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EXECUTIVE SUMMARY

BACKGROUND

This LCV Operational Field Test is one element of the study of long combination
vehicles (LCVs) mandated by the U.S. Congress in Section 4007(d) of the Intermodal
Surface Transportation Efficiency Act of 1991 (ISTEA). It is also the third in a series of
field tests conducted by the NHTSA investigating antilock braking systems (ABS) on
heavy trucks. The first study examined the performance of ABS on 200 commercial-vehicle
tractors. The second looked at ABS on fifty semitrailers. This study extends the
investigation of ABS into the realm of the LCV and, at the same time, investigates the
performance of double-tow-bar dollies (C-dollies) on LCVs.

The objective of this field study, as stated by the NHTSA, was to “evaluate the
stability-enhancing characteristics, practicality/reliability, maintenance costs and (fleet)
personnel reactions to ABS... and double-drawbar dollies.” To do this, UMTRI equipped a
fleet of double- and triple-trailer LCVs in actual commercial service with ABS and with
double-tow-bar dollies and monitored their performance for a period of about one and one-
half years. In that time, the test fleet accumulated approximately 1.4 million miles on trips
within the study and the individual units of the test fleet accumulated over 10.5 million unit-
miles. Monitoring techniques included the tracking of all maintenance work done on the
vehicles in the study and measurement of the physical behavior of the vehicles on the road
by means of on-board instrumentation systems.

- The fleet of test vehicles was distributed among five commercial fleets operating in the
northwestern region of the country where the use of LCVs is most, preva]ént. Four of the
participants were the private fleets of large, retail-chain-store companies. The fourth was a
regional LTL (less-than-truck-load) carrier. Seventeen tractors, eighty-six trailers and
twenty-eight C-dollies made up the test fleet. All tractors and trailers were owned by the
participating fleets. The project provided the majority of the C-dollies, although one fleet
operated C-dollies prior to the study. These units were equipped with ABS, special
hitching hardware to accommodate C-dollies, and instrumentation systems for monitoring
vehicle behavior.

LIMITATIONS OF THE FIELD STUDY

The authors believe that the findings set forth in this report are meaningful and that they
are fair representations of the performance (economic and physical) of ABS and C-dollies
in the environment of the five participating commercial fleets. At the same time, however, it



is important to indicate clearly that it is not possible to assign any measure of statistical
certainty to the findings to be presented. The effort and funds expended to conduct this
study were substantial. Even so, the study was too small—in number of fleets, number of
units, and duration in time or in miles—to yield results that could be claimed to be
representative of widespread use of ABS or C-dollies. All observations were made in the
northwest and are influenced by the geography, weather, and road usage laws of that
region. The participating fleets have their own distinguishing characteristics of management -
style, products transported, etc. Finally, the study itself unavoidably caused changes to the
- standard operating procedures of the participating fleets.

FINDINGS
Antilock Braking Systems On LCVs

The experience of this field study has lead to a number of significant observations
regarding the performance of antilock braking systems on LCVs. Principal among these
are:

* ABS can be expected to play a significant, stability-enhancing role in some ten to
twenty severe braking events per 100,000 miles of LCV travel (roughly a year for a
professional driver). (See the lower, right-hand segments of the table.)

» Over 80 percent of all ABS events observed involved only one unit. Twelve to 14
percent involved two units, and 4 or 5 percent of these events were severe enough to
involve ABS activity on three or more units of the vehicle.

« An ABS event is experienced, on average, once in every eight to ten hours of travel.
Events involving ABS activity on two units occur about once every seventy hours,
and events involving three or more units occur, on average, about once every 200
hours of travel.

« On average, a driver can expect to experience 190 to 250 (for triples and doubles,
respectively) ABS braking events per 100,000 miles. Of these, twenty-five to thirty
can be expected to involve two units and nine or ten to involve three or more units of -

the vehicle.
Distribution of ABS events experienced in
100,000 miles of travel by an LCV
Severity, number of units experiencing ABS activity
Travel speed, mph One Two Three or more
0t 25 75 14 4
25t045 68 10 4
over 45 38 4 2

v



 ABS activity takes place about as frequently on dollies as on trailers, suggesting that,
for stability in braking, ABS is as important on A-dollies as it is on trailers.

An important objective of the program was to determine conditions under which
sufficient electrical power for the operation of ABS on LCVs could be provided through the
brake light circuit using the conventional seven-pin connector. To this end, special
modifications were made to the wiring of the tractors and the trailers used in the study in
order to provide an electrical system optimized for this purpose. It was found that, even
with this special wiring and well maintained connectors, it was necessary for the electrical
systems of the tractors to supply a minimum of 13.3 volts and for the ABS on dollies and
trailers to require no more than 9.0 volts in order to ensure that sufficient electrical power
could be supplied. (The voltage level supplied by tractors in the study varied considerably
with more than half falling below the critical value of 13.3 volts.)

Introducing ABS on all units of a typical double- or triple-trailer combination vehicle
was found to increase the maintenance expense of the entire vehicle by about 1 percent. The
cost of maintaining ABS on trailers and dollies appears to be about 3.2 cents per unit per
one hundred miles traveled. This represents about 1 percent of the maintenance costs of a
trailer and about 3 percent of those costs for a dolly. The figures for tractors are 4.5 cents
per one hundred miles and 0.5 percent of the maintenance expense of the unit.

At the same time, however, ABS can lower costs incurred through tire flat spotting
(which occurs when a locked wheel is dragged across the ground for an appreciable
distance). Actual savings could not be established, since it was not possible to determine a
reference cost for tire flat spotting experienced without ABS. However, 131 individual
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Maintenance cost for ABS on individual units of LCVs

Costs, dollars per

100 miles for: Tractors | Trailers | Dollies
ABS 0.045 0.032 0.032
All other systemst | 9.048 2.582 1.034
Total 9.093 2.614 1.066

T These costs do not include the expense of periodic and annual
inspection on trailers and dollies.

units accumulated a total of 10.5 million unit-miles in this study without any tire flat
spotting occurring in normal or emergency braking. (Frozen brakes did account for the loss

of four tires to flat spotting during the study.)

C-Dollies In The Operation Of LCVs

Although the methodology was vastly different than in any previous work, this field
study confirmed (and in some instances virtually duplicated) the findings of many previous
research efforts in regards to the lateral performance qualities of LCVs. That is, this study
found that C-dollies serve to improve the dynamic stability of double- and triple-trailer
vehicles by reducing the rearward amplification response which these vehicles exhibit when

they are equipped with A-dollies.

Second trailer Third Trailer

With A-dollies
© With C-dollies

Rearward amplification
>]
[>]
Rearward amplification

_ [ 1
0 025 050 075 1.00 0 025 050 075 1.00
Maneuver frequency, hz Maneuver frequency, hz

0

Rearward amplification measured on fully loaded triples (55-65 mph)
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The lateral acceleration experience of the trailers of fully loaded triples
relative to their tractors (above 45 mph)

The lateral acceleration behavior of tractors and trailers was measured with instruments
on board the test fleet for approximately 350,000 miles of travel. Eighty-four percent of
this travel was with LCVs equipped with C-dollies and the remainder was with A-dollies.
The data were used to produce two measures of lateral behavior for comparing the
performance of the A-trains and C-trains. One was the traditional measure of rearward
amplification (in the frequency domain). The other was a rearward-amplification-like
measure based on the ratio of the times that trailers and tractors, respectively, spent above
* specified levels of lateral accelerations.

When operating with A-dollies, the trailers of the LCV study vehicles tended to
experience substantially larger lateral accelerations than the tractors towing them (i.e.,
rearward amplification). When equipped with C-dollies, this tendency was greatly reduced
or reversed. The sensitivities of the rearward-amplification response to such factors as
trailer wheelbase, speed, and number of trailers was generally the same in the test fleet as
was found in previous work. C-dollies produced the greatest improvement in lateral
behavior in those vehicles displaying the greatest rearward amplification—triples.

The data gathered in this field study provide other interesting insights into the lateral-
acceleration experience of multitrailer commercial vehicles, and perhaps into the response
of drivers to the lateral performance qualities of their vehicles. It was found that tractors
pulling A-trains operated at higher lateral accelerations for a smaller percentage of travel
time than tractors pulling C-trains. Time spent at higher lateral accelerations correlated very
well to the type of vehicle and dolly. These observations should be considered as
preliminary, but there appears to be evidence suggesting that drivers respond to the poorer
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tracking behavior of the trailers of A-trains by driving more cautiously. This is an area
worthy of further study.

Replacing A-dollies with C-dollies appeared to increase the overall maintenance costs
for double-trailer combinations by about 3 percent and by about 5 percent for triple-trailer
combinations. Most of these increases in operating expense resulted from an 80 percent
increase in tire wear rates on C-dollies relative to A-dollies. Continuing maintenance cost
associated with the unique features of the C-dolly—the double tow bar and its hitches and
the self-steering system—appeared minor in relation to increased tire costs. The
maintenance expense for operating a single A-dolly was $1.04 per 100 miles, of which
$0.55 was attributable to tire costs. The comparable figures for C-dollies are $1.54 and
$0.99, respectively.

Those fleets with no previous experience with the operation of C-dollies suffered
additional expenses for the repair of pintle hitches. These cost were not true maintenance
expenses, but were shown to be strongly related to driver experience, declining rapidly
over the driver’s first few trips with C-dollies. On average, a cost of approximately $100
was incurred for each inexperienced driver over his first thirty trips with C-dollies.

Maintenance cost for individual units

Costs per 100

miles for: Tractors | Trailers | C-dolly | A-dolly
Tires 1.25 0.64 0.99 0.55
All other itemst 7.80 1.95 0.55 0.49
Total 9.05 2.59 1.54 1.04

T These costs do not include the expense of periodic and annual inspection
on trailers and C- and A-dollies.




Presumably, these costs could be substantially reduced with improved driver training or
simplified hitching mechanisms.

The Opinions Of Fleet Personnel On ABS And C-dollies In LCV Operations

The drivers, mechanics, and fleet managers participating in the LCV field study were
surveyed in order to determine their opinions regarding ABS and C-dollies. Five opinion
surveys were conducted periodically throughout the field study so that the changes in
opinion with exposure to this equipment could be observed. The results of these surveys
reveal that:

* The opinions of fleet personnel regarding the use of ABS on LCVs are strongly
positive. This is true with respect to ABS on tractors, trailers, and dollies.

+ Opinions on ABS were positive at the outset of the study and tended to rise with
exposure to ABS during the study.

* By the end of the one and one-half years of the study, drivers, on average, felt that
ABS had helped them avoid or reduce the severity of an accident “a few times.”

+ The opinions of fleet personnel regarding C-dollies are generally positive.

+ Drivers’ opinions of C-dollies were strongly positive and were consistently the most
positive among the three classifications of fleet personnel.

+ In general, opinions on C-dollies held fairly consistent over the period of the study.
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INTRODUCTION

This document is volume 1 of the final technical report of a research project entitled
“LCV Operational Field Test.” (Appendices appear in volume 2.) It was prepared by the
University of Michigan Transportation Research Institute (UMTRI) for the National
Highway Traffic Safety Administration (NHTSA) under task order number NRD-01-3-
07247 of contract number DTNH22-92-D-07003 (Heavy Truck Crash Avoidance
Research). This long-combination-vehicle (LCV) operational field test is one element of the
LCV study mandated by the U.S. Congress in the Intermodal Surface Transportation
Efficiency Act of 1991 (ISTEA). The field test was preceded by a planning study entitled
“Planning to Conduct LCV Operational Test,” task order number NRD-01-2-07572.[1]!

This project is the third in a series of field tests conducted by the NHTSA. The first
study examined the performance of antilock braking systems (ABS) on 200 commercial
vehicle tractors.[2] The second looked at ABS on fifty semitrailers.[3] This study extends
the investigation of ABS into the realm of the LCV and, at the same time, investigates the
performance of double-tow-bar dollies (C-dollies) on LCVs. This report refers often to the
findings of the previous two field studies.

The objective of the field study, as stated by the NHTSA, was to “evaluate the stability
enhancing characteristics, practicality/reliability, maintenance costs and (fleet) personnel
reactions to ABS... and double-drawbar dollies.” To do this, a fleet of double- and triple-
trailer LCVs in actual commercial service was equipped with ABS and with double-tow-bar
dollies and their performance was monitored for a period of approximately one and one-
half years. In that time, the test fleet traveled approximately 1.4 million miles on trips
within the study, and the individual units of the test fleet accumulated over 10.5 million
unit-miles. Monitoring techniques included the tracking of all maintenance work done on
the vehicles in the study and measurement of the physical behavior of the vehicles on the
road by means of on-board instrumentation systems.

The test vehicles were distributed among five commercial fleets operating in the
northwestern region of the country where the use of LCVs is most prevalent. Four of the
participants were the private fleets of large, retail-chain-store companies. The fifth was a
regional LTL (less-than-truck-load) carrier. Seventeen tractors, eighty-six trailers and
twenty-eight C-dollies made up the test fleet. All tractors and trailers were owned by the
participating fleets. The project provided the majority of the C-dollies, although one fleet
operated C-dollies prior to the study. These units were equipped with ABS, special
hitching hardware to accommodate C-dollies, and instrumentation systems for monitoring
vehicle performance.

' Numbers in brackets refer to bibliographic references listed in the last chapter of this report.



LIMITATIONS OF THE FIELD STUDY

The authors believe that the findings set forth in this report are meaningful and that they
are fair representations of the performance (economic and physical) of ABS and C-dollies
in the environment of the five participating commercial fleets. At the same time, however, it
is important to indicate clearly that it is not possible to assign any measure of statistical
certainty to the findings to be presented.

‘ The effort and funds expended to conduct this study were substantial. Even so, the

study was too small—in number of fleets, number of units, and duration in time or in
miles—to yield results that could be claimed to be representative of widespread use of ABS
or C-dollies. All observations were made in the northwest and are influenced by the
geography, weather, and road usage laws of that region. The participating fleets have their
own distinguishing characteristics of management style, products transported, etc. The
majority of ABS and C-dollies were new at the outset of study and could be expected to
have a normal life span of twenty years or so, but the study tracked this equipment for only
one and one-half years.

Further, while the fleet of vehicles monitored in this study was, indeed, operated in
actual commercial service, this was not precisely normal service because of the practical
limits of costs and other realities. In the normal operations of the participating fleets,
specific tractors, trailers, and dollies would not stay together as one vehicle (i.e., stay
“married,” in the parlance of the trucking industry) for more than a single trip. Typically, a
trailer pulled by one tractor today would be pulled by another tractor on its next trip and still
another after that. Where a trailer goes next is simply a function of the immediate logistical
problem faced by the company dispatcher.

‘ However, in field study operations, the test equipment had to stay together for a variety

of reasons: C-dollies could only be used with the trailers retrofitted with special hitches;
electric power demands of ABS for an entire train was a major interest, and special wiring
was provided for this purpose; electric power for the instruments was provided via special
wiring on the test vehicles.

The choice of fleets that would participate in the field test was strongly influenced by
this need to keep the test units together. The fleet operation had to be centralized around a
single distribution point to which the test units would always return. In planning the study,
each participating fleet identified one or two routes to dedicate to the study. The number of
tractors, trailers, and dollies outfitted for the study was defined by the companies’ views of
the equipment needed to service those routes. These restrictions on their normal operations
were a logistical burden to the companies and clearly resulted in trailers and dollies being
underutilized during the study in comparison to normal service. (However, the restrictions
were not absolute. Field study equipment did get used outside the program. Tractors,



especially, accumulated many miles in combination with trailers and dollies that were not
part of the study.)

There are other, much more subjective elements of the study, which were not normal
and which may have had some effect on results. One of these involves motivation. While it
is true that all the participating fleets were most cooperative (and the authors are most
appreciative of that fact), it is also true that they were all volunteers in someone else’s
project. The decision to use ABS and to use C-dollies was someone else’s, not theirs. The
capital invested in ABS and in C-dollies was someone else’s, not theirs. Participation was a
temporary commitment, not a permanent one. Consequently, in some instances, the day-to-
day commitment to “make it work” may not have been the same as would result from an
internal decision to use these products.

It is also probable that fleet maintenance procedures were altered from their usual
situation by the study. In order to track maintenance costs, non-standard reports and
record-keeping procedures were introduced, which may have brought on a heightened level
of attention to field-study equipment. In order to expedite the program, the project had its
own liaison in the field, moving among the fleets throughout the program. The unusual
condition of third-party (the project) ownership and financing of equipment altered the
relationship between fleets and suppliers, probably lessening the aggressiveness of fleets in
seeking warranty service. The manufacturers of the ABS and C-dollies were aware of the
study—and that it was federally funded, and that results would be made public. This may
also have had some influence on maintenance procedures and the relationships between
fleets and suppliers.

The net influence of all these elements can not be quantified. In the end, the authors can
only reassert their belief that the information in this report is a useful addition to the
knowledge base on the operations of LCVs in general and on the use of ABS and C-dollies
in particular.

THE STRUCTURE OF THIS REPORT

This report is structured first to convey the findings of the LCV field test (as opposed to
chronicling the conduct of the study). As a consequence, six of the nine chapters which
follow this introduction do, indeed, report findings. Of these six chapters, three address
ABS and three address C-dollies. In each case, one chapter reports on “the stability
enhancing characteristics” of the system and is based largely on the electronic data gathered
by instrument systems mounted on the study units. A second chapter reports on
“practicality/reliability, maintenance costs” as determined from the fleet maintenance
records, and a variety of reports submitted by drivers, mechanics, and others. The third
chapter of each group reports “fleet personnel reactions” as revealed through opinion
surveys taken throughout the field study.



The two chapters immediately following this introduction are ancillary, however. The
first defines and discusses some of the peculiar jargon used throughout this document. The
next chapter presents a brief overview of the field study. This is done primarily to build a
context for the findings that follow. The final chapter of this volume lists the bibliographic
references. More detail on the conduct of the study and voluminous presentations of data
are confined to the thirteen appendices, which appear in volume 2 of this report.



AN INTRODUCTION TO TERMINOLOGY

This chapter is presented for the reader who is not familiar with common terminology
used by the U.S. trucking industry. Definitions and, where appropriate, very brief
discussion of some of the jargon (and abbreviations) used throughout this document are
presented.

VEHICLE CONFIGURATIONS

This study is concerned with long combination vehicles. A combination vehicle is made
up of more than one individual vehicle unit. The three most common types of units are
tractors, semitrailers, and converter dollies. The 5-axle tractor-semitrailer is, by far, the
most common combination vehicle. This study, however, is concerned only with
combinations which include two or three semitrailers.

Sketches of common, multitrailer vehicle combinations appear in figure 1. Some of the
associated terminology follows.

A-train. A multiple-trailer vehicle combination that uses A-dollies to support the front of
the second and, possibly, third trailers.

C-train. A multiple-trailer vehicle combination that uses C-dollies to support the front of

the second and, possibly, third trailers.

Long combination vehicle (LCV). A commercial vehicle with two or more trailers
whose combined length (of the trailers) is greater than that of two 28-foot trailers
and whose gross combination vehicle weight (GCVW), with tractor, is greater than
80,000 pounds. '

Combination vehicles with two 28-foot trailers and weighing up to 80,000 pounds are
allowed in every state by act of the U.S. Congress. Combinations larger than this reference
vehicle are called LCVs. In this document, and in common usage, a vehicle is considered
an LCV if it meets the length requirement and its legally allowable GCVW exceeds 80,000
pounds, regardless of the actual gross weight of the vehicle at any given moment.

Note: The fleet of test vehicles followed in this study was nominally composed of
.Rocky Mountain doubles and triples. However, many of those vehicles nominally
designated as triples actually operated a substantial portion of the time as western doubles,
particularly in the winter months. This was the result of legal restrictions as well as the
internal policies of some of the participating fleets. Even though western doubles are not
strictly LCVs, the data gathered in this configuration are included in all the analyses and



results presented herein. Consequently, in this report, the term LCV also includes western
doubles.

Rocky Mountain double (Rockies). A commercial vehicle composed of a tractor, one
long trailer (typically thirty-five feet or longer) and one short trailer (typically

twenty-seven to thirty-one feet long). This configuration was so named because of
its popularity in the Rocky Mountain states.

Rocky Mountain double

40 feet — > [ 28 feet — ™
(typical) (typical)

Reverse Rocky Mountain double

28 feet — % 40 feet ——>
(typical) (typical)

g ® 8 @

Figure 1. Combination vehicle configurations of the LCV
operational field test




Typically, Rocky Mountain doubles are configured with the long trailer in the lead
position. Occasionally, however, the trailer positions are reversed. In this report, Rockies
in which the short trailer is in the lead position are referred to as reverse Rockies.

Triples. A commercial vehicle composed of a tractor and three short trailers (typically
twenty-seven to thirty-one feet long).

Western double. A commercial vehicle composed of a tractor and two short trailers
(typically twenty-seven to thirty-one feet long). Originally used in the western
states, this vehicle is now allowed in all states.

ANTILOCK BRAKING SYSTEMS

Antilock braking systems (ABS) are intended to prevent the complete lockup of wheels
during heavy braking or braking on low-friction surfaces. The controllability and stability
of all highway vehicles is dependent or the properties of the rolling tire. When a wheel
locks (i.e., ceases to rotate), its tire loses lateral traction. If the front tires lock, the vehicle
is no longer steerable and will continue in the direction it is headed regardless of driver
steering activity. If rear tires lock, the vehicle may become unstable and spin out (either
tractor or trailer, in the case of combination vehicles).

Tire flat spotting is the term applied to the excessive wear which occurs in one spot on
the tire when a locked wheel is dragged across the ground for an appreciable distance. A
single event of this type may result in sufficient wear to require the replacement of the tire.
One of the acknowledged benefits of ABS is the reduction of costs associated with
premature tire replacement necessitated by flat spotting.

ABS constantly monitor the rotational velocity of the wheels during braking. When
wheels are seen to be approaching lockup, the driver’s brake control inputs are
momentarily overridden and the brakes are released as necessary to keep the tires rolling.

Electronic control unit (ECU). This is the computer “brain” of the ABS. It receives
signals describing the rotational speeds of the wheels from wheel-speed sensors,
and sends appropriate control signals to the modulator valves which control brake
actuation air pressure.

Modulator valves. The air-pressure control valves that can override the air pressure
delivered by the standard brake system to reduce actuation pressure and prevent
wheel lock.

System configuration. ABS for tractors and trailers come in a variety of configurations
typically designated by the number of wheel-speed sensors and the number of
modulators in the system. For example, a 452M system would have four sensors



and two modulator valves. Appendix D briefly describes and lists the
configurations of the systems used in this study.

Wheel-speed sensors. The magnetic sensor that sends an electrical signal to the ECU
which is indicative of the rotational speed of the wheel. The wheel must be

~ equipped with a tooth ring called an exciter ring. The sensor is mounted close to the

ring and reacts to the passage of each tooth, producing a pulsating electrical signal.

Providing electrical power to ABS on LCVs was a subject of major interest in this

- study. Thus, there is a great deal of discussion regarding the components of vehicle wiring,
especially the components of the wiring between the individual units of the combination
vehicle. By standardized conventions interunit electrical connections involve seven
electrical circuits: (1) ground, (2) clearance/side-marker/identification lamps, (3) left-turn-
signal/hazard lamps, (4) stop lamps/ABS, (5) right-turn-signal/hazard lamps, (6) tail-
light/clearance/side-marker/license lamps, and (7) auxiliary.[4,5,6,7] Hardware elements
involved in interunit wiring include:

Seven-wire jumper cable. The seven-wire electrical cable used to make the electrical
connection between units when assembling a combination vehicle. The cable has a
seven-pin connector on at least one end. The other end may be permanently attached
to a unit (usually a tractor or dolly) or may also have a connector.[8] Cables come
in different versions with wire gages selected for lighter (single-trailer, non ABS)
or heavier (multiple-trailer and/or ABS) duty.

Seven-pin connector. A connector of standardized geometry used on the seven-wire
jumper cable.

Seven-pin receptacle. A receptacle of standardized geometry intended to mate with the
seven pin connector.

Virtually all semitrailers have such a seven-pin receptacle at the front bulkhead for
connection to the tractor or other towing unit. Trailers used in double- or triple-trailer
service typically have a second receptacle at the rear. Tractors may have such a receptacle
behind the cab or may have a permanently installed jumper cable.[8] Dollies, if fitted with
electrical gear, usually have two permanently installed jumper cables, one to connect to the
towing trailer and one for the towed trailer. Otherwise, a seven-wire cable may be
connected directly from the rear of one trailer to the front of the next, bypassing the dolly.

CONVERTER DOLLIES

A converter dolly, or simply a dolly, is used to support the front end of a semitrailer
when it is used as the second or third trailer of a combination vehicle. The semitrailer has
suspension and wheels of its own only in the rear. Its forward end must be supported by
other means, most typically by the rear of a tractor. When the semitrailer is used as the



second or third trailer it must be converted to a full trailer (which has suspension and
wheels at both ends) by the use of a dolly.

Converter dollies typically have one axle, but may have two. (All dollies in this study
had single axles.) Dollies are equipped with a fifth-wheel coupler directly above, and
slightly forward of the suspension center. This is the coupling to the semitrailer that the
dolly Supports and tows. ’ |

Depending on design style, dollies may have a single- or double-tow-bar arrangement
for coupling to the towing trailer. In either case, the tow bars terminate in a simple, rugged
towing eye. The towing trailer is equipped with one or two pintle hitches consisting of a
hook and locking mechanism which engages and secures the eye(s), thereby supporting
and towing the dolly.[9]

Two types of converter dollies, which are distinguished by the number of tow bars, are
illustrated in figure 2.

A-dolly. The defining quality of the A-dolly is its single-point tow bar. The A-dolly is
the most common type of converter dolly; over 99 percent of the dollies in use in
the U.S. are of this type. The single hitching point allows the dolly to articulate in
yaw (steering), pitch (fore/aft rotation), and roll (side-to-side rotation) with respect
to the towing trailer.

C-dolly. The defining quality of the C-dolly is its double-tow-bar configuration. The C-
dolly (previously called the B-dolly for reasons too involved to explain here)
originated in New Zealand and has found its greatest popularity in Canada. Its
attractive quality is its ability to improve the stability of multiple-trailer combination
vehicles. This is accomplished because the double-tow-bar hitching arrangement
eliminates yaw and roll articulation with respect to the lead trailer. Eliminating yaw,
in particular, can degrade low-speed maneuverability and produce excessive hitch
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A-dolly C-Dolly

Figure 2. The A-dolly and the C-dolly



forces and tire scrubbing during tight turns at low speeds. To mitigate these low-
speed problems, the wheels of the C-dolly are allowed to steer by a caster
mechanism. However, a centering mechanism provides mechanical resistance to
this self-steering action as required for dynamic stability at highway speeds.

Tow bar. The forward structure of the dolly is referred to as the tow bar. It terminates
in one or two tow-bar eyes which are simple rugged steel rings for attaching to the
pintle hitch.[9]

Pintle hitch. One (for A-dollies) or two (for C-dollies) pintle hitches are mounted to the
rear of the trailer which tows the dolly.[9] The hitch consists of a rugged hook
which engages and supports the tow-bar eye and a locking mechanism which
ensures that the eye stays in place. A single hitch and eye results in a joint that
allows articulation in all directions.




THE LCV TEST PROGRAM

AN OVERVIEW

The test operations of the LCV field study were conducted in the northwestern region
of the country for the obvious reason that this is the center of LCV use. The test fleet was
distributed among five commercial truck fleets based in Portland, Oregon, and Boise,
Idaho, and operating in the states of Washington, Oregon, Idaho, Nevada, and Utah.

All five of these contiguous states allowed the use of Rocky Mountain doubles on a
designated highway system. Four of the five, excluding Washington, allow operation of
triples on a somewhat more restricted network. In virtually all cases, operation of these
vehicles requires a special permit granted by the state. The individual states place various
restrictions on the operation of triples under adverse conditions including wet or snow-and-
ice-covered roads, poor visibility, and certain periods of high traffic density. Oregon is
particularly strict in this regard.

The participating fleets were chosen on the basis of the suitability of their operations to
the needs of the field study and, of course, their willingness to participate. The tractors and
trailers owned by the fleets and chosen for participation in the study were specially
equipped with ABS, C-dolly hitches, instrumentation systems, and special wiring to
provide electrical power for the ABS and instruments. Financial considerations limited the
number of units that could be fitted out in this manner. For the purposes of the study, these
‘units had to be operated together as LCVs and be kept isolated from other units to the.

| - maximum extent possible. To accommodate this need, the general plan called for operating

the study vehicles on specific service routes that were centralized around a single
distribution center within each commercial operation. Only units equipped for the study
were to make up the vehicles servicing these routes. The specific number of tractors,
trailers, and C-dollies participating in the study was defined by the companies’ views of
their equipment needs to service these routes in the prescribed manner.

The five fleets who met the needs of the study and agreed to participate were:2

Albertsons, a grocery chain with a distribution center in Portland
Fred Meyer/Distribution Trucking Company, a grocery/discount department
_ store chain with a distribution center in the Portland area
PayLess Drug Stores/PLXpress (later Thrifty PayLess, Inc.), a drug store
chain with a distribution center in the Portland area

2 The five participating fleets are referred to by name in this chapter. In other chapters, however, names
are generally removed in an attempt to protect the proprietary interests of the companies.
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ShopKo Stores/SVS Trucking, a discount department store chain with a
distribution center in Boise :
Silver Eagle, a regional common carrier with a distribution center in Portland

These five fleets operated seventeen “vehicles” for the LCV study, seven Rocky
Mountain doubles and ten triples.3 Vehicles appears in quotes since its definition here is a
bit special: A vehicle is the collection of tractors, dollies, and semitrailers that service a
single route within a fleet’s operation. While only one tractor is required for this, extra
trailers and dollies are generally needed. The best example is a triple-trailer “vehicle.” Ina
typical scenario, this vehicle would service three stores and use nine trailers to do so. Each
store requires the simultaneous use of three trailers. At any particular moment, one of these
trailers is at the distribution center being loaded with goods for the store; one is on the road
en route to the store; the third is at the store being unloaded and perhaps loaded with return
goods. This “vehicle” of one tractor and nine trailers also requires at least two, and
probably fractionally more, dollies to accommodate operational logistics. Through a
number of variations on scenarios such as this, the seventeen vehicles of this study were
composed of 131 individual units: seventeen tractors, twenty-eight C-dollies, and eighty-
six semitrailers. Depending on the fleet’s operations, a single vehicle made from one to five
trips a week, ranging from 350 to 1500 miles per trip.

Among the five fleets, one had used C-dollies prior to the field test, three had used
ABS on all their tractors, and one had used ABS on selected dollies or trailers. Thus, a
major task early in this study was the acquisition of ABS and C-dolly equipment and the
retrofitting of the test vehicle units with this hardware. The project also acquired and
installed the instrumentation packages and the associated data-transport systems needed to
. monitor vehicle performance over the test period. The retrofitting task involved fitting ABS
to tractors, trailers, and dollies; strengthening the frame at the aft end of trailers and
installing the dual pintle hitches required for C-dollies; installing the instrumentation
packages, including transducers, wiring hamesses and data loggers; and substantially
modifying the wiring of the ground, brake-light, and auxiliary circuits on tractors and
trailers to provide power to the ABS and instrument systems.

The retrofitting and instrumentation of the test vehicles introduced a number of partners
into the study. ABS were acquired from the three primary U.S. suppliers: Allied
Signal/Bendix,* Midland-Grau, and Rockwell WABCO. C-dollies and associated hitching
hardware were procured from the only U.S. supplier that had produced a significant

3 The vehicles nominally designated as triples actual operated a substantial portion of the time as
western doubles, particularly in the winter months. This was the result of legal restrictions as well as
the internal policies of some of the participating fleets. Even though western doubles are not strictly
LCVs, the data gathered in this configuration is included in all the analyses and results presented
herein. Consequently, in this report, the term LCV also includes western doubles.

4 The company, Allied Signal, markets ABS under the Bendix brand name. The distinction between the
name of the company and the name of the product is maintained in this document.
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number of C-dollies, Independent Trailer & Repair (ITR). Besides their role as hardware
suppliers, these companies provided training, service, and technical expertise throughout
the study. '

Vehicle Monitor Corporation (VMC) supplied the instrumentation systems.
Instrumentation packages belonging to the government and used in previous ABS studies
were substantially modified as required for this new application.[2,3] VMC was also a
continuing partner, providing training, equipment maintenance, and data monitoring
services. Vehicle modification and instrumentation was accomplished at Wisconsin
Peterbilt in Green Bay (near the home office of ShopKo Stores), at Portland Freightliner in
the city of Portland (ABS installation on two tractors), at Fruehauf Trailer Corporation in
Portland, and at Western Trailer Service in Boise. Retrofitting of ABS and C-dolly hitching
hardware was completed by the end of October 1993. Because the instrumentation systems
had to be developed and fabricated during the project, they were not fully installed and
operational until May of 1994.

Prior to launching operations of the test fleet, day-long training sessions were held for
the drivers, mechanics, and management personnel of the participating fleets. One session
was held in Boise for the ShopKo personnel. Two other sessions were held in Portland for
personnel from the other four fleets. Training manuals unique to each fleet were prepared
and distributed. Representatives of the ABS and C-dolly suppliers attended and participated
as appropriate. ABS, C-dollies, and hitching hardware were on hand for demonstration and
practice.

Test fleet operations were launched between August and November of 1993. The
performance of the test fleet was monitored for sixty-nine (Albertsons) to eighty-four
(ShopKo Stores) weeks. Over this time, data were gathered in several formats, namely:

* Driver trip forms. These forms were filled out and submitted by drivers for each trip.
They contained information on vehicle identification, routing, loading condition,
weather and road conditions, problem reports, and comments. (See appendix A.)

s Electronic data. Also gathered trip-by-trip, these data came from the instruments and
data loggers mounted on each vehicle unit. These data included histograms of
longitudinal and lateral acceleration and brake application pressures, recordings of
ABS supply voltage (brake-light circuit voltage), and continuous recordings of
various response variables during significant ABS and lateral events. (See appendix
B.)

o Equipment maintenance records. All records of maintenance activity on each of the
131 units in the study were collected monthly over the course of the study. The same
was done for sixteen additional A-dollies distributed across the five fleets. Also,
historical maintenance records provided by some of the fleets were used in the study.
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* Tire tread depths and odometer or hubometer readings. These data were gathered
monthly from each of the 131 units by the project field representative.

* Problem report forms. These forms were used to document ABS and C-dolly
problems and the related corrective actions. They included information provided by
fleet personnel, the project field representative, and the equipment suppliers. (See
appendix A.) '

* Opinion surveys. Drivers, mechanics, and managers of the participating fleets were
surveyed periodically throughout the study to obtain their opinions on ABS and C-
dollies in LCV operations. (See appendix C.)

DESCRIPTION OF THE TEST CONDITIONS
Vehicle Units, Configurations, And Loading

In many of the presentations of the following chapters, results are given for all four
types of LCVs (triples, western doubles, Rockies, and reverse Rockies), respectively. In
other cases, data for normal and reverse Rockies or for the three types of doubles are
pooled and results are presented in composite forms.

The analyses of later chapters also distinguish among loading conditions. Each segment
of an LCV trip was segregated into one of three load conditions, namely: empty, full, or
mixed. In most cases, the mixed load condition implies that some trailers were loaded and
some were empty, as opposed to individual trailers being partially loaded. In a mixed load
condition, the common practice among LCV fleets is to position the trailers in the train such
that the fully loaded trailers are forward of the empty trailers.

Table 1 describes the distribution of the 131 vehicle units of the field test by type of unit
- and operating fleet. A more complete description of the individual units appears in appendix
D. The following discussion briefly describes the configurations operated by the several
fleets and their typical loading conditions.

Table 1. Vehicle units in the test fleet

Trailers

Fleet Tractors | Long Short | C-Dollies Total
Albertsons 3 3 3 3 12
Fred Meyer 3 11 6t 20
PayLess 2 2 8 4 16
ShopKo 7 9 28 9f 53
Silver Eagle 2 22 6 30
Total 17 14 T2 28 131

T Two C-dollies were transferred from Fred Meyer to ShopKo late in 1994 changing these
figures to 4 and 11, respectively.
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Albertsons operated Rocky Mountain doubles exclusively in this study. These vehicles
used a 40-foot, tandem-axle trailer in combination with a rather unusual 24-foot, tandem-
axle trailer. The average gross combination weight (GCW) of these vehicles outbound from
the distribution center was 93,433 pounds. The vehicles always returned with the same
trailers and were typically fully loaded in the backhaul.

Fred Meyer operated a mix of 31-foot and 27-foot trailers in western-doubles and
triples configurations. Eighty-three percent of their trips were taken in the western-double
configuration and the remaining 17 percent as triples. The average GCW outbound was
81,554 pounds for the doubles and 98,195 pounds for the triples. Return legs were
typically empty and with the same trailers.

PayLess ran Rockies composed of 35-foot tandem-axle and 27-foot single-axle trailers
in 57 percent of their field test trips. The same trailers ran as reverse Rockies in 22 percent
of their trips. The 27-foot trailers were used as western doubles in 5 percent of their trips
and in triples for the remaining 16 percent of trips. Average GCWs for those configurations
departing from the distribution center were 67,672 pounds, 67,146 pounds, 59,010
pounds, and 83,059 pounds respectively. Return runs, using the same trailers, were

typically empty.

ShopKo ran 44-foot tandem- and 28-foot single-axle trailers in Rockies on their
northern route to Coeur d’ Alene, Post Falls, and Spokane. On their southern route to Reno
Nevada, they operated the 28-foot trailers as triples. Average outbound GCWs were
83,615 pounds and 97,056 pounds, respectively. Western doubles were run on the Reno
route when weather conditions were adverse, with average GCW of 73,891 pounds. The
northern route accounted for 55 percent of all trips and triples to Reno accounted for 40
percent, with the remainder being doubles to Reno. ShopKo tractors typically dropped off
the outbound trailers and returned with different trailers (i.e., different individuals but of
the same configuration). Return runs were usually empty. The runs to the north typically
involved shuttling single trailers from Coeur d’ Alene or Post Falls into Spokane.

Silver Eagle ran 28-foot doubles for 60 percent of their field test trips, with an average
GCW of 57,705 pounds. Triples, also with 28-foot trailers, made up the remaining test
trips, with average GCW of 77,120 pounds. Return runs, with different trailers, were
typically empty or very lightly loaded. Silver Eagle loads were generally lighter than those
at the other test fleets and trailer scheduling more difficult (with frequent use of trailers
other than those specially prepared for the study) because they are a common carrier fleet.

ABS Equipment

The distribution of ABS brands among the trailers and dollies of the fleet was a
compromise balanced representation of the ABS suppliers according to market share, and
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Table 2. ABS on the test fleet by manufacturer and configuration

Fleet Tractors Trailers Dollies
Albertsons RW—-4S4M B-2S1IM B-2S1M
Fred Meyer RW-4S4M B-2S1M; MG-2S1M | B-2S1M; MG-2S1M

PayLess RW—-4S4M MG-2SIM MG-2SIM
ShopKo RW-4S4M RW-4S2M, 2S2M RW-2S1M
Silver Eagle RW-4S4M RW-2S2M : RW-2S1M

B = Bendix; MG = Midland-Grau; RW = Rockwell WABCO; S = sensor; M = modulator

the preferences of the individual fleets. Table 2 outlines the brand and configurations of
ABS used on the test fleet. Appendix D includes this information for each individual unit.3

Three trailers were new at the start of the study and were equipped with ABS at our
request. The remaining eighty-three were retrofitted with ABS for the project. Twenty-two
of the twenty-eight C-dollies were new and had ABS installed by the manufacturer. ABS
were retrofitted to the remaining six.

ABS on fifteen of the seventeen tractors in the study were factory installed. Four of
these were previously operated by the fleets. The other eleven were new and had ABS
installed either as the fleets’ preference or at the expense of the project. The remaining two
tractors had ABS retrofitted for the project.

Special Vehicle Wiring And Brake Lamps

An issue of some interest to this project was whether it is feasible to power ABS on
LCVs via the brake-light circuit. (This approach was under consideration as a backup
power source for trailer ABS powered by a separate circuit.) The concern is whether
sufficient voltage can be supplied to the rear trailers and dollies under the condition of the
high current flow implied by powering both ABS and brake lamps for many units through
a single circuit. The philosophical approach in this study was to determine if sufficient
power could be supplied with “optimum” wiring, but with the conventional seven-pin
connector used in the industry today to make electrical connections between units.

Consequently, during the retrofitting process, the wiring of tractors and trailers was
modified as illustrated in figure 3. All tractors were equipped with heavy gage wiring for
the ground and brake-light circuits feeding the seven-wire jumper cable to the trailers.
Brake-light circuits were modified such that brake-light power was provided to the trailers
through a high-capacity power relay, rather than directly through the brake-light switch. On
the trailers, the existing wiring was supplemented with heavy gage wiring for ground and
brake-light circuits. The new wiring ran from the front to the rear junction box of the
trailers, and power was provided to the ABS via this wiring. The existing trailer circuits

5 The report on the first of the series of ABS field studies conducted by NHTSA includes an extensive
review of ABS applications on commercial trucks.[2]
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Figure 3. Supplemental wiring for the tractors and trailers in the
LCV field study
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were left intact. All trailers were equipped with new, seven-pin connector sockets front and
rear, and all the seven-way jumper cables used in the study were of the heavy duty type.[5]

Finally, all the C-dollies and test trailers of the PayLess fleet were equipped with LED
(light-emitting-diode) stop lamps. This type of lamp requires far less electrical current than
incandescent lamps. Lower current draw for the lamps implies higher voltages available to
power ABS on the rearward units of the train. PayLess operated both Rockies and triples,
allowing the evaluation of this technology in both configurations.

C-Dollies And Hitches

All the C-dollies used in this study were manufactured by Independent Trailer and
Repair (ITR) of Yakima, Washington. A photograph of an ITR C-dolly appears in figure 4,
and more information on the dolly is presented in appendix E. While there are several
Canadian manufacturers of C-dollies, ITR is the only significant U.S. supplier in terms of
number of units produced.

Figure 4. Photograph of the ITR C-dolly

Six of these C-dollies existed in the ShopKo fleet prior to the study. Three new dollies
ordered by ShopKo shortly prior to the study were also included. These dollies were all
specified by ShopKo and were nominally ITR’s standard product. The remaining nineteen
dollies were purchased for the test. Details of the specifications for these dollies were
established with the cooperation of the fleets, but, at UMTRI's request, all these dollies
were built in accordance with the requirements of Canadian government regulations
regarding the performance of the self-steering system.[10,1116 In practice, this meant that
the resistance to self-steering in these dollies was some 25 percent greater than in ITR’s

6 The Canadian C-dolly regulation also includes requirements for frame and hitch stiffness and strength
which were not included in the specifications for dollies for this program.
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standard product. Other specifications such as tongue lengths, tire brands, and other details
varied among the fleets.

ITR was also the supplier of all the pintle hitches used with C-dollies in this project.
ITR also worked with each fleet to specify and execute the necessary strengthening of the
rear frame of their trailers as needed to withstand the increased hitch loads inherent with C-
dollies. Unlike A-dolly operations, which typically empldy a drop-on style of pintle hitch,
the pintle hitches supplied for the C-dolly operations of the field study were of the bell-
mouth variety in which the tow eye is intended to engage the hitch straight in on a
horizontal course. More details on the I'TR hitch are presented in appendix E.

Routes

A detailed review of the routes covered by the vehicles in the field study appears in
appendix F. The outbound destination is given for each trip and a map showing the primary
destinations is included. A subjective description of the major routes is provided in a text
prepared by the project field representative who rode along on selected trips.

Albertsons’ trips depart from their distribution center in eastern Portland near routes I-
84 and I-205. The majority of Albertsons’ trips (56 percent) were via I-84, U.S. 395 and I-
90 from Portland to Spokane, Washington and Coeur d’ Alene, Idaho. Another 17 percent
were on I-5, north as far as Bellingham, Washington, and south as far as Ashland,
Oregon. Ten percent were into the Central Valley of Washington, via I-84, I-82, and U.S.
97.

Fred Meyer’s distribution center is in Clackamas, Oregon, a suburb south of Portland.
Seventy-four percent of their trips left Clackamas southbound to Roseburg and Grants
Pass, Oregon, via I-5. Another 20 percent were from Clackamas to Bend, Oregon, via
U.S. 26 and U.S. 97.

PayLess operated three principle routes from their distribution center in Wilsonville,
Oregon (also south of Portland). These routes were: ‘

* I-5 north as far as Blaine, Washington, and south as far as Grants Pass, Oregon,
accounting for 27 percent of all trips
~» 1-84/U.S. 395/1-90 to Spokane, Washington, and Coeur d’ Alene, Idaho, accounting
for 30 percent of all trips
o 1-84/1-82/U.S. 97 or I-84/1-82/U.S. 395 into Washington’s Central Valley,
accounting for 29 percent of all trips

ShopKo ran two routes from their distribution center in Boise, Idaho. Fifty-five percent
of their trips ran north on U.S. 95 to Coeur d’ Alene and then west on I-90 to Post Falls,
Idaho and Spokane, Washington. The remaining 45 percent of their trips were southbound
to Reno, Nevada via Idaho route 55, U.S. 95, and I-80.
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Silver Eagle ran all their field test trips from their distribution center in northeast
Portland via route I-84 to Boise, Idaho.

Drivers

One hundred ninety-one drivers took part in the field study. However, many of these
individuals took only one or two trips under the program. A core group of fourty-one
drivers, however, took 74 percent of the field study trips. These drivers had an average age
of forty-four years, ranging from thirty-one to sixty-five. They also had an average of
~ twenty-one years of experience driving heavy trucks, ranging from ten to thirty-eight years.
A listing of all drivers participating in the study, indicating the number of test trips each
took, is contained in appendix G.

The plan for this field test was to use dedicated drivers on dedicated routes. The
concern was primarily with training, particularly in the use of C-dollies and in the special
skills required for handling electronic data. Only partial success was achieved in this
regard, however.

ShopKo and Silver Eagle were able to adjust their operations to substantially meet our
goal. ShopKo was uniformly successful in this, and Silver Eagle used substitute drivers on
only 8 percent of their trips.

Albertsons had the least controlled routes and used the most drivers. They used eighty-
five drivers, resulting in an average of only 2.4 trips per driver. Only 10 percent of
Albertsons’ drivers ran ten or more trips.

Fred Meyer and PayLess also used a large number of drivers, but both relied heavily on
experienced drivers. Fred Meyer used fifty-two drivers for 273 trips, an average of over
5.3 trips per driver. However, nine drivers ran 76 percent of all Fred Meyer trips. PayLess
used twenty-seven drivers for 428 trips, an average of 15.9 trips per driver, but eight
drivers ran 91 percent of all PayLess trips.

Electronic Data Systems

The test vehicles were instrumented in order to monitor vehicle performance as
influenced by the ABS and C-dollies. Instrumentation was developed by Vehicle Monitor
Corporation, based on specifications developed jointly by VMC and UMTRI. (See
appendix B.) '

Two basic requirements for the design of the electronic data system were that it must
(1) minimize the perturbation it caused in fleet operations and (2) be of maximum, long
term durability. Given the constant interchange of trailers that takes place in fleet
operations, this meant, first and foremost, that each unit’s instrument package had to be
self contained.
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The system developed specifically for this application was comprised of an autonomous
instrument and data logging package for each vehicle unit and a hand-held computer which
used removable memory cards (about the size of a credit card) for downloading data from
the on-board data logger. In this system, data were downloaded by the driver or mechanic
upon the making or breaking of the vehicle (adding or removing trailers). Later, the data
cards were turned in to designated fleet personnel who inserted them into an office
computer. Each night, this computer would automatically forward the data by phone to
computers at the offices of VMC. After reviewing the data files, VMC would forward them -
to UMTR], also by phone line. Time and ID stamps included in the data, along with the
driver trip forms filled for each trip, allowed matching data records of individual units
during post processing.

Transducers and wiring harnesses for these systems were installed during the initial
retrofitting process. The on-board data loggers and hand-held devices, and the software for
all elements of the system required more time for development and fabrication such that the
system was not fully installed and operational until some nine months after the start of fleet
operations.

The systems on the vehicle units transduced the following variables:

* longitudinal acceleration (tractors only)

* lateral acceleration (mid wheelbase, tractors and trailers only)

* wheel rotational speeds (each wheel)

* ABS supply voltage (brake-light circuit voltage) and warning light
* ABS modulator current

* service-brake air pressure

* brake actuation air pressures (each ABS modulator)

» steering activity (C-dollies only, binary signal)

The data records included summary data of the normal performance of the vehicle unit
during the trip. These summaries were in the form of histograms revealing the distribution
of severity of performance measures, or in the form of event counts. The other form of data
record was continuously recorded signals, triggered by the occurrence of significant ABS
activity or other indications of unusually severe events. This recording procedure was
modeled after the general philosophy of the aircraft crash recorder, although recordings
were made of many less-than-catastrophic events.

DURATION OF THE STUDY AND MILEAGE ACCUMULATIONS

The progress of the operational field test in time is illustrated in figure 5.7 As shown in
the figure, fleet operations began as early as August 1993, and extended through most of

7 The planning study for the LCV field test began in September of 1992. That planning study identified
all of the partners in the field test—the participating fleets, hardware suppliers and service
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Figure 5. Progress of the operational field test

April 1995. Duration for the individual fleets, as determined by first and last test trip, are

given in table 3.

Note from figure 5 that, although fleet operations began in August of 1993, the use of
instrumentation systems did not begin until April of 1994. Thus, while the vehicles were
monitored for economic performance (reliability, maintenance activity and costs, tire wear,
etc.) over the full duration of fleet operations, physical performance data were not gathered

over roughly the first half of the test period.

During the time of the study, the individual units accumulated a total of 10.5 million
unit-miles. This mileage accumulation is reviewed in figure 6. The figure shows that, of
these 10.5 million miles, 6.1 million miles were accumulated in field-study trips, and 4.4

Table 3. Duration of the LCV field test

Fleet First trip Last trip Duration, weeks
Albertsons Nov. 21, 1993 | Mar. 20, 1995t |~ 69
Fred Meyer Nov. 4, 1993 | Apr. 21, 1995 76
PayLess Oct. 15,1993 | Apr. 22, 1995 79
ShopKo Aug. 23, 1993 | Apr. 6, 1995Tt 84
Silver Eagle Oct. 3, 1993 Mar. 31, 1995 77

T The last regular test trip was run on February 11, 1995. Three special trips were run
subsequent to this date with added instrumentation.

1 The last trip on the Coeur d'Alene/Post Falls/Spokane route occurred on Jan. 4, 1995.

organizations; it laid out the details of the very substantial startup activity in which ABS, C-dollies,

hitches, wiring, and instrumentation would be purchased and fitted to the test vehicles; and it

established procedures and mechanisms for gathering all the necessary data for analysis of economic

(maintenance, reliability, etc.) and physical performance (stability, etc.) of the fleet. The plan was

submitted in March of 1993 and approval to proceed with the main study became effective on June 1,

1993.
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million miles were accumulated outside of the study.® Outside miles were accumulated
mostly by tractors; the business realities of the participating fleets required that their
expensive power units be utilized to a greater extent than would have been possible if they
were restricted to study operations only. Based on all miles, the units in the study averaged
221,247 miles per tractor, 57,344 miles per trailer and 64,839 miles per C-dolly.® The
analyses of maintenance expenses which follow in later chapters are typically based on
these total mileage accumulations, not just on the miles accumulated in field-study trips.

Figure 6 indicates that 1.4 million travel miles were covered in field study trips. (By
definition, there is a virtual one-to-one comparison between field-study-trip miles and the
miles accumulated by tractors on field-study trips.) Figure 7 reveals that approximately half
(52 percent) of these miles were accumulated by Rocky Mountain doubles. Twenty-nine
percent of field-study-trip miles were accumulated by triples and 19 percent by western
doubles.

On field study trips
(total: 6.1 milion)

1.4 million miles

on field study trip D In other use

PN

(total: 4.4 million)

Tractors

Trailers

C-dollies

T T

0 1 2 3 4 5
Millions of miles

Figure 6. Unit-miles accumulated during the LCV field study

The lower bar in this same figure indicates both the accumulation of trip-miles by A-
trains and C-trains and the trip-mileage in which full instrument data were recovered, as
opposed to partial or no data. Dealing first with the subject of instrument data, it has
already been noted that approximately one-half of the test was conducted prior to the
implementation of the electronic data systems. During the rest of the test, full electronic data
records were obtained for about 45 percent of trips. A successful trip, in this respect,
required that only instrument-equipped units were present in the vehicle, that all elements of

8 The simplest definition of a field-study trip is a trip for which the driver submitted a trip report.
Practically, a field-study trip was a trip with a field-study tractor pulling field-study dollies and trailers.
Occasionally, particularly early in the program, these trips were not pure in that a vehicle included one
or more nonstudy units.

9 The latter two figures, in particular, are too small to represent full maintenance cycles. In the cost
analyses presented in later chapters, we have made some attempts to compensate for this based on
historical maintenance records derived from the files of the participating fleets.
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Figure 7. Distributions of trip miles accumulated in the LCV field study

the individual instrumentation and data logging systems on each unit of the vehicle
functioned correctly, that the fleet personnel performed both the trip logging and data
downloading and transmission tasks properly for each unit, and that the electronic data
transmission system from fleet office to VMC to UMTRI worked properly in terms of both
hardware and software. Less-than-perfect reliability of each of these elements combined to
cause an overall success rate for electronic data collection of roughly 45 percent. (The
authors look upon this with mixed feelings: Forty-five percent success does not seem so
good. However, even at this rate, the amount of data collected was somewhat
overwhelming.) The analyses of ABS and C-dolly performance which follow in later
chapters are generally based on these 350,000 trip miles.

Figure 7 also shows that the large majority of trip miles (94 percent) were accumulated

using C-dollies. However, to obtain comparison data in the regime of physical

_performance, it was necessary to operate the instrumented fleet with A-dollies for some
period of time. Considering the physical performance problem only, a fifty-fifty split
would probably have been most desirable. However, given (1) the limited time period (and
mileage) of the study, (2) the strong interest in operational data, and (3) a presumption,
based on previous research, that the contrast between A-train and C-train behavior would
be readily apparent, an effort was made to maximize the miles accumulated with C-dollies. -
Thus, only 16 percent of these 350,000 miles were gathered using A-dollies. The
remaining 84 percent were with C-dollies.

Finally, it should be noted that the 1.4 million miles of trips monitored in this study is
much too small a base for arriving at any statistical conclusions regarding accident rates. It
happens that one serious accident did occur during this study.!® About all that can be said
" is that this accident rate (one in 1.4 million miles) is quite compatible with the accident rates
of trucks as reported in the literature.[12,13]'! '

10 The accident involved injury to occupants of the other vehicle and tow-away of that vehicle.

1T For example, the combined rates for injury and tow-away accidents reported in FHWA's Truck and Bus
Accident Factbook 1992 is 0.69 accidents per million miles.[12]
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The accident took place while the installation of the electronic data systems was still in
progress and before regular downloading of data had commenced. Nonetheless, it was
possible to retrieve data records from two of the four units involved in the accident. (The
vehicle was a Rocky Mountain double.) Although this event is anecdotal in the context of
this study, a rather detailed analysis of the available data is presented in appendix N.

25






THE PERFORMANCE OF ANTILOCK BRAKING SYSTEMS
ON LONG COMBINATION VEHICLES

The experience of this field study has led to a number of significant observations
regarding the performance of antilock braking systems on LCVs. Principal among these
are: (1) ABS can be expected to play a significant stability-enhancing role in some ten to
twenty severe braking events per 100,000 miles of LCV travel (i.e., a period of more or
less one year for a professional LCV driver). (2) ABS activity was seen to take place about
as frequently on dollies as on trailers, suggesting that, for stability in braking, ABS are as
important on A-dollies as they are on trailers. (3) Under specific conditions, sufficient
electrical power for the operation of ABS on trailers and dollies was reliably provided via
the brake-light circuit. The conditions were (a) the special modifications to the wiring of all
the tractors and trailers in the study, (b) the tractor electrical system providing a minimum
of 13.3 volts, and (c) the ABS on dollies and trailers needing no more than 9.0 volts for
proper operation.

This chapter presents the analyses related to these and other observations on ABS
activity in the LCV study fleet, brake-light-circuit voltage on LCVs, and a general
characterization of the longitudinal behavior of LCVs.

ABS ACTIVITY IN THE LCV STUDY FLEET

In this section, the ABS activity observed in the test fleet of the LCV field study will be
characterized in the following ways:

* the severity of ABS braking events throughout the combination as indicated by the
number of vehicle units simultaneously experiencing ABS activity

* the severity of ABS baking events within each vehicle unit as indicated by the
number of distinguishable slip cycles in the event

* the distribution of ABS braking activity according to unit position in the combination

Characterizations of these types are produced for doubles and for triples, respectively, and
in relation to loading condition and to speed of travel.

Before starting the discussion, it will be helpful to define ABS activity, and its various
levels, as used herein. The analyses of this section have their basis in the continuous time
recordings of vehicle performance data which were taken during so-called ABS events.
However, not all ABS activity was recorded. A great number of insignificant (i.e.,
extremely short) modulator control signals are generated by the ECUs of some systems.
The size of the memory on the data loggers would not allow continuous recording each
time such an insignificant signal was observed. Continuous recording was initiated—and
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therefore, a significant ABS event was defined to exist—only when the ECU signal to a
modulator valve was on for at least 20 percent of a 0.1 second time period. (For more
details, see appendix B.)

The data gathered during each recorded event were later analyzed to determine the
severity of the event based on the number of observable ABS response cycles. Response
cycles were identified through analysis of the recordings of both brake chamber air
pressure and wheel speeds. Even though the most insignificant ABS activity was not
recorded, there were still a substantial number of recorded events in which no significant
cyclical response to the control signal was identified. Other events had one or more
identifiable response cycles and a few had four or more cycles. Where appropriate, results
are presented according to the number of cycles observed in the event.

Characterization Of The Braking Events Of LCVs Based On The Number Of
Units Involved In ABS Activity

This section examines the severity of ABS activity during baking events where severity
is judged by the number of units of the combination that experience ABS activity during the
event. Although the data loggers on each vehicle unit were autonomous, time stamps in the
data record allowed for identifying those ABS events from the several units of the vehicle
that occurred in near proximity in time. Thus, braking events could be analyzed throughout
the vehicle combination in order to determine the number of vehicle units on which ABS
activity took place during the event. In the presentations that follow, ABS braking events
are characterized as involving one, two, three, or four units of the vehicle. (Triple-trailer
combinations, of course, include six units, but no events involving more than four units
were observed in normal operations during this study.)

Figure 8 presents three column graphs, which describe the occurrence of LCV braking
events observed in this study according to the number of units displaying ABS activity
during the event. Each graph distinguishes between doubles and triples by the shading of
the columns. ' '

The first graph at the top of the figure presents the distribution by severity in terms of
percentage of all events observed during the study for the configuration (i.e., for doubles
and triples separately). The second graph shows the average rate at which these events
occurred in terms of events per hour of travel, and the third graph shows the rate of
occurrence in terms of events per 100,000 miles of travel. (One hundred thousand miles
was chosen as the value for normalizing because this is roughly equivalent to a driver’s
experience for one year.)

The following conclusions can be drawn based on the three graphs of figure 8.
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¢ Over 80 percent of all ABS events observed involved only one unit. Twelve to 14
percent involve two units, and 4 or 5 percent of these events were severe enough
to involve ABS activity on three or more units of the vehicle.

* An ABS event is experienced, on average, once in every eight to ten hours of
travel. Events involving ABS activity on two units occur about once every
seventy hours, and events involving three or more units occur, on average, about |
once every 200 hours of travel. '

* On average, a driver can expect to experience 190 to 250 (for triples and doubles,
respectively) ABS braking events per 100,000 miles (roughly a year for
professional drivers). Of these, twenty-five to thirty can be expected to involve
two units and nine or ten to involve three or more units of the vehicle.

Figures 9 and 10 present results examining ABS activity on LCVs in more detail. These
figures examine the influence of loading condition and speed of travel, respectively. (The
data from which these figures were generated are presented in tabular form in appendix H.)

Figure 9 contains six column graphs, which show the distributions of ABS events for
doubles and triples, respectively, according to loading condition (shown on the horizontal
axis). The distribution of events according to severity is now shown simultaneously by the
shading within each individual column. The various shadings indicate whether one, two,
three, or four units exhibited ABS activity during the braking event.

The figure contains three pairs of graphs. The top pair show, in percentages, the
distribution of braking events that took place during the study for doubles and triples,
respectively. These graphs show that, in this study, there were far fewer events for
vehicles with mixed loads than for vehicles that were either empty or fully loaded. For
doubles, nearly twice the number of events took place with empty vehicles than with loaded
vehicles. For triples, the counts for empty and loaded vehicles were nearly the same. These
results, however, are, in part, only an artifact of the amount of travel that took place in
these loading conditions during this study. These distributions can be generally
representative only if the distribution of travel accomplished by the fleets in this study in
these various loading conditions is generally representative.

The center and lower pairs of graphs of figure 9 provides greater insight into the
distribution of ABS events. These graphs present results which are normalized for the
amount of travel. In a manner similar to the presentations of figure 8, the center graphs
present events per hour of travel and the lower graphs present events per 1,000 miles of
travel. These four plots show the relative propensity for ABS activity more clearly.

o The rates of ABS activity are greatest in vehicles with mixed loading conditions, next
largest in vehicles that are empty, and smallest in vehicles that are fully loaded.

30



Distribution of events

60 FSTITSISSS,
Doubles \ Triples
[T R =
>0
og
v 5 40
4 s
= 301
H o
o
‘5?‘ 20. B FAISIISSY.
28 AN
&) 10- B e e B
0 } } n } 4 n
Full Empty Mixed Full Empty Mixed
Loading condition
Number of
03 Number of events per hour inggitvsed
" Doubles W Triples 1
5
2 02 3
& FAPTITIIIIS 4
5 NN S
g L
o 0l A -
(9]
_o AL LN AN
E
=3
Z
0.0 . : n
Full Empty Mixed Full Empty Mizxed
Loading condition
6 Number of events per 1,000 miles
Doubles Triples
5 0 »
: A\
5 \
> 4 N
58 |
oE 3 NN
“58 YA,
2z RN\
E B . . N
z 1T B
Ful ~  Empty " Mixed Full Empty  Mixed

Loading condition

Figure 9. The occurrence of LCV braking events according to loading
condition and the number of units experiencing ABS activity

31



Distribution of events

40 Doubles Triples
2 7
=]
[} =1 \\1 FESITISTSS.
>.O 30‘ "k\\ FILLIELES \
53 \ N R
«
S 2044
% e} TSI,
o —— NANNN
ES 10
L = b feend
88
oW
0 -+ }
0to 25 25t0 45 >45 0to25 25to 45 >45
Speed, mph
Number of events per hour Number of
08 Doubles Triples pats
g W[/X/\/ p involved
o
PP AN\ uf
Q TSI rIrsss 2
KK v
s Al | o 3
5 0417 KK IF "1 ™
o NANAN B 4
)
£ 02
=3
Z
jom ot .
0to25 251045 >45 0to25 25to 45 > 45
Speed, mph
60 Number of events per 1,000 miles
Doubles Triples
= 50 —f/////////\/\
9]
I
2 3014
oS
2= 204
E
=
Z 10_ L] . ———
0to25 25t045 >45 0to 25 25to 45 > 45
Speed, mph

Figure 10. The occurrence of LCV braking events according to speed of
travel and the number of units experiencing ABS activity

32



* Comparing doubles versus triples, the rates of ABS events are very similar for
loaded vehicles, but the rates for doubles are substantially higher than those for
triples when the vehicles are either empty or in a mixed-load condition.

The first point clearly would be expected from an understanding of the physics of the
braking process. A mixed loading condition implies an imbalance in the proportioning of
braking effort relative to load. The lightly loaded wheels tend to lock when braking power
adequate to stop the heavier units is applied. Empty vehicles display a similar, if not as
severe, imbalance between the heavy tractor and lighter trailers.

One other element of these data is somewhat surprising. That is, doubles with mixed
loading show a relatively high propensity for events involving three units. As implied
above, events in doubles with mixed loading would be expected to involve one or two
units—the lightly loaded trailer and its dolly (or, occasionally, the tractor). The prevalence
of events involving three units in triples is not so puzzling, since in this case, two of the
three trailers may be lightly loaded.

Figure 10 is virtually identical to figure 9 except that the horizontal axis now shows
speed of travel rather than loading condition. The six graphs of this figure all the general
observations:

* Braking events in LCVs that involve ABS activity tend to occur more often at lower
speeds.!2 Less than 20 percent of the (vehicle) ABS events observed occurred at
speeds greater than 45 mph. This is so for both doubles and triples.

* When the counts of ABS events are normalized for the amount of travel (hours or
miles), this trend is exaggerated. The rates of ABS events observed are much higher
at lower speeds.

The data also show a modest trend for the more severe events to occur at moderate and
lower speeds (i.e., below 45 mph).

Finally, if we combine the information presented in the bottom graph of the first figure
in this section (figure 8) with the information in the top graph of the last figure (figure 10),
we can add detail to our picture of the expenence of the average driver. Averaging the data
for doubles and triples, table 4 shows the expected number of ABS events experienced, on
average, in 100,000 miles of travel according to severity (number of units involved) and
speed of travel.

Positions low and to the right in this table represent the conditions of greater safety
significance. If it is assumed that the three cells in the lower right (with numbers in bold

12 «“Speed,” here and in the graphs of this section, is the maximum travel speed observed in the recorded
data for the event. If the ABS activity took place late in a braking event of relatively long duration,
the initial speed of the braking event may have been considerably greater than the speed identified for
the ABS event.
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Table 4. Expected distribution of ABS events experienced by a driver of
LCVs over 100,000 miles (218 events)

Severity, number of units experiencing ABS activity
Travel speed, mph One Two Three or more
0to25 75 14 4
251045 68 10 4
over 45 38 4 | 2

type) represent events in which, without ABS, instability due to wheel lock is probable,
then it follows that ABS on trailers and dollies would enhance stability and are a potential
safety aid in approximately ten events per year per driver (i.e., per 100,000 miles of
travel). Inclusion of the fourth cell in the lower right area (i.e., the cell for two units and 25
to 45 mph) would raise this estimate to twenty events per year.

Characterization Of Braking Events Of Individual Units Based On ABS
Activity Within The Unit

This section examines the severity of ABS braking events experienced by the LCV
field study fleet on an intraunit basis. As described in the introductory portion of this
section, the continuous data recordings from each individual ABS event were analyzed to
determine the number of observable ABS response cycles that took place during the event.
Cycles were identified by examining the recordings of both brake chamber air pressure and
wheel speed. (See appendix B for details.)

Figures 11 through 13 present the results of these analyses. (The data of these figures
are presented in tabular form in appendix H.) These figures are of identical form to figures
8 through 10, which were presented in the previous subsection. In these figures, however,
the shading of the columns is used to represent the number of ABS response cycles
observed.

The first graph at the top of figure 11 reveals the primary additional finding of this
subsection, namely that:

« Approximately 70 percent of the (intraunit) ABS events observed did not show
substantial cycling response of brake chamber air pressure and wheel speeds. This is
in spite of the fact that the threshold of activity required to initiate recording would,
itself, filter out a great deal of insignificant activity. From one quarter to one third of
the events observed do involve cyclic response. Events with two or three cycles
made up about 7 percent of the observations and events with four or more cycles
were about 3 percent of the observations.
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The lower two graphs of the figure indicate the rates at which ABS events were
observed according to time of travel and miles of travel. The data in these graphs can be
analyzed to reveal that:

* An ABS event involving at least one cyclical response occurs, on average, about
once every twenty to thirty hours, or every 1000 to 1600 miles, of travel. (Both sets
of figures are for doubles and triples, respectively.) One third of these events involve
more than one cycle and about 10 percent involve four or more cycles. |

All of the graphs presented in figures 11 through 13 are markedly similar in form to
their counterparts in figures 8 through 10. In retrospect, it is not at all surprising that the
two measures of severity of events—number of vehicle units involved and number of ABS
cycles observed—would correlate quite well. Thus, in general, the qualitative observations
made in the preceding section apply very well to the data of this section also.

The Distribution Of ABS Braking Activity According To Unit Position In
The Combination

Figure 14 presents the distribution of (intraunit) ABS events observed in this study
according to vehicle unit. The upper graph of the figure shows this distribution for triples.
The observations for all doubles combined are shown in the lower graph. Each graph
distinguishes between vehicles which are fully loaded, empty, or partially loaded. The
height of the columns indicates percentages of events experienced by the type of unit
(summing to 100 percent for each combination of configuration and loading condition).
(The data represented in these graphs are presented in tabular form in appendix H. The
presentation in the appendix distinguishes among specific configurations of doubles.)

This figure only appears to suggest one strong trend: Some 70 to 80 percent of ABS
activity in LCVs with mixed loading occurs in the combination of the last trailer and its
dolly. Beyond this, no other strong trend is readily apparent. In triples, there does appear
to be a tendency for activity to take place in the tractor and dollies more often than in the
trailers, but this trend is not continued in doubles. (Nor is it evident in the data for western
doubles taken alone. See appendix H.)

This relatively even distribution of ABS events throughout the combination vehicle
suggests that, for stability enhancement, ABS is at least as important for A-dollies as for
trailers. Given the A-dolly’s greater propensity for unstable yaw response relative to
trailers,!3 one could argue, in the face of these data, that ABS is more important for A-
dollies than for trailers. On the other hand, the double-tow-bar configuration of C-dollies
eliminates any possibility of jackknife of the dolly, reducing the safety significance of ABS
on this type of unit (assuming that the trailer towing the dolly is equipped with ABS).

13" The shorter wheelbase and light weight of dollies promotes quicker and larger jackknife of dollies than
of trailers.
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POWERING ABS ON L-CVS‘THROUGH THE BRAKE-LIGHT
CIRCUIT

An important objective of the program was to determine conditions under which
sufficient electrical power for the operation of ABS on LCVs could be provided through the
brake light circuit using the conventional seven-pin connector.14 To this end, special wiring
modifications were made to both the tractors and the trailers used in the study in order to
provide an electrical system optimized for this purpose. Then, data on the brake-light-
circuit voltage were measured and collected for all units operating in the field study.

14" The reader should keep in mind that in this field study, all trailer and dolly ABS were powered through
the brake-light circuit. That is, throughout this discussion, ABS supply voltage and brake-light-circuit
voltage should be recognized as virtually one and the same.
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~ The alterations to the electrical systems of the vehicles of the study are shown
schematically in figure 15. All tractors were equipped with heavy gage wiring for the
ground and brake-light circuits feeding the seven-wire jumper cable to the trailers. Further,
brake-light circuits were modified such that brake-light power was provided to the trailers
through a high-capacity power relay, rather than directly through the brake-light switch. On
the trailers, the existing wiring was supplemented with heavy gage wiring for ground and
brake-light circuits. The new wiring ran from the front to the rear junction box of the
trailers, and power was provided to the ABS via this wiring. The existing trailer circuits
were left in tact. All trailers were equipped with new seven-pin connector sockets front and
rear, and all of the seven-wire jumper cables used in the study were of the heavy duty
type.[5,6,7,8]

It must be pointed out at the outset of this discussion, that the results that follow are
partially dependent on the relatively brief duration of the field study test (1.5 years). Given
that all the units were outfitted with new connectors and wires, the results do not include
the detrimental effects of corrosion and other degradations that occur with extended age.

The following discussion presents brake-light-circuit voltages as measured for two
distinct conditions: (1) during normal brake applications (i.e., brake applications in which
ABS was not active), and (2) during periods of significant activity of the ABS modulator
valve.

Brake-Light-Circuit Voltage In Normal Braking

Results for brake-light-circuit voltages during normal braking are given in figure 16 and
in table 5. These results derive from literally thousands of measurements of brake light
voltage. The instrumentation system on each unit continuously observed the brake light
circuit voltage. Each time this voltage changed from an OFF condition (near zero) to an ON
condition, the ON voltage was recorded along with the time of the measurement. The
results presented in the figure and table derive from these recorded voltages.

The figure shows the average brake-light voltage observed on each unit of doubles and
triples, respectively. Results are shown separately for vehicle combinations using
incandescent and LED (light-emitting diode) brake lights. These average voltages plus
standard deviations about the averages, and the voltage drops between adjacent units are
presented in table 5.

The relationships between the individual datum of figure 16 are generally as would be
predicted by simple electrical circuit theory. That is:

* The average brake-light-circuit voltages decline from the front to the rear of the
vehicle.

* For each respective vehicle/lamp configuration, the largest voltage drop occurs
between tractor and first trailer. For vehicles with incandescent lamps, this drop
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Figure 16. Average brake-light-circuit voltage during normal braking

exceeds a full volt. These interunit voltage drops typically become smaller toward the
rear of the vehicle.!3

* Brake-light-circuit voltages fall off more severely in triples than in doubles in the
progression from front to rear.

* Brake-light-circuit voltages are substantially higher when LED lamps are used rather
than incandescent lamps, due to the lower current draw of LED lamps.

The data of the figure and table reveal other results with significant implications,
namely:

* The tractors provide a voltage source for the brake-light circuit which averages in the
range of 13.1 to 13.3 volts.!® This vares appreciably within the fleet, however, as
indicated by standard deviations of nominally 0.2 volts.

* Even in normal braking (without the electrical loads of ABS activity), brake-lamp-
circuit voltages dropped to 10.2 volts on average in the third trailer of triples using

15 In theory, the data should show this to be strictly true. The overall trend is evident from the general
curvature of the four plotted lines of figure 16. Variations from this principle are probably the results
of variations in instrument calibrations across the 131 units and one year of use.

16 Measurement of the brake-light-circuit voltage on tractors was made at a point in the circuit before the
power relay and jumper cable.

42



Table 5. Statistics of the brake-light-circuit voltages measured
in normal braking

Tractor | First First | Second | Second | Third
trailer | dolly | trailer | dolly | trailer

Doubles with incandescent lamps

Average, volts 1327 | 12.15 | 11.81 | 11.46
Standard deviation, volts 0.17 0.18 0.22 0.24
Inter-unit drop, volts 1.12 0.34 0.35
Triples with incandescent lamps

Average, volts 13.13 | 11.81 | 11.31 | 10.83 | 10.29 | 10.23
Standard deviation, volts 0.16 0.23 0.25 0.29 0.24 0.31
Inter-unit drop, volts 1.32 0.50 0.48 0.54 0.06

Doubles with LED lamps
Average, volts 13.11 | 12.82 | 12.75 | 12.62
Standard deviation, volts 0.22 0.24 0.26 0.27
Inter-unit drop, volts 0.34 0.05 0.14

Triples with LED lamps
Average, volts 13.31 12.67 | 12.57 | 1237 | 12.35 | 12.26
Standard deviation, volts 0.20 0.30 0.25 0.25 0.51 0.25
Inter-unit drop, volts 0.65 0.08 0.23 0.01 0.09

conventional incandescent bulbs. A standard deviation of 0.3 volts for this measure
suggests many incidents wherein this voltage was well below ten volts.

Brake-Light-Circuit Voltage During Braking With ABS Activity

The instrumentation system on each vehicle unit recorded brake-light-circuit voltage
continually during braking whenever there was significant ABS activity on that unit. These
continuous recordings of brake-light-circuit voltage were analyzed to determine the
percentage of time that this voltage (which is the ABS supply voltage) fell below three
specific voltage thresholds.!” The voltage thresholds were those reported by the ABS
manufacturers as the recommended minimum operating voltages of the three brands of
ABS used on the dollies and trailers of the field study.

The results that follow represent voltages observed under a broad, and presumably
representative, mix of conditions of ABS activity. The instrumentation systems on each

17" Details of the analysis method appear in appendix B.
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vehicle unit were autonomous and did not communicate with other units of the

combination. Thus, brake-light-circuit voltage on a given unit was recorded when the ABS
on that unit was active, regardless of the state of ABS activity on other units. The results
presented here do not distinguish between different conditions of ABS activity elsewhere in
the vehicle. Also, some of the trailers of the test fleet were equipped with ABS using two
modulator valves and some with systems using only one valve. The results presented here
are for all ABS activity, be it activity of one valve alone or two valves simultaneously.

Results from similar analyses carried out for single-valve activity only appear in appendix
H.

The results for double- and triple-trailer combinations with incandescent brake lamps
are shown in table 6 and figure 17. The figure shows the percentage of the total time of
ABS activity during which the brake-light-circuit voltage fell below the indicated threshold
voltages. This is done separately for doubles and triples and for each unit position of the
combinations. The table presents similar results in seconds rather than percentage, and also
presents the total ABS event time.

Analysis of the data for vehicles equipped with LED brake lamps showed that the
brake-light-circuit voltage remained above all three threshold voltages during virtually all
ABS activity. This was true for both double-trailer and triple-trailer vehicles.

Table 6. ABS event times for doubles and triples using
incandescent brake lamps

First First | Second | Second | Third
Tractor | trailer | dolly | trailer | dolly | trailer

All doubles with incandescent brake lamps

Time below 9.7 volts, sec. 0.0 0.1 | 108 8.4

Time below 9.0 volts, sec. 0.0 0.0 4.5 5.3

Time below 8.5 volts, sec. 0.0 0.0 2.0 1.8

Total ABS event time, sec. 29.7 154.5 150.9 108.8

All triples with incandescent brake lamps

Time below 9.7 volts, sec. 0.0 0.3 0.0 0.7 9.7 12.3
Time below 9.0 volts, sec. 0.0 0.0 0.0 0.0 4.9 4.3
Time below 8.5 volts, sec. 0.0 0.0 0.0 0.0 2.9 1.0
Total ABS event time, sec. 6.7 21.1 39.7 36.4 56.6 29.6
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The Influence Of Tractor Voltage On ABS Supply Voltage On Dollies And
Trailers

The voltages available for ABS operation on the rear units of the LCV are a function of
~ (1) the initial supply voltage provided by the tractor electrical system, and (2) the losses that
occur due to resistance in the wiring and connectors of all the units of the vehicle. Special
efforts were made at the outset of this project to optimize the units of the field study vis-a-
vis the second item, but no effort was made to control the first. Clearly, however, the
supply voltage provided by the tractor can be expected to have a major influence on the
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voltage available for ABS on the dollies and trailers. To examine this influence, ABS
voltage data were segregated according to tractor supply voltage, and additional analyses
similar to those described above were conducted on each subset of the data. As would be
expected, the measures of time-below-voltage-threshold were found to be strongly
influenced by tractor supply voltage.

As noted previously, brake-light-circuit voltage was measured and recorded for each
individual brake application. (This is virtually always a measure of voltage in the absence
of ABS activity, since it is taken very shortly after the brake light switch is activated before
ABS activity is likely to start.) These individual measurements were used to calculate the
average brake-light-voltage for the tractor in each individual trip. This average value was
then used to characterize the tractor supply voltage for all of the units of the vehicle for that
trip. The brake-light-voltage data from ABS events was then subdivided into sets taken
from trips in which tractor supply voltage was either more than or less than a specified
level, respectively. The two data sets were analyzed to determine their respective measures
of time-below-threshold-voltage (that is, ABS threshold).

By repeated trials, it was determined that 13.3 volts was a critical value for tractor
supply voltage. This held true for both double- and triple-trailer vehicles.

Results for analyses of data subdivided by this supply-voltage criterion are presented in
figure 18 and 19 and in tables 7 and 8. The first figure and table show results from trips for
which the average tractor supply voltage exceeded 13.3 volts. (This group includes 31
percent of all ABS events for doubles and 40 percent of all ABS events for triples.) The
second figure and table is for those trips in which the average tractor supply voltage was
equal to or less than this value. The top section of each presents results for all doubles and
results for triples are in the bottom section of each presentation.

Figure 18 shows that the voltage supplied to the ABS on all trailers and dollies of
doubles was always above 9.7 volts in trips in which the average tractor supply voltage
exceeded 13.3 volts. For triples, ABS supply voltage does fall below 9.7 volts for a
significant percentage of the time, especially on the third trailer, but these voltages remain
above 9.0 volts at virtually all times.

Conversely, figure 19 shows that, for trips in which the average tractor supply voltage
was below 13.3 volts, ABS supply voltage falls below the recommended minimums during
a substantial percentage of the ABS event time periods.

These results show:

* The brake-light-circuit voltage on the last trailer and the last dolly of both doubles
and triples falls below the recommended minimum voltages for ABS operation
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Figure 18. Percentage of time during ABS braking events when the brake-
light-circuit voltage was less than the indicated threshold voltage for LCVs
with incandescent brake lamps and supply voltages greater than 13.3 volts

during a substantial percentage of the time during ABS activity. This is especially
true for triples.18

* The time-below-threshold measure is very strongly influenced by the range of
threshold voltages examined, that is, 9.7 to 8.5 volts.

18 The reader may note, and wonder about. the difference between the measures for second trailers of
doubles and second trailers of triples, and the similar difference between the measure for first dollies of
these two configuration. All other things being equal, one would expect the below-threshold-time to
be greater on the units of triples than on the units of doubles. We have no adequate explanation for
this apparent anomaly.
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Table 7. ABS event times for LCVs using incandescent brake lamps and
with tractor supply voltages greater than 13.3 volts

First First | Second | Second | Third
Tractor | trailer | dolly | trailer | dolly | trailer

Doubles with tractor supply voltages greater than 13.3 volts

Time below 9.7 volts, sec. 0.0 0.0 0.0 0.0

Time below 9.0 volts, sec. 0.0 0.0 0.0 0.0

Time below 8.5 volts, sec. 0.0 0.0 0.0 0.0

Total ABS event time, sec. 7.5 48.7 30.4 31.6

Triples with tractor supply voltages greater than 13.3 volts

Time below 9.7 volts, sec. 0.0 0.0 0.0 0.1 0.3 2.2

Time below 9.0 volts, sec. 0.0 0.0 0.0 0.0 0.0 0.0

Time below 8.5 volts, sec. 0.0 0.0 0.0 0.0 0.0 0.0

Total ABS event time, sec. 0.7 8.7 20.8 29.8 21.2 144

Table 8. ABS event times for LCVs using incandescent brake lamps and
with tractor supply voltages equal to or less than 13.3 volts

First First | Second | Second | Third
Tractor | trailer | dolly | trailer | dolly | trailer

Doubles with tractor supply voltages less than 13.3 volts

Time below 9.7 volts, sec. 0.0 0.1 10.8 8.4

Time below 9.0 volts, sec. 0.0 0.0 4.5 5.3

Time below 8.5 volts, sec. 0.0 0.0 2.0 1.8

Total ABS event time, sec. 22.2 105.8 120.5 77.2

Triples with tractor supply voltages less than 13.3 volts

Time below 9.7 volts, sec. 0.0 0.3 0.0 0.6 94 10.1

Time below 9.0 volts, sec. 0.0 0.0 0.0 0.0 4.9 4.3

Time below 8.5 volts, sec. 0.0 0.0 0.0 0.0 2.9 1.0

Total ABS event time, sec. 6.0 12.4 18.8 6.6 354 15.2
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ABS Supply Voltage In Especially Intense Events

The findings presented to this point in this section are based on the full set of ABS
events recorded in the project. The majority of these events are relatively minor and involve
minimal ABS activity. On the other hand, the real challenge to powering ABS in LCVs is
not in these events, but in those few braking events in which ABS activity is intense and
might occur in several units simultaneously.

Therefore, all LCV braking events characterized by (1) tractor supply voltage exceeding
13.3 volts and (2) ABS activity on three or more units were isolated and examined
separately in order to challenge and confirm the findings presented above.

Nine individual events were examined. Seven involved triples and two involved
doubles. Three of the events on triples were specially staged braking events (which have
not been considered previously).

The events—and especially the staged events—were, indeed, intense. Figure 20 shows
the time histories of brake-light voltage, brake service pressure, and brake chamber
pressure from all of the trailers and dollies from one staged event with triples. The vertical
separation between the plots of service and chamber pressures shows that ABS were very
active on three of these units during most of the event (0.8 to 3.0 seconds). The ABS on
the other two units were also active early in the event (0.8 to 1.6 seconds). During this
earlier period, the brake-light voltage on the third trailer fell to a minimum of 9.34 volts.

Examination of all of these events, in fact, confirmed the findings from the broader data
set (as presented earlier in figure 18). In these special events, ABS voltage was never
found to fall below 9.7 volts on doubles or below 9.0 volts on triples. The only
observation of ABS supply voltage below 9.7 volts was in the second and third trailers of
triples. Over the seven events with triples, the supply voltage was below 9.7 volts for 2
percent of the total event time on second trailers and for 23 percent of the total event time on
third trailers. As one would expect, these results were not evenly distributed across the
seven events. The time spent below the 9.7 volts was concentrated in three events. The
average tractor supply voltages (i.e., averaged over all brake applications in the trip in
which the event occurred) for these three events were 13.36, 13.55, and 13.55 volts,
respectively. The tractor supply voltages evaluated in these specific three events (prior to
ABS activity, for example prior to 0.6 seconds in figure 20) were 13.48, 13.51, and 13.48
volts, respectively.

The most severe events examined here could be considered to approach a worst-case
scenario with respect to electrical current demands on the brake-light circuit. Readers
familiar with the details of ABS operation (especially with the peak current demands of
modulator valves which occur upon initial actuation) may be surprised that the voltage
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supply to the last trailer is so consistently above the ABS thresholds. The authors believe
that the basic fact underlying this result is simply that truly simultaneous firing of the
several modulator valves throughout the vehicle is rare. Thus, the absolutely worst-case
scenario of the peak current demand associated with all valves firing simultaneously is also
rare.

Summary Of Findings On Powering ABS On LCVs Through The Brake-
Light Circuit

Based on these observations of ABS braking events, it appears that the brake-light
circuit can supply sufficient voltage for operation of ABS on LCVs if the following
conditions are met:

* the tractor supply voltage exceeds 13.3 volts

* tractors and trailers are equipped with heavy gage wiring and circuit elements of
capacities similar to those in this study

* heavy-duty, seven-wire jumper cables are used and connectors and receptacles are
maintained in good condition

 ABS voltage requirements do not exceed 9.0 volts

The focus of the preceding discussion has been on brake-light-circuit voltages on
vehicles using incandescent brake lights. The brake-light-circuit voltages found on LCVs
with LED stop lights were high enough that ABS supply voltage was virtually always
adequate in both double- or triple-trailer combinations regardless of the tractor supply
voltage (down to the minimum tractor supply voltage of 12 volts observed in this study).
While the effect of LED stop lights on brake-light-circuit voltage is significant, the reader
should keep in mind that these results were observed only under conditions that include the
heavy-duty and supplemental wiring already discussed.

CHARACTERIZATION OF THE LONGITUDINAL BEHAVIOR OF
LCVS

Much of the data gathered in this field study for the purpose of examining ABS
performance are also useful for describing the general longitudinal performance of LCVs.
This section presents analyses intended to do that. Specifically, the following items will be
presented.

* the distribution of travel time by configuration and speed

* the distribution of brake application time by configuration and speed

* the number of brake applications per mile by configuration and load condition

» the distribution of brake application pressure and longitudinal deceleration by
speed, configuration and load condition

52




Distribution Of Travel Time

Figure 21 shows the distribution of travel accumulated at low (0 to 25 mph), medium
(25 to 45 mph), and higher (above 45 mph) speeds as a function of vehicle configuration.
The measure is in minutes per hour. This statistic shows that, on average, each
configuration examined spends nearly fifty minutes per hour of travel (80 percent) at -
speeds of 45 mph or more. This is so despite the probability of some bias in the quality of
routes of traveled. (That is, doubles generally traveled two-lane roads for a larger fraction -
of the time since triples are more confined to interstate highways.) '
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Figure 21. Distribution of travel time by configuration and speed

- Figure 22 shows a similar distribution of the time spent while applying the brakes. The
figure shows the number of seconds per hour of travel that the brakes were applied as a
function of configuration and speed. Although these results are not as uniform across
configuration as those of figure 21, they generally show that, regardless of configuration,
LCV drivers spend approximately the same amount of time braking in each of the three
velocity ranges. Summing across all velocities, brakes are applied about 108 seconds per
hour (3 percent), on average.

Brake Applications Per Mile

Another simple statistic derived from the electronic data was the number of brake
applications per mile. Table 9 presents this measure, and associated data, for all the LCVs
of the study. The presentation distinguishes between doubles or triples and by loading
condition.
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On average, the LCV:s of this study experienced 0.30 brake applications per mile.
Triples, however, averaged considerably fewer applications per mile (0.19) than did
doubles (0.34). This may be due to the restricted operations of triples. Most states that
allow triples (including those in which the field study took place), restrict the operations of
these vehicles to specific highways, better weather conditions, and/or times of lesser traffic
congestion. These more benign operating conditions may be the reason for the lower rates
of brake applications for these vehicles.

The data for empty vehicles also show a lower number of brake applications per mile
than are apparent for loaded vehicles. This may be due to the fact that retardation
mechanisms such as engine braking, rolling resistance, and aerodynamic losses, produce
greater deceleration of the empty vehicle than of the loaded vehicle, reducing the relative
need for brake application.

Table 9. Statistics describing brake applications per mile for different
configurations and load conditions

Mean Brake| Number of Number of
App./Mile | Brake App. | Total Miles Trips
All 0.30 75.255 286,009 747
Doubles 0.34 61,138 205,856 554
Triples 0.19 14,117 80,153 193
Empty 0.26 27,125 121,747 310
Full 0.34 44,168 146,201 391
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Figure 23. Distribution of brake applications per mile by
configuration and load condition

Figure 23 provides more insight into the number of brake application per mile by
examining the data on a trip-by-trip basis. The average number of brake applications per
mile was determined for each trip. These results are plotted to show the percentage of trips
in which the average number of brake applications per mile fell into the several ranges
indicated (by shading). This is again done for all vehicles, for doubles and for triples, and
for empty and loaded vehicles.

Figure 23 suggests that the majority of individual trips are characterized by brake
application rates per mile that are less than the average rate for all trips. Said in another
way, the average rate of brake applications per mile (for all trips) appears to be elevated by
a few trips in which a great deal of braking is done.

Brake Application Pressure

The instrumentation systems monitored the air pressure in the service brake line at all
times that the brake-light voltage indicated that brakes were being applied. The measured
pressures were not recorded continuously, but were used to generate histograms of brake
application pressure on line in the loggers on the vehicle. These histograms covered seven
ranges of brake application pressure. That is, the cumulative times spent with brake
pressure applied within these seven specified ranges was recorded. These data were further
subdivided according to the vehicle speed, such that individual histograms were produced
for eight ranges of vehicle speed. (See appendix B for details on pressure and velocity
ranges.)
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An extensive set of the resulting histograms is presented in appendix I. For review
here, the histogram data are reduced to the average brake application pressure as a function
of vehicle speed. This is done for different configurations and load conditions.

The average brake application pressure for each velocity is calculated as follows:
Payg = [Z(t x PYV/[ZL] - (D

where Payg is average pressure

ti is the cumulated time of the ith histogram matrix position

P; is the center of the pressure range of the ith histogram matrix position
and the summations take place over values of i representing all pressure ranges for the
velocity of interest.

These calculations were done for the brake-pressure histograms of the tractors. Results
are shown in the figures 24 and 25 for different load conditions and configurations.

Figure 24 shows the average brake pressure as a function of vehicle speed for different
load conditions. The general shape of the curves in the figure shows that drivers tend to
apply the brakes harder at lower speeds than at higher speeds. For all load conditions,
drivers tend to use the highest brake pressure when traveling between 15 and 25 mph. This
may suggest that, during the approach to a stop, it is in this speed range that the driver
corrects speed to achieve an accurate positioning of the vehicle at the completion of the
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Figure 24. Average brake application pressure as a function of speed for
different load conditions
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At higher speeds, drivers tend to use lower air pressures. At velocities above 45 mph,
the average brake pressure is between eight and nine psi, which is only a few psi above the
so-called pushout pressure (the pressure at which the brake friction material actually
engages the drum). Not surprisingly, drivers appear to be more cautious when braking at
higher speeds—and observation that was also supported by the very low incidence of ABS
cyclical events at speeds above 45 mph as shown in figure 10.

The relative levels of brake pressure for the empty and full load conditions are as one

. would expect. Mean brake pressures for the fully loaded vehicles are consistently higher
than those for the empty vehicle. The form of the two curves across all velocities is
remarkably similar. In contrast to the fixed relation between the curves for the empty and
loaded vehicles, the curve for the mixed loading condition is somewhat erratic. This may be
related to the more difficult braking task which the driver must address when there is a mix
of loaded and empty trailers in the vehicle.

Figure 25 shows the average brake application pressure as a function of speed for
double and triple trailer combinations. These data show that, at low and moderate speeds,
drivers tend to apply higher pressures when operating triples than when operating doubles.
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Figure 25. Average brake application pressure as a function of speed for
double- and triple-trailer LCVs

- Longitudinal Deceleration

The electronic monitoring equipment also measured the longitudinal deceleration
characteristics of the LCVs. Longitudinal accelerometers were installed on all seventeen
tractors. Signals from these instruments were used to create histograms of the same two-
dimensional form as those described for brake pressure. (See appendix J.) Average
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Figure 26. Average longitudinal deceleration as a function of speed for
different load conditions

deceleration was calculated from these data in the same manner as described for the
calculation of average brake pressure.

Figure 26 shows average longitudinal deceleration as a function of speed for different
load conditions. As expected, these curves are similar in form to those for brake application
pressure, except that the relationship between the curves for full and empty vehicles is

reversed. This is consistent with the fact that full vehicles are heavier and therefore required

greater brake pressures to achieve the same level of deceleration as an empty vehicle. It also
appears to suggest that drivers are more cautious when braking loaded vehicles then when

braking empty vehicles.

Figure 27 shows the longitudinal deceleration experience for doubles and triples. This
figure shows the rather surprising result that drivers in this study tended to brake triples
somewhat more aggressively than doubles, particularly at lower speeds.
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MAINTENANCE, RELIABILITY, AND OPERATING COSTS
OF ANTILOCK BRAKING SYSTEMS ON LCVS

The observations made in this LCV field study suggest that introducing ABS on all
units of a typical double- or triple-trailer combination vehicle would increase the
maintenance expense of the entire vehicle by about 1 percent. The cost of maintaining ABS
- on trailers and dollies appears to be about 3.2 cents per one hundred miles traveled per unit.
This represents about 1 percent of the maintenance costs of a trailer and about 3 percent of
those costs for a dolly. The figures for tractors are 4.5 cents per one hundred miles and 1.5
percent of maintenance expenses of the unit. At the same time, ABS can prevent costs
incurred through tire flat spotting. Actual savings could not be established, since it was not
possible to determine a reference cost for tire flat spotting experienced without ABS.
However, 131 individual units accumulated a total of 10.5 million unit-miles in this study
without the loss of any tires to flat spotting which occurred in normal or emergency
braking.!9

A summary of the maintenance costs of ABS in the context of the costs for the entire
LCV (and, in particular, costs for trailers and dollies) is presented in the following section.
The next section will consider the effect of ABS on flat spotting of tires. Then, the ABS
maintenance experience of the 131 vehicle units in this study will be discussed in detail.
This section will include comparisons with the results of previous field studies conducted
by the NHTSA, which examined ABS use on tractors and on semitrailers.[2,3] In the
context of this chapter on ABS, the expenses related to other systems of trailers and dollies
are presented in summary form for reference but are not considered in detail. However, an
extensive review of all dolly systems and their costs does appear in the chapter of this
report on maintenance, reliability, and operating costs of C-dollies. (For a review, see the
section on tire costs and see figure 49 and table 20 of that chapter.) A brief discussion of
the sources of the reference costs of maintenance of other systems of trailers is presented in
appendix K.

SUMMARY OF THE MAINTENANCE COSTS OF ABS ONLCVS

Figure 28 presents the continuing maintenance costs for typical double-trailer and triple-
trailer LCVs with and without ABS as determined in this study. (These values include the
unscheduled maintenance costs for all systems, but do not include the costs of regularly
scheduled periodic and annual inspections.) The increase in cost associated with ABS is
difficult to determine from this figure since it amounts to a change of only 1 percent. The
differences are more apparent in table 10 where cost figures are presented in tabular form,

19 Frozen brakes did account for the loss of four tires to flat spotting during the study.
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Figure 28. Maintenance costs for LCVs with and without ABS

and a distinction is made between the maintenance costs for ABS and for all other systems
of the vehicle.

Table 11 provides more detail by presenting maintenance costs for individual types of
units. Costs for ABS and for all other systems are again separated. The cost of maintaining
ABS on tractors is $0.045 per 100 miles or about 0.5 percent of the maintenance expense
for the unit. Maintaining ABS on a typical trailer or dolly requires an expenditure of $0.032
per 100 miles, which is 1.2 percent of the total maintenance cost of a trailer and 3.0 percent
of the maintenance cost of an A-dolly.

Table 10. Maintenance costs of Table 11. Maintenance costs for
ABS and other systems on LCVs individual units

Cost, dollars per | Double | Triple Cost, dollars per

100 miles for: 100 miles for: Tractors| Trailers | Dollies
ABS 0.141 [0.205 ABS 0.045 | 0.032 | 0.032
All other systemsT 15.247 18.863 All other Sys[emsT 9.048 2.582 1.034
Total 15.388 119.068 Total 9.093 | 2.614 | 1.066

T These costs do not include the expense of periodic and annual inspection on trailers and dollies.
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The Cost Of ABS On Trailers And Dollies In Comparison To The Total
Maintenance Costs Of These Units

Figure 29 shows a complete summary picture of the representative maintenance costs
for trailers and for dollies, respectively, as determined by all the data sources considered in
this study. This figure reveals that ABS is the least expensive system of the unit to maintain
when compared with seven other categories of maintenance items into which all other
maintenance expenses are divided.
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Figure 29. Maintenance cost rates for ABS and other
systems for trailers and for dollies

Figure 30 presents a comparison between the maintenance experience of ABS and of
other trailer systems. The figure includes results from both this study and a previous field

63




study of semitrailers conducted for the NHTSA.[3]20 For systems other than ABS, the
values shown as “LCV study” derive from the historical records of twenty-four single-axle
and tandem-axle van trailers in this study. These rates were calculated from records
collected over 4.5 million miles of use for these units. The results of both studies show that
ABS repairs occur less frequently than repairs for any of the other trailer systems shown.

A review of the data and analyses that lead to figures presented in this summary follow
after a brief discussion of the observations regarding the influence of ABS performance on
tire costs.
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ABS Wheels Electrical Tires

Interval of repairs, thousands of miles
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Figure 30. Intervals of repairs for ABS and other trailer systems from the
LCV study and a previous semitrailer study

ABS AND THE FLAT SPOTTING OF TIRES

This project provides substantive evidence that ABS can largely eliminate flat spotting
due to wheel lock during braking. During this study, the 131 individual units accumulated a
total of 10.5 million unit-miles; drivers submitted sixty-three reports of significant braking -
events; several other very severe braking events were purposefully undertaken with
vehicles participating in the study. Nevertheless. monthly tire tread assessments conducted
throughout the study revealed no clearly visible tire flat spots, nor did the tire maintenance

records of the fleets reveal any tire changes due to flat spotting resulting from either normal
~ or severe braking.

ABS did not completely eliminate tire flat spotting, however. Four tires from LCV
study units were lost to flat spotting as the result of two separate events. Both cases

20 Figure 3.9. “Comparison of Miles Traveled Between Repair/Replacement Maintenance Incidents, for
ABS and Other Major Vehicle Components. in the Test Fleet of 50 ABS-Equipped Vehicles”, page 3-
21.



occurred in cold weather when a “frozen” brake failed to release as the vehicle was pulling
away from a standing position. The respective drivers were apparently unaware of their
situations and continued for sufficient distances to ruin the two sets of tires involved.2!

An objective measure of the cost savings resulting from the reduction of tire flat
spotting could not be determined in this study. Prior to this project, none of the
participating fleets maintained records of the replacement of trailer or dolly tires in a manner
that would allow differentiating between replacement for normal wear and replacement for
flat spotting. Thus, the reference cost \necessary to determine savings could not be
established.22 '

It is probably most useful to simply note that the experience of this study suggests that
the costs associated with tire flat spotting can be largely eliminated through the use of ABS.
Those operators who do know the cost burden they bear due to flat spotting can then
evaluate this result in light of their own situation.

RELIABILITY, DURABILITY, AND MAINTENANCE COSTS OF ABS

All work orders and maintenance records for the 131 units in the LCV field study
(seventeen tractors, eighty-six trailers, twenty-eight dollies) were collected from August
1993 through April 1995. These records became the basis for evaluating the reliability and
maintenance costs of ABS on tractors, trailers, and dollies. In total, these 131 units
accumulated over 10.5 million miles of service, and at the conclusion of the program, a
total of seventy-one ABS problems had been reported.

Fifteen of these problems (21 percent) were classified as related to warranty service or
to the installation procedures carried out in this study. These problems are treated separately
in the first subsection that follows, as it is not appropriate to associate them with the
expenses of continuing maintenance. ‘

The remaining fifty-six problems were classified as in-service and, thus, contribute to
maintenance expense of the vehicles. Forty-two of these (59 percent) occurred on trailers
and dollies and fourteen (20 percent) on tractors. The second subsection is a detailed

21 It has been speculated that ABS could reduce flat spotting from this type of event also. The theory is
that, under this type of condition, the ABS diagnostic system should detect the locked wheel, light the
warning lamp, and alert the driver to the problem. However, in this study, ABS on trailers and dollies
were powered through the stop-light circuit such that the systems would not typically be powered
during this type of event.

22 Informally, managers of several of the participating fleets indicated that they did believe that the costs
associated with flat spotting were significant, some quoting substantial percentages of all tire costs.
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discussion of ABS problems found on trailers and dollies. Finally, a subsection on the
problems that occurred on tractors is presented.23

Results for trailers and for dollies are considered together, largely because the ABS
used on each of these are so similar. Further, the sample size of dollies taken alone in this
project does not justify their separate treatment in this regard. ABS maintenance is treated
separately for tractors because these systems differ so much from trailer and dolly systems.
Other qualities of the study fleet that are of interest include the following. :

* Mileage accumulated during this program was markedly different for powered and
non powered units. Tractors averaged approximately 221,000 miles per unit, while
trailers and dollies averaged only 59,000 miles per unit.

* The ABS were powered differently on tractors than on trailers and dollies. Tractor
ABS was, of course, powered full time, while ABS on trailers and dollies were
powered only when the brake-lamp circuit was energized.

* The seventeen tractors were a diverse mix of eleven new units with ABS installed at
the factory, four older units, also with factory-installed ABS, and two older units
which had ABS retrofitted for this study. Of the trailers and dollies, twenty-five
(mostly dollies) were new with ABS installed by the manufacturer, and eighty-nine
were used with ABS retrofitted for the study.

Problems Related To The Design And Installation Of ABS On Trailers And
Dollies

There were fifteen repairs of ABS on trailers and dollies that could be directly attributed
to design deficiencies or to oversights during the installation process. These problems are
viewed as warranty issues and their costs are not included in the costs of continuing
maintenance. Four of these were related to cables and connectors, and eleven involved the
ECU. Also, there was a recall issued during the study for the twenty Bendix MC-12 ABS
units used in the study.

The total cost of the problems related to desig_n and installation (including the recall)
was $11,112.10 in parts and labor. Of these costs, $9,651.25 (87 percent) were a result of
design problems which, in normal operations, would have been covered by warranty.
(Seventy percent of the total was related to the Allied Signal recall.) The remainder involved
problems that were peculiar to the retrofitting or other elements of the startup of the field
study. None of these costs were ascribed to the expense of continuing maintenance.

The cost per unit for the ABS design and installation problems was $97.47 in parts and
labor. This is substantially more than the $65.36 per unit found in the previous study of

23 Inlight of the facts that the first of NHTSA's three field studies followed 200 tractors and that only
seventeen tractors were included in this study, considerably greater emphasis is placed on trailers and
dollies than on tractors in this discussion.
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ABS-related cost for semitrailers.[3] When the costs associated with the recall are removed
from the total, however, the cost per unit is reduced to $29.93.

The details of these fifteen ABS repairs and the recall are discussed below.

Cables and connectors

Four of the startup problems involved cables and connectors. Two of these occurred on
trailers and were a result of incorrect wiring of the status light during the installation
- process. In one case, the status light was incorrectly wired on a new trailer at the factory.
The other wiring mistake was made during the retrofitting of ABS on a trailer.

The third problem also occurred during the retrofit installation of ABS. In this case,
screws used to mount quarter fenders on a dolly pierced the status light wire causing an
electrical short.

The fourth problem occurred early in the study and was reported by a driver who
thought the ABS status light was not functioning correctly. The trailer was returned to the
shop that had performed the retrofitting, and a loose power lead and two wheel-speed
sensor wires were replaced. Further investigation revealed that the problem was actually
due to driver misunderstanding, not the ABS, and that the wires had been damaged by fleet
maintenance personnel before the trailer was returned to the shop. The total cost to correct
this non problem was $395. This is a good example of the importance of thorough ABS
training for fleet personnel.

The total cost to correct these four problems was $453.55.

Electronic control units

There was a total of eleven problems involving the ECU of the ABS. These problems
were distributed among all three brands of ABS in the study. The details of these problems
are given below:

* Two of the ECU problems resulted from improper configuration of the systems
during installation. To correct these problems, the two ECUs had to have all fault
codes cleared from memory and the system properly reconfigured. The total cost to
make these changes was $20.30.

* The ECUs on the study dollies of one of the participating fleets were mounted in a
vulnerable location. As a result, these units were subject to mechanical damage
during “stacking” of the dollies at the distribution terminal. Three months after the
start of the program, an ECU at this fleet was replaced due to yard damage. Shortly
thereafter, the fleet maintenance personnel relocated all the ECUs on these units.
The total cost to replace one ECU and relocate the ECUs on six dollies was
$952.00. These problems were classified as installation problems because they
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involved changes that probably would not have occurred if the fleet had purchased
the ABS and specified the ECU location themselves.

* Two ECU failures were attributed to moisture contamination inside the ECU
enclosure. Both problems occurred on Midland-Grau systems and were manifest in
the occurrence of a “communication fault between the dual microprocessors.”24 The

- first problem occurred after a year of service and the second occurred near the end
of the program. Midland-Grau reported that changes were made to the ECU
enclosure to prevent moisture from entering. At the conclusion of the progfam,
Midland-Grau noted that they are now marketing a newer version of their ABS
which has a sealed ECU. The total cost to repair these two problems was $752.50.

* Three ECU failures were a result of inadequate surge protection in the Midland-
Grau system. Two of the failures occurred early in the study and the third near the
end of the program. Midland-Grau indicated that there was inadequate surge
protection on the status-light circuit and supply-voltage spikes could harm this
circuit. Midland-Grau also indicates that changes to the design of their ECU have
addressed this problem. The total cost to repair these three problems was
$1,198.75.

* The remaining two problems with ECUs occurred on dollies and appear to have
been caused by improper installation of the ECUs during the Allied Signal recall
campaign. These problems were not identified until very late in the program and
testing was completed before they were actually resolved. When these ECUs were
removed from the dollies and tested, they showed no fault codes. Allied Signal
concluded that some error in installation or hookup caused the problem.
Fortunately, these units did not accumulate much mileage following the installation
of the new ECUs. Based on the hubometer readings, these ECUs were inoperable
for approximately 850 miles. The total cost to inspect these units was $35.

Electronic control unit recall

Allied Signal issued a recall of the Bendix ABS MC-12 antilock modulator controllers
during the study. According to correspondence from Allied Signal dated September 30,
1994, a rubber part in the valve was subject to swelling upon prolonged exposure to
various types of alcohol and antifreeze. Such swelling could restrict or block air passage
within the assembly and, if excessive, could result in loss of braking. Replacement
controllers with inert (silicone) seals were provided under the recall. This recall affected
twenty (18 percent) of the 114 trailers and dollies involved in the study. The cost of
replacing all the recalled ECUs was paid for by Allied Signal, but was estimated at
$7,700.00 in parts and labor.

24 When a faulty ECU was replaced, the original unit was sent to its manufacturer for a diagnosis of the
failure.




Maintenance Of ABS On Trailers And Dollies During The Field Study

The 114 trailers and dollies of the field study experienced a total of forty-two in-service
ABS problems. These forty-two problems were concentrated on thirty-one (27 percent) of
the units. The forty-two problems resulted in total repair costs of $2,180.55 or an average
cost of $51.92 per event. Averaged over all the 114 units, the cost was $19.13 per unit.
Given that these units traveled 6.7 million miles in the study, the maintenance cost per 100
miles (CPCM) of operation was $0.032. -

Table 12 summarizes the distribution of these maintenance events and costs according
to the component of ABS at fault. A discussion of each class of problems follows.

Table 12. Summary of ABS maintenance problems and
costs for 114 trailers and dollies

Component No. of | Labor | Labor | Parts Total |Cost per|Cost/100
Problems Time (hrs)| Costs ($)| Costs (3)| Cost (3) | Unit ($) | Miles ($)
Cables/Connectors 7 5.8 204.05 0.00 | 204.05 1.79 | 0.003
ECU 2 3.0 105.00 | 700.00 { 805.00 | 7.06 | 0.012
Inspection - NPF 18 9.0 315.00 0.00 | 315.00| 2.76 | 0.005
Modulator Valves 1 1.0 35.00 | 350.00 | 385.00 | 3.38 | 0.006
Speed Sensors 5 2.5 87.50 | 80.00 | 167.50 1.47 | 0.002
Status light 9 7.4 259.00 | 45.00 | 304.00 | 2.67 | 0.005
Total 42 29.0 |1005.55 |1175.00 |2180.55 | 19.13 | 0.032
. Cable and connectors

There were seven problems associated with cables and connectors. These problems
required a total of 5.8 labor hours to repair and total costs were $204.05 for an average of
$1.79 per unit. The CPCM for these problems was $0.003.

These problems fell into two groups. The first group was composed of four problems
involving damage to wires: one power harness, one wheel-speed sensor wire, and two
status-light wires. The total cost to diagnose and repair these four problems was $151.55.

The repairs to the status-light wires and to the power harness are noteworthy. In both
status-light repairs, the wire was sheared near the fifth-wheel plate on trailers. It is likely
that these problems were caused by road debris or by tire chains on the tractor drive
" wheels. These two problems highlight the need to protect wires that pass near or above
tires. The damage to the harness was caused when it was crushed during maintenance
service on a different system.
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The remaining three problems with cables and connectors are best described as loose or
poor wire connections. They involved connectors at a wheel-speed sensor, an ABS status
light, and an ECU. Each problem was corrected when the suspected connector was
loosened and resecured. The total cost to repair these three problems was $52.50.

Electronic contral unit

There were two problems associated with the electronic control units. These problems
required 3.0 labor hours and $700.00 in replacement parts to repair. This class of problem
had a total cost of $805.00 ($7.06 per unit) and was the most expensive type of
maintenance problem. The CPCM for the ECU problems was $0.012 and constituted 37
percent of all ABS maintenance costs.

The electronic control units are the “brains” of the ABS, and like many complex
electronic devices, field repair is not a viable option. Thus, in both cases the ECUs were
replaced with new units. The first problem occurred with a unit from Midland-Grau, and
their diagnosis was that it resulted from a failed diode. They also noted that there was no
apparent reason for the failure and no prior history of similar failures. The second problem
occurred with a Bendix ECU. The cause of the failure, as reported by Allied Signal, was a
bad solder joint at a capacitor connection. No other problems of this nature occurred during
the program.

Inspection - No problem found

There were eighteen ABS problems reported in which no malfunction could be detected
and no repair was necessary. These problems did require effort on the part of maintenance
personnel, and an estimated general inspection time of 0.5 labor hours was specified for
this type of problem. The problems required a total of 9.0 labor hours to inspect and had a
cost of $315.00 ($1.79 per unit). The CPCM for this category of problems was $0.005.

These problems clearly fell into three distinct groups. The first and largest group
involved ten reports related to drivers who did not understand the status-light function. Six
of these ten problems occurred at fleets that had more than one brand of ABS installed on
their units. Because the status lights are used by drivers to diagnose the ABS, a clear
understanding of their operation is critical. The Bendix status light functions differently
than the light on the WABCO and Midland-Grau systems, and this apparently caused
confusion among new drivers. These problems underscore the desirability of thorough
driver training and a standard agreement on status-light function.

There was one report by a driver involving status-light function for which no
substantive problem could be identified. This event could not be explained by inadequate
training since the driver was experienced with ABS and the report was filed after his
twenty-eighth trip during the field study. Following the report, the unit was closely
monitored, and no further problems were reported.
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Seven of the reports for which no problem could be identified involved complaints of
wheel lock-up on trailers and dollies. Six of these problems involved trailers or dollies
using the Bendix system. To better understand how this system worked, some informal
braking tests were conducted by the fleet involved. The local Allied Signal representative
participated in this activity. The tests showed that the Bendix ABS on the trailers and
dollies did allow momentary wheel lock during severe braking, but Allied Signal asserts
that this is characteristic of the proper operation of the system. No true defects were found.
Driver reports of lock-up apparently referred to this normal performance. Investigation of
the seventh problem showed that the ABS was working correctly, but that an ECU fault
code reporting wheel-speed sensor fault was present. Twenty days later, this unit was
serviced for a wheel-speed sensor problem. (This problem was accounted for separately.)

Modulator valves

There was one failure of a Bendix ABS modulator valve during the program. The valve
was removed, inspected and found to deliver air at reduced rates because of contaminants
inside the unit. This fleet used in-line antifreeze, a practice which is discouraged by Allied
Signal because of the possibility of damage to rubber components. Allied Signal indicated
that this incident played a role in their decision to recall their modulator valves. The cost to
replace this valve was $385. This high figure is due in part to the fact that the ECU and
modulator valve are one unit in the Bendix system.

Wheel-speed sensors

There were five problems with wheel-speed sensors during the program. The problems
required a total of 2.5 labor hours to repair and had a cost of $167.50 ($1.47 per unit). The
CPCM for speed sensors was $0.003.

All the problems were identified by the internal diagnostic systems of the three brands
of ABS. Three of the problems were related to an excessive gap between the sensor and the
exciter ring. In one case the unit ran in snow conditions for about sixty miles prior to the
status light illuminating. Comments by the repair personnel indicated that snow may have
packed around the sensor and caused the system to indicate a fault. The second problem
resulted from an accidental disturbance of the wheel-speed sensors during a brake
overhaul. No specific cause could be identified for the third problem in this group.

The remaining two problems with wheel-speed sensors were discovered after the
completion of testing. In both cases, a rcprcscnlulii'c from Rockwell WABCO checked the
ABS and found and replaced a failed wheel-speed sensor. One of the failures was caused
by a severed lead wire to the sensor. The exact reasons for the other failure could not be
resolved.2

25 The report from the Rockwell WABCO representative on this problem did indicate that the wheel-
speed sensor wire was installed incorrectly such that it came taut when the axle moved up and down. If
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Status light

There were nine problems with the status light during the program which had a total
cost of $304.00 ($2.67 per unit). The CPCM for these problems were $0.005.

Four of these problems involved simply replacing the lamp. Three were a result of
mechanical damage to the status-light assembly and required the installation of a new
assembly. One problem involved correcting an earlier repair to the unit in which the
electrical ground had been improperly installed. The last problem involved replacing a
faulty status-light assembly.

Comparison With Results Of A Previous Study Of The Maintenance Costs
Of ABS On Semitrailers

Twenty-seven percent of the trailers and dollies of this field study required ABS
maintenance in comparison with the results of the previous study in which 63 percent of the
semitrailers involved required similar ABS maintenance.[3] Similarly, there were 0.37
repairs per unit during this program as opposed to 0.88 repairs per unit in the previous
study. However, it should be noted that the previous study covered two years, whereas the
average duration for the five fleets in this study was seventy-seven weeks, or 1.5 years. If
the results of the current study were projected linearly to two years, a total of fifty-six
problems would be predicted. This would increase the number of problems per unit from
0.37 to 0.49. All of this suggests some improvement in the reliability of ABS over the
intervening time period.

The trailers and dollies of the study required an average of $19.13 per unit to correct in-
service ABS problems. This also compares favorably to the semitrailer study in which the
~ costs related to the maintenance of ABS were $35.27 per unit. Neither these costs, nor the
costs in the discussion below on ABS maintenance, include the labor costs associated with
scheduled annual and periodic maintenance.

A more meaningful way to compare the results of this study with those of the previous
study of fifty semitrailers is to compare ABS maintenance costs per hundred miles. Figure
31 shows the costs, in dollars per hundred miles (CPCM) found in each of the two
programs.[3]26 These cost rates include all in-service repairs, inspections, and adjustments
to the ABS over the evaluation periods of both programs. The total CPCM was $0.032 for
the LCV study and $0.044 for the semitrailer study.

the failed wheel-speed sensor resulted from improper installation, this problem should be re-classified.
However, because the wheel-speed sensor was replaced and discarded, the exact cause of the problem
could not be confirmed, and it remains in this classification.

26 The results from the semitrailer study are taken from figure 3.5. “Distribution of ABS In-Service Wear
Related Maintenance Costs on a Cents-per-Mile of travel basis Over the Two-Year Test Period by
System Component Needing Work™, page 3-16.
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Figure 31. Summary of maintenance cost rates for ABS components from the
LCV study and the previous semitrailer study

The largest difference in cost rate between the two studies is for wheel-speed sensors.
In this classification, the rate is $0.019 per 100 hundred for the previous study but only
$0.002 per 100 miles for this study. The difference is almost completely due to the larger
number of adjustments of wheel-speed sensors required during the previous study. These
adjustments are required when the gap between the wheel-speed sensor and the exciter ring
exceeds the acceptable tolerance. This can be caused by external factors like road debris,
accidental jarring during wheel maintenance service, or through improper wheel bearing
adjustment and the resulting runout of the exciter ring. One possible explanation for the
reduction of wheel-speed sensor problems in this study is that seventy-four of the units (65
percent) had new friction material and bearings installed during the retrofitting of ABS at
the outset of the program. This would reduce the incidence of service requiring wheel and
bearing adjustments and thus lessen the possibility of accidental displacement of the wheel-
speed sensors.

The average number of miles between component repairs or adjustments is presented in
figure 32 for both the LCV field study units and the semitrailers of the previous
program.[3]?7 These numbers are based on 6.7 million miles of travel for the 114 LCV
units of this study and 4.0 million miles for the fifty units of the semitrailer study. In both
studies, inspections resulting in no repairs or adjustments were the most frequent cause of
maintenance-related service. These data indicate that a typical non power unit will have a
false problem report about every 350,000 miles. Problems associated with status lights will
occur, on average, every 710,000 miles. Problems with cables and connectors and with

27 Figure 3.6 “Miles Traveled Between ABS In-Service Wear Related Maintenance Incidents Over the
Two-Year Test Period by System Component Needing Work”, page 3-17.
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Figure 32. Summary of ABS component repair rates from the LCV study and
the previous semitrailer study

wheel-speed sensors will occur, on average, every 820,000 miles. The ECU will require
service about every 2.1 million miles. Finally, only one modulator valve problem occurred
in the LCV field study while none occurred in the semitrailer study. Based on the miles
accumulated by the LCV units, a problem of this type would occur every 6.7 million miles
on a typical non power unit. However, it should be noted that this problem was related to
the use of in-line antifreeze which is discouraged by ABS suppliers.

Figure 33 presents yearly rates of maintenance of ABS components as projected for a
hypothetical fleet of 100 semitrailers. Projections are presented based on data from the LCV
study and the semitrailer study. These data include average yearly mileages per unit of
40,100 from this study and 42,000 from the semitrailer study. These projections include
occurrences of adjustments and inspections as well as repairs or replacements.2® Using the
average of the rates shown in the figure, a typical fleet with 100 non-power units would |
experience 11.6 false inspections; 8.3 whecl-speed sensors; 5.8 status lights; 5.2 cables
and connectors; and 2.7 ECU maintenance incidents per year.

28 In the semitrailer study, repair rates given for the various ABS components were based only on
repair/replacement incidents and excluded adjustments or inspections. For this program, however,
incidents of adjustments or inspections were included. Moreover, the results of the semitrailer study
have been re analyzed to include adjustments or inspections. Upon review of all of the maintenance
records collected in this study (including the historical records), it appears that all five of the
participating fleets did track and assign all maintenance activity to specific units. Review of the
records showed that of the 1,472 trailer records collected from the five fleets, 485, or 33 percent, were
for inspections or adjustments. For this reason, the frequency of maintenance events shown in figure
33 includes all costs associated with the system, not just the ones that involved repair or replacement
of a component.
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Figure 33. Frequency of maintenance incidents of ABS components for a
hypothetical fleet of 100 trailers and dollies

Maintenance Of ABS On Tractors

Fourteen in-service ABS problems were reported for all seventeen tractors during the
field study. These fourteen problems were concentrated in six of the units (35 percent). The
fourteen problems resulted in a total maintenance cost of $1,126.25. Overall, the cost per
unit for ABS maintenance was $66.25. Given that these units traveled 3.76 million miles
during the study, the maintenance cost per 100 miles was $0.030. The cost per unit and
cost rate from this study compare favorably with those of the earlier study.conducted by the
NHTSA.[2] In that study, 200 tractors were found to have average ABS maintenance costs
of $90.79 per tractor and ABS maintenance cost rates of $0.046 per 100 miles.

Seven of the fourteen ABS problems occurred on one tractor. This unit seemed to have
intermittent problems that caused the status light to indicate the system needed service. Four
of the problems were resolved by replacing wheel-speed sensors or adjusting the wheel
bearings. The other three reports were investigated but resulted in no problems being
found. Two of these reports were filed late in the study by experienced drivers. The system
was thoroughly checked at the end of the study by a Rockwell WABCO representative.
During the investigation the representative found that a wheel-speed sensor wire had been
repaired in a manner not recommended by Rockwell WABCO. This may have caused the
intermittent faults.

Table 13 summarizes the distribution of these maintenance events and costs according
to the element of ABS at fault. A discussion of each class of problems follows.
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Table 13. Summary of ABS maintenance costs for seventeen tractors

Component No. of | Labor | Labor | Parts Total | Cost per|Cost/100
Problems|Time (hrs)| Costs ($)| Costs (3)| Cost ($) | Unit ($)| Miles (3)

Cables/Connectors 3 9.0 315.00 40.0 | 355.00 | 20.88 | 0.009

ECU _ 0 0.0 0.00 - 0.0 0.00 | 0.00| 0.000
Inspection - NPF 6 3.0 105.00 0.0 | 105.00| 6.18| 0.003
Modulator Valves 0 0.0 0.00 0.0 0.00 | 0.00 | 0.000
Speed Sensors 4 12.8 | 446.25 | 120.0 | 566.25 | 33.31 | 0.015
Status light 1 2.0 70.00 30.0 | 100.00 | 5.88 | 0.003

Total 14 26.8 936.25 | 190.00 |1126.25 | 66.25 | 0.030
Cable and connectors

The three cable and connector problems occurred on three different units in three
different fleets. Two were ultimately resolved when loose cables were located and
reconnected. One of these was the result of a loose wheel-speed sensor cable and took 1.5
labor hours to find and correct. The second was an intermittent problem and occurred on
rough roads only. This problem also took 1.5 labor hours to correct. The third cable and
connector problem was a result of damage to the cable of a wheel-speed sensor. Repair
required the removal of a drive wheel in order to replace the wheel-speed sensor and cable.
This repair required 6.0 labor hours and a wheel-speed sensor costing $40.00.

In total, the three cable and connector problems required 9.0 hours of labor and $40.00
in parts. The total cost was estimated at $355.00 or $20.88 per tractor. The CPCM for this
class of repair was $0.009.

Inspection - No problem found

There were six reports of ABS problems for which no malfunction could be detected
and no repair was necessary. These problems did require effort on the part of maintenance
personnel and an average inspection time of 0.5 labor hours was specified for this type of -
problem. Three of these problems occurred on one tractor that continued to have
intermittent wheel-speed sensor problems throughout the study. Two of the problems
occurred very early in the study and were attributed to driver inexperience. In one case, the
driver was confused by differences in the operation of the status-light function on tractor
and trailer systems. The other report indicated that, when applying brakes hard, some of
the drive tires would lock-up and slide. Since this system involved a tandem-axle unit with
a two-sensor system, we speculate that the non-sensed axle may have experienced the lock-
up. The last problem was reported late in the program by an experienced driver. However,
no problem could be identified on subsequent trips or upon completion of the study. The




total cost of these problems was $105.00 or $6.18 per tractor. These problems had a
CPCM of $0.003.

Wheel-speed sensors

There were four problems with wheel-speed sensors during the study. Three of the
four problems involved one tractor. In two cases, the wheel-speed sensor on the left drive
wheel was replaced.?? The third problem was caused by excessive wheel bearing lash that
led to a bad signal from the wheel-speed sensor. The fourth problem was originally
identified as a dirty wheel-speed sensor. However, during later trips the problem
reappeared. After further investigation, the wheel-speed sensor was replaced and the
alignment of the exciter ring corrected. The total cost of these problems was $566.25 or
$33.31 per tractor. These problems had a CPCM of $0.015, which was the highest rate of
expense for any ABS component on tractors.

Status light

There was one problem involving the function of the status light. The source of the
problem was identified as a circuit breaker failure. The breaker was replaced at a total cost
of $100.00, or $5.88 per tractor. This problem had a CPCM of $0.003.

29 As discussed above, when the system on this tractor was thoroughly checked at the end of the study, it
was found that a wheel-speed-sensor wire had been connected to an extension cable using shrink tubing
over the connection. This is not recommended practice for this ABS component.
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THE OPINIONS OF FLEET PERSONNEL REGARDING
ANTILOCK BRAKING SYSTEMS IN LCV OPERATIONS

The drivers, mechanics, and fleet managers participating in the LCV field study were
surveyed to determine their opinions on ABS. Five surveys were conducted periodically
throughout the field study so that changes in opinion with exposure to ABS could be
observed. The opinions of fleet personnel regarding the use of ABS on LCVs were found
to be strongly positive. This was true with respect to ABS on tractors, trailers, and dollies.
Opinions on ABS were positive at the outset of the study and tended to rise with exposure
to ABS during the study. By the end of the study, drivers, on average, felt that ABS had
helped them avoid or reduce the severity of an accident “a few times.”

The survey included prepared questions dealing with reliability, maintainability, and
general usefulness of ABS. Participants responded to these questions according to a
prepared rating scale. They were also encouraged to provided written comments and
observations about their experience with, and views on, ABS. Survey forms, along with
an extensive presentation of survey results are presented in appendix C.

The prepared questions on ABS, and the language of the respective response scales,
were as follows:

* How familiar are you with antilock braking systems? Not familiar; somewhat
familiar; very familiar.

* How would you rate the reliability of ABS? Not reliable; average reliability; very
reliable.

* How difficult is ABS to maintain?30 Not difficult; average; very difficult.

» What is your opinion regarding ABS on tractors? Strongly favor; no opinion;
strongly opposed.

» What is your opinion regarding ABS on trailers? Strongly favor; no opinion;
strongly opposed.

» What is your opinion regarding ABS on dollies? Strongly favor; no opinion;
strongly opposed.

* Have you ever been in an emergency situation where ABS helped you avoid or
reduce the severity of an accident?3! Many times; a few times; never.

* Do you feel the use of ABS on the entire vehicle will change your job?32 Make it
easier; no change; make it harder.

30 Only managers and mechanics were asked this question.
31 Only drivers were asked this question.
32 Only drivers were asked this question.
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An average of thirty-two drivers, fourteen managers, and twenty-one mechanics
responded to each of the five surveys. One hundred ninety-one drivers participated in the
study, but many of these only took one or two trips with the field study vehicles. Only
those drivers who used the equipment regularly were asked to complete questionnaires.

The summary results for each of these questions are presented in figure 34. Pooled
results are presented for drivers, mechanics, and managers, respectively. The vertical scale
of the graph is arranged such that positive reactions to ABS are up and negative reactions
are down. Results are presented for each of the five surveys, with time progressing from
left to right. "

There were forty-three positive and two negative comments on ABS written in on the
survey forms. All written comments appear in appendix C.

A discussion of results for each individual question follows. A sample of written
comments related to the question is presented where available. Comments are identified
with the personnel group and the data source (i.e., the number of the survey or the
abbreviation DTF, for driver trip form), for example, [Driver, 3].

Familiarity: How familiar are you with Antilock Braking Systems?

As expected, all the fleet personnel showed a trend toward becoming more familiar with
ABS as the study progressed. Surprisingly, all three groups felt they were somewhat
familiar with ABS at the start of the study. Drivers had the largest change from less than -
somewhat familiar to nearly very familiar, an increase of about 50 percent. Most
importantly, however, all three groups, on average, felt they had an increased knowledge
of ABS as a result of the study.

Reliability: How would you rate the reliability of ABS?

Over the course of the study, all three groups showed an increase in their evaluation of
the reliability of ABS. Initially, the drivers and mechanics gave ABS an average reliability
rating, while the managers were a little more confident in the systems. At the study’s
conclusion, drivers and managers felt most confident while the mechanics felt the system
was not quite as reliable but still better thun average.

Written comments

* From what I've seen the brakes (ABS) work well and seem to be reliable.
[Mechanic, 2]

» The ABS are a great advantage. I haven't heard any complaints by the drivers and I
haven’t noticed much mechanically wrong with the system. [Mechanic, 2]

* The ABS system seems to work very good in the few times I have had to really use
it. [Driver, 3]

* This stuff is still working great. Everybody should be using it. [Mechanic, 3]
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Figure 34. Opinions of fleet personnel on ABS in LCV operations

* Equipment wise, from a mechanical view, ABS has proven to be very effective and
reliable. Very few problems were encountered. From an operational view, ABS &
C-dollies require more education & training. Operators accept them for the most
part, but as with anything new there is always some resistance. I personally liked
all the equipment involved and felt after a delayed start-up period, I think our part of
the test went really well! [Mechanic, 5]

* The test equipment was very reliable. [Mechanic, 5]

» ECU Box needs to be placed [away from in] front of tires, too much water & spray
shorts out [on trailers]. [Mechanic, 5]

Maintenance And Use: How difficult are ABS to maintain?

Only the managers and mechanics were asked to evaluate how difficult ABS are to
maintain. Throughout the study, the mechanics rated ABS as a little easier than average to
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Figure 34 [continued]. Opinions of fleet personnel on ABS in
LCV operations

maintain and showed a slight improvement in this rating over the course of the program.
This 1s encouraging because the general attitude seems to be that any electrical system on
heavy-duty units is more difficult to understand, diagnose, and fix than a mechanical
system. However, this attitude is probably changing due to the increased use of electronics
in the heavy-tractor business. Additionally, the ABS suppliers gave the fleets repair
manuals and all ECUs had built-in diagnostics to help identify and repair problems.

Managers were initially more optimistic then mechanics about maintaining ABS, but by
the end of the study their assessment of the ease of maintaining ABS had declined and was
very close to that of the mechanics. This was the only case in which the trend of the results
did not increase during the study. There was a surprising dip in the managers’ response
during the fourth survey period. This may be explained by the small number of responses
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for this question in that survey. Typically, there were twelve to fourteen responses for
every question. However, only eight were received for this question in the fourth survey.

Written comments

o It appears that ABS is NO more difficult to maintain than non-ABS equipment.
[Manager, 5] '

» We have not seen many problems with the ABS. [Mechanic, 2]

» I don’t think we encountered any more problems with the test equipment than other
equipment in the fleet. [Mechanic, 5]

* Rockwell ABS is real simple to install and maintain, as well as finding fault codes.
[Mechanic, 2}

» We do not see enough of the equipment now because of no problems, so the ABS
must be doing a real good job. [Mechanic, 3]

ABS Use: What is your opinion regarding ABS on tractors, trailers, and
dollies?

When asked for opinions regarding ABS on tractors and trailers, all three groups
started with a moderately favorable position and moved toward a strongly favorable
opinion. On average, the results were virtually identical for all three types of units.
Managers had the highest opinion of ABS on all three units toward the end of the study.

A manager at one fleet did question the necessity of ABS on C-dollies. His concern
was that the primary goal of ABS is to maintain directional stability during braking and,
since C-dollies can not steer relative to the lead trailer, ABS on the dolly may not be as
necessary, particularly if the lead trailer has ABS. However, if tire flat-spotting is the
concern, then ABS is as appropriate on C-dollies as on any other unit.

Written Comments

* The ABS delivers maximum braking ability to double and triple operation with
obvious safety consequences. [Dniver, 3]

* Braking and stability of doubles and triples combinations are greatly improved with
ABS. [Manager, 2] '

* From what I have seen, I am impressed with both (ABS and C-dollies). [Mechanic]

* As a mechanic and shop foreman, I am impressed with the operation of both ABS
and the C-dolly. [Mechanic, 5] ‘

* ] feel that ABS is a plus to all fleets operating LCVs. [Mechanic, 2]

* I believe the ABS brakes, when used on tractors, trailers, and dolly together as a
unit, gives the driver a much greater braking ability in a much shorter distance.
[Driver, 2]

* The only reason I feel the ABS is more work at this time is the extra we are doing
for this test. [Driver, 2]
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* ABS brakes are the way to go. [Driver, 2]

* ABS is probably the coming thing in transportation. More testing should be done in
winter driving. [Driver, 3]

* If I had my choice, I would want ABS on all vehicles. [Driver, 5]

Frequency Of ABS Activity: Have you ever been in an emergency situation
where ABS helped you avoid or reduce the severity of an accident?

To obtain a sense of the frequency of substantial ABS activity, the drivers were asked
to judge how often ABS helped them to avoid or reduce the severity of an accident. The
results from the first survey showed drivers did not feel that ABS had helped them in such
a situation. Over the course of the study, however, the average response to the question
rose to indicate these drivers felt ABS had been significant to them a few times. This result
I8 interesting because it shows that drivers do believe they periodically encounter situations
where ABS play a role in the stability of the vehicle.

This trend toward crediting ABS in emergency situations was supported by a total of
sixty-three reports of substantial braking event by the drivers during the study. Given that
1.4 million trip miles were logged during this period, one significant braking event was
reported for every 22,400 miles traveled.

Written comments

* A wide load (1/2 house) drove into the path of my truck with traffic in the left lane
that wouldn’t move, so I had to make a sudden stop - from 55 mph to 10 mph.
[Driver, DTF]

* Heavy braking to avoid three deer - unsuccessfully! [Driver, DTF]

* Had to change lanes and get on the brakes hard to avoid a slow car. I was very
impressed with the ABS system; it works like a dream. Conditions: Time - 11:00
am, Climate - clear, Road - dry, Load - mixed. [Driver, DTF]

* Six head of deer ran out into roadway. I had to come to a complete stop in order to
miss all of the deer. I don't think that I could have stopped in time or without
skidding tires or jackknifing with regular brakes. Conditions: Time - 10:30 am,
Weather - clear, Road Condition - dry, Load Condition - full. [Driver, DTF]

* Coming down Winchester grade, | came around a curve and a rock slide came
across two lanes. I got on the brakes hard and went to the right into a wide spot
along the road. I had no problems with any sliding or locking up. Tractor, dolly
and trailers handled good! Conditions: Time - 1:40 pm, Climate - rain, snow/ice
and windy, Road - wet, Load - full. [Driver, DTF]

* Braking incident - a vehicle spun out sideways in front of me and I had to come to a
very sudden stop to avoid (it). Everything stayed in line and seemed to handle well.
Conditions: Time - 2:10 am, Climate - snow/ice, Road - ice, Load - full (68500
GCW). [Driver, DTF]
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* Following about 100 ft. behind a four wheeler on Hwy. 395 at milepost 67 in a
[severe] dust storm when I saw brake lights and then was able to see traffic at a
stop in front of us. The four wheeler locked up his brakes and steered off the
roadway to avoid stopped vehicles. Est. speed at time of emergency was 40-50
mph. Even though trailers were virtually empty, everything came to a smooth,

- straight stop with about 80 ft. to spare. [Driver, DTF]

* Sudden Braking - Trucks in middle of road on hill and curve. Road surface was
solid ice. I was able to stop and pull off out of the way with very little trouble.
Conditions: 12:30 AM, Climate - freezing rain, Road -ice, Load - full. [Driver,
DTF]

Effect Of ABS On The Driver’s Job: Do you feel the use of ABS on the
entire vehicle will change your job?

To determine whether drivers view ABS as an aid or a burden, they were asked to rate
the overall influence of ABS on their job. The drivers consistently indicated that, overall,
ABS did change their job toward making it easier.

Written comments

* I like having ABS. It makes my job safer and the safer it is, the more I like it.
[Driver, 4]

* T have never been in a “near” accident with ABS and yet I feel much more
comfortable pulling equipment with ABS systems -- especially when “bob-tail” or
pulling empty trailers. [Driver, 2]

* It was a joy to drive the all ABS systems between Portland and Boise—the “C”
dollies were terrific and the ABS brakes were a nice change from individual axles
“locking-up” in demand situations. [Driver, 3]

* Use of a bobtail tractor with ABS is much more easily maneuverable when in a
braking situation. I appreciate the use of ABS equipment I ve had the opportunity to
use as a driver here at [ﬂeei name]. [Driver, 4]

« T'always feel confident I'l] be able to control my equipment even under extreme
conditions when my truck and trailers are equipped with an ABS equipped C-dolly.
C-dollies equipped with ABS keep your trailers in a straight line on slick surfaces
even under hard braking situations. [Driver, 3]

* I do like ABS brakes on all wheels. It greatly reduces the stopping distance. I have
nothing but good things to say about ABS. [Driver, 4]

* ABS brake system are 100 percent more efficient than standard air brake systems.
Smoother—more responsive and better combined braking over all. [Driver, 3]
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SUMMARY OF OPINIONS ON ABS

In general, the response of the personnel of the participating fleets to ABS was very
positive. Table 14 shows a summary of the opinion results for each question. The table
shows the percentage of each group (drivers, mechanics, and managers) who rated the
ABS positively in response to the individual questions.33 All of the categories except one
show a strong bias toward a positive response. In fourteen of the twenty-four categories,

over 90 percent of those surveyed answered positively.

Table 14. Positive ratings of ABS by fleet personnel

Survey questions

Percent positive responses

Drivers | Mgt. | Mech.

How familiar are you with Antilock Braking Systems? Not
familiar; somewhat familiar; very familiar.

71 96 83

How would you rate the reliability of ABS? Not reliable;
average reliability; very reliable.

92 96 92

How difficult is ABS to maintain? Not difficult; average;
very difficult.

N/A 71 79

What is your opinion regarding ABS on tractors? Strongly
favor; no opinion; Strongly opposed.

100 100 100

What is your opinion regarding ABS on trailers? Strongly
favor; no opinion; Strongly opposed.

100 100 100

What is your opinion regarding ABS on dollies? Strongly
favor; no opinion; Strongly opposed.

100 100 96

Have you ever been in an emergency situation where ABS
helped you avoid or reduce the severity of an accident?
Many times; a few times; never.

4 N/A N/A

Do you feel the use of ABS on the entire vehicle will change
your job? Make it easier; no change; make it harder.

92 N/A N/A

33 A positive response is a response ahove 4 on the 7-point rating scale used for each question. This
scale is represented by the seven lines of the verticle grid of figure 34.
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C-DOLLIES AND THE DYNAMIC STABILITY OF
LONG COMBINATION VEHICLES

The findings of this field study confirm the findings of many previous research efforts
in regards to the lateral performance qualities of LCVs. That is, this study found that C-
dollies serve to improve the dynamic stability of double- and triple-trailer vehicles by
reducing the rearward amplification response which is evident in these vehicles when they
are equipped with A-dollies. The lateral acceleration performance of the roughly one
hundred tractors and trailers of the field study fleet showed the same tendencies with
respect to rearward amplification as have previously been measured and explained through
test-track experiments and analyses. When operating with A-dollies, the trailers of the LCV
study vehicles tended to experience substantially larger lateral accelerations then the tractors
towing them (i.e., rearward amplification). When equipped with C-dollies, this tendency
was greatly reduced or reversed. The sensitivities of the rearward amplification response to
such factors as trailer wheelbase, speed, and number of trailers was generally the same in
the test fleet as found in previous work. C-dollies produced the greatest improvement in
lateral behavior in those vehicles displaying the greatest rearward amplification when using
A-dollies (i.e., triples). ‘

Beyond the traditional measure of rearward amplification, the data gathered in this field
study also provide other interesting insights into the lateral acceleration experience of multi-
trailer commercial vehicles, and perhaps into the response of the drivers to the lateral
performance characteristics of their vehicles.

INTRODUCTION TO REARWARD AMPLIFICATION AND.THE
STABILITY OF MULTITRAILER TRAINS

C-dollies exist because of a desire to improve the dynamic maneuvering capability of
commercial vehicles pulling multiple trailers. The emergency maneuvering capability of
double- and triple-trailer vehicles equipped with the traditional A-dolly is reduced (relative
to typical tractor-semitrailer vehicle) due to a phenomenon known as rearward
amplification. The use of C-dollies improves the dynamic performance of these vehicles by
reducing rearward amplification.

~ Innormal highway driving, the maneuvering qualities of multiple-trailer vehicles are
quite good. However, in situations where the driver must make a quick, evasive maneuver,
the lateral motion of the tractor may be exaggerated by each successive trailer. The last
trailer of the vehicle may experience a maneuver which is anywhere from twice to several
times more severe than the maneuver initiated by the tractor. As a consequence, the rear
trailer of such vehicles is more susceptible to rolling over in an evasive maneuver, and the
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Figure 35. The rear trailer of a western double approaching rollover in a rapid
lane change maneuver

safe maneuvering ability of the overall vehicle is reduced. The phenomenon is illustrated in
figure 35 in which the tractor and first trailer have successfully completed a rapid lane
change that would result in rollover of the second trailer.

Rearward amplification has been studied in much detail by a number of researchers
(e.g., [14-23]). The work to date has been both analytical (including extensive vehicle
simulation work) and experimental. Test track work has generally confirmed analyses

leading to a general acceptance within the technical community that the phenomenon is well
understood.

In formal definitions, rearward amplification is expressed as the ratio of the lateral

acceleration experienced by the last trailer to that of the tractor.[24,25] One such definition
is illustrated in figure 36.

Rearward amplification is strongly influenced by the frequency content (quickness) of
the maneuver. Thus, methods for measuning rearward amplification always account for the
frequency content of the maneuver. The frequency of the maneuver represented in figure 36
is characterized by the time required for the tractor to complete the lane change. To fully
characterize rearward amplification by this method, a number of tests would be undertaken
in which the time period of the tractor maneuver would be varied—typically from a low of
two seconds up to four or more seconds. (Expressed in frequency, this is the same as 0.5
to 0.25 cycles per second, or hertz (hz).) A different rearward amplification would be
measured for each maneuver frequency.
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Figure 36. Rearward amplification is defined as the ratio of the trailer lateral
acceleration to tractor lateral acceleration and is sensitive to the period (or
frequency) of the tractor maneuver

Another means for measuring rearward amplification on the test track involves pseudo-
random steering. The method is more scientifically attractive than the lane change method
since it yields a more complete and generally applicable measure, but it does not have the
intuitive appeal of a “real-world” maneuver. In this method, the driver introduces pseudo-
random steering. There is no intent to follow a path; rather, the intent is to introduce
steering over the full frequency range (slow to quick). The resulting motion of the trailers is
compared with the motion of the tractor through frequency domain analysis techniques by
which the rearward amplification of the vehicle can be determined at all frequencies at
which the driver provided significant input power.

Results from both lane-change and pseudo-random-steering methods for measuring the
rearward amplification appear in figure 37. The plot shows measured rearward
amplification (on the vertical axis) as a function of maneuver frequency (on the horizontal
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Figure 37. Rearward amplification of a loaded western double from
simulations of the lane-change and pseudo-random test methods (55 mph)

axis). Rearward amplification is expressed in terms of lateral acceleration gain, that is, the
ratio of trailer lateral acceleration to tractor lateral acceleration as a function of frequency.
Maneuver frequency is in hertz. The graph illustrates how strongly rearward amplification -
is a function of maneuver frequency. At very slow frequencies (toward the left) rearward
amplification is nearly one, which means that the trailers would travel nearly the same path
as the tractor. This is the frequency range in which regular maneuvering (like normal lane
changes and long steady turns on exit ramps) takes place. At more elevated frequencies,
rearward amplification grows to about two or more. Maneuvers in this frequency range
(characteristic of emergency maneuvers) result in the trailer experiencing a maneuver at
least twice as severe as the tractor. At extremely high frequencies, rearward amplification
falls off again. In this range, the tractor maneuver is so quick that the trailer is not able to
follow. Maneuver frequencies this high are generally faster than the driver is capable of
inputting to the vehicle (although road roughness and other disturbances contribute input to
the tractor at these frequencies).

The qualities that produce rearward amplification are always present in the vehicle, but
dramatic trailer response is unusual because the driver rarely makes significant steering
inputs in the sensitive frequency range. On the other hand, road roughness and other small
disturbances such as wind gusts do introduce small motions of the tractor and lead trailers
which are in the sensitive frequency range. These inputs, multiplied by the rearward
amplification mechanism, produce the visible swaying of the rear trailer of doubles and
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triples which is often apparent to other motorists. The existence of these motions is
evidence that the rearward amplification mechanism is inherent in the vehicle.

MEASUREMENT OF THE DYNAMIC STABILITY OF THE LCV FIELD
STUDY FLEET

Each tractor and trailer of the field study fleet was equipped with an accelerometer to
measure the lateral motion of the unit. (Although examining the influence of dolly design
was the goal, the dollies themselves were not equipped with accelerometers. The influence
of the dollies on the motion of the trailers is the point of interest.) The data signals from
these accelerometers were monitored continuously while the vehicles were in use over
about a ten-month period.3* However, to make data storage manageable, these signals
were partially processed on-line in the vehicle and were stored in reduced forms. Data
describing the frequency content3 of the lateral acceleration experience of the unit was
stored in the on-board logger, as were histograms of the magnitude of lateral acceleration
experience. These data were further identified according to the travel speed of the vehicle in
ten-mph ranges (e.g., 35 to 45 mph, 45 to 55 mph, etc). Continuous recording of lateral
acceleration took place only during unusual events. Continuous recording could be
triggered by high values of lateral acceleration as well as high-level braking and substantial
ABS activity. Vehicle instrumentation and data processing are described in far more detail
in appendix B.

The results presented below derive from cumulations of data over many trips. That is,
results are not presented for one vehicle or one trip, but rather for the average of all the data
of all the trips of all the vehicles (in most cases, from several of the five participating
commercial fleets) of a specific class.3¢ Data classes may be defined by vehicle
configuration, dolly type, loading, speed, etc.

Rearward Amplifications Of The LCV Field Study Fleet—Analyses In The
Frequency Domain

Figure 38 provides one example of the rearward amplification behavior observed in the
LCV study fleet. These results derive from data taken on loaded triples when these vehicles
were traveling in the 55 to 65 mph range. Starting from the left, the figure presents separate
plots for rearward amplification as a function of frequency, measured at the first, second,

34 The first systematic operation of the electronic data gathering system began in May of 1994. The
systems were in full operation in all fleets by the end of June, 1994, and use continued until the end
of April, 1995.

These data represented the power spectral density (PSD) of lateral acceleration experience within each
velocity range. Lateral acceleration gain as a function of frequency (for a given velocity range) was
obtained by manipulating trailer PSD and tractor PSD data along with a coherence function obtained
in special tests of the study vehicles. See appendix B for details.

By all trips, we mean all trips from which satisfactory data records were derived. See the discussion on
the accumulations of mileages in the field study starting on page 21.
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and third trailers, respectively. Each of these plots shows results obtained for the vehicles
operating with A-dollies and C-dollies, respectively.

Figure 38 clearly reveals the relatively high levels of rearward amplification that were
present in the second and third trailers when A-dollies were in use, and the very substantial
reduction in rearward amplification that resulted from the use of C-dollies.

The data plots of figure 38 are of the form used in figure 37 to present rearward
amplification measurements. That is, the vertical axis represents lateral acceleration gain— =
the ratio of trailer lateral acceleration to tractor lateral acceleration—and the horizontal axis
represent maneuver frequency. The data plots cover a frequency range up to one hz. As
noted earlier, frequencies input by the driver in normal driving lie roughly in the lower
quarter of this range. Measurement of rearward amplification during the normal travel of
this study, yet, covering this full frequency range, was possible because the small
disturbances input to the tractor from road roughness and other external sources provide
adequate input power in the higher frequency range. The fact that rearward amplification is
readily apparent even in vehicle motions generated in this way is simply confirmation that
this response property is inherent—and always present—in the vehicle.

Figure 38 displays rearward amplification properties which are remarkably similar to
those obtained in traditional analyses and test track experiments: (1) Rearward amplification
is a strong function of frequency, peaking in the range of 0.33-0.5 hz for these short-trailer
vehicles. (2) Rearward amplification grows with each successive trailer, regardless of dolly
type in use. (3) Peak amplification of the second trailer of the loaded, short-trailer A-train is
in the range of 2 to 2.5 and nearly twice that (4.8 in this case) for the third trailer. (4) C-
dollies substantially reduce rearward amplification; the rearward amplification of the third
 trailer of the C-trains is roughly equivalent (but somewhat lower in this case) to that of the
second trailer of the A-trains.

An extensive presentation of results similar to those from which figure 38 derives, is
presented in tabular form in appendix L. Results for triples, western doubles, Rockies, and
reverse Rockies are given. Results are segregated for different loading conditions and
speeds.

The detailed results of the appendix are summarized here in figures 39 and 40. Rather
than presenting the full rearward amplification plots (as in figure 38), these two figures
show only the peak values of amplification taken from those plots. Peak rearward

.amplification (on the vertical axis of figure 39) is then shown as a function of speed (on the
" horizontal axis) with the presentation distinguishing between vehicle configuration, dolly
type, and loading condition.

Figure 39 gives the summary data presentation for western doubles and triples. The
two graphs at the top of the page result from data collected with A-dollies in use and the
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as a function of loading, dolly type, and speed

94



two at the bottom are for C-dollies. The left hand graphs derive from loaded vehicles and
the right hand graphs are for empty vehicles.

The results for the two types of vehicles that use short trailers exclusively (western
doubles and triples) are superimposed in this figure because previous work suggests that
the first and second trailers should behave similarly regardless of the presence or absence
of the third. The data of the figure tend to support this with qualified success. Certainly the |
tendency for rearward amplification to increase with each successive trailer is shown to
hold uniformly across all conditions represented in the figure. ’

- The contrast between the upper and lower graphs in figure 39 clearly shows the
advantage of the C-dolly over the A-dolly in all the applications of short-trailer
combinations examined.

The data of figure 39, particularly the A-train data, also reflect the tendency for
rearward amplification to increase with increasing vehicle speed. This is another property in
which the field study data clearly agree with previous findings.[20] (This trend, of course,
is the reason that results for travel below 35 mph are not presented.)

Finally, in contrast , the difference—or perhaps more accurately, the similarity—
between the results for empty and loaded vehicles in figure 39 is not as might be expected
based on previous work. In general, earlier findings suggest that rearward amplification
should be somewhat more severe in loaded vehicles then in empty vehicles. While the
difference is small, it would appear that the opposite is true in these data. We suspect this
difference in results derives from the fact that traditional work concentrated on
measurements made during moderate to severe maneuvers, while the vast majority of data
leading to these results comes from the very minor “maneuvering” taking place hour after
hour in ordinary, down-the-road travel. In this regime, there are many relatively minor
mechanisms which may be more important than they are in severe maneuvers. For
example, the relative importance of small amounts of play in the pintle hitches is surely
more significant in minor maneuvering than in severe maneuvering.

Figure 40 presents results for Rocky Mountain doubles and reverse Rocky Mountain
doubles in the same format used in figure 39. (There 1s no particular conceptual reason to
superimpose the results for these two vehicles as there was for short-trailer doubles and
triples. They are placed on the same graph simply to enhance comparison.) When using A-
dollies, the trailers of these two vehicles tend to show similar or lesser rearward
amplification than the first and second trailers of the short-trailer vehicles. Interestingly, the
second trailer of the reverse Rocky displays markedly less rearward amplification than the
second trailer of the standard Rocky, while the motions of the first trailer of the reverse
vehicle are typically more amplified than those of the standard vehicle. These findings are
compatible with previous work that indicates that longer trailer wheelbases result in reduced
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rearward amplifications. Also, while the C-dolly improves the performance of these
vehicles, the improvement is certainly not so striking as it is for the short-trailer vehicles.

Considering the immense differences between the methodology used in the LCV field
study and the methodologies used in previous analytical and experimental investigations,
the general agreement between the results shown in figures 38 and 39 and results reported
in the literature is startling.37 These new results would seem to lend further credence to
existing findings, and vice versa.

Rearward Amplifications Of The LCV Field Study Fleet—Implications Of
The Lateral Acceleration Histograms

Analyses of the lateral acceleration histogram data collected in the LCV field study fleet
corroborate the observations made in the frequency domain. That is, that the rear trailers of
multiple-trailer vehicles equipped with A-dollies tend to exaggerate the lateral motion of the
tractor and that the use of C-dollies markedly reduces this response quality.

Figure 41 presents cumulative histograms of the lateral acceleration experience of all of
the vehicles of the LCV field study in all travel above 45 mph. The upper graph results
from data collected on vehicles equipped with A-dollies and the lower graph is for vehicles
using C-dollies. Within each graph, results are shown separately for the tractor and the
first, second, and third trailers.

The vertical dimension of these graphs represents the percentage of time traveled in
which the vehicle experienced lateral acceleration (absolute values, of course) above the
indicated value. The horizontal axis displays that indicated value of lateral acceleration
expressed in gravitational units (g).38

The general shape of the curves is as one might expect. That is, the large majority of
travel time is spent at very low lateral accelerations. At the tractor, only about 15 percent of

travel time occurs above 0.03 g, and less than 1 percent of travel time is spent above 0.12
g.39 '

If the rearward amplification properties of vehicles influences these histograms, one
would expect that influence to be manifest at higher accelerations. Accordingly, figure 42 is

37 See appendix B for a discussion of the field test methodology and a comparison of a sample of these
results with previous work.

38 Lateral acceleration histogram data were collected in discrete bins all the way up to 0.47 g. Generally,
however, the data above 0.22 g was so sparse as to produce very “noisy” results in the analyses which
follow. Accordingly, the presentations of this section generally show cumulative histogram data up to
0.22 g. (Note that the higher data is not excluded, but is lumped as “above 0.22.”)

39 One percent should not be interpreted as an insignificant period of time. Consider the driver who
covers 100,000 miles per year averaging 50 mph. That is 2000 hours per year, or the equivalent of a
forty-hour per week job. At the 1 percent figure, this driver would spend twenty hours per year in this
elevated range of lateral acceleration.
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Figure 41. The lateral acceleration experience of all vehicles in the LCV
study distinguished by dolly type (speeds above 45 mph)

a magnified view of the right-hand two-thirds of these histograms. In this figure, the
influence of the rearward amplification mechanism becomes readily apparent in the relative
experience of the tractors and the trailers which they tow.
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Examining the upper graph, we note that when A-dollies are used, the trailers spend
more time at elevated levels of lateral acceleration than do the tractors which pull them.
Further, the trend is for each successive trailer to spend more time at higher accelerations
than its predecessor.
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Conversely, the lower graph shows just the opposite trend for vehicles equipped with
C-dollies. In this case, each successive unit—tractor and trailers—tends to spend less time
at elevated accelerations.

To present these data in a more readily interpretable format, we have created a
rearward-amplification-like numeric which expresses the lateral acceleration experience of
trailers relative to the experience of the tractors . This relative experience numeric is simply
the percent-time figure for the trailers divided by the associated percent-time figure for the
. tractors.40

Figure 43 presents the relative lateral acceleration of the trailers which derives from the
data of figure 41 (and 42). The plot makes the trends clear: the use of A-dollies tends to
exaggerate the lateral acceleration experience of trailers while the use of C-dollies attenuates
their lateral acceleration experience. Both trends appear stronger in the more rearward
trailers and at more elevated levels of lateral acceleration.

Figure 43 presented data for all the vehicles of the field study fleet—Rockies, doubles,
triples; loaded or empty. Figure 44 focuses on triples only and, further, segregates the
loaded and empty vehicle data in the left-hand and right-hand graphs, respectively. The
experience with A-dollies is shown in the upper graphs and the experience with C-dollies is
shown in the lower graphs. The trends seen for the entire fleet (figure 43) are again seen
here, but generally in more powerful and more orderly forms. (See footnote 40.) For
example, the third trailer of loaded A-trains experience lateral accelerations above 0.22 g
approximately 7.5 times more than their tractors experience that level of lateral acceleration.
But, third trailers of C-train triples experienced those same high levels of lateral acceleration
only 0.1 times as often as their tractors.

The presentations of figure 43 and 44 (and the additional tabular data which appear in
appendix L) corroborate the findings presented previously herein regarding measurement of
rearward amplification in the study fleet. That is, the previous results show that the use of
C-dollies tends to reduce the exaggerated motions of rear trailers as expressed in terms of
rearward amplification, a measure in the frequency domain. The results of this section
show that C-dollies also tend to reduce lateral motions of rearward trailers as observed in
the time domain.

40 Note that, in the development of the relative expericnce data presented herein, the division of trailer
data by tractor data is done after the cumulation of data. This is in contrast to the method used to
develop rearward amplification data in which the division in the frequency domain was done on a trip-
by-trip basis and the results then cumulated. In retrospect, this latter approach would be more
appropriate in both cases, and would lessen some of the erratic quality of these presentations. For
example, the decline in the relative experience measure of the third trailers of A-trains shown at the
higher accelerations of figure 43 is, in part. duc to the fact that third trailer data is divided by all tractor
data (including the tractors of doubles). This problem is attenuate when less inclusive data sets are
analyzed, e.g. figure 44,
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QUALITIES OF TRACTOR LATERAL ACCELERATION HISTOGRAMS
WHICH MAY REFLECT ON DRIVER BEHAVIOR

While it was not the intention of this study to examine driver behavior, there are
qualities in the lateral-acceleration histogram data taken from the tractors of the field study
that are noteworthy in this regard. These data tend to suggest that drivers take note of the
lateral performance qualities of their vehicles and modify their driving behavior in a fashion
to compensate for the perceived shortcomings of their vehicle. We caution at the outset of -
this discussion, however, that the reader should look upon the following as some '
interesting observations from the data, but that, in the absence of further study, they do not
merit the status of findings. They are speculative, and in the language of the statistician,
there is a great deal of potential for the influence of lurking variables, not accounted for
here. Nonetheless, they are potentially interesting.

Figure 45 shows the lateral-acceleration histograms for the tractors of the loaded triples
from the four participating fleets that operated both A-dollies and C-dollies in the study.4!
The upper graph is the full histogram and the lower graph is the magnified view of the area
above 0.08 g. The graph distinguishes between triples using A-dollies and C-dollies. Note
that the lower graph shows that the tractors of A-train triples spent less time at elevated
lateral accelerations than did the tractors of C-train triples. This suggests the hypothesis that
drivers are aware of the oscillatory behavior of the trailing units of A-trains and attempt to
compensate for this behavior by driving more precisely.

In pursuit of this line of reasoning, a relative tractor-lateral-acceleration-experience
numeric was developed and used to examine the relative lateral-acceleration experience of
the tractors of the six variations of triples, western doubles and Rockies when using A-
dollies and C-dollies (loaded vehicles and, again, only for the four fleets that operated both
A-dollies and C-dollies fleet). '

Thus relative tractor experience measure is virtually identical in form to the relative
trailer experience numeric of the previous section in that it is calculated from the ratio of
performance of one unit to the performance of a reference unit. In this case, the reference
performance was the lateral acceleration experience of the tractors of western doubles using
C-dollies. (The choice was essentially arbitrary and was made simply because the
performance of this tractor fell near the center of the data examined.)

Figure 46 shows the relative lateral-acceleration experience of the six classes of tractors
investigated. (Note that the measure for the western double tractor using C-dollies is
identically one, as a result of using this vehicle as the reference.) Close examination of the
graph reveals that (1) tractors of C-trains always fall above tractors of A-trains of the same

41 Recall that one of the participating fleets had used C-dollies exclusively for several years prior to this
study. This fleet would not agree 1o use A-dollies at all in the field study. Therefore, we have excluded
data from this fleet from this analysis.
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configuration type, and (2) there is a progression from the top to the bottom of the graph of
Rockies, then western doubles, then triples.
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In order to quantify this observation, these data were examined with a regression model
of the following form:

Where:

REAL(ay) = ag + a1 (x1) + a2 (x2) + a3 (x3) @

REAL(ay) is the relative lateral acceleration experience at the specified lateral

ap...
X1
X2
X3

a4

acceleration, ay
are the coefficients of the regression model

is 1 for A-dollies, 0 for C-dollies
is 1 for Rocky Mt doubles, O for other configurations
is 1 for triples, 0 for other configurations

Results for this model using REAL(0.22) (i.e., at 0.22g lateral acceleration) appear in
table 15. The model accounts for the variability in the data rather well (r2 = 0.99). (Similar
" results derive using data at lateral accelerations of 0.12, 0.16, and 0.19 g with r-squared
values in the 0.92 to 0.99 range.) The model shows that, starting with the reference value
of 1.07 for the C-train double, changing to a Rocky Mountain double has a positive
influence of 1.07, switching to triples has a negative influence of 0.38, and switching to A-
dollies has a negative influence of 0.48.
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Table 15. Regression model of the relative lateral
acceleration experience of tractors

REAL(0.22) = 1.07 + 1.07 (Rocky) - 0.37 (Triple) - 0.48 (A-dolly)

(r2=0.99)
Where:
Reference vehicle: ~ Western double with C-dolly (REAL = 1)
Source data: (blanks spaces = 0)
Rethe sl | Rocky | Tl | Aol

0.16 1 1

0.67 1

0.77 1

1.00 (ref)
1.66 1 1
2.16 1

These regression coefficients imply that the higher-level-lateral-acceleration experience
of the tractor has something to do with the vehicle configuration and dolly type. They tend
to support the hypothesis that drivers are reacting to the lateral performance qualities of the
vehicle in a an attempt to compensate for the rearward amplification properties of their
vehicles. However, as noted at the outset of this discussion, potential for the correlations
observed to be the result of other variables not accounted for in the model is substantial.
Further work is warranted to explore these preliminary observations.
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MAINTENANCE, RELIABILITY, AND OPERATING
COSTS OF C-DOLLIES

In this LCV field study, replacing A-dollies with C-dollies appeared to increase overall
maintenance costs by about 3 percent for double-trailer combinations and by 5 percent for
triple-trailer combinations. Most of these increases in maintenance expense resulted from an
80 percent increase of tire wear rates on C-dollies relative to A-dollies. Continuing
maintenance costs associated with the unique features of the C-dolly (the double-tow bar
and its hitches, and the self-steering system) appeared minor in relation to increased tire
costs. However, appreciable expense for repair of pintle hitches did occur in those fleets
with no previous experience with the operation of C-dollies. These were not true
maintenance costs, but were shown to be strongly related to driver experience, declining
rapidly over a driver’s first few trips with C-dollies. Presumably, these costs could be
substantially reduced with improved driver training or simplified hitching mechanisms.

SUMMARY OF THE MAINTENANCE COSTS OF A-TRAINS
AND C-TRAINS

Figure 47 presents the continuing maintenance costs for typical double-trailer and triple-
trailer LCVs as determined in this study. (These values include the unscheduled
maintenance costs for all systems, but do not include the costs of regularly scheduled
periodic and annual inspections.) The increase in cost associated with operating with C-
dollies, which is reflected in this figure, is due almost completely to increased tire wear
observed in C-dollies relative to A-dollies. Other continuing maintenance expenses
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Table 16. Maintenance cost for C-trains and A-trains

Costs per 100 Doubles Triples
miles for: C-train | A-train | C-train | A-train
Tires 3.52 3.08 5.15 4.27
All other itemst | 12.25 12.19 14.75 14.63
Total 15.77 15.27 19.90 18.90

T These costs do not include the expense of periodic and annual inspection
on trailers and dollies.

associated with C-dollies are relatively insignificant. The cost values supporting these
observations are presented in table 16. The table presents the same data as the figure but
also discriminates between tire costs and the maintenance expense for all other systems.

Figure 48 shows the typical maintenance costs of the individual units of an LCV (from
which the previous figure was constructed).#2 Of course, the most expensive unit is the
tractor with a cost of $9.05 per 100 miles (CPCM). Van trailers typically have a CPCM of
about $2.59. The C-dollies and A-dollies have a CPCM of $1.54 and $1.04, respectively.
Table 17 presents these values along with the breakdown between tire costs and the costs
of all other systems. The figures of the table show that tires contribute more than one half
of the total maintenance expense of A-dollies. In relation to this, tire expense for C-dollies
is about double that of A-dollies, which amounts to a 50-percent increase in total
maintenance cost of C-dollies relative to A-dollies.

Details of the bases for the numerical values presented in the figures and tables of this
~section follow.

TIRE WEAR AND COSTS FOR A-DOLLIES AND C-DOLLIES

Tires represent the largest, single, maintenance-cost item for dollies and are 50 percent
or more of the total maintenance costs of dollies. Nonetheless, tire costs were the most
difficult element of the maintenance expense of dollies to quantify in this study.

The policies and practices of tire use vary considerably among the five fleets
participating in the LCV field study (and, indeed, among commercial fleets in general).
Some fleets use dollies to run out older tires that were initially used on their power units,
while other fleets buy new tires for their converter gear. Further, the duration of the LCV
* study was not sufficient to experience a representative number of tire changes on the units

42 Detailed discussion of the basis for costs for trailers was presented previously in the chapter on ABS
maintenance and reliability. Similar discussion of the details for costs associated with A-dollies and C-
dollies follows in this section. The basis for tractor costs is presented in appendix K.
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Figure 48. Maintenance costs for tractors, trailers, and dollies

Table 17. Maintenance cost for individual units

Costs per 100

miles for: Tractors | Trailers | C-dolly | A-dolly
Tires 1.25 0.64 0.99 0.55
All other itemst 7.80 1.95 0.55 0.49
Total 9.05 2.59 1.54 1.04

T These costs do not include the expense of periodic and annual inspection
on trailers and C- and A-dollies.

in the study, thereby establishing costs within the study. (All C-dollies started the project
with new tires and the average C-dolly accumulated 64,800 miles during the project.)

In the face of these difficulties, the approach taken to address tire cost was to (1)
establish representative tire wear rates for both A-dollies and C-dollies, (2) establish
representative tire costs for A-dollies from several data sources, and (3) estimate tire costs
for C-dollies based on the tire cost for A-dollies and the relative wear rates of the two types
of dollies.

Tire Wear For A-Dollies And C-Dollies

Tire tread wear records were kept on every tire of every unit in the field study
(seventeen tractors, eighty-six trailers and twenty-eight C-dollies) plus ten additional A-
dollies distributed among the fleets.43 Tread depth measurements were made by the project

43 A total of sixteen A-dollies were followed in the study. However, adequate tread depth information
could only be tracked on ten of these.
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field representative who visited each fleet for this purpose monthly throughout the study.
The resulting data were analyzed using linear regression techniques to obtain representative
measures of tire wear rates for A-dollies and C-dollies, respectively. Additionally, some of
the participating fleets maintained records in a fashion that allowed determination of tire
wear rates for A-dollies and C-dollies, respectively. The representative tire wear rates
obtained by these methods are given in table 18. Details appear in appendix M.

Table 18 indicates that during the study, the tires of the C-dollies wore at an average
rate of 1/32 of an inch per 17,493 miles. Tires on the dollies in fleets B and C wore more
rapidly at 1/32 inch per 12,126 and 12,824 miles, respectively. The poor tire wear
performance of the units in fleet C is explained by the occurrence of wheel-alignment
problems with two of their C-dollies. (The result was very rapid tire wear for a brief
period, which underscores the importance of closely monitoring tire wear for early
indication of misalignment with the C-dolly.) It is not clear why the tires on the C-dollies
operated by fleet B wore so rapidly. Perhaps this result is simply unrepresentative, due to
the fact that the C-dollies in this fleet were underutilized. These dollies traveled an average
of only 18,600 miles during the study, compared with an average of 64,800 miles for all
the C-dollies. Fleets D and E had the best wear rates: 1/32 inch in about 21,000 miles. Fleet

Table 18. Tire wear rates for A-dollies and C-dollies

No. of Average Miles| Miles per 1/32
Source Units | Total Miles per Unit inch of tire wear
Tire wear for C-dollies of the study by fleet

Fleet A 3 133,826 44,609 16,616
Fleet B 6 111,522 18,587 12,126
Fleet C 4 261,588 65,397 12,824
Fleet D 9 | 759.899 84,433 20,804
Fleet E 6 | 299.960 | 49,993 21,365

Tire wear for A-dollies and C:dullies from the study and historical

records
Sudy C-dollies | 28 . 1.566.795 . 55957 17,493
Historical C-dollies | 17 | 1918533 | 112,855 17,600
Study A-dollies 10 427,581 42,758 33,572
Historical A-dollies 9 | 1.774.498 197,166 31,965
Representative tire rates “for all A-dollies and C-dollies

All C-dollies 45 | 3485328 77,452 17,550
All A-dollies 19 | 2.202,079 132,538 31,908
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D had been operating C-dollies prior to the study; their experience may be reflected in this
better wear rate.

On average, the wear rates determined within the study and those determined from the
historical records of the fleets agree very well. We do note, however, that the wear rate of
C-dollies from the historical records, which are from fleet D, show variance with the
experience of C-dollies operated by fleet D during the study. Nonetheless, the general
agreement suggests that these are representative results.

The overall results show tire wear rates of 1/32 inch per 17,550 and per 31,908 miles
for C-dollies and A-dollies, respectively. This 1.8-to-1 ratio of tire wear between the two
dolly types is obviously very significant in that it implies a 1.8-to-1 ratio of tire costs. The
basis for estimating the resulting costs follows.

Tire Costs For A-Dollies And C-Dollies

A tire-cost rate of $0.55 per 100 miles was established for the operation of A-dollies.
This rate was based on the historical records for A-dollies and the accumulation of tire costs
and mileage by twelve A-dollies from three of the participating fleets that were followed in
this study.4> Table 19 shows the total cost, miles traveled, and costs per 100 miles for the
A-dollies followed during the study and as derived from the historical maintenance records
of two of the participating fleets.4¢

As a group, the twelve A-dollies followed during the study had a tire-cost rate of
$0.537 per 100 miles. This rate is based on a total of 0.8 million miles of service and a total
tire-maintenance cost of $4,298 for both parts and labor. The rates vary considerably from

'$0.213 to $0.93 per 100 miles. These differences may be real, or they may be an artifact
resulting from the short period of observation in the study. In any case, the rate for all these
A-dollies taken as a group compares well with the rate determined from other sources.

44 There is a reasonable argument which suggests that this ratio is too large. The better tire wear
performance of C-dollies operated by fleet D during the study may reflect this fleet’s experience in
operating C-dollies. (Later sections will show that this experience is important with respect to other
costs.) Also, the requirement that dollies purchased by the study adhere to the Canadian performance
standards may have adversely affected tire wear for these dollies (all but fleet D).[10,11] Under these
more favorable assumptions, the ratio of tirc wear on C-dollies and A-dollies would be about 1.6 to 1.

In total, sixteen A-dollies from four of the participating fleets were followed during the study.
However, in one fleet, four of these dollies traveled 262,492 miles with no tire maintenance records
being found on file at the distribution center. Unlike the primary units of the study, these A-dollies
were not constrained to operate from a single distribution center. We believe it likely that maintenance
was done on these units at other distribution centers and those records were not available to the
project. Purely on the basis of this judgment, those dollies have been dropped from this calculation.

Only two of the participating flects maintained records in a manner adequate to determine tire costs on
a per mile basis for A-dollies.

46
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Table 19. Tire costs for A-dollies

Cost rate, dollars
Total cost, dollars| Miles traveled | per 100 miles

Tire maintenance costs for the sixteen A-dollies of
the study by fleet

Fleet A 1,602 335,166 0.478

Fleet B 485 227,816 0.213
Fleet C 2,212 237,765 0.930
All Study Dollies 4,298 800,747 0.537

Tire maintenance costs from historical records of
twelve A-dollies

Fleet H-A 14,519 2,615,392 0.555

Fleet H-B 8,359 1,553,885 0.538

All Historical 22,877 4,169,277 0.549
Tire maintenance costs for A-dollies

All A-dollies 27,175 4,970,024 0.547

Of the $4,298 incurred for tire maintenance for these A-dollies, $1,214 (28 percent)
were the result of buying and mounting new tires. A total of $2,862 (67 percent) were the
result of recapping and mounting used tires. The remaining $222 (5 percent) were
associated with other tire expenses such as flat repairs or tire rotation.

The historical records of eight A-dollies in one fleet (H-A) and three in another fleet (H-
B) showed a tire-cost rate of $0.549 per 100 miles. This rate is based on a total of 4.2
million miles of service and total tire-maintenance costs of $22,877 for both parts and
labor. Of this $22,877 total, $12,348 (54 percent) were a result of the costs of buying and
mounting new tires. A total of $8,929 (39 percent) were a result of the costs of retreading
and mounting used tires. The remaining $1,601 (7 percent) are associated with other tire
expenses, such as flat repairs or tire rotation. The historical records for the dollies of fleet
H-A covered a five year period between October of 1988 and November of 1993. The
historical records for the dollies of fleet H-B covered a 7.5 year period between January of
1988 and May of 1995.

The authors recognize that this is a rather limited basis on which to establish tire costs,
but data resources were severely limited.#” However, the consistency of the cost rates

47 Adequate mileage data for normalizing costs are difficult to obtain, especially for trailers and dollies.
Very few fleets use hubometers on trailers and even fewer use them on dollies. For fleets hauling only
single semitrailers, a good estimate of average trailer mileage can be made using tractor mileage,
which is closely tracked by most fleets. In LCV operations, however, this estimating technique is far
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observed in the study fleet and in the historical records is encouraging. It is also noted, that
the rate of $0.547 per 100 miles is very dependent on the specific practices of the study
fleets which included using a mix of new and recapped tires. Certainly, other tire-
maintenance practices could result in substantially higher or lower tire costs.

COMPARISON OF MAINTENANCE COSTS FOR C-DOLLIES
AND A-DOLLIES

In addition to estimating the differences in tire wear and tire costs between C-dollies
and A-dollies, all other maintenance costs for both C-dollies and A-dollies were measured.
These costs were subdivided according to seven systems defined as follows:

* Brakes - This system includes all brake valves, chambers, hoses, air reservoirs,
foundation material, slack adjusters, and all miscellaneous brake parts.

* Coupling - This system includes all parts associated with the fifth wheel and pintle
hitch such as release handles, eye hooks, and trailer mounted hitching mechanism.

* Electrical - This system includes wires, lights, fuses, junction boxes, switches,
connectors, and other miscellaneous electrical components.

* Frame - This system includes the frame, dolly jack, suspension components, and
axle.

« Steering - This system is unique to the C-dolly. The steering system includes the
damper, valves, and all miscellaneous parts associated with the control of the self-
steering action of the dolly wheels.

* Trim - This system includes items such as mud flaps, quarter fenders, chain
hangers, brackets, etc.

* Wheels - This system includes hubs, studs, wheel seals, bearings, rims, etc. -

| Figure 49 compares the maintenance costs for C-dollies and A-dollies according to
these seven major systems. The individual rates are derived from both the experience of the
study and from historical maintenance records for A-dollies and C-dollies. The rates
derived from each of these sources, and their averages for C-dollies and A-dollies
respectively, are presented in table 20.

Figure 49 shows total unadjusted CPCMs for all C-dolly and A-dolly maintenance of
$0.41 and $0.49, respectively. Among the individual system costs, only those for brakes
and steering systems show appreciable differences between C-dollies and A-dollies. The

steering system is, of course, unique to the C-dolly and represents a true additional cost.
We believe, however, that the low cost of brake maintenance ($0.07) for C-dollies reflected
in this figure and in table 20 is probably not representative, but is an artifact of the study.
(An explanation follows later in this chapter.) There is no fundamental difference between

less reliable since the number of trailers and dollies pulled by a tractor varies from trip to trip and even
during a given trip.

113



the brake systems of C-dollies and A-dollies that can explain this cost difference.
Therefore, the cost rate for C-dolly brake maintenance has been adjusted to equal the rate
determined for A-dollies. This increases the total CPCM for C-dollies from $0.41 to $0.55.
These changes are shown in figure 49 but have not been included in table 20. Comments
made earlier on the overall maintenance costs of C-dollies and C-trains were based on the
adjusted rate. A detailed discussion of the sources of all the values in table 20 follows in the -
next section.

Finally, it is noted that there were significant additional costs incurred by those fleets
that had no previous experience with C-dollies. These costs were related to the pintle
hitches installed on trailers for the double-tow-bar C-dollies. As will be explained in some
depth in the next section, they were not true maintenance costs, but were closely associated
with driver training. In this study, hitch-system expenses of approximately $100 were
associated with the first thirty trips taken by a driver otherwise inexperienced with the use
of the C-dolly.#8 This cost is not fixed and could be reduced by improved driver training or
an improved hitch design.

B C-dolly, unadjusted
C-dolly, adjusted
O A-dolly

08 07 g .07

Maintenance costs, dollars per 100 miles

Brakes  Coupling Electrical ~ Frame  Steering Trim Wheels Total
System

T This total cost rate was used for C-dollies in the previous section comparing C-train and A-train costs.

Figure 49. Summary of the maintenance costs of all C-dollies and
A-dollies in dollars per 100 miles

48 This cost is probably not representative. We expect that it is too high due to some of the artificial
conditions brought on by the study.
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Table 20. Summary of the maintenance costs of C-dollies and A-dollies
in dollars per 100 miles

C-dollies A-dollies All sources
System Study | Historical | Study | Historical | C-dollies | A-dollies
Brakes 0.093 0.066 0.278 0.197 0.074 0.213

Coupling 0.047 0.097 0.052 0.076 0.081 0.071
Electrical 0.106 0.046 0.063 0.074 0.065 0.072

Frame 0.131 0.064 0.019 0.079 0.084 0.060
Steering 0.038 0.071 0.000 0.000 0.060 0.000
Trim 0.031 0.014 0.037 0.031 0.019 0.032
Wheels 0.031 0.025 0.053 0.036 0.027 0.040
Total 0.477 0.381 0.501 0.492 0.411 0.487

MAINTENANCE AND RELIABILITY OF C-DOLLIES IN THIS STUDY

All work orders and maintenance records maintained by the five participating fleets for
the twenty-eight C-dollies of the LCV field test from August 1993 through April 1995 were
collected. These, along with all problem reports generated by the study, became the basis
for establishing the continuing maintenance costs of C-dollies.

A total of 250 problems were reported during the program. Of these problems, eight
were found to be peculiarly related to the installation of hitching hardware or other elements
of the startup of this field study. There were also a large number of problems related to the
special bell-mouth pintle hitches used with the C-dollies. Most of these problems were
related more to issues of driver training than to continuing maintenance issues. The
remainder of the reported problems were each identified with one of seven major dolly
systems defined previously. Finally, one of the participating fleets experienced very high
expenses resulting from damage to dolly jack legs. These costs were seen as so anomalous
that they were removed from consideration with respect to both A-dollies and C-dollies.

The next three subsections will address the eight startup problems, the driver training
issues, and the excessive costs due to damage of the jack legs, respectively. These sections
are followed by a discussion of the reliability and maintenance costs of the study C-dollies,
the historical C-dollies and the study and historical A-dollies, respectively. The last
subsection presents, as additional reference, data on the maintenance costs of A-dollies
from sources outside of this field study.
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Startup And Installation Problems

There were eight problems that could be clearly related to the initial installation of
hardware or other elements of the startup of the LCV field study. A description these
problems follows:

- Five problems involved the C-dolly brake system. Four of these were for the
installation of filters in the air lines of the dollies at one fleet. This fleet normally
uses such filters, and despite efforts to customize the field test dollies in accordance
to fleet practices, these filters were overlooked during the specification process
early in the study. The total standardized cost for these repairs, including parts and
labor, was $117. The fifth brake system problem involved replacing a release valve
on a dolly at the same fleet. The failure occurred because small pieces of gravel
contaminated the valve. This problem was considered a startup problem because it
would not have happened had the dollies initially been specified with in-line filters.
This problem cost $95 to repair.

* Three startup problems involving the frame system all occurred in one particular
fleet. This fleet is unique inasmuch as it experiences damage to dolly jack legs and
caster assemblies at a very high rate. In order to better maintain the test dollies, the
original, relatively light-duty, dolly jack legs were replaced with the more rugged
style used routinely by this fleet. The total reported cost for this modification was
$736.

Problems Of Driver Training And Inexperience

Problems associated with the double-tow-bar hitching system of the C—dolly were seen
to be strongly associated with the amount of experience (or inexperience) that the driver
previously had with C-dollies. This section examines the record of these types of hitching
problems in the LCV field study in an attempt to separate expenses of a continuing
maintenance type and those associated with driver inexperience.

All the drivers who participated in the LCV field study were experienced in operating
LCVs. Further, the fleet operating out of Boise had been using C-dollies since 1988 and
was using them exclusively in their Boise operations before the start of this study. Hence,
the drivers of this fleet were experienced in using C-dollies.

In contrast, none of the fleets operating out of Portland, or any of their drivers, had any
real experience with C-dollies prior to the study. As noted elsewhere, UMTRI, in
cooperation with the C-dolly manufacturer, ITR, provided training in the use of C-dollies
for the personnel of the Portland flects. Nonetheless, observations made in the course of
the study made it clear that this training was not completely sufficient and that drivers
experienced a disproportionate number of problems with the double-tow-bar hitching
system early in their experience with C-dollies.
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Figure 50. Photograph of a conventional drop-on pintle hitch (center) and the
bell-mouth pintle hitches used with C-dollies in the LCV field study

Unlike A-dolly operations, which typically employ a drop-on style of pintle hitch, the .
pintle hitches supplied for the C-dolly operations of the filed study were of the bell-mouth
variety in which the tow ring is intended to engage the hitch straight in on a horizontal
course. The two styles of hitches appear in figure 50. (For more details on the bell-mouth
hitch, see appendix E.)

Operation of this bell-mouth hitch is both different and somewhat more complicated
than operation of the drop-on style of hitch. (A brief discussion of the drivers’ difficulty
with this hitch and comments by the manufacturer appear in appendix E. Written comments
from drivers can be found in appendix C.) Both of these factors imply a need for driver
training. Correct procedures for hitching the C-dollies using the bell-mouth hitch were one
element of the training sessions provided by UMTRI, ITR, and the ABS suppliers at the
start of the field study. Not all the drivers who participated in the field study were able to
attend these training sessions, so additional driver training was provided throughout the
study by UMTRI’s representative in the field.49

49 Some drivers could not attend the training sessions due to schedule conflicts. Many more entered the
program after the training sessions had taken place. Also, UMTRI and ITR were not allowed to train
the drivers of one fleet directly. This fleet preferred to provide driver training themselves through
management personnel who had attended the training sessions. This fleet operated about 10 percent of
the twenty-eight C-dollies but was the source of 45 percent of the hitch problems under discussion.
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Figure 51. The accumulation by the Portland fleets of problems with the
bell-mouth hitches used with C-dollies and of trips with C-dollies,
respectively, as a function of driver experience with C-dollies

Despite these training efforts, the data clearly indicated that drivers of the Portland fleets
were not fully prepared and, therefore, experienced a disproportionate number of problems
with the bell-mouth pintle hitches in their early experience with C-dollies. On the other
hand, the drivers from Boise, who were experienced with C-dollies, reported no problems
with these hitches throughout the field study.

Figure 51 derives from the experience of the Portland fleets only. It shows, as a
percentage of total, (1) the accumulation of their problems with the bell-mouth hitches and
(2) the accumulation of their LCV study trips.5% Both are presented as functions of driver
experience. Experience is expressed, on the horizontal axis, as the number of trips that the
driver involved had taken using C-dollies.!

Starting from the extreme left of the figure, it can be seen that some 33 percent of the
hitch problems reported occurred when drivers were on their very first trips with C-dollies,

50 In this discussion, the term “trip” does not refer to a complete round trip, but rather to a segment of a
trip during which a specific vehicle configuration and loading condition is maintained. Typically, a
driver would be involved in hitching and/or unhitching dollies at the start and/or end of each such
segment.

51 There were a total of fifty-six problems reported with bell mouth hitches. Fifty of these were reported
by drivers and could be assigned to specific trips. The remaining six were reported by hostlers or
maintenance people and are not included in this graph.
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even though less than 10 percent of the trips by Portland drivers were such first trips. The
trend continues: Over 75 percent of the problems occurred in the drivers’ first five trips, but
those trips are just 26 percent of the total, and 94 percent of the problems were experienced
in the drivers’ first twenty trips with C-dollies, which are just 48 percent of the total trips.

Note that this graph could be extended out to 271 trips since one driver in the Portland
fleets accomplished this number of trips with C-dollies during the study. If this were done
it would be revealed that the last reported hitching problem was related to the ninety-ninth
trip of one driver’s experience. That is, no problems were reported by Portland drivers
who had experienced at least one hundred trips with C-dollies. In this regard, it is probably
more significant that the drivers of the Boise fleet accomplished 1,402 trips with C-dollies
with no problems of this kind reported. It would seem safe to presume that these drivers all
had at least one hundred trips with C-dollies prior to the LCV study since their company
had been using C-dollies for three years prior to the field study.

- Figure 52 derives from the same data used to produce figure 51. Here, the rate of
problems with bell-mouth hitches is expressed as problems per trip, again as a function of
driver experience. Presented in this way, the data show a high rate of problems in a
driver’s first five trips—0.85 problems/trip or one problem every 1.2 trips. But this rate
falls off in a manner suggesting that the drivers learned rapidly in the first few trips and

0.091
0.081
0.074
0.064
0.051
0.04+

0.03

representative rate for
experienced drivers
=0.001
(includes Boise fleet)

0.02+

Problems with bell-mouth hitchs,
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Figure 52. Problems per trip with the bell-mouth hitches used with C-
dollies in the Portland fleets as a function of driver experience
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continued to gain valuable experience over at least their first thirty trips. In the range of
thirty-one to forty-five trips, however, the rate at which problems occur dropped to 0.005
problems per trip, or one problem in every 200 trips. After one hundred trips, the rate of
problems experienced in this study was zero.

These treatments of the data clearly indicate that a large proportion of the problems
experienced with the bell-mouthed hitches are initial problems associated with driver
experience, that is, not of a continuing nature. However, it is not likely that the
representative rate of continuing problems is zero. Accordingly, we have made the rather
arbitrary decision of assuming that all problems occurring after thirty trips with C-dollies
are of a continuing nature. When the data of the Boise fleet (all trips by experienced
drivers) are combined with the appropriate portions of the data from the Portland fleets, this
assumption yields a rate of continuing, or maintenance, problems of 0.001 problems per
trip or one problem every 1,000 trips.52 This representative rate is indicated by the
horizontal line on figure 52.

The rate of 0.001 problems per trip implies that 3.24 of the fifty-six hitching problems
reported in the study should be considered as maintenance problems. At an average cost of
$110 per problem and with a total of 1.8 million C-dolly miles, this amounts to a CPCM of
$0.020.53.54 This cost rate is used to represent this particular class of problems in the other
analyses of this chapter.

There remains the problem of expressing the expense associated with each new driver
becoming experienced in the use of C-dollies. Assuming that a driver becomes experienced
after thirty trips with C-dollies, this study (and its attendant level of training), suggests a
rate of 0.9 problems per driver. Based on an average cost of $110 for this type of problem,
~ this amounts to $99 per driver.55:56 Clearly, this cost could be reduced either by improved
training (relative to the training done in this study) or by design changes which simplify the
use of the hitch.

Excessive Frame Costs Due To Damage Of The Jack Leg

Most frame costs observed in this study were a result of damage to dolly jack legs. One
fleet in particular had an unusually high rate of damage to their jack legs on both C-dollies
and A-dollies. As a result, and depending on the data source, maintenance costs for the

52 This calculation also accounts for the six problems which could not be assigned to specific trips.

53 The rate of $110 per incident is probably artificially high due to the fact that hitches were often
replaced immediately upon complaint to expedite the progress of the study. See appendix E.

54 Note that this rate is so low that the effect on overall continuing maintenance costs is small.
Choosing 100 trips as the threshold would result in zero continuing maintenance cost for this item,
but would have little influence on the overall maintenance costs of LCVs.

55 Again, the rate of $110 per event is probably high.

56 This rate of $99 per driver is more sensitive to the choice of the division point. Assuming 100 trips
are required to become experienced, this cost rises to $127 per driver.
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frame system for this fleet were as much as sixty-five times greater than the average costs
for the other four fleets in the study. Due to this anomaly, the costs for jack leg
maintenance for this fleet were excluded from the calculation of average frame-maintenance
cost throughout this study. Details of the costs for jack leg maintenance follow. (The fleet
that has been discounted in this category will be referred to as fleet X in this discussion.)

Maintenance costs for the repair of jack legs on C-dollies in the field study

A total of forty-eight repairs or replacements of jack legs were required for the twenty-
eight C-dollies of the field study. These repairs had a total cost of $3,578.50 and an
average repair time of 0.7 hours. Thirty (63 percent) of the repairs occurred in fleet X.
These thirty repairs had a total cost of $1,376.75 (38 percent), a CPCM of $1.03, and
occurred, on average, every 4,400 miles. The other four fleets averaged a repair of this
type every 93,410 miles with a CPCM of $0.13.

Maintenance costs for the frame system of A-dollies at fleet X

The three A-dollies of fleet X that were followed during the study suffered frame
maintenance costs at a rate of $1.237 per 100 miles due to ninety-two jack leg repairs or
replacements in a total of 335,000 miles. This rate is some sixty-five times higher than the
average rate of $0.019 experienced by the A-dollies that were followed in the other
participating fleets.57

The frame costs taken from the historical records for A-dollies indicated a CPCM of
$0.670 for fleet X and an average CPCM of $0.079 for another fleet.

Maintenance And Reliability Of C-Dollies In The LCV Field Test

Of the 250 problems experienced by the C-dollies in this study, eight have been
associated with startup and installation problems, fifty-three with problems of driver
training and inexperience, and thirty with the excessive rate of damage to dolly jack legs at
fleet X. The remaining 159 problems are considered to contribute to the continuing
maintenance cost of C-dollies. The total expense for parts and labor needed to correct these
problems was $8,478, or an average of $303 for each of the twenty-eight C-dollies. The C-
dolly fleet traveled approximately 1.81 million miles during the study (64,839 miles per
unit) yielding an overall CPCM of $0.477. Table 21 summarizes the problem counts and
costs for the seven classifications previously defined.

The most expensive systems were frame, electrical, and brakes. These three systems
combined had a CPCM of $0.330, or 69 percent of the total CPCM for maintenance of
these seven systems. The remaining four systems, two of which embody the defining
characteristics of the C-dolly (coupling and steering), had relatively low costs.

57 The CPCM of $0.019 is small partly because two of the three fleets had no frame costs at all.
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Detailed discussion of the problems with each of these seven systems follows.

Table 21. Summary of maintenance problems and costs of the C-dollies of
the field study

System No. of | Labor | Labor Parts. Total |Cost per|Cost/100
\Problems|Time (hrs)| Costs ($)| Costs ($)| Cost ($) | Unit ($)|Miles ($)

Brakes 37 28.86 | 1,010 677 | 1,687 60 0.093
Coupling 14 10.44 366 496 862 31 0.047
Electrical 45 44.09 | 1,543 380 | 1,923 69 0.106

Frame 21 25.15 880 | 1,322 | 2,202 79 0.131
Steering 21 13.74 481 204 685 24 0.038
Trim 11 6.45 226 331 557 20 0.031
|Wheels 10 10.95 383 179 | 562 20 0.031
Total 159 139.68 | 4,889 | 3,589 | 8,478 | 303 0.477

Brake system

For the purposes of this study the brake system includes all brake valves, chambers,
hoses, air reservoirs, foundation brakes, slack adjusters and all other miscellaneous brake
parts. During the study a total of thirty-seven brake system problems were reported for the
program. They ranged from a simple brake adjustment to a $782 road repair. The total
accumulated standardized cost of these problems, both parts and labor, was $1,687.47
($60.27 per unit).

Figure 53 shows the accumulation of costs for an average C-dolly as a function of
accumulated miles. Of the thirty-seven problems represented, five were classified as
erroneous reports. In all five cases (four occurring at one fleet), drivers reported an air
leak, but upon closer inspection by mechanics, no problems were found. These erroneous .
reports were attributable to drivers who did not understand how the parking brake system
worked in combination with an ABS modulator valve.

There were a total of thirty-one normal brake repairs. These were typical brake system
problems and were primarily due to air-line leaks, glad-hand and check valve repairs, and
brake adjustments. The average labor time to rcphir these problems was 0.56 hours with an
average repair cost of $27.34 including pants and labor.

There was one significant road service call reported during the study. The driver
commented on his trip form that “the brukes would not release because of a valve
problem.” A road breakdown form was filed and a local repair facility was called for
assistance. The repair facility towed the dolly, performed a thorough inspection of the unit,
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Figure 53. Average accumulated costs per unit for the maintenance of the
brake system of C-dollies

and replaced the ABS valve with a standard valve and replaced another air control valve on
the dolly. The cost of the repair was $441 in parts and $340 in labor. The suspected ABS
valve was sent to the manufacturer, Allied Signal, for inspection and diagnosis. This
investigation showed the valve had no defects, and it was returned to the fleet for
reinstallation. The other valve involved in the incident was returned to its manufacturer
under their standard core replacement program and was not specially inspected.

It should be noted that the fleet involved in this incident routinely uses brake line anti-
freeze. During the course of this study, Allied Signal issued a service alert and eventually
recalled its modulator valves in connection with difficulties arising from exposure to brake
line antifreeze. (The manufacturer of the other valve also objects to the use of such
antifreeze.) However, Allied Signal personnel were not convinced this was the cause of the
original brake release problem. Because other reports by this fleet indicated their drivers
had trouble understanding how the spring brakes and ABS valves worked, it was
postulated that this driver and the repair person also did not understand the system and
made unnecessary changes. The cause of this problem was never fully resolved. Although
the problem is included in the brake system costs, it was unique. During this study, or in
the historical C-dolly data, there were no other service calls on the C-dolly brake system
that required this level of effort or expense. ‘

The average rate at which brake maintenance costs occurred over the entire study was
$0.093 CPCM. This result is less than the $0.213 CPCM that represents the average brake
system costs for A-dollies as determined from the study and historical records of the
participating fleets. This is not surprising since none of the C-dollies had a major brake
system overhaul during the study. Historical records show a brake overhaul for a single
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axle can cost approximately $200 in parts and labor, which is eight times the costs of the
average brake system repair in this study.

Coupling system

The coupling system includes all parts associated with the fifth wheel and with the
pintle hitch systems such as release handles, eye hooks, and trailer-mounted hitching
mechanism. During the study there were sixty-seven coupling problems and maintenance
reports for the C-dollies.

Fifty-six of the coupling problems were associated with the special bell-mouth pintle
hitches used with the C-dollies of this study. These problems were examined in much detail
in the previous section of this study dealing with the problems of driver inexperience. Of
these fifty-six problems, fifty-three were considered to be related to driver inexperience and
the expenses related to those problems are therefore not applied to continuing maintenance
costs.’8 The maintenance-cost rate associated with the remaining three problems with bell-
mouth hitches was found to be $0.020 per 100 miles.

Nine of the remaining eleven coupling problems were not necessarily unique to C-
dollies and included repairs like fifth-wheel adjustments and straightening of fifth-wheel
release handles.

The remaining two problems involved replacement of two pintle eyes at one fleet. Both
eyes were replaced because of cracking. Upon inspection, ITR found that only one of the
two eyes had fractured.>®

Figure 54 shows the accumulation of coupling costs for these eleven problems. The
erratic nature of the plot results from the relatively high cost of replacing the two eyes. The
total cost to replace these two eyes was $240 in parts and labor. For all eleven problems, a
total of $505.25 ($18.04 per unit) was spent, and each averaged 0.28 hours to repair. The
maintenance-cost rate for these eleven problems amounts to $0.028 per 100 miles.

When the three problems with bell-mouth hitches are included, the total expense for
coupling systems increases to $861.59, or $30.77 per unit. This results in a cost rate of
$0.047 per 100 miles for the maintenance of coupling systems.

Electrical system

For the purpose of this study, electrical system includes wires, lights, fuses, junction
boxes, switches, connectors, and other miscellaneous electrical components. During the
study, forty-five electrical system problems were reported. The total accumulated

58  More precisely, this figure was 52.76 and the number of problems assigned to maintenance was 3.24,
but we will refer only to round numbers in this section.

59 This damage can be attributed to improper hitching procedure and related abuse of the hardware. As
such it might arguably be considered a training problem as opposed to a maintenance problem.
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standardized cost of these problems, both parts and labor, was $1,923.15 ($68.68 per
unit).

Figure 55 shows the accumulation of electrical system costs for an average C-dolly as a
function of accumulated miles. Of the forty-five problems, eight involved repair of the tail
light assembly, damaged when stacking dollies at the distribution terminals. Seventy-five
percent of these accidents occurred at one fleet where the C-dollies tail light assemblies
aligned exactly with the pintle-eyes of their other dollies. The total cost to repair these
problems was $382.25 ($13.65 per unit).
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Fourteen (31 percent) of the forty-five electrical problems were considered typical
electrical repairs and are denoted as “Normal Electrical Repairs” in figure 55. These repairs
included replacing light bulbs, finding and correcting electrical shorts and replacing,
cleaning, or rewiring seven-way connectors. The total cost to repair these problems was
$503 (17.96 per unit).

The remaining twenty-three problems were unique to the C-dolly and involved the
seven-wire jumper cable of the dolly. When coupling dollies, if the two seven-wire cables -
attached to the dolly are of different length, drivers and hostlers are accustomed to attaching
the longer cable to the leading trailer and the shorter one to the following trailer. This is
logical with a conventional A-dolly because the range of motion between the dolly and the
leading trailer is greater than between the dolly and following trailer. However, with the C-
dolly, the opposite is true. The distance between the C-dolly and the lead trailer is basically
fixed (with the exception of small pitch motions), while the distance between the C-dolly
and following trailer will vary more than with a conventional A-dolly. This caused
problems during the study because drivers and hostlers would follow their usual procedure
and attach the shorter lead to the following trailer. This often resulted in the electrical
junction box being damaged when the driver made a sharp, low-speed turn. The twenty-
three problems of this type had a total cost of $1,037.90, and they were distributed through
all the Portland fleets.

The average CPCM for the electrical system maintenance on C-dollies for the entire
study was $0.106. This is greater than the $0.072 CPCM found to represent the average
electrical system maintenance cost for A-dollies. If the costs arising from the improper
hook-up repairs are subtracted the CPCM for C-dollies drops to $0.049.

Frame system

For the purpose of this study, the frame system includes the frame, dolly jack,
suspension components, and axle. During the study, twenty-one frame problems were
reported for the C-dolly fleet.60 The total accumulated standardized cost of these problems,
both parts and labor, was $2,201.75 ($78.63 per unit).

Figure 56 shows the accumulation of frame system costs for an average C-dolly as a
function of accumulated miles. Of the twenty-one problems, eighteen (86 percent) involved
repair or replacement of the dolly jack or one of its subassemblies. Two of the remaining
three repairs were simple adjustments to the frame system and cost a total of bnly $29.25.
The third problem involved the repair of a broken weld on an axle at the left backing plate.
(The axle supplier, KGI, said the problem was caused by a bad welding rod from one of

60 Thirty reports of damage 1o the dolly jack leg at fleet X were excluded from this total. See the
discussion on jack leg costs at fleet X presented earlier in this section.
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their suppliers.) The cost for this repair was $490, including parts, labor, and $350 to rent
welding equipment.

The average CPCM for maintenance of the frame system of C-dollies was $0.131. This
average is greater than the $0.060 CPCM found to represent the average frame system

costs for A-dollies. _
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Figure 56. Average accumulated costs per unit for the
frame system of C-dollies

Steering system

Steering-system costs are unique to the C-dolly. For the purpose of this study, the
steering system includes the damper, valves, and all miscellaneous parts associated with the
control of the self-steering action of the dolly wheels. During the study, twenty-one
steering-system problems were reported. The total accumulated standardized cost of these
problems was $684.90 ($24.46 per unit). ‘

Figure 57 shows the accumulation of steering-system costs for an average C-dolly as a
function of accumulated miles. Thirteen (62 percent) of the twenty-one problems were a
result leaking air diaphragms within the steering damper assemblies. The average time of
repair was 0.54 hours and the total cost of these repairs was $368.80. ITR indicated that
these problems were caused by a batch of defective diaphragms from their supplier.

There were six (29 percent) miscellaneous steering problems with a total cost of
$246.10. These problems included repairs to the air-damper mounting bracket, regulator
valve, and axle lock valve. These repairs occurred at four different fleets.

There were two problems of wheel alignment during the study. They occurred on two
different units at one fleet and were detected when very excessive tire wear was found
during a periodic maintenance cycle. The realignments required one hour for each dolly and
had a total cost of $70.00.
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- The average CPCM related to the steering system for the entire study was $0.038. This
average is less than the $0.072 CPCM for the steering system found in the historical C-
dolly records.

Trim System

For the purpose of this study, the trim system includes items such as mud flaps, quarter
fenders, chain hangers, brackets, etc. There were eleven repairs of the trim system during
the study. The total accumulated standardized cost of these problems, both parts and labor,
was $556.75. On a per dolly basis, $19.88 was spent on this system. A breakdown of
these repairs follows: seven were to fix the mud flaps, three were for quarter fenders, and
one was to straighten chain hangers. The CPCM for these repairs was $0.031

Wheels System

The wheels system includes hubs, studs, wheel seals, bearings, etc. There were ten
repairs made to the wheel systems during the study. The total accumulated standardized
cost of these problems, both parts and labor, was $562.25. On a per dolly basis, $20.08
was spent on this system. A breakdown of these repairs follows: eight were to fix leaking
seals, one was to replace a hub cap, and onc was to top-off a low oil level in a hub. The
CPCM for these repairs was $0.031

Maintenance Costs Experienced By C-Dollies Based On Historical Records

Review of historical C-dolly records shows a $0.381 CPCM for the seven dolly
systems. These costs were derived from nearly 900 maintenance records gathered from the
one fleet. The records reflect the cost to maintain twenty C-dollies between March 1989 and
April 1993. These units accumulated a total of 3.8 million miles during this period.
Generally, these results are consistent with those of other sources with the exception of the
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brake system costs. These data reflect a $0.066 CPCM for brakes, which appears low
relative to A-dolly results. A review of these records revealed very few brake system
overhauls. This is unusual since the records from other fleets indicate that friction materials
are replaced every 120,000 to 180,000 miles. If a more typical CPCM is used for the brake
system costs ($0.213), the total CPCM for the historical C-dollies increases to $0.528

CPCM. . :
Table 22. Summary of historical maintenance costs for C-dollies

Maintenance cost,

System dollars per 100 miles
Brakes 0.066
Coupling 0.097
Electrical 0.046
Frame 0.064
Steering 0.071
Trim 0.014
Wheels 0.025
Total 0.381

Maintenance Costs Incurred By A-Dollies In The Field Study

In addition to tracking and collecting the maintenance data on twenty-eight C-dollies, a
~ fleet of sixteen A-dollies was also monitored during the study. Table 23 shows how-the A-
dollies were distributed among four of the participating fleets. (The fifth fleet does not use
A-dollies.) The sixteen A-dollies accumulated approximately one million miles during the
study.

Table 23. Mileages of A-dollies tracked in the field study

Number of | Total Fleet | Average Miles
Fleet Dollies Miles per Unit
A 3 237,765 79,255
B 6 227,816 37,969
C 3 335,166 111,722
D 4 262,492 65,623
Total 16 | 1,063,239 66,452

129



Table 24 is a summary of the CPCM for these A-dollies. The operating costs for all
systems of A-dollies (other than tires) ranged from $0.385 to $0.565 per 100 miles. The
average CPCM of all the dollies observed was $0.501.

Table 24. Summary of the maintenance costs for the
A-dollies of the study in dollars per 100 miles

Individual fleet costs All fleets

System from least to most expensive in each category pooled
Brakes 0.256 0.271 0.293 0.297 0.278
Coupling 0.011 0.060 0.061 0.068 0.052
Electrical 0.028 0.036 0.055 0.138 0.063
Frame 0.000 0.000 0.053 nat 0.019
Trim 0.012 0.021 0.03 0.081 0.037
Wheels 0.000 0.023 0.049 0.118 0.053
All systemstt|  0.385 0.478 0.535 0.565 0.501

T The CPCM for frame systems of fleet X is believed to be anomalous and is excluded from
the calculation of the average.

Tt Not the total of the columns, but the values of the individual fleets ordered from least to
most expensive.

Maintenance Costs Incurred By A-Dollies Based On Historical Records

A-dolly maintenance costs were derived from historical records retrieved from two
fleets.6! The maintenance records for eight A-dollies in one fleet for the period of October

1988 through November 1993 were collected and standardized. These units traveled a total -

of 2.6 million miles during this period and, on average, each dolly accumulated
approximately 327,000 miles. The average CPCM was $0.407.

The records of three dollies in a third fleet included sufficient mileage information to
determine maintenance costs per mile. Records for these dollies were obtained for the
period from January of 1988 through May of 1995. These units traveled a total of 1.5
million miles during this period and, on average, each dolly accumulated 0.5 million miles.
These units had a total CPCM of $0.505.

Table 25 is a summary of the CPCM for the historical maintenance records on A-
dollies. The total CPCM for all eleven A-dollies taken as a group was $0.492.

61 These were the only two fleets with sufficient information to determine maintenance cost on a per
mile basis.
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Table 25. Summary of historical maintenance costs for
A-dollies in dollars per 100 miles

Individual fleet costs All fleets

System  |Least expensive | Most expensive|  pooled
Brakes 0.165 0.216 0.197

" Coupling 0.035 0.145 0.076
Electrical 0.071 0.076 0.074
Frame 0.079 nat 0.079
Trim 0.02 0.038 0.031
Wheels 0.026 0.043 0.036
All systemst? 0.407 0.505 0.492

t The CPCM for frame systems of fleet X is believed to be anomalous and
is excluded from the calculation of the average.

1 Not the total of the columns, but the values of the individual fleets
ordered from least to most expensive.

Maintenance Costs For A-Dollies From Other Sources

Additional data on the maintenance costs of A-dollies is shown in table 26 in
comparison to the summary costs for A-dollies and C-dollies determined in this study. The
new data are for an LTL fleet with approximately 4,000 dollies. They are the average of
year-end costs for five of the six years from 1987 through 1992.62 Despite the fact that
these LTL values are not based on the standard labor rate ($35 per hour) or parts costs used
‘in this study, they are in general agreement with the representative costs found for A-dollies
and C-dollies in this study.

These additional data are presented for reference only. Because of the different bases
for costs, these figures are not used in any of the analyses presented in this chapter.

62 These data were supplied by Robert Deierlien in private correspondence with UMTRI. Mr. Deierlien is
a consultant to the trucking industry.
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Table 26. Other maintenance costs for A-dollies,
dollars per 100 miles

LTL Fleet | Field Study | Field Study
System Data A-dollies | C-dollies

Brakes | 0.280 0.213 0.074
Coupling |  0.022 0071 | 0.081
Electrical | 0.058 0.072 0.065

Frame 0.124 0.060 0.084
Steering | 0.000 0.000 0.060

Trim 0.018 0.032 0.019

Wheels | 0.033 0.040 0.027

Total 0.536 0.487 0.411
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THE OPINIONS OF FLEET PERSONNEL
REGARDING C-DOLLIES IN LCV OPERATIONS

The drivers, mechanics, and fleet managers participating in the LCV field study were
surveyed to determine their opinions on C-dollies. Five opinion surveys were conducted
periodically throughout the field study so that the changes in opinion with exposure to C-
dollies could be observed. The results of these surveys reveal that (1) the opinions of fleet
personnel regarding C-dollies are generally positive, (2) drivers’ opinions of C-dollies
were strongly positive and consistently the most positive among the three classifications of
fleet personnel, and (3) in general, opinions on C-dollies held fairly consistent over the
period of the study.

The survey included prepared questions dealing with reliability, maintainability, and
general usefulness of C-dollies. Participants responded to these questions according to a
prepared rating scale. They were also encouraged to provided written comments and
observations about their experience with, and views on, C-dollies. Survey forms, along
with the complete set of survey results, are presented in appendix C.

The prepared questions on C-dollies, and the language of the respective response
scales, were as follows:

* How familiar are you with double-drawbar C-dollies? Not familiar; somewhat
familiar; very familiar.

» How would you rate the reliability of C-dollies? Not reliable; average reliability;
very reliable.

* Based on your experience with both A-dollies and C-dollies, have you found one to
be more difficult to use (maintain) ?63 C-dolly more difficult; both are the same; A-
dolly more difficult.

» What is your opinion of using C-dollies in double and triple combinations?
Strongly opposed; no opinion; strongly favor.

* How do you feel the use of C-dollies will change your job? Make it harder; no
change; make it easier.

An average of thirty-two drivers, fourteen managers, and twenty-one mechanics
responded to each of the five surveys. One hundred ninety-one drivers participated in the
study, but many of these only took one or two trips with the field study vehicles. Only
those drivers who used the equipment regularly were asked to complete questioners.

The summary results for each of these questions are presented in figure 58. Pooled
results are presented for drivers, mechanics, and managers, respectively. The vertical scale

63 Drivers and management were asked about use. Mechanics were asked about maintenance.
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of the graph is arranged such that positive reactions to C-dollies are up and negative
reactions are down. Results are presented for each of the five surveys, with time
progressing from left to right.

There were fifty-four positive and thirty negative comments on C-dollies written in on
the survey forms. (Occasionally one response contains both positive and negative
comments.) The positive comments concentrated on safety and ease of driving. The
negative comments related primarily to hitching and tire wear. All written comments appear
in appendix C.

A discussion of results for each individual question follows. A sample of written
comments related to the question is presented where available. Comments are identified
with the personnel group and the data source (i.e., the number of the survey or the
abbreviation DTF, for driver trip form), for example, [Driver, 3].

Familiarity: How familiar are you with double-drawbar C-dollies?

As could be expected, all three classes of fleet personnel showed a trend toward
becoming very familiar with the C-dollies over the course of the study. Surprisingly, all
three groups felt they were somewhar familiar with the C-dolly at the start of the study.
Drivers had the most dramatic change from less than somewhat familiar to nearly very
familiar.

Reliability: How would you rate the reliability of C-dollies?

All three groups of fleet personnel rated the reliability of C-dollies above average. The.
drivers gave the C-dolly its highest scores for reliability and consistently ranked the dolly
as nearly very reliable. The mechanics gave the lowest scores but still consistently rated C-
dollies as having better than average reliability. The opinion of the managers was between
that of the drivers and mechanics, giving the C-dolly an above average reliability rating. In
general, opinions on reliability stayed fairly constant over the course of the study. From the
first to the fourth survey, there was a modest improvement in the opinions on reliability,
but this was followed by a general decline in the last survey.

Over the 1.4 million trip miles that the twenty-eight C-dollies traveled during the study,
there were two breakdowns on the road reported. One resulted when the driver was unable
to unhook the dolly even after receiving instructions by phone. The second resulted from a
brake system air leak that caused the brakes to lock up. The second problem was discussed
in detail the chapter on C-dolly maintenance.

Maintenance And Use: Based on your experience with both A-dollies and
C-dollies, have you found one to be more difficult to use (maintain)?

The third survey question asked fleet personnel about their opinions on whether an A-
dolly or C-dolly is more difficult to use or maintain. The drivers and managers were asked
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about dolly use. The mechanics were asked about maintenance. (This question was
mistakenly left off the driver’s evaluation form during the first survey period.)

This is the only survey question which elicited a negative response regarding C-dollies.
Mechanics found the C-dolly to be more difficult to maintain than the A-dolly. This is not
surprising since the C-dolly is more complicated, mostly due to its steering mechanism.
Also, managers felt that C-dollies were more difficult to use than A-dollies, although their
opinion here was nearly neutral.

In contrast, however, drivers felt C-dollies were easier to use. Even though drivers had
difficulty with the C-dolly hitching mechanism and logged many coupling complaints, they
saw the C-dolly as easier to use than the A-dolly. This result suggests that the benefits of
better handling and tracking, and the ability to back-up the LCV when using C-dollies
outweigh the negative aspect of the more difficult hitching mechanism.

None of these opinions was very strong, and there were no strong trends for change in
these opinions over the course of the project.

Written comments

» C-dolly operation is much safer than A-dolly. [Driver, 2]

* The C-dollies are much (very much) an improvement in tractability in long
combinations (triples). They also eliminate sway almost completely. I feel safer in
snow or ice when pulling a set with a C-dolly than with an A-dolly. I would hope
that, in the near future, these C-dollies will become universal converter gear used
with all doubles and triple combinations. [Driver, 2]

* Noticed difference between A-dollies and C-dollies in the first mile of freeway
driving. C-dollies pull straight as a pin—can’t get them to sway without really
trying. The C-dolly cornering at road speed is much improved over A dollies. First
impression—They’re a pleasure to pull. [Driver, DTF]

» Snow was rough and rutted. Trailers pulled-very well, back box didn’t flop around
and try to pull the rest of the set out of line like with A-dollies. [Driver, DTF]

« The C-dolly. I've heard from most drivers they like it better than a regular dolly.
The trailers change lanes better and without the whipping you get from a regular
dolly. From a service point of view, the C-dolly is not much harder than the A-
dolly. As a mechanic and shop foreman I am impressed with the operation of both
ABS and the C-dolly. [Mechanic, 2]

+ C-Dollies hard to hook up and seem to get damaged during hook/unhook more than
A-dollies. Drivers and yard hostlers say it takes twice as long to hook triples with
C-dollies. [Manager, 2]

* The C-dolly hitches require training in addition to regular single hitches. They can
easily frustrate an unfamiliar driver. [Mechanic, 2]
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* The C-dollies seem to have been rough on tires & the hitches could use some
release improvements. [Mechanic, 5]

* C-dollies seem to be more stable but harder to maintain and more difficult to use.
[Manager, 4]

C-dolly Use: What is your opinion of using C-dollies in double and triple
combinations? ' '

All three classifications of fleet personnel were in favor of using C-dollies. The drivers
held the strongest opinion in this regard. This result is not surprising since it is the drivers
who benefit the most from the positive qualities of the C-dolly. Management’s view on this
question fluctuated during the study, but always remained favorable. The mechanics
consistently had a favorable view of C-dolly use in LCV operations. Again, there were no
strong trends toward changing opinions over the course of the study.

Written comments

* From what I have seen I am impressed with both (C-dollies and ABS). [Mechanic,
5]

* In my opinion the C-dolly is the best thing made for safety of pulling combinations.
[Driver, 1]

¢ C-dollies should be mandatory. [Driver, 5]

* A-dollies should be outlawed! [Driver, 5]

¢ C-dolly hitches still hard to unlock, C-dollies not suited for this company’s type of
work. [Mechanic, 3]

* Both types of equipment will improve the safety and handling of doubles and
triples. [Manager, 3] 4 ,

* After learning how the C-dolly works, its the best way to go! Back trailers are a lot
more stable in wind, on rutted roads, etc. [Driver, 1] ,

* ] feel the C-dolly should be law to pull triples and doubles. (LCVs) would be a lot
safer. I have had several compliments pulling doubles and triplesbdown the road on
how straight they are pulling! [Driver, 3]

* The C-dolly equipment is great. I have never driven anything that handled that good
in my life! [Driver, 3]

Overall Influence: How do you feel the use of C-dollies will change your
job?

This question was only addressed to drivers, and was intended to assess whether
drivers viewed C-dollies, overall, as a burden or an aid in their jobs.

Despite the additional burden of a more complicated and sometimes difficult hitching
mechanism, the drivers consistently indicated that, overall, the C-dolly did make their job
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easier. This rating rose early in the study and then fell again at the end. However, it always
remained distinctly positive.

Written comments

¢ After using a C-dolly for so long, going back to the A-dolly is like going from the
space shuttle to a horse and buggy. It takes longer to do my work; more hooking
and unhooking, switching trailers around. Going down the road there isa
considerably more rear trailer sway. Also, I believe that when the rear trailer sways-
and moves the dolly, it also allows the front trailer to move more. The C-dolly
provides stability to both front and rear trailers.[Driver, DTF]

* The C-dolly made for the most stable combination of trailers that I have ever pulled.
I was highly impressed with the way the trailers handled. It also made it very easy
to maneuver when backing into a dock. [Driver, DTF]

* Liked the way they pulled down the road. First trip with C-dolly made job a little
slow because of hook-up, but can see no real change in job or time with more trips.
[Driver, 3]

* My third trailer was to be left at Springfield. I was able, because of the C-dollies, to
back all three trailers into the dock and disconnect as usual, leaving the dolly under
the trailer. I have been able to save a considerable amount of time using the C-dolly.
[Driver, DTF]

SUMMARY OF OPINIONS ON C-DOLLIES

In general the response of the personnel of the participating fleets to C-dollies was very
positive. Table 27 shows a summary of the opinion results for each question. The table
shows the percentage of each group (drivers, mechanics, management) who rated the C-
dolly positively in response to the individual questions.%* All of the categories except two
show a strong bias toward positive response. In the two exceptional cases, managers rate
C-dollies more difficult to use than A-dollies and mechanics rate C-dollies more difficult to
maintain.

64 A positive response is a response above 4 on the 7-point rating scale used for each question. This
scale is represented by the seven lines of the verticle grid of figure 58.
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Table 27. Positive ratings of C-dollies by fleet personnel

Percent positive responses
Survey questions Drivers | Mgt. Mech.
How familiar are you with double-drawbar C-dollies? 75 38 71
Not familiar; somewhat familiar; very familiar. ’
How would you rate the reliability of C-dollies? Not 100 96 83
reliable; average reliability; very reliable. '
Based on your experience with both A-dollies and C- 74 29 13
dollies, have you found one to be more difficult to use
(or maintain)? C-dolly more difficult; both are the same;
A-dolly more difficult.
What is your opinion of using C-dollies in doz.tble and 100 92 100
triple combinations? Strongly opposed; no opinion;
strongly favor.
How do yoz_z feel the use of C-dollies vfzill cl.tange your 83 N/A N/A
job? Make it harder; no change; make it easier.
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