopping distance data collection for the same trucks mounted with
OE and AM brakes. A comparison of performance between these classes of brake materials was
felt to be of significant interest to NHTSA and the industry. Such stopping tests have typically been
performed at a test track where they could be conducted with relative safety and efficiency. How-
ever, since ORNL possessed a SSBT capability, it was felt that testing of the same OE and AM
brake linings in a laboratory setting, and comparing performance of the materials in the laboratory
with that at the test track could add considerable insight into the behavior of these materials, espe-
cially if a correlation of performance could be identified between the laboratory testing and test-track
testing (Objectives 3 and 5).

After additional discussions with NHTSA, it was suggested that in addition to test-track testing and
laboratory testing, that a field test involving the same truck configurations, and the same brake lin-
ings would add significant breadth to the brake performance data collected (Objective 4). As a re-
sult, three OE brake linings and six AM brake linings were tested in the laboratory, on a test-track,
and in a field test. A primary goal was to seek a correlation between the various test domains as
specified in Objective 5) of this project. Evidence of such correlations was not found in the litera-
ture, and if correlations could be found in this study, extrapolation of performance in the other do-
mains could be achieved. Additionally, the laboratory testing was enlarged to include Chase test-
ing, and if possible data from RP 628 testing.

The test-track, laboratory tests and real-world field tests are linked tasks that could provide valuable
information independently, but also provide a regimen of testing that would allow comparison of the
performance of similar braking materials, on similar SUTs, in three distinctively different testing en-
vironments. Such a comparison could provide insights about variation in expected performance
across testing domains, as well as possibly providing a database of performance allowing generali-
zation about the performance of aftermarket braking materials not addressed within this work (Ob-
jective 5).

1.3 Project Team

The research described in this report was sponsored by NHTSA through a Cooperative Agreement
(# DTNH22-04-H-01397 dated September 17, 2004) with NTRCI, a 501-C3 nonprofit organization
located in Knoxville, Tennessee. NTRCI selected ORNL for this research because of its significant
prior research in the heavy truck safety area within its Heavy Truck Safety Research Program and
because of its prior brake-based research conducted for NHTSA. ORNL provided technical leader-
ship in the conduct of this research and together with the NTRCI engaged fleet partners to support
the test-track and field test portions of this research.



1.4 Partners

In order to leverage the resources of this project, NTRCI and ORNL sought the voluntary participa-
tion of local fleet partners willing to take part in the test-track and field testing portions of this study.
Participation in the study provided benefits to both NTRCI/ORNL as well as the fleet partners. For
NTRCI/ORNL, the benefits included access to test vehicles at limited or no cost. For the partner
fleets, benefits included new brakes, drums and tires (which were initial conditions for the test-track
and field testing), access to the data related to their vehicles that was collected during testing, and
publicity related to their involvement in this study.

The fleet partners provided the test vehicles for the field test and the test-track testing on a cost-
sharing basis. A partnership agreement was drafted stating that a fleet partner would provide the
resources described below.

For the field test, fleet partners would provide —

Two test vehicles of the same class, 2001-year model or later, with working ABS,

Shop labor to install new brakes and drums on the test vehicles,

Driver, fuel, and ballast for the testing, and

Access to the test vehicle at the beginning and end-of-life of the brakes in order to conduct
six repetitions of a straight-line-stopping test.

NTRCI provided the cost of the brakes, drums, and tires for the field test.
For the test-track testing fleet partners would provide —

¢ One test vehicle, 2001-year model or later with working ABS (preferably one of the field test
vehicles).

The fleet partners were compensated for the lease of their vehicles (if required) during test-track
activities and for the transport of the test vehicle to and from the test track. NTRCI provided the
cost to lease the vehicles, transport them to and from the track, and the brakes, drums, and tires for
the test-track testing.

Three partnership agreements were developed and negotiated by NTRCI: the Knox County Fleet
Service Center agreed to provide two Class-7, single-axle dump trucks; Waste Connections of Ten-
nessee, Inc. agreed to provide two Class-8, tandem-axle refuse haulers; and Walker’s Truck Con-
tractors, Inc. agreed to provide two Class-8, tandem-axle dump trucks and two Class-8, tri-axle
dump trucks. Table 1.1 shows pertinent information for each of the fleet test vehicles and photo-
graphs of each type of test vehicle are shown in Figures 1.1 though 1.4.

In addition to the fleet partner agreements, NTRCI negotiated contracts with the Transportation Re-
search Center, Inc. (TRC), and Laurens Proving Grounds (LPG) to conduct the test track testing as
called out in Section 2.3 and with Link, Inc. to perform the Chase testing called out in Section 2.2.
NTRCI contracted with Fleet Tire in Knoxville, Tennessee, to supply all the tires for the field and
track tests.



Table 1.1 Fleet Test Vehicles

. Identifying . Vehicle Mfg. Field Test Track
Vehicle Type Owner Number Vehicle Mfg. Date Test Test
Class-7 Dump Knox Co. #2879 GMC 2002 Yes No
Class-7 Dump Knox Co. #3212 Chevrolet 2004 Yes Yes
Class-8 Tandem Dump Walker #102 Mack 2004 Yes Yes
Class-8 Tandem Dump Walker #105 Kenworth 2004 Yes No
Class-8 Tri-Axle Dump Walker #107 Mack 2003 Yes Yes
Class-8 Tri-Axle Dump Walker #108 Sterling 2001 Yes No
Class-8 Tandem Refuse Waste Connections #960 Mack 2002 Yes Yes
Class-8 Tandem Refuse Waste Connections #961 Mack 2002 Yes No
Figure 1.1 Knox County Single-Axle Class-7 Dump Truck.
Table 1.2 Test Vehicle Specifications
Vehicle Veh. Final Wheel GVWR/ Drum Chamber | Slack ABS ABS
Number Mfg Builder Base GAWR Size Size Adjuster Control | Layout
Size
#2879 GMC Rogers Co. 157 30,000 Ibs/ F 15.0 UNK UNK Bendix 4S/4M
F 11K Ibs R 16.5X7
R 19K Ibs
#3212 Chevrolet | Ox Bodies, 33,000 Ibs/ | F 16.5X5 30/30 5.5in. Bendix 4S/4M
Inc 152 F 12 K Ibs R 16.5X7
R 21K Ibs
#102 Mack Mack 214 68,000 Ibs/ | F 16.5X6 30/30 UNK Eaton/ 4S/4M
F 20K Ibs R 16.5X7 Bosch
R 48K Ibs
#105 Kenworth Kenworth UNK 68,000 Ibs/ F 15X4 UNK UNK Wabco 4S/4M
F 20K Ibs R 16.5X7
R 48K lbs
#107 Mack Mack 214 74,000 lbs/ F 16.5X6 30/30 UNK Wabco UNK
F 20K Ibs R 16.5X7
R 54K Ibs
#108 Sterling Freightliner 240 74.000lbs/ 16.5 X7 30/30 6in Wabco UNK
F 20K Ibs
R 54K Ibs
#960 Mack Heil 210 64,000lbs/ 16.5X7 30/30 6in Bendix 4S/4M
F 20K Ibs
R 44K Ibs
#961 Mack Heil 210 64,000 Ibs/ 16.5X7 30/30 6in Bendix 4S/4M
F 20K Ibs
R 44K Ibs
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Figure 1.4 Waste Connections Class-8 Refuse Hauler.

1.5 Approach

This project involved the testing of the selected brake materials shown in Table 1.3 on the eight ve-
hicles listed in Table 1.1 (test-track and field testing) as well as bench top testing (Chase tests and
ORNL’s SSBT — to be described later in this report). The brake materials in Table 1.3 were se-
lected by contacting the manufacturers/upfitters (i.e., the body builder who installed the equipment
prior to delivery) of each vehicle and determining the OE brake lining material that was provided
with the vehicle when new and was delivered to the end customer complete with body and drop
axle as appropriate, and determining if this OE brake material was still available in the market. For
all test vehicles, the OE lining materials were still available in the industry, and were manufactured
by Arvin Meritor. It should be noted that the Arvin Meritor brake materials were not readily available
from the local (Knoxville, Tennessee) Mack and GMC dealers, and had to be special-ordered. Ad-
ditionally, ORNL was told by Arvin Meritor that the 301 brake material was being phased out and
that the 402 brake material was not available as a standard material.

The AM linings used for the testing were selected by interviewing the fleet partners to determine the
typical replacement lining material used in their operations. For all of the test vehicles, no fleet
partner used OE brake materials as a replacement lining; rather, all AM materials. For this project,
the team leadership made a decision to use the same AM materials for each test vehicle that were
typically used by the fleet owner. Use of these brake materials was felt to allow the vehicles to op-
erate with brake linings with which the fleets and drivers had experience. These materials were
readily available from local suppliers. In the early stages of this project, it was proposed that if fund-
ing allowed, a third category of brakes (i.e., “economy” brakes) would also be tested. Unfortunately,
funding was not available to test “economy” brake linings. (Note: All AM and OE materials used in
the project in the field test or at the test track were from established manufacturers and U.S. suppli-
ers.)



Table 1.3 Selected Brake Materials

[ Knox Co., Class-7 Single-Axle
#2879 with AM Brakes

Brake Lining Mfg. and PNs Drum Mfg. and PNs
Front ABEX 6008-1 (4702) WEBB 65546B
Rear ABEX 6008-1 (4707) WEBB 66874B
#3212 with OE Brakes
Brake Lining Mfg. and PNs Drum Mfg. and PNs
Front Arvin Meritor 212 (4720) WEBB 65710B
Rear Arvin Meritor 212 (4707) WEBB 66874B

Waste Connections, Class-8 Tandem-Axle
#960 with OE Brakes

Brake Lining Mfg. and PNs Drum Mfg. and PNs
Front Arvin Meritor 402 (4720) Gunite 3595A
Rear Arvin Meritor 301 (4707) Gunite 3401X

#961 with AM Brakes
Brake Lining Mfg. and PNs
Front BrakePro CM24 (4720) WEBB 68846B
Rear BrakePro CM24 (4707 WEBB 66807B

Walker, Class-8 Tandem-Axle
# 102 with OE Brakes

Brake Lining Mfg. and PNs Drum Mfg. and PNs
Front Arvin Meritor 301 (4715) WEBB 65152B
Rear Arvin Meritor 301 (4707) WEBB 66884B
#105 with AM Brakes
Brake Lining Mfg. and PNs Drum Mfg. and PNs
Front Armada AR3 (4725) WEBB 65152B
Rear Armada AR2 (4709) WEBB 66884B

Walker, Class-8 Tri-Axle
#107 with OE Brakes

Brake Lining Mfg. and PNs Drum Mfg. and PNs
Front Arvin Meritor 301 (4715) WEBB 65152B
Drop Carlisle Altec MB21EF (4515) WEBB 66884B
Rear Arvin Meritor 301 (4707) WEBB 66884B

#108 with AM Brakes

Brake Lining Mfg. and PNs Drum Mfg. and PNs
Front FleetPride OTR Il (4715) WEBB 65152B
Drop Carlisle Altec MB21EF (4515) WEBB 66884B
Rear Carlisle Altec MB21EF (4515) WEBB 66884B

Note: Since it was not possible to determine what was the original equipment in-
stalled on the drop axle of Truck # 107, it was decided to use the typical AM linings
that the fleet partner used for these brakes.

The testing was divided into the following five domains:

e SSBT - Brake material performance and wear were compared over several scales of fric-
tion.

o Chase tests (SAE J 661) — Brake material performance and wear were compared over sev-
eral scales of friction.

o Test-Track Testing — The test vehicles were monitored for stopping performance under con-
trolled conditions per FMVSS121.

o Performance Field Testing — The test vehicles were monitored for straight-line stopping per-
formance.

e Wear Field Testing — The brake materials on the test vehicles were monitored for total wear
during the period of the test.

For the SSBT and Chase tests, one complete shoe of each type of OE and AM material in Table
1.3 were purchased from local suppliers. The linings were removed from the shoe tables, labeled



and sent to Link Engineering for the Chase testing. Link Engineering subsequently cut out a sec-
tion of the lining for their tests. These same linings were then sent back to ORNL for an additional
section to be removed for the SSBT testing.

For the test-track testing and field testing, linings were purchased from local suppliers and were
marked to identify their usage in either the test-track or field testing. The test-track linings were
paired with new drums for the test vehicles and shipped to the test tracks (the Transportation Re-
search Center in East Liberty, Ohio, for testing of the Class-7 single-axle dump, and Laurens Prov-
ing Ground, in Mountville, South Carolina, for testing of the remaining vehicles). The field test lin-
ings and drums were measured for baseline lining thickness and baseline drum diameter (see Sec-
tion 2.5 for details) and installed on the field-test vehicles shown in Table 1.1. The internal diameter
of the field-test drums was recorded as well

1.6 Schedule

The project schedule is shown in Table 1.4. The project began with a kick-off meeting at NHTSA
Headquarters in Washington, DC, in December 2004. This was followed by the procurement of
project materials, the establishment of partnerships with local trucking companies, and efforts to
establish contract relations with the Link Engineering and the test tracks. The first measurements
associated with brake wear were made in March 2005 and the field test portion of the project began
immediately thereafter. The first series of brake testing in the field were completed on all of the
dump trucks by the end of October 2005 and all of the test-track testing was completed by early
February 2006. All project testing was completed on February 28, 2006, and correlation and data
analysis was completed in June 2006.



Table 1.4 Project Schedule
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Table 1.5 shows the specific dates and mileages for the testing of each vehicle. The date and mileage upon entering the field test; the
date and mileage of the initial and final stopping tests; and the date and mileage as each vehicle ended the field test. Table 1.5 also
shows the arrival and departure date at the test-track and mileage for the test vehicles that went to the test track. Accumulated day and
miles are listed for each vehicle for the different stages of the field test.

Table 1.5 Timing and Mileage of Vehicle Testing

Entered Field Test Initial Stopping Test Final Stopping Test End of Test
Test Series | Truck # |Brake Type Date Mileage Date Mileage Days Miles Date Mileage Days Miles Date Mileage Days Miles
F1l 102 OE 23-May-05 43,908 31-May-05 44,396 8 488 1-Nov-05 60,336 162 16,428 21-Now-05 62,178 182 18,270
F1 105 AM 18-Apr-05 44,854 3-May-05 47,105 15 2,251 1-Nov-05 67,711 197 22,857 21-Jan-06 74,348 278 29,494
F1 107 OE 23-May-05 99,146 31-May-05 100,087 8 941 1-Nov-05 125,031 162 25,885 26-Nov-05 128,125 187 28,979
F1 108 AM 16-May-05 224,879 31-May-05 227,159 15 2,280 1-Nov-05 250,125 169 25,246 21-Jan-06 260,708 250 35,829
F1 960 OE 7-Apr-05 83,023 Discontinued - Wrong Brakes
F1l 961 AM 13-Apr-05 92,202 19-Apr-05 92,475 6 273 18-Oct-05 106,043 188 13,841 20-Oct-05 106,285 190 14,083
F1 2879 AM 31-Mar-05 48,007 19-Apr-05 48,914 19 907 7-Feb-06 59,885 313 11,878 28-Feb-06 60,567 334 12,560
F1 3212 OE 12-Oct-05 13,849 1-Nov-05 14,536 20 687 8-Feb-06 18,983 119 5,134 28-Feb-06 20,050 139 6,201
F2 960 OE 30-May-05 86,141 31-May-05 86,235 1 94 1-Nov-05 96,309 155 10,168 10-Nov-05 96,798 164 10,657
F2 961 OE 20-Oct-05 106,285 1-Nov-05 107,114 12 829 Discontiued Due to Project Ending
Arrived At Test Track |Departed Test Track
Date Mileage Date Mileage
Test Track 102 OE/AM 21-Nov-05 62,178 20-Dec-05 63,706
Test Track 107 OE/AM 26-Nov-05 128,025 13-Jan-06 129,553
Test Track 960 OE/AM 10-Nov-05 96,798 6-Jan-06 98,436
Test Track 3212 OE/AM 15-Jun-05 10,718 19-Aug-05 12,032
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2.0 Test Description

2.1 The Sub-Scale Brake Materials Testing System - SSBT

The Sub-Scale Brake Materials Testing System (SSBT) was constructed at ORNL with support
from the U.S. Department of Energy. [3] Results from other studies using the machine have been
published. [4-6]

2.1.1 Overview

The testing geometry is schematically shown in Figure 2.1. Gray cast iron disks, 127 mm (5.0 in) in
diameter serve as the counterface. Sliding specimens are blocks cut from linings. The block face
used for sliding is a square with 12.7 mm (1/2 in) on a side. Thus, its contact area is one-quarter
that of the standard specimens used for Chase tests, described subsequently.

shous — P—

disc specimen optical sensor (rpm)

IR temperature sensor specinen [:l 3-ph1:sz'%0tor
counterweight regulated air
SN :

precision
spindle

----- actuater- -f8

pivot bearing
slide adjustment

/I'r

load cell

ﬁ;ﬁ

water nozzle

‘ drain

Figure 2.1 Schematic of the SSBT Showing its Main Components.

Wear of the lining material was determined by the weight change between the post-burnished con-
dition and the conclusion of the test series on each block (repeated drags at two combinations of
load and contact pressures). There was too little wear to obtain an accurate measure on the cast
iron discs and none was reported.

Careful consideration was given to the possible combinations of speed, load, and duration. Chase
tests are run at 417 rpm on a drum of 277.4 mm diameter at 667 Nona 1inx 1in (25.4 mm x 25.4
mm) pad. In order to compare SSBT results to those from companion Chase tests, two conditions
were selected. The first condition involved low-pressure and low-speed and the second involved
high-pressure and-high speed.

Sliding Speeds

(a) Comparability to Chase test speed: (417 rev/min) x (3.14159 x 0.2774 m/rev) x (1
min/60 s) = 6.057 m/s (equivalent to 1,072 rpm on the SSBT). This sliding speed corre-
sponds to 33.3 mph on a truck using the standard 16.5 in. diameter brake drums.
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(b) Enhanced sliding speed was used to study frictional heating effects: 15.0 m/s (equivalent
to 2,656 rpm on the SSBT). This sliding speed corresponds to a vehicle speed of 82.6
mph.

Contact Pressures

(a) The Chase test conditions: (667 N/in.?) x (1 kg/9.81 N) = 67.992 N/in.? or (667 N) x
(1kg/9.81 N) x (1 1b/0.454 kg) = 150 Ib; thus, 150 psi contact pressure is obtained on a 1
square-inch pad. SSBT test specimens are 0.5 in. x 0.5 in. = 0.25 in.?, so to get 150 psi
requires: (150 /4) = 37.5 Ibs force = (37.5 x 0.454 x 9.81) = 167 N for normal force (low).
Based on calibration, the air supply pressure needed to obtain 167 N was found to be
32.5 psi.

(b) High pressure was applied using the maximum SSBT load ~ 320 N (59.5 psi). This
equates to a contact pressure of about 287 psi, a factor of 1.92 higher than the Chase
test pressure.

Temperature Measurement

Temperature of the wear track on the disc was measured with an infrared (IR) pyrometer with a
spot size of 3 mm and stand-off distance of approximately 150 mm. The IR spot was positioned at
approximately the “1 o’clock” position on the disc face, relative to the “9 o’clock” position of the con-
tact pad. With this method of temperature measurement, the emissivity of the disc surface can af-
fect the accuracy of the temperature measurements, and care was taken to measure emissivity on
disk specimens with transfer films on their surfaces. Additional tests with a surface thermocouple
probe helped to make further emissivity adjustments. The typical value used for the disc emissivity
was 0.22.

Test Procedure

Gray cast iron (~ 3.5 wt % carbon) was used as the standard disc material. Each disc was dressed
by hand using 120-grit SiC abrasive paper, with the disk spinning at 400 — 500 rpm. The dressing
process took about one minute after which the disk was thoroughly cleaned with a moist paper
towel and dried. A new pad specimen was used for each repeat test and was beveled, then run in,
before each test.

Burnishing (run-in) was performed by making several drags until at least half of the pad was in con-
tact with the disk. During the run-in, the pad was not only flattened, but the disk was burnished as
well. A new cast iron disc was used for each lining material, but was not refinished between repeti-
tive runs with fresh block specimens. The decision not to refinish the disc when replacing the block
specimen with one of the same lining material was designed to determine whether the disc contin-
ued to be conditioned with repetitive runs. However, there was no trend in the friction or wear data
to suggest that repetitive use of the same disc without resurfacing between runs on the same lining
material had any effect on results.

In summary, the step-by-step test procedure was as follows:

1) Condition the cast iron disc surface with 120-grit SiC paper (dry).

2) Mount and align the lining block specimen.

3) Burnish (run-in). Run at 6 m/s and 167 N for 5 drags 20 s on, 10 s off (no data re-
corded).

4) Remove the test block and inspect for contact flatness.

5) Weigh the block to the nearest 0.1 mg and replace in the same position.

13



6) Run the first set of drags: Run 10 drags 20 s on, 10 s off at 6 m/s and 167 N (record fric-
tion and temperature).

7) Wait 5 minutes.

8) Run the second set of drags: Run 10 drags 20 s on, 10 s off at 15 m/s and 320 N (record
friction and temperature).

9) Allow the lining to cool.

10) Weigh the block again to the nearest 0.1 mg and subtract from the initial weight to obtain
wear loss.

Five tests, each using a separate block, were conducted on each lining material.

2.1.2 Data Collected
The commercial names of the tested friction materials, also identified by the letters A through I, are

presented in Table 2.1. As noted earlier in this report, there were three OE linings and six AM lin-
ings.

Table 2.1 Linings Used in This Project, Categories, and Codes Used for Their Tracking

Category* Product Name Material Code
OE ARVIN 212 B
OE ARVIN 301 C
OE ARVIN 402 D
AM ABEX 6008-1 A
AM Armada AR2 G
AM Armada AR3 F
AM BrakePro CM24 E
AM Carlisle MB21 I
AM Fleet Pride OTR I H

* OE = original equipment, AM = aftermarket product

Using a data acquisition rate of 64 readings/s, and using four channels of data (friction force, nor-
mal force, temperature, and disk rpm), 153,000 individual data points were obtained for each lining
test series. A subset of these data was used to draw conclusions and to conduct correlations with
other forms of lining tests.

The first two spreadsheets on the following pages list selected data for friction coefficients for each
designated drag along with the corresponding average temperatures of the wear path on the test
disks. Table 2.2 lists SSBT data for low-speed/low-load tests and Table 2.3 is SSBT data for the
more severe tests. Temperatures were all corrected to reflect an emissivity of 0.22, as determined
by a contact thermocouple applied to the test disk following the last drag, and adjusted to match the
IR reading.

The third spreadsheet (Table 2.4) lists the wear losses of the pad specimens for each of five tests
of each lining material. Wear was measured at the conclusion of the full series of tests on each
pad. There was insufficient mass loss for measurement after the low-speed/low-load tests alone;
so the final value was measured after twenty total drags, under both mild and more severe drag
conditions.

The analysis in Section 2.1.3 treats the data on the basis of OE versus AM behavior, and analyzes
general trends in friction and wear, and the relationships between those quantities.
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Table 2.2 Friction and Disk Track Temperature Data for
Low-Load/Low-Speed Tests

Low pressure, low speed: P =167 N (32.5 psi), v=6.0 m/s
Next to Last Drag Last Drag \
Lining | Spec [Friction Coefficient Ave Temp _|Friction Coefficient Ave Temp
Average Std Dev C) Average Std Dev ©
A 1 0.318 0.014 66.2 0.358 0.032 69.4
2 0.603 0.090 89.5 0.598 0.090 94.8
3 0.575 0.076 88.0 0.591 0.083 95.6
4 0.459 0.057 717 0.484 0.074 74.9
5 0.485 0.069 80.8 0.496 0.065 85.0
Column ave 0.488 0.061 79.2 0.505 0.069 83.9
B 1 0.440 0.057 67.3 0.460 0.065 725
2 0.550 0.080 78.8 0.561 0.086 81.9
3 0.560 0.092 81.1 0.569 0.098 84.8
4 0.535 0.077 74.9 0.561 0.082 80.7
5 0.506 0.081 64.2 0.522 0.085 69.3
Column ave 0.518 0.077 733 0.535 0.083 77.8
c 1 0.545 0.062 79.0 0.569 0.069 83.8
2 0.525 0.040 70.1 0.558 0.057 74.6
3 0.393 0.062 85.0 0.392 0.063 90.5
4 0.502 0.059 705 0.538 0.069 74.3
5 0.595 0.113 81.0 0.615 0.117 85.5
Column ave 0.512 0.067 77.1 0.534 0.075 817
D 1 0.677 0.149 95.6 0.680 0.152 102.1
2 0.646 0.108 925 0.668 0.111 99.2
3 0.697 0.264 85.1 0.686 0.259 90.6
4 0.616 0.146 85.1 0.591 0.138 92.3
5 0.626 0.128 89.9 0.618 0.123 95.5
Column ave 0.652 0.159 89.6 0.649 0.157 95.9
E(1) 1 0.386 0.019 50.0) 0.375 0.019 716
2 0.391 0.013 52.1 0.383 0.012 81.1
3 0.406 0.018 57.3 0.409 0.018 89.2
4 0.399 0.022 58.5 0.396 0.023 915
5 0.425 0.021 63.1 0.434 0.020 98.4
Column ave 0.401 0.019 56.2 0.399 0.018 87.6
F 1 0.508 0.044 744 0.517 0.043 78.1
2 0.601 0.126 84.9 0.598 0.117 86.4
3 0.533 0.090 772 0.531 0.092 80.8
4 0.582 0.068 79.9 0.599 0.082 823
5 0.631 0.098 83.2 0.635 0.096 86.2
Column ave 0.571 0.085 79.9 0.576 0.086 82.8
G 1 0.529 0.018 511 0.542 0.023 53.6
2 0.506 0.024 52.1 0.532 0.024 55.6
3 0.491 0.030 52.1 0.528 0.030 54.7
4 0.555 0.032 56.8 0.548 0.032 58.0
5 0572 0.041 88.8 0.605 0.037 92.6
Column ave 0.531 0.029 60.2 0.551 0.029 62.9
H 1 0.437 0.034 57.3 0.458 0.027 89.8
2 0.468 0.022 52.0 0471 0.018 82.6
3 0.416 0.016 48.8 0.425 0.016 75.7
4 0.428 0.016 53.2 0.424 0.017 82.8
5 0.426 0.038 48.9 0.443 0.063 78.1
Column ave 0.435 0.025 52.0 0.444 0.028 81.8
| 1 0.467 0.026 57.8 0.470 0.025 89.5
2 0.433 0.036 51.2 0.433 0.033 813
3 0.557 0.041 56.2 0.599 0.066 88.7
4 0.501 0.020 48.1 0.512 0.023 74.9
5 0.456 0.049 51.2 0.443 0.050 80.6
Column ave 0.483 0.034 52.9 0.491 0.039 83.0
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Table 2.3 Friction and Disk Track Temperature Data for
High-Load/ High-Speed Tests

High pressure, high speed: P =320 N (59 psi), v = 15.0 m/s \
Second drag Fifth drag | Tenth Drag |
Lining |Spec |Friction Coefficient Ave Temp |Friction Coefficient Ave Temp |Friction Coefficient Ave Temp
Average Std Dev (C) Average Std Dev (C) Average Std Dev (C)
A 1 0.353 0.018 114.4 0.300 0.017 178.8 0.259 0.024 220.0
2 0.389 0.025 123.1 0.332 0.021 179.9 0.246 0.022 226.7
3 0.288 0.016 117.8] 0.342 0.022 179.3 0.263 0.022 218.2
4 0.401 0.023 118.6 0.322 0.019 182.6 0.278 0.024 2239
5 0.352 0.017 106.9 0.293 0.017 175.6 0.277 0.024 214.3
Column ave 0.357 0.020 116.2 0.318 0.019 179.2 0.265 0.023 220.6
B 1 0.325 0.013 116.2 0.303 0.009 170.3 0.239 0.015 212.3
2 0.385 0.012 126.4 0.343 0.013 183.9 0.277 0.012 224.7
3 0.363 0.012 1113 0.343 0.011 180.0 0.285 0.018 228.8
4 0.365 0.014 135.3 0.305 0.011 194.9 0.249 0.016 2255
5 0.377 0.015 118.4 0.340 0.013 173.4 0.296 0.014 212.7
Column ave 0.363 0.013 1215 0.327 0.011 180.5 0.269 0.015 220.8
C 1 0.363 0.017 110.0 0.303 0.015 169.1 0.251 0.014 205.0
2 0.229 0.012 106.1 0.202 0.009 160.8 0.175 0.009 209.3
3 0.236 0.013 116.4 0.213 0.010 178.5 0.173 0.012 228.0
4 0.326 0.029 114.9 0.307 0.019 1704 0.274 0.018 211.8
5 0.353 0.020 121.4 0.320 0.021 183.2 0.258 0.016 226.8
Column ave 0.301 0.018 113.8] 0.269 0.015 1724 0.226 0.014 216.2
D 1 0.497 0.036 136.7 0.542 0.060 220.3 0.399 0.013 318.1
2 0.421 0.042 126.7 0.472 0.084 221.6 0.365 0.084 321.1
3 0.495 0.068 125.0 0.497 0.087 208.9 0.412 0.079 316.9
4 0.484 0.063 116.6 0.550 0.064 2011 0.446 0.082 315.1
5 0.471 0.035 119.3] 0.519 0.068 206.9) 0.413 0.068 306.6
Column ave 0.474 0.049 124.9 0.516 0.073 2118 0.407 0.065 315.6
E(1) 1 0.361 0.015 63.4 0.316 0.034 113.3 0.330 0.013 243.2
2 0.338 0.045 58.4 0.317 0.045 96.4 0.352 0.047 236.5
3 0.384 0.048 65.1] 0.342 0.049 105.9 0.359 0.051 239.0
4 0.386 0.047 63.9 0.350 0.046 108.9 0.355 0.050 2514
5 0.390 0.026 69.9 0.340 0.020 111.7 0.365 0.037 259.5
Column ave 0.372 0.036 64.1] 0.333 0.039 107.2 0.352 0.040 245.9
F 1 0.370 0.018 110.6 0.355 0.019 172.0 0.293 0.016 223.6
2 0.418 0.030 121.9 0.380 0.027 179.0 0.317 0.026 229.5
3 0.384 0.030 129.7 0.360 0.020 188.8 0.268 0.022 224.8
4 0.386 0.023 117.1 0.388 0.019 180.7 0.309 0.021 230.9
5 0.426 0.031 117.8 0.394 0.023 182.0 0.336 0.024 235.9
Column ave 0.397 0.026 1194 0.375 0.022 180.5 0.305 0.022 228.9
G 1 0.402 0.031 78.1] 0.392 0.033 117.1 0.335 0.045 1475
2 0.385 0.031 81.2] 0.364 0.034 119.5 0.300 0.047 151.2
3 0.384 0.031 81.8] 0.360 0.042 119.8 0.297 0.050 152.5
4 0.394 0.033 89.8 0.373 0.028 130.3 0.299 0.055 167.2
5 0.416 0.057 134.6 0.414 0.053 200.0 0.338 0.085 263.6
Column ave 0.396 0.037 93.1 0.381 0.038 137.3 0.314 0.056 176.4
H 1 0.231 0.027 56.7 0.249 0.018 954 0.188 0.008 193.3
2 0.313 0.030 58.1] 0.300 0.025 100.9 0.225 0.012 202.2
3 0.338 0.023 57.7] 0.289 0.021 95.0 0.242 0.018 199.5
4 0.314 0.041 46.3) 0.370 0.067 65.1 0.340 0.033 1443
5 0.393 0.047 62.6 0.345 0.019 97.4 0.251 0.014 198.6
Column ave 0.318 0.034 56.3 0.311 0.030 90.8 0.249 0.017 187.6
| 1 0.220 0.039 57.3 0.227 0.049 89.1] 0.173 0.018 163.8
2 0.240 0.032 60.8] 0.168 0.015 82.0 0.130 0.014 155.6
3 0.393 0.048 64.0) 0.280 0.014 97.8 0.172 0.013 188.9
4 0.311 0.022 55.3) 0.189 0.014 79.4 0.175 0.017 146.7
5 0.285 0.017 55.4 0.233 0.017 81.6) 0.179 0.010 158.3
Column ave 0.290 0.032 58.6 0.219 0.022 86.0 0.166 0.014 162.7
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Table 2.4 Wear Data for SSBT Tests

Lining |Spec Pad Weight Loss | Std Dev of
(grams) weight loss

0.0283
0.0324
0.0267
0.0283
0.0252
Average 0.0282 0.003

QD[ W(N =

0.0298
0.0337
0.0392
0.0361
0.0344
Average 0.0346 0.003

QB[N =

0.0256
0.0277
0.0355
0.0320
0.0317
Average 0.0305 0.004

QB[N =

0.1535
0.1620
0.1337
0.1205
0.1095
Average 0.1358 0.022

QB (W[ =

0.0906
0.0762
0.0767
0.0819
0.0914
Average 0.0834 0.007

QB[ W[

0.0465
0.0515
0.0500
0.0609
0.0565
Average 0.0531 0.006

QB[N =

0.0595
0.0589
0.0524
0.0595
0.0545
Average 0.0570 0.003

QB (W[ =

0.0181
0.0225
0.0183
0.0110
0.0213
Average 0.0182 0.004

QB[N

0.0111

0.0227
0.0148
0.0145
Average 0.0158 0.005

QB[ N =
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2.1.3 Analysis

The average friction coefficients for the last two drags on each lining material at low-pressure/low-
speed (Chase test conditions) are listed in Table 2.5. The average friction coefficient for the OE
linings is slightly higher than for AM linings. Comparable data for the high-speed and high-load
cases are given in Tables 2.6 and 2.7. While the average friction of OE linings is higher than for
AM linings, that difference for high-speed, high-load results is not very great.

Figure 2.2 shows the average friction coefficient for the last (10"™) drag of each series of tests, and
Figure 2.3 shows the percent reduction in friction that resulted from the higher energy drags. Ex-
cept for lining E with 11 percent, the other linings suffered between 37 percent and 66 percent fric-
tion reduction under more severe sliding conditions. The normal term used to describe a temporary
loss of braking ability due to frictional heat build-up is called “fade.” Whether SSBT data can be
used to predict the relative fade performance of linings under actual service conditions has not been
established, but results are interesting enough to pursue this line of inquiry.

Table 2.5 Friction Coefficients (u) for the Last Two Drags on Low-Speed
and Low-Load Tests (167 N, 6 m/s, Average of Five Runs)

Cae | produename | 5,00 | 34508 | Mg | Sa.oes
B ARVIN 212 0.518 0.077 0.535 0.083
C ARVIN 301 0.512 0.067 0.534 0.075
D ARVIN 402 0.652 0.159 0.649 0.157

Avg. (OE linings) 0.561 0.101 0.573 0.105
A ABEX 6008-1 0.488 0.061 0.505 0.069
E BrakePro CM24 0.401 0.019 0.399 0.018
F Armada AR3 0.571 0.085 0.576 0.086
G Armada AR2 0.531 0.029 0.551 0.029
H Fleet Pride OTR Il 0.435 0.025 0.444 0.028
I Carlisle MB21 0.483 0.034 0.491 0.039

Avg. (AM linings) 0.485 0.042 0.494 0.045
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Table 2.6 Average Friction Coefficients (u) for High-Speed and
High-Load Tests (320 N, 15 m/s, Based on Five Runs)

owd | productame | 2 Dragp | S/ Dragu | 10" brag
B ARVIN 212 0.363 0.327 0.269
C ARVIN 301 0.301 0.269 0.226
D ARVIN 402 0.474 0.516 0.407
Avg. (OE linings) 0.379 0.371 0.301

A ABEX 6008-1 0.357 0.318 0.265
E BrakePro CM24 0.372 0.333 0.352
F Armada AR3 0.397 0.375 0.305
G Armada AR2 0.396 0.381 0.314
H Fleet Pride OTR |l 0.318 0.311 0.249
| Carlisle MB21 0.290 0.219 0.166
Avg. (AM linings) 0.355 0.323 0.275

Table 2.7 Standard Deviation in Friction Coefficients (u) for High-Speed and
High-Load Tests (320 N, 15 m/s, Based on Five Runs)

009 | productame | 2 Pragk | 8 Dragu | 10 Drag
B ARVIN 212 0.013 0.011 0.015
C ARVIN 301 0.018 0.015 0.014
D ARVIN 402 0.073 0.049 0.065

Avg. (OE linings) 0.035 0.025 0.031
A ABEX 6008-1 0.020 0.019 0.023
E BrakePro CM24 0.036 0.039 0.040
F Armada AR3 0.026 0.022 0.022
G Armada AR2 0.037 0.038 0.056
H Fleet Pride OTR |l 0.034 0.030 0.017
| Carlisle MB21 0.032 0.022 0.014

Avg. (AM linings) 0.031 0.028 0.029
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SSBT DATA - AVERAGES FOR THE LAST DRAG
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Figure 2.2 Comparison of Average Friction Data for the Last (10™) Drag of Linings Under
Low-Speed/Low-Load Conditions and
High-Speed/High-Load Conditions.
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Figure 2.3 Percent Reduction in Friction Coefficient on the Last Drag of the High-Speed and
High-Load Condition Compared to the Last Drag for the Low-Spe