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EXECUTIVE SUMMARY

BACKGROUND

This LCV Operational Field Test 15 one element of the sudy of long combination
vehicles (LCVs) mandated by the U8, Congress in Section 4007(d) of the Intermodal
Surface Transportation Efficiency Act of 1991 (ISTEA). It i5 also the third in & series of
field tesis conducted by the NHTSA investigating antilock braking systerns (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, investigaes the
performance of double-tow-bar dolhes (C-dollies) on LCVE,

The objective of this field study, as stated by the NHTSA, was to “evalzate the
stahiliry-enhancing characteristcs, practicality/relabilicy, mainienance costs and (feet)
personnel reactions to ABS.. and double-drawbar dollies.” To do this, UMTRI equipped a
fleet of double- and triple-traler LOVs in aeral commercinl service with ABS and with
double-tow-bar dolliss and monitored their performance for a period of about one and one-
half years. In that time, the test fleet accumalated approximately 1.4 million miles on trips
within the study and the individual units of the test fleet accurmulsted over 10.5 million wnit-
mnilez, Monitoring technigoes included the wracking of all maintenance work done on the
vehigles in the study and measurement of the piysical pehivior of the vehicles on the road
by means of on-board mstrumentation syslems.

The fleet of test vehieles was distributed among five commercial fleets operating in the
narthwestern 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 fourth was &
ragional LTL (less-than-truck-load) carmer, Seventeen tractors, sighty-six trailers and
rwenty-cight C-doliies made up the test feet. All iractors and trailers wers owned by the
participating fleets. The project provided the majority of the C-doflies, although one flees
operated C-dolliss prior 1o the anedy. These onits were equipped with ABS, special
hitching hardware 1o accommodate C-dollies, and instrumentation systems for monitoring
wehicle behavior.

.LIMITATIDNS OF THE FIELD STUDY

The authors believe that the findings set forth in this report are meaningfol and tht they
are fair representations of the performance (economic and physical) of ABS and C-dollies
in the environment of the five panicipating commercial fleets. At the same time, howewver, it
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is important to indicate clearly that it is not possible to assign any measune of statistical
certamty to the findings to be presented. The effort and funds expended to condact this
simdy wene substantial. Even so, the study was (oo small—in number of fleets, number of
units, and duration in time or in miles—to vield results thar 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 rosd usage laws of that
region. The participating fleats have their own distinguishing characteristics of management
sryle, products transported, etc. Finally, the study itself unavoidebly caused changes to the
- standard operating procedures of the participating fleets.

FINDINGS
Antilock Braking Systems On LCVs

The experience of this field stndy has lead 10 a number of significant observarions
regarding the performance of antilock braking systems on LCVs, Principal among these
arc:

+ ARS can be expected to play a significant, siability-enhancing role in Some feft 1o
twenry severe braking events per 100,000 miles af 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 invelved only one unit. Twelve to 14
percent involved two units, and 4 or 5 percent of thess events were severs enough o
invalve 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 ravel,
Events invalving ABS activity on two units occur gbout onee every seventy hours,
and events involving thres or more units oceur, on average, ahout onee every 200
hours of travel.

= On average, a driver can expect to experience 190 o 250 (for triples and doubles,
respectively) ABS braking events per 00,000 miles. Of these, twenty-five to thiry
can be expected to involve two units and nine or 1en to invalve three or more units of

thiz vehicle.
Disicibution of ABS events experienced in
100,000 miles of travel by an LCY
Feveriry, number of units experiencing ABS activity
!
Travel speed, mph {ne Twao Three or more
Ota 25 75 14 4
25 ds B ] o 4
over 43 18 4 2
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« ABS petviry takes place about as frequently on dollies as on wailers, suggesting that,
for stability in braking, ABS is as important on A-dallies as it is on trailers,

An important objective of the program was to determine conditions under which
sufficient elecirical prwer for the operation of ABS on LCVs could be provided throagh the
brake light circuit using the conventional seven-pin connector, To this end, special
modifications were made to the wiring of the iractors and the trailers used in the study in
order 1o provide an elecmical system optimized for this porpose. It was found thar, even
with this special wiring and well maintgined connectors, it wis necessary for the clecincal
sysiems of the traciors fo supply o minfmam af 13,3 volry and for te AES on dollies and
frailers to reguire no more than 9.0 volts in order to ensure that sufficient electrical power
could be supplied. (The valtage level supplied by tractors in the study varded considembly
with more than half falling below the critical value of 13.3 volts.)

Introducing ABS on all units of a typical double- or wiple-trailer combination vehicls
was found to increase the maintenance expense of the entire vehicle by gbout 1 percent. The
cost of maintaining ABS on trailers and dollies appears to be about 3.2 cenls per unit per
cne bundred miles waveled. This represents about | 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 ane hundred miles and 0.5 percent of the mantenanee expense of the unit.

At the sume time, however, ABS can lower costs incurred through tire flat spotting
{(which oceurs when & locked wheel is dragped across the ground for an appreciable
distance). Acmal savings could not be established, since it was not possible to determine a
reference cast for tire flat spatiing experienced without ABS. However, [3] individual
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Maintenance cost for ABS on individual units of LCVs

Cowts, dallars per
100 miles for: Tractors | Trailers | Dollies
ABS 0045 0.032 0.032
All ather systemst o048 2.582 1.034
Toral G093 2.614 1.066
T Thise costs do not isclude the expense of periodic and anmaal
inspection on trailers and dollies.

ity acowmlared a total of 1005 million unit-miles in this study without any tire flat
spolfing vccurring 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 previons work, this field
study confirmed (and in some instences virtually duplicated) the findings of many previeus
research efforts in regards to the lateral performance qualities of LCVs, That s, this stdy
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-doilies.

e ___Second trailer P Third Trailer

[ With A-dollies
D With C-dollies

gr L

Rearward amplification
[ =]
Fr/
( »
Rearsard amplification
FJ

' ] 0 4 1 J =4
0 025 050 035 100 0 025 030 075 100
Mansuver frequency, hz Meanewver frequency, hz

Rearward amplification messured on fully loaded triples (55-65 mph)
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Lateral aceeleration, gravitational wmits

The lateral scceleration experience of the trailers of fully loaded triples
relative to their tractors (above 45 mph)

The lateral sceeleration behavior of ractors and trailers was measured with instruments
on board the g3t fleat for approximarely 350,000 miles of wavel. Eighty-four percent of
thiz ravel was with LCVs equipped with C-dollies and the remainder was with A-dollies.
The dats were used to produce two measures of lateral behavior for comparing the
performance of the A-traing and C-trains, One was the raditional measure of rearward
arnplification {in the frequency domain}, The other wes a rearward-amplification-like
measure based on the ratio of the tmes that wrailers and wractors, respectively, spent above
specified levels of lateral accelerations,

When operating with A-dollies, the trailers of the LCV study vehicles tended io
experience substimtielly larger lneral accelérations than the tractors towing them {1.e.,
rearward amplification). When equipped with C-daollies, this tendency was grently reduced
or reversed, The sensitivities of the rearward-amplification response 1o such factoss as
traiier wheelbase, speed, and number of wailers was generally the same in the test flect as
was found in previous work, C-dollies produged the greaiest improvement in lateral
behavior in these vehicles displaying the preaiest rearward amplification—iriples.

The duta gathered in this field study provide oiner interesting insights into the lateral-
grcelaration experience of moltivailer commercial vehicles, and perfiaps into the response
of drivers to the lateral performance qualities of their vehicles. & was found that imectors
pulling A-trains operated at highes lateral accelerations for a smaller percentage of travel
time than tractors pulling Coraims. Time spent at higher lateral accelerations comelaied very
well to the rype of vehicle end dolly, These observations should be considersd as
preliminary, but there appears w be evidence suggesting that drivers respond to the poorer

Vil
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tracking behavier of the trailers of A-trains by driving more cantiously, This Is an areg
warthy 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 expenss resulted from an 80 percent
Increase in tire wear rates on C-dollies relative to A-dollies, Continuing maintenance cost
associated with the unique fearures of the C-dolly—she double tow bar and its hitches and
the self-steering system—appeared minot in relation 10 increased dre costs. The
maintenance expense for operating a single A-dolty was $1.04 per 100 miles, of which
50.55 was attributable 1o tire costs. The comparable figures for C-dollies are $1.54 and
50.99, respectively.

Those flests with no previous experience with the operation of C-dollies suffered
additional expenses for the repair of pintle hitches. These cost were not true mudnlenance
expenses, but were shown to be strongly related to drver experience, declining rapidly
over the driver's ficst 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-dolliss,

Maintenance cost for individual wnits

Costs per 106 ]

miles _}r‘; Tractors | Trailers | Ceodolly | A-dolly
Tires _ _|.25 0.64 099 055
All other items? 7.80 1.95 0.55 | 049
Total i 9.05 | 259 154 | 104

T These cosis do not irclude e expenss of pericdic and onneal imspectlon
om erailers ard O- and A-dollies.

wil
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Presumahly, these costs could be substantially reduced with improved driver training or
simplifisd hitching mechanisms,

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

The drivers, mechenics, and fleet managers participating in the LOV field stody were
surveyed in order to dstermine their opinions regarding ABS and C-dollies. Five opinion
surveys were conducted perodically 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 personne] regarding the use of ABS on LCVs are strongly
positive. This is wue with respect to ABS on tractors, trailers, and dolfies.

* Oipinions on ABS were positive at the ontset of the study and tended to rise with
exposure to ABS during the study.

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

* The opinions of fieet personne] regarding C-dollies are generally positive,

* Drivers' opinions of C-dollies were strongly positive and were consistenthy the most
positive among the three classifications of fleet personnel.

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

This document is volume 1 of the final technical report of & 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 Mational
Highwey Traffic Safety Administration (NHTSA) under task order number NRD-01]-3-
07247 of contract number DTWNH22-92-D-07003 (Heavy Truck Crash Avoidance
Research). This long-combination-vehicle (LCV) operational field test s one element of the
LCY sudy mandated by the 1.5, Congrass in the Intermodal Surface Transportation
Efficiency Act of 1991 (ISTEA) The field test was preceded by a planning study entitled
“Flanning to Conduct LCV Crperational Test,” task order nomber NRD-01-2-07572.[1]1

This project is the third in a series of feld tests conducted by the NHTSA, The first
siudy examuned the performance of antlock braking systems {ABS) on 200 commercial
vehicle tractors.[2] The second looked at ABS oo fifty semitrazhers. [3] This study exiends
the investigation of ABS into the realm of the LCV and, at the sume time, imvestigates 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 feld study, as stated by the NHTSA, was t0 “evaluate the stability
enhancing charactenstics, practicalitv/reliability, manmtenance costs and {fleet) personnel
reactions to ABS... and double-drawbar dollies.” To do this, a fleet of double- and triple-
trailer LOCVs in actual commercial service was equipped with ABS and with double-tor-bar
dollies and their performance was monitored for a period of approximately one and one-
half vears, In that time, the es1 fleet traveled approsimately 1.4 million miles on trips
within the study, and the individoal units of the 1es: fleet accummulated over 10,5 million
unit-miles, Monitoring technigues included the tracking of all maintenance work dene on
the vehicles in the study and measurement of the physical behavior of the vehicles on the
road by means of on-board instrumentation sysiems.

The test vehicles were distributed among five commercial flaets operating in the
noriiiwestern region of e country where the use of LCWs is most prevalent. Four of the
participants were the private fieets of targe, retail-chain-store companies, The fifth was a
regional LTL (less-than-tneck-load ) carner, Seventeen tractors, eighty-six treilers and
rwenty-gight C-dollies made up the test feet. All ractors and trailers wer= owned by the
participating fleets, The progect provided the majority of the C-dollies, although one fleet
operated C-dedlies prior to the study. These units were equipped with ABS, special
hitching hardware to accommaodate C-dollies, and instrumentation systems for monitoring
vehicle performance,

b Numbers in breckets refer 1o biblographic refererces listad in the iast chapier of this report.
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LIMITATIONS OF THE FIELD STUDY

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

The effort and funds expended to conduct this stody were substantisl, Even so, the
stirdy was too small—in pumber 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 roed usage laws of that region. The participating fleets hove their
own distinguishing characteristics of management style, products transported, ete. The
majority of ABS and C-dollies were new at the outset of study and could be expected to
have a normal [ife span of (wenty 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 tractars, trailers, and doliies would not stay together as one vehicle (i.e., stay
“married,” in the parlance of the trecking industry) for more than 2 single twip, Typically, 2
tratler pulled by cne tractor today would be palled by another tractor on its next trip and still
another after that, Where a rader goes next is simply 2 function of the immediate logistical
problem faced by the company dispatcher.

However, in ffeld study operations, the test equipment had to stay together for a variety
of reasons: C-dallies could only be used with the trajlers retrofined with special hitches;
electric power demands of ABS for ar entire frain was a major interest, and special wiring
was provided for this purpose; electne power for the instruments was provided via special
wiring on the test vehicles.

The choice of flests that would panicipate in the field test was strongly influenced by
this need to keep the test units together. The Neet operation had to be centralized around a
sthgle disteibution point to which the test units would always retum. In planning the study,
each paricipating fleet identified one or two moutes (o dedicate to the study. The number of
tractors, trailers, and dollies outfined for the study was defined by the companies’ views of
the equipment needed to service those routes, These restrictions on their rormal eperations
were a logistical burden 1o the compunies and clearly resulted in frailers and dollies being
underutilized during the study in compansan lo normil serviee. (However, the restrictions
were not absolute, Field study equipment did get used outside the program. Tractors,

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

There are ather, much mose subjective elements of the study, which were not normal
and which may hove had some effect on results, One of these involves motivation, While it
is true that all the participating flests wene most cooperative (and the authors are most
apprecigtive of that fact), it is also true that they were all volunteers in someone else’s
project. The decision to use ABS and (o use C-dollies was someons elss’s, not theirs, The
capital invested in ABS and in C-dollies was someons else®s, not theirs, Participation was a
temnparary commitment, not a permanent one. Consequently, in some instances, the day-to-
dey commitment to “make it work' may not have been the same as would resolt from an
internal decision to wse these products.

It iz also probable that fleet maintenance procedures were aliered from their nsusl
situation by the study. In order to track madnienance costs, non-standard reports and
record-keeping procedures were introduced, which may have brought on 2 heightened level
of attention to fisld-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
refationship between fleets and suppliers, probably lessening the aggressiveness of fleets in
soeking warranty service, The manofacturers of the ABS and C-dollies were aware of the
study—and that it was fedsrally funded, and that results would be made public, This may
alga have had some infloence on Maintenance procedures and the relationships between
fleets and suppliers.

The net infleence of all these elements can not be quantified. In the end, the authors can
only reasser 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-dollics
in particular,

THE STRUCTURE OQF THIS REPORT

‘This report is structured first 1o convey the findings of the LOCV field test {as opposed to
chroaicling the conduct of the study). As & conzequence, 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, cne chapler reporis on “the stability
enhancing characteristics” of the svsiem and is based largely on the electronic data gathered
by instrument svstems mounted on the study units, A second chapier reports on
*practicality/reliabality, maintenance costs™ as determined from the flest maintenance
records, and a variety of reports submitied by drivers, mechanics, and others. The third
chapter of each group repoms “fleel personnel reactions” as revealed through opifien
surveys taken thronghout the field study.
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The two chapters immediately following this introduction are encillary, bowever, The
first defines and discusses some of the peculiar jargon used throughout this document. The
next chapter presents a brief overview of the field siady, This is done primarily to build a
context for the findings that folfow. The final chapter of this volume lists the bibliographic
references. More detail on the conduct of the study and volusmnous presentations of data
are confined to the thirteen appendices, which appear in volume 2 of this report.
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AN INTRODUCTION TO TERMINOLOGY

This chapter is presented for the reader who Is not familiar with common terminology
used by the U5, micking industry, Definitions and, where appropriaie, very brief
diseussion of some of the jargon (and sbbreviations) wsed throughout this document are
presented.

VEHICLE CONFIGURATIONS

This study is concerned with long combination vehicles, A combination vehicle is made
ujp of more than ene mdividual vehicle wnit. The three most common types of units are
traciors, semitrailers, and converter doliies. The S-axle tractor-semitrailer is, by far, the
most common combination vehucle, This study, however, is concerned only with
combinatons which include torn or three semitrailers,

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

A-train. A multiple-tradier vehicle combination that uses A-dollies 10 support the front of
the second and, possibly, third trailers,

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

Long combination vehicle { LCV). A commercial vehicle with two or more irailers
whise combined length {of the trailers) is greater than that of two 28-foot railems
and whise gross combination vehicle weight {GCVW), with tractor, is greater than
BO000 pounds

Combination vehicles with two 28-foot trailers and weighing up o 80,000 pounds are
attowed in every state by act of the 1.5, Congress. Combinations larger then this reference
vehicle are called LCVs. In this document, and in common usage, a vehicle is considersd
an LCW if it meets the length requirement and its legally alfowaddle GOVW exceeds 80,000
pounds, regandless of the ot gross weight of the vehicls at any given moment.

Mote: The flect of test vehicles followed in this study was nominally composed of
Rocky Mountain doubles and inples. However, many of those vehicles nominally
designated &s triples actually operated a substantial portion of the time as westemn doables,
paricularly in the winter months. This was the resull of legal sestrictions as well as the
internal policies of some of the participating fleets. Even though western doubles are not
strictly LCVs, the data garhered in this configuration are included in all the analyses and
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results presented herein, Consequently, in this repart, 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 (rypically
twenty-seven (o thirty-one feet long). This configuration was 5o nemed because of
its popularity in the Rocky Mountan states.

Rocky Mountain double

- 40 feer — % | 2§ faey —
(twpical) (twpical)
el | |
= |
=
=" &8 ¢ e e e o

o) o)
Triple
- 2B feet — r-— 28 fent ~—— 28 feet
aypical) | | (rypical) | (typical)
i 0 o '§
Western double
28 foey — ™ 2E faar W=
(typical} | irypical) |
e

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



ESTUDIO DE INVESTIGACION DE LA UNIVERSIDAD DE MICHIGAN
Puede ser consultado en:
http://www.hti.umich.edu/cqi/t/text/text-
idx?sid=50cf84488b83cc2b8ba0554be1cc5¢c98;c=umtri;idno=88519.0001.001

Typically, Rocky Mountain doubles are configured with the long teadler in the lead
position, Cecasionally, however, the tradler positions are reversed. In this report, Rockies
in which the shost trailer is in the lead position are refarred to a5 reverse Rockies.

Triples. A commercial vehicle composed of & ractor and three short trailers (ypacally
rwenty-seven m rhiry-one fect lang).

Western double. A commercial vehicle composed of & tractor and two short tradlers
(rvpically rwenty-seven to thirty-one feet long). Orginally used in the western
states, this vehicle is now allowed in all stanes,

ANTILOCK BRAKING SYSTEMS

Antilock braking sysiems (ABS) are intended o prevent the complete lockup of wheels
during heavy braking or braking on low-inction siofaces. The controflability and stability
of all highway vehicles 15 dependent or the properties of the rolling tire. When a wheel
locks (i.e., ceazes o rotate), its tire loses lateral traction. If the front tres lock, the velucle
is no longer stesrable and will comtinee in the direction it is headed regardless of driver
steering activity. If rear tires lock, the vehicls may become unstable and spin oot (either
tractor or trailer, in the case of combination vehiclas),

Tire flat spotiing 1 the term applied 1o the excessive wear which occurs in one spot on
the tire when a locked wheel 15 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.
Ome of the acknowledged benefits of ABS 15 the reduction of costs associated with
premamnire tine replacement necessitated by flat spolting.

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

Electronic control wir (ECLU), This is the computer “brain” of the ABS. Tt receives
sigmals describing the rotational speeds of the wheels from wheel-speed sensors,
and sends approprize control signals to the moedolater valves which control brake
gotuation 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.

Swstem configurarion. ABS for tractors and trailers come in a variety of configurations
typically designated by the number of wheel-speed sensors and the number of
rmoduletors n the svsiem. For example, a 4528 svatem would have four sensors
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and two modulator valves, Appendiz D briefty describes and hsts the
configurations of the systems used in this study.

Wheel-speed sensors. The magnetic sensor that sends an electrical signal o the ECU
which iz indicative of the rotational speed of the wheel, The wheel must be
equipped with & tooth ring ealled an exsiter ring, The sensar is mounted close to the
ring and reacts to the passage of each tooth, producing a pulsating electrical signal.

_ Providing electrical power 1o ABS on LCVs was a subjeet of major interest in this
study. Thus, there is a great deal of discussion regarding the components of vehicle wiring,
especialby the components of the wiring berween the individoal units of the combination
vehicle. By standardized conventions interunit afectrical connections involve seven
electricul eircnits: (1) ground, (2) clearance/side-markeridentification lamps, (3) left-tuen-
signalhazard lamps, (4) stop lamps!ABS, {5) rght-tum-signalhazard lamps, (6) tail-
light'clearance/side-markerlicenss lamps, and (7) auxiliary.[4,5.6,7] Hardware elements
involved in interunit wiring inclode;

Seven-wire fumper cable. The seven-wire electrical cable used to make the electrical
cofniection between units when assembling & combination vehicle, The cable has a
seven-pin connector on at least one end. The other end may be permanently anached
to & unit (usually a tractor or dolly) or may alse have a connector.[8] Cables come
in different versions with wire guges selected for lighter (single-trailer, non ABS)
ar heavier (multipte-trailer andéor ABS) duty,

Seven-pin connector, A connector of standardized geometry used on the seven-wire
juinper cible,

Seven-pin recepurcle. A receptacle of stindardized geometry intended to mate with the
SEWER [.':'II"I COMNECior,

Viruvally all semitralers have such & seven-pin recepiacle at the front bulkhead for
connection 1o the tractor or other wwowing unit, Trailers wsed in double- or triple-traiber
service typically have a second receptacle at the rear, Tractors may bave such a receptacle
behind the cab or may have a permanently installed jumper cable.[8] Dollies, if fitted with
electrical pear, usually have two permansotly installed jumper cables, one 10 connect 1o the
iowing trailer and ane for the towed trailer. (Mherwise, 8 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 & sernitrailer
when it is used as the second or third watler of 2 combination vehdcle. The semitrailer has
suspension and wheels of jts own oaly 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
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sepond or third trailer it must be converted to o fill trailer (which has suspension and
wheels at both ends) by the use of a dailly.

Converter dollies typically have one axie, but may have two, (All dollies in this study
had smgle axles.) Dollies are equipped with & fifth-wivee! conpler directly above, and
slightly forward of the suspension center. This is the coupling to the semitrailer that the
dolly supporis and tows,

Depending on desipgn style, dollies may have a single- or double-tow-har arrangement
for coupling to the towing trailer. In cither case, the tow bars terminate in & simple, rogged
fowing eve, The towing trailer is equipped with one or twvo pintle Ritcher consisting of &
hook and locking mechamsm which engages and secures the eve(s), thereby supporting
and towing the dollv.[9]

Two types of converter daollies, which are distinguished by the pumber of towr bars, ane
illustrated in figore 2.

A-dollv. 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.5. are of this type. The single hitching point allows the dolly to ariculate in
vaw (steering], pitel {forefafl rotation), and roll (side-to-zide rotation) with respect
to the towing trailer.

C-dofly. The defining quality of the C-dollv is its double-tow-bar configuration. The C-
dolly ipreviously called the B-dolly for reasons too invalved 1o explain here)
originated in New Zealand and has found its greatest popularity in Canada. Its
gitractive quality is it shility to improve the stabiiity of multiple-trailer combination
vehicles, This s accomplished because the doubbe-tow-bar hitching arrangemet
eliminates yaw and roll ardculation with respect 10 the lead trailer. Eliminating vaw,
in particular, can degrade low-speed maneuverability and produce excessive hitch

u_rﬂ !
— ) o
el _(® & _© 8

./;’\

.
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A-dolly C-Daolly
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Figure 2. The A-dolly and the C-dolly
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forees and tire scrubbing during tight tarns at low speeds. To mitigate these low-
speed problems, the wheels of the C-dolly are allowed to steer by a caster
mechanizm. However, a centenng mechanism provides mechanical resistance to
this seff-steering action &s required for dynamic stability at highway speeds.

Tow bar, The forward structure of the dolly is referred to as the tow bar, Tt terminares

in one of two tow-bar eyes which are simple rugged steel rings for atteching to the
pintle hiteh, [9]

Firale hirch, Ona (for A-dellies) or two (for C-dollies) pintle hitches are mounted to the
rear of the trailer which tows the dolly.[9] The bitch consists of & rugged hook
which engages and suppons the tow-bar eye and a locking mechanism which
ensures that the eve s1ays in place, A single hitch and sye results in a joint that
aflows ariculation in all directions.

10
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THE LCV TEST PROGRAM

AN OVERVIEW

The test operations of the LV 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, Nevade, and Utab

Al five of these contiguous states allowed the use of Rocky Mountain doubles on a
desipnated highway system, Four of the five, excluding Washington, allow operation of
tripies on a somewhet more restricted network, In vinually ell cases, operation of thess
vehicles requires a special perrit grantad by the state. The individoal states place varions
restrictions on the operation of triples under adverse conditions incleding wet or snow-and-
ice-covered roads, poor visibility, and cemain perinds of high traffic density, Oregon is
particularly strict im this regasd.

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
traifers owned by the flests and chosen for participation in the stady were specially
equipped with ABS, C-delly hitches, instrurnentation systems, and special wiring to
provide electrical power for the ABS and instruments. Financial considerations limited the
number of units that could be fitted oot in this manner. For the purposes of the study, these
unis had to be operated together as LCVS and be kept iselated from other units to the
masimom extent possible. To accommadate this need, the general plan called for operating
the study vehicles on specific service routes that wene centralized around a single
distribution center within ach commencial operation. Only uniis equipped for the study
were 1o make up the vehicles servicing these routes. The specific number of tractors,
traflers, and C-dollies panticipating in the study was defined by the companies® views of
their equipment needs o service these routes in the prescribed manner.

The five flects who met the needs of the study and agreed o participate were:?

Albertsons, a grocery chain with a distribution center in Portland

Fred Mever/Distribution Trucking Company, a grocery/discount department
store chain with & distnbution center in the Portland area

PayLess Drog Stores/PLXpress (later Thrifty PayLess, Inc.), a drug store
chain with a distribution center in the Portland arca

2 The five participating eets are refesred to by mame in Uids chapter, In other chapears, however, names
are gererally removed in an auempl 1o provesl the progrielary imbsrests of the companies.

11
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ShopKo Stores/SVS Trocking, a discount department siore chain with a
distribution center in Boise
Silver Eagle, a regional common carrier with a distribition center in Portland

These five fleets operated seventeen “vehicles” for the LCV study, seven Rocky
Mountain doubles and ten triples.® Vehicles appears in quotes sincs its definilion bhere 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, exra
trailers and dollies are generally needed. The best example is a tripbe-tradler “vehicle,” In a
typical scenario, this vehicle would service three stores and use nine trailers to do so, Each
store requires the simultaneous use of three trailers. Al &ny particular moment, one of these
trailers is at the distribution center being loaded with goods for the store; one is on the rond
en rowte to the store; the third is af the siore being unloaded and periaps loaded with retam
goods. This “vehicle™ of one tractor and nine traiiers also requires at least two, and
probably fractionally mere, dollies to sccommodate operational logistics, Theough a
namber of variztions on scenarios such as this, the seventeen wehicles of this study were
compased of 131 mdividual units; sevenieen Wrattors, twenty-eight C-dollies, and eighty-
six semitrailers, Depending an the fleet’s operations, 2 single vehicle made from one to five
trips a week, ranging from 350 o 1500 miles per tip.

Among the five fleets, one had wsed 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 acquisiion of ABS and C-dolly eguipment and the
rerrofitting of the test vehicke units with this hardware, The project also acquired and
installed the instrumentation peckages and the associated dats-transport systems needad to
monitor vehicle performance over the test period. The retrofitting task imvolved fitting ABS
to tractors, wailers, and dollies; strengthening the frame a1 the aft end of trailers and
installing the dual pintle hitches required for C-dofikes; installing the instrumentation
packages, incloding wansducers, wiring hamesses and data loggers; and substantiafiy
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 intredueed a number of partners
into the study. ABS were acquired from the three poimary U.S. suppliers: Allied
Signal/Bendix,* Midland-Grau, and Rockwell WABCO. C-dollies and associated hitching
hardware were procured from the only US. supplier that had prodoced a significant

3 The vehicles nomanally deslgnated & wrples actual opesated a subsiantial portion of dhe tme as
western diogbles, pasticularly tn the winter masths, This was the result of legal restriclions as well as
the intemal policies of some of the parucipaung Nects, Even thoogh western doubles are not saicly
LVs, the data gathersd in this configeration s ingluded ie all the analvses and resalts presented
harein, Consaquently, in this report, the term LOV also inciudes wessern doubles

4 The company, Allied Signal, markets ABS under the Bendix hrand name. The distinction between the
naeme of the company and the name of the product Is maintained in this document.

12
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number of C-dollies, Independent Trailer & Repair (ITR). Besides their role a5 hardwarne
suppliers, these companies provided training, service, and technical expertise throughout
the smady.

Vehicle Monitor Corporation (WhC) supplied the instramentation systems.
[nstrumentation 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
continwing partner, providing mraming, equipment mantenance, and data monitoring
services, Vehicle modification and instrumentation was accormnplished at Wisconsin
Paterbilt in Green Bay (near the home office of ShopKo Stores), at Portland Freightliner in
the city of Portland (ABS installation on two tractors), at Frushauf Trailer Corporation in
Portland, and at Westen 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 1o be developed and fabricated during the project, they were not fully installed and
operational until May of 1994,

Priar 1o launching operations of the rest fleet, day-long training sessions wene held for
the drivers, mechanics, and manzgemen: personnel of the participating fleets. One session
was held in Boiss for the ShopKo persennel. Two other sessions were held in Portland for
personnel from tie other four flests, Traming manuals unigue 1o each fleet were prepared
and disuributed. Representatives of the ABS and C-dolly suppliers attended and participated
as approgriate. ABS, C-dollies, and hitching hardware were on hand for demonstration and
practice,

Test fleet operations were lannched berween August and November of 1993, The
performance of the test fleet was momtored for sixty-nine (Albertsons) (o eighty-four
(ShopKo Stores) weeks. Owver this time, data were gathered in several formats, namely:

= Diriver trip forms. Thess forms were filled out and submirted by drivers for each trip,
They contained information on vehicle identification, routing, loading condition,
weather and rozd conditions, problem reports, and comments, (See appendix A.)

»  Electromic data. Also gathered trip-by-trip, these data came from the instroments and
data loggers mounted on each vehicle unit. These data included histograms of
longimdinal and lateral accelerztion and brake application pressures, recordings of
ABS supply voltags (hrake-hght cireuil vollage), and continuous recordings of
warious response variables during significant ABS and lateral events, (See appendix
B.)

+  Eguipmient mantenance records. All records of maintenance activity on each of the
131 units 1o the study were collected menthly over the course of the study, The same
was done for sixteen additional A-dollies distributed across the five fleets. Alsa,
histoscal maintenanee records pravided by some of the flests weee used in the study,



ESTUDIO DE INVESTIGACION DE LA UNIVERSIDAD DE MICHIGAN
Puede ser consultado en:
http://www.hti.umich.edu/cqi/t/text/text-
idx?sid=50cf84488b83cc2b8ba0554be1cc5¢c98;c=umtri;idno=88519.0001.001

* Tire tread depths end odometer or hubometer readings. These daa were gathered
monthly from each of the 131 umnits by the project fiekd representative.

v Problem report forms. These formns 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.)

*  Opintan surveys, Drivers, mechanics, and managers of the participating fleets werns
surveyed periodically throughout the study to obtain therr 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 prasentations of the following chapters, results are given for all four
types of LCVs (triples, westem doubles, Rockies, and reverse Rockiss), respectively. In
other cases, data for mormal and reverse Rockies or for the three rypes of doubles are
pooled and results are presented in compasite farms.

The analyses of later chapiers also distinguish among loading conditions, Each segment
of an LCV trip was segregated inte ene of three load conditions, nameby: empry, full, or
mixed. In most cases, the mixed load condition implies that some trailers were loaded and
some wers emply, as opposed o individual tradless being partially loaded. In o mixed load
condition, the commeon practice among LY fleels is (o position the wailers in the train such
that the fully loaded trailers are forward of the empty trailers

Table | describes the distribution of the 131 vehicle units of the Geld test by type of nmit
and operating fleel. A more compiete descrption of the individual units appears in appendix
. The following discussion brefly describes the configurations operated by the several
flests and their typical loading conditions

Table 1. Vehicle units in the test fleet

Trgifers | |
Fleet Traciors Long  Short | C-Dollies | Total
Alberisons 3 3 3 | k! ! 12
Fred Meyer 3 | 1| 6t | 20
PayLess 2 | 2 B 4 | 16
ShapKe 7 | 9 28 | ot 53
Silver Eagle 2 | 22 i 30
Total | 17 | 14 72 | 2B 13]

T C-dolles were transfesned from Fred Meyer 1o Shopko late in 1954 changing thess
figures w4 amd 11, respeciively
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Albertsons operated Rocky Mountain doubles exclusively in this smdy. These vehicles
used a 40-foot, wndem-axle trailer in combination with a rather unusal 24-foot, andeam-
axle trailer. The average gross combination weight (GOW) of these wehicles outbound from
the distribution center was 93,433 pounds. The vehicles always remumed with the same
tradlers 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 frips were taken in the western-double
configuration and the remaining 17 percent as triples. The average GUW outhound was
81,554 pounds for the doubles and 98,193 pounds for the riples. Return legs were
typically empty &nd 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 fest wrips. The same trailers ran as reverse Rockies in 22 percent
of their trips. The 27-foot trailers were used a5 western doubles in § percent of their trips
and it triples for the remaining 16 percent of wips. Average GCWs for those configurations
departing from the distribation center were 67,872 pounds, 67,146 pounds, 59,010
pounds, and 83,059 pounds respectively. Retum runs, vsing the same trailers, were
typically empty.

ShopKo ran d4-foot tandem- and 28-foot single-axle traflers in Rockies on their
northern route o Cocur d' Alene, Post Falls, and Spokane. Omn their southem rouie to Rene
MNewvada, they operated the 28-foot trailers as wiples, Average outbound GCW's were
£3.615 pounds and 97,056 pounds, respectively, Western doubles were run on the Reno
ronte when weather conditions were adverse, with average GOW of 73,8581 pounds, The
nortiern route accounted for 55 percent of all mips and triples to Reno accounted for 40
percent, with the remazinder being doukles to Reno. ShopKo tractors typically dropped off
the outbound trailers and rewmed with differemt tradlers (e, different individuals but of
the same configuration). Return rums were usually empty. The rans to the north typically
involved shunling single trailers from Coeur 4" Alene or Post Falls into Spokane.

Silver Eaple ran 28-foot doubies for 60 percent of their field test trips, with an average
GOCW of 57,705 pourds. Tripies, also with 28-foor tradlers, made up the remaining est
trips, with average GCW of 77,120 pounds, Rewrn runs, with different trailers, were
rypicatly empty or very lightly loaded, Silver Eagle loads were generally lighter than those
al the other test fleets and trailer scheduling more difficult (with frequent use of wailers
ather than those specially prepared for the study) becanse they are 3 common carrier fleet.

ABS Egnipment

The distribution of ABS brands among the trailers and dollies of the flest was o
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
Alberisons BW-454M B-251M B-251M
Fred Meyer BW-454M B-251M; MG-281M | B-251M; MG-251M
Paylass BW-454M i MG=251M MG=251M
ShopKo BW--454M , RW—4S52M, 252M BEW-251M
Silver Bagle BW—454M | RW-=252M BEW-251M

B = Bendiz; M0 = Midland-Graw; B'W = Rockwell WABCO, § = sensar; M = modulsior

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.

Thres troilers were new at the star 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-cight C-dollies were new and had ABS installed by the manufacturer, ABS
were retrofitted to the remuining six.

ABS on fifteen of the seventeen traciors 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 flests’ preference or 8 the expense of the project. The remaining two
tractors had ABS rewrofinted 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 a8 a backup
pawer source for trailer ABS powered by a separate circuiL} The concem is whether
sufficient voltage can be supplisd 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 cireuit. The philosophical approach in this stdy wes 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 eleciocal connections between umits,

Consequently, during the retrofinting process, the wiring of tractors and trailers was
modified as iliustrated in figure 3. All tractors were equipped with heavy gage wiring for
the ground and brake-light circuins feeding the seven-wire jumper cable to te 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 cireits, The new wiring ran from the front to the rear junction box of the
trailers, and power was provided o the ABS via this wiring. The existing traler circuits

5 The repos on the first of the senies of ABRS field suadies conducted by NHTSA includes an extensive
review of ABS applicntions on comimereial macks [2]
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Existing vehicle wiring
w—— Supplimental wiring for field study

Tractor Wiring
Existing brake light signal e, . T-wire jumper
drives new power relay / "‘-.,H cable o trailers
. s

Exih-:m- "'-,, ‘:’ G’ D
tractor o 1 000
wiring . L‘l o0
8 gape i ,
ground wire H‘H-h‘“mg“g“mm

; . i brake light circuit
—q T e A

,' 10 gage wire o 7th pin

N \ /Q\ (instrument system power)
’ ’ Wiring and relay located

50 amp as close to terminus of the
breaker  # gage wire jumper cable as practical,
Trailer Wiring
Both 7-pin connectors have — ,
post-gnd-ring style terminals, Existing trailer
7-Pin recepracle electrical cirouits 7-Fin receptacle
at front of trailer at rear of trailer

i Inst. | ABS /
]

:ﬂibfif .l
= ?
k.,.,.....,.,m._,......,-‘;--u.____ﬁ-clta: Box with
terminal sirip
B gage wire for ground circuit

10 gage wire for brake light circuit

12 gage wire for instrument power elrcuit

Figure 3. Supplemental wiring for the traciors and trailers in the
LCWV field study
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were |eft intact. All irailers were equipped with new, seven-pin connector sockets fromt and
vear, tnd all the seven-way jumper cables used in the study were of the heavy duty tvpe.[5)

Finally, all the C-dollies and test trailers of the PayLess fleet wese equipped with LED
(light-emitting-dinde) stop Iamps. 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 wmiplas,
allowing the evaluation of this technology in both coafigumtions,

C-Dollies And Hitches

All the C-dollies used in this study were manufactared by Independent Trailer and
Repur (TTR) of Yakima, Washington, A photograph of an ITR C-dolly appears in figure 4,
and more information on the delly is presanted in appendix E, While there are several
Canadian manofacturers of C-dollies, ITR is the only significant U5, supplier in terms of
number of units produced.

Figure 4. Pholograph of the ITR C-dolly

Six of these C-dollies existed in the ShopKo flest prior to the smdy, Three new dollies
ordered by ShopKo shortly prior to the study were also included. These dollies were all
specified by ShopKo and were neminally ITR's standard product. The remaining mineteen
dollies were purchased for the test, Details of the specifications for these dollies were
established with the copperation of the fests, bur, at UMTRI"s request, all these dollies
were built in accordance with the requirements of Canadian government regulations
regarding the performance of the sell-seering system,[10,11]8 In peactice, this meant that
the resistance fo self-sisering in these dollies was some 235 percent greater than in ITR's

e

& The Cansdian C-dolly regulstion also includes requirements for framse and hitch stiffness and strengih
which were not included in the epecificatsons for dollies [or 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 ali the pintle hitches used with C-dollies in this project.
TR also worked with each fleet to specify and execute the pecessary strengthening of the
rear frame of their truilers as needed to withstand the increased hitch loads inherent with C-
dollies. Unlike A-dolly operations, which typically employ & drop-on style of pintle hitch,
the pintle hitches supplied for the C-dolly operations of the field study wers of the bell-
mouth variety in which the tow eve is intended to engage the hitch siraight in on 2
horizontal course, More details on the ITR hitch are preseated in appendix E.

Routes

A deteiled review of the rootes covered by the vehicles in the field study appears in
appendix F. The cutbound destination is given for each trip and & map showing the primary
destinations is included. A subjective description of the mujor rontes is provided in a text
prepared by the project field representative who rode aloag on selected trips.

Alberisons” trips depart from their distnbution eenter in eastern Portland near rowtes I-
&4 and 1-205. The majority of Albertsons” wips {56 percent) were via 1-84, 1.8, 395 and I-
&) from Portland 1o Spokane, Washington and Coeur d* Alene, Idaho, Another 17 percent
were on [-5, north as far as Bellingham, Washington, and south as far as Ashland,
Cmegon, Ten percent were into the Central Valley of Washington, via I-84, 1-82, and T0.5.
97,

Fred Meyer's distribution center is in Clackamas, Qregon, & suburb south of Portland.
Sevenry-four percent of their trips left Cleckamas southboond to Roseburg and Grants
Pass, Oregon, via I-5. Another 20 percent wene from Clackamas 1o Bend, Oregon, via
U.5. 26 and L5, 7.

Fayless operated three principle routes from their distibotion center in Wilsonville,
Crregon (also south of Portland). Theze routes were:

= 1-5 north as far as Blaine, Washington, and south as far as Grants Pass, Oregon,
accounting for 27 percent of all wips

+ L-84/11.5, 395/1-90 1o Spokane, Washington, and Coeur d° Alene, ldaho, accounting
for 30 percent of all tnps

+ 1-24/[-8210.5. 97 or I-B4/1-82/10.5. 393 imo Washington®s Central Valley,
gcoounting for 29 percent of all trips

ShepKo ran two routes from their distribution center in Boise, Idaho. Fifty-five percent
of their trips ran north on ULS. 935 wo Coeur d” Adene and then west on [-90 1o Post Falls,
Tdaho and Spokane, Washington. The remaining 45 percent of their trips were soathbound
to Reno, Mevada via Idaho rowe 35, U5, 95, and I-80.
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Sitver Eagle ren all their field test trips from their distribution center in northeast
Porfland via route 1-84 to Boise, Idaho,

Drivers

One hundred ninoty-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 foarty-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 mmber 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
eoncern was primarily with training, pardeolady 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 substantislly mest our
goal. ShopKe was eniformly successful in this, and Silver Eagle nsed sobstitute drivers on
only § percent of their trips.

Albensons had the least controlled routes and used the mest drivers. They used eighty-
five drivers, resulting in an average of only 2.4 trips per driver. Only 10 percent of
Albertsons” drivers ran 1en or more trps.

Fred Meyer and PayLess also used 2 large oumber of drivers, but both relied heavily on
expenenced drivers, Fred Meyer used fifty-two drivers for 273 mips, an average of over
5.3 rips 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 percant of all PayLess trips.

Electronic Data Systems

The test vehicles were instrumenited in order to monitor vehicle parformance as
influenced by the ABS and C-dollies. Instrumentation was developed by Vehicle Monitor
Corporation, based on specifications developed jointly by VMC and UMTRL {See
appendix B.)

Twuo basic reguirements for the design of the electronic data system were that it must
(1} minimize the periurbation it cavsed in fleet operations and (2) be of maximum, long
term durability, Given the comstant 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 autonomons
instrument and data logging package for each vehicle unit and a hand-held compater which
used removable memory cards (about the size of a credit cand) 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 whe inzeried them wnto an office
comgputer. Each night, this computer would automatically forward the data by phons to
computers at the offices of WYMC. After reviewing the data files, VMC would foreard them
to UMTRL, also by phane line. Time and ID stamps included in the data, along with the
driver trip forms filled for each tnp, ellowed matching data records of individual units

during post processing.

Transducers and wiring hamesses for these systems were installed during the initial
retrofitting pro¢ess. The on-board data loggers and hand-held devices, and the sofrware for
all elements of the system required more time for development and fabrication such that the
svatem wias oot fully installed and operational untl] some nine months afier the start of flest

operations.
The systems on the venicle units runsduced the following varizbles:

+ longimdinal seceleration (ractors onlv)

= lateral aeceleration {mid wheelbase, tractors and trailers only)

*  whee] rotational speeds {each wheel)

ABS supply voltage (brake-light circust voliage) and warning Light
ABS madulator current

service-brake air pressure

brake actuation air pressures (each ABS modulator)

+  sleening activity (C-dollies only, binary signal)

The data records included summery data of the normal performance of the velocle pmt
during the tip. These summasies were in the form of histograms revealing the distribation
of sevenity of performance measures, of in the form of event counts, The other form of data
record was contimuously recorded signals, tiggened by the occurrence of significent ABS
ectivity or other indications of unusually severe evenis. This reconding procedure was
modeled after the general philosophy of the arcraft crash recorder, although recordings
were made of many less-than-catasirophic events.

DURATION OF THE STUDY AND MILEAGE ACCUMULATIONS

The progress of the aperational field 15t in me is Hlustrated in figore 5.7 As shown in
the figure, fleet operations began as early as August 1993, and extended through most of

¥ The plasming study for the LOV field est began in Seatember of 1992, That plarming stody idemified
all of the partners in the field es1—ihe panibcipating flees, hardware suppliers and service
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1993 _ 1994 1995
JIl1lajslo|n|Dl) EF|M|AI|M|J' lrlais|o[n[p|iTEIM]A
! ———
Retrofit ABS Install Muodify
and C-dollies | instrument | instrument
\ |I systems | software
Start Launch . Launch
date vehicle instrument
operations operations
"7 Collect performance data >
-<---- -

Test in progress: Collect maintenance and cost
Figure 5. Progress of the operational field test

April 1995, Duration for the individual fleets, a5 detemmined by Grst and last test trip, are
given in table 3.

Note from figure 5 that, altheugh fleet operations began in August of 1993, the use of
instrumentation systems did nod begin until Aprl of 1994, Thus, while the vehicles were
monitored for economic performance (relisbility, maintenance activity and costs, tire wear,
eic,} over the full duretion of fleet operations, physical performance data were not gathered
over ronghly the first hulf of the test perod.

During the time of the study, the indvidoal units accumulated & total of 10.5 million
unit-miles, This mileage accommulation is reviewed in figure 6. The figure shows that, of
these 1005 million mules, 6.1 million nules were accumulated in fleld-stody teips, and 4.4

Table 3. Duration of the LCV field test

Fleet First trip | Last irip | Dyration, weeks
Aiberrsons Mov, 21, 19493 | Mar, 20, 19951 | il
Fred Meyer Nov. 4, 1993 | Apr. 21, 1995 | 76
PaylLess Oct, 15,1993 | Apr. 22,1995 | 79
ShopKo Aug. 231993 | Apr. 6, 19951 | G
Sitver Eagle | Oct.3,1993 | Mar. 31,1995 | 77

T The Inst regular test trip was run on Feboaare 51, 1995, Thoee special irips were run
suhsequent b this date with added instrumentation.

1 The lagt 4 on the Coeur d'alena/Pon FalicSpeknne rowte cozurred on Jan, 4, 1095,

afganizations; it laid owt the details of the very subsinmtinl startap actvity in which ABS, C-dolliss,
hitched, wiring. and imstrumenzotion would be purchased and filted 1o the test vahiches; and b
exinblished proceduses and mechanisms for pathering all ihe necessary data for analysis of economic
[madrlenance, reliability, e1e.) ond physical pesformance (swbility, e} of tha fleet The plan was
submitved in Mareh of 1993 and approval 0 proceed with the main siudy became effective on June 1,
149593,
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million miles were accumulated outside of the study.® Cuiside miles were scoumnlated
mastly 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 smdy operstions 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 chaprers are typically based on
there total mileape accumularions, no just on the miles accymilated in feld-snudy trips.,

Figure 6 indicates that 1.4 million ravel miles were covered in field study wips. (By
definition, there is a virtual one-to-one comparizon between field-smwdy-trip miles and the
miles aceumnulated by tractors on field-study tnps,) Figure 7 reveals that approximately half
(52 percent) of thess miles were accurnulated by Rocky Mountain doubles. Twenty-nine
percent of field-study-1rip miles were accumulated by triples and 19 percent by western

doubles.
O tiald shudy mips
1.4 million miles (et : 6.1 mdkion)
on field study mp D In other use
froial: 4.4 million)

Trailers

o 1 2 3 4 3
Millions of miles

Figure 6. Unit-miles accumulated during the LCY fleld study

The lower har in this same figure indicates both the accumulation of trip-miles by A-
trains and C-trains and the irip-mileage in which full instnnment data were recovered, as
opposed o partial or no dae, Dealing first with the subject of instrument data, it has
already been noted that approximatzly one-half of the west was conducted prior to the
implementation of the ¢lectronic data sysiems. During the rest of the test, il chectronic data
records were obtained for abour 45 percem of trips. A successful trip, in this respect,
required that ondy instrement-equipped units werne prasent in the vehicle, that all elements of

¥ The simphest definibon of & feid-study irp is & irop for which the deiver submitted o trip repart,
Practicadly, a feeld-sisdy trp wias 2 wmp wah a leld-sudy reowor polling field-sowdy dollies and milers,
Oocasionally, paricularly early i the program, these uips wers not paee in that a vehicle included ahe
or more noastudy unRis

¥ The laiter iwo figures. in particular, 2re oo small to represent full mamtenancs cveles, In the cost
aralvees preseried in later chapiers, we have made some arempls to compensate for this based on
historical maintennpcs reconds demived from the fles of the parteipating Nees.
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Figure 7. Distributions of trip miles accumulated io the LCV field stody

the individval instrumentation and data logging systems on each unit of the vehicle
functivned correctly, thal the fleet personnel performed both the trip logging end deta
downloeding and transmission tasks properly for sach unit, and thar the electronic dara
transmission system from fleet office w VMC 1o UMTRI worked properly in terms of both
hardware and software, Less-than-perfect reliability of cach of these elements combined wo
cause an overall success rate for electronic data collection of roughly 43 percent. {The
guthnrs jook 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 arnd C-dolly performance whick foilow in larer
chaprers are generally based on these 350,000 rrip miles.

Figure 7 also shows that the large majority of inp miles (94 percent) were accomulated
using C-dollies. However, o oheain comparison data in the regime of physical
performance, it was necessary o operale the insrrumented fleet with A-dollies for some
peniod of time. Considering the physical performance problen: only, a fifty-fifty split
would probably have been mos: desirable. However, given (1) the limited time period (and
rmileage) of the study, [2) the strong interest in operational data, and (3) a presurnption,
bazed on previous resgarch, that the contrest between A-train and C-train behavior would
he readily apparent, en efTort was made o moimize the miles accumulated with C-dollies. .
Thus, only 16 percent of these 350,000 miles were gathered using A-dollies. The
remainitng 84 percent were with C-dollies

Finally, it should be noted thet the |4 million miles of trips monitored in this study is
reich too small a base for ariving m any stunistical conclusions regarding accident rates. It
happens thet one serious secident did occur during this study ' About all that can be said
is tha: this accident rate (one in 1.4 million miles) is guite compatible with the accident rates
of trucks as reported in the fiteraere [ 12,13]1

1 The accident invaived injury to ocsuparis of the ather vehiche and Low-away of that wehicle.

Ul For example. the combined rates for infury ard tow-away sccidents reporied in FHWA"S Truck and Bus
Accidear Farthosk {952 s 0049 accidenss per million mites [12]
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The accident took place whils the installation of the electeonic data systems wes still in
progress and before regular downleading of data had commenced, Nonetheless, it was
possible o retrieve data reeords from owo of the four onits involved in the accident. (The
vehicle was a Rocky Mountain double.) Although this event is anecdotal in the context of
this snody, a rather detailed analysis of the available deta s presented in appendix N,

25



ESTUDIO DE INVESTIGACION DE LA UNIVERSIDAD DE MICHIGAN
Puede ser consultado en:
http://www.hti.umich.edu/cqi/t/text/text-
idx?sid=50cf84488b83cc2b8ba0554be1cc5¢c98;c=umtri;idno=88519.0001.001

THE PERFORMANCE OF ANTILOCK BRAKING SYSTEMS
ON LONG COMBINATION VEHICLES

The experience of this field stody has led to & 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 mbe in some ten to
twenty severe braking events per 100,000 miles of LCV travel (ie., a period of more or
less one year for a profassional LCV driver). [(2) ABS activity was seen to take place about
a% freguently 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 operaticn of ABS on trailers and dollies was reliably provided via
the brake-light circuit, The conditions were {a) the special modifications to the winng of all
the tractors and truilers in the study, (b} the fractor electrical system providing a minimum
of 13,3 vals, and {¢) the ABS on dollies and trailers needing no more than 9.0 volis for
proper operation.

This chapter presents the analvses related to these and other observations on ABS
activity in the LCY study fleet, brake-light-cincuit voltage on LCVs, and a generul
characterization of the langimdinal behavior of LW

ABS ACTIVITY IN THE LCV STUDY FLEET

In this saction, the ABS activity observed in the test feat of the LCV field study will be
characterized n the following wavs:

* the severity of ABS braking events throughout the combination as indicated by the
aumtber of veldcle units simullaneously experiencing ABS activity

+ the sevenity of ABS baking events within each vehicte unit as indicated by the
number of distinguishable slip cyeles in the event

 the distripution of ABS braking activity according te unit position in the combination

Characterizations of these tvpes are produced {or doubles and for triples, respectively, and
in relation to loading condition and 1o speed of ravel.

Before starting the discussion, it will be helpful 1o dafine ABS activity, and its varmous
levels, as uzed herein, The analvzes of this section have their basis in the continuous tme
recordings of vehicle performance data whick were taken during so-celled ABS events,
However, not all ABS activity was recorded. A great number of insignificant {i.e.,
extremely short) modulator control sigmals are generated by the BCUs of some systems.
The size of the memory on the datz loggers would not allow continuoas recording esch
tirmee such an imsigmficant signal was observed, Cantinuons recording was initiated—and

n
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therefore, o 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 momre
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. (ther 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
gvent, Although the data loggers on each vehicle unit were aulonomous, time stamps in the
data record allowed for identéfying those ABS events from the several units of the vehicle
that pccurred in near proximity in time. Thos, braking events could be analyzed throughout
the vehicls combination in arder to determing the number of vehicle units on which ARS
activity ok place doring 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, bul no events involving more than four units
were observed in normel operatens during this study.)

Figure & presents three column graphs, which desenbe the occumence of LCV braking
events ohserved in this study according 10 the number of unite displaying ABS activity
during the event. Each graph distinguishes between doubles and triples by the shading of
the columns.

The firss graph &t the top of the figure presents the distribution by severity in terms of
percentage of all events observed during the study for the configuration (Le., for doubles
and triptes separately). The second graph shows the average rare at which these events
oecurred 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 thowsand miles
was chosen as the value for normalizing becawse this is roughly equivalent o a driver's
experience for one year. )

The following conclugions can be drawn based on the three graphs of figure 8.
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Figure 8. The occurrence of LCV braking events according to the nomber
of unils exhibiting ABS activity during the event
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* Crver 80 percent of all ABS events observed involved only one unit. Twelve to 14
percent involve two units, and 4 or 3 percent of these events were severe snough
to involve ABS activity on three or more units of the vehicle.

+ An ABS event is experienced, on average, oncs in every eight to ten hours of
travel. Events involving ABS activity on two unils occis about once every
seventy hours, and events involving three or more Units occur, of average, about
once every 200 hours of travel. ’

+ On average, a driver can expect 1o experience 190 to 250 (for triples and doubles,
respectively) ABS braking events per 100,000 miles (roughly & year for
professional drivers), OF these, twenty-five to thirty can be expected 1o involve
mwo units and nine or ten o Invalve three or more units of the vehicle,

Figures 9 and 10 present rasulis examining ABS activity on LCVs in more detail, Thesa
figures examing the influence of loading condition and speed of wavel, respectively. (The
data from which these fipures were generated are presented in tabutar form in appendix H.)

Figure 9 contains six column graphs, which shew the distributions of ABS cvents for
doubles and triples, respectively, according 1o loading condition (shewn on the horizontal
axis), The distribution of events according 0 severity is now shown simulteneously by the
shading within each individuzl eolumn. The various shadings indicate whether one, two,
thiree, or four units exhibited ABS activity during the braking event.

The figure contains thres pairs of graphs. The top pair show, in percentages, the
distribution of braking events that tnok place during the study for doubles and triptes,
respectively. These graphs show that, in this stady, there were far fewer events for
vehicles with mixed losds than for vehicles thar were either empty or fully loaded. For
doubles, nearly twice the number of events tock place with empty vehicles than with loaded
vehicles. For triples, the eounts for empty and loaded vehicles were nearly the same. These
results, however, are, in par, only an arifact of the amount of trave] 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 generully representative.

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

+ The rates of ABS activity arc preatest in vehicles with mixed loading conditions, next
largest in vehicles that are empiy, and smallest in vehicles thar are fully loaded.
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Figure 9. The occurrence of LCV braking events according to loading
condition and the number of units experiencing ABS activity
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» Companing doubles versus tniples, the rates of ABS cvents are very similar for
Inaded vehicles, but the rates for doubles are substantially higher than those for
triples wihen the vehicles are either empty or in & mited-load condition,

The first point clearly would be expected from an enderstanding of the physics of the
braking process. A mixed logding condition implies an imbalance in the proportioning of
braking cffort relative to lozd. The lightly loaded wheels tend to lock when braking power
sdequate to stop the heavier units 1s applied, Empry vehicles display a similar, if not as
severe, imbalance betavesn the heavy tracior and lighter tradlers.

Cne other ebement of these data is somewhat surprising. That is, doubles with mixed
Ipading show a relatively high propensity for events involving three units. As implied
above, events in doubles with mixed leading would be expected to involve one or two
units—tix lghtly loaded trmler and its dolly {oc, cecasionally, the wractor), The prevaience
of events involving three units in i6ples 15 not 5o puzzling, since in this case, two of the
three wailers may be lightly loaded.

Figure 10is virtnally ideatical to figure 9 except that the horizontal axis now shows
spead of travel rather than loading condition. The six graphs of this figure all the general
obzervations:

» Braking events in LCVs that involve ABS activity tend to occur more often at lower
speeds.l: Less than 20 percent of the (vehicle) ABS events observed occurred at
speeds greater than 435 mph. This 15 50 for both doubles and 1.11p|.1:5.

+ When the counts of ABS events are normalized for the amount of travel Chours o
mibes), this wend is exaggerated. The rares of ABS events ohserved are much higher
at fower speeds,

The data also show a modes: trend for the more sgvere gvents to occur at moderate and
lower speeds (1.2, below 45 mph).

Finally, if we combine the information presented in the bottom graph of the fimt figure
in this zection {fgure &) with the information in the top graph of the Jast figure (figure 100,
we can add detall to our picture of the experience of the average driver, Averaging the data
for doubles and triples, table 4 shows the expecied nomber of ABS events expericnced, on
average, in 100,000 miles of travel according to severity {number of units involved) and
speed of ravel,

Positions low and 10 the maght in thiz wable represent the conditions of greater safety
significance, If it is assumead that the three cells in the lower right (with numbers in bold

12 %aeed,” hee and in the praghs of this seerion, is the maximum travel spsed observed In the recorded
dala For tee avent. 17 tbe ABS acthvity wok place fawe inoa braking evest of relstively lomg duoration,
the inltal speed of the braking event may have been consfderably greater than the speed idemified for
the ABS svenr.
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Table 4. Expected distribution of ABS events experienced by a driver of
LC¥s over 100,000 miles (218 events)

Severity, number of units experiencing ABS activity
Travel speed, mph O Two Three or more
Qo 25 75 14 4
2545 | 68 10 4
overds | 38 4 2

type) represent events in which, without ABS, instability due to wheel lock is prohable,
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 (Le., per 100,000 miles of
teavell. Inclusion of the foweth cell in the lower right area (i.e., the cell for two units and 25
to 45 mph) would raise this estimate (o twenty evenls per year,

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

This section examines the severity of ABS braking events experienced by the LCV
field smdy flest on an intraunir basis, As described in the introductory portion of this
section, the continuous data recordings from each individual ABS cvent were analyzed to
determine the nnmber of observable ABS response cvches that took place duning the event.
Cycles were identified by examining the recordings of bath brake chamber air pressure and
wheel speed. (See appendix B for details)

Figures 11 through 13 present the results of these analyses. (The deta of these figures
are presented in tzbular form in appendix H.) These figures are of identical form to figures
# through 18, which were presented in the previous subsection. In these figures, however,
the shading of the columns is used (o 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!

+ Approxdimately 70 percent of the {intraunit) ABS events observed did not show
substantial eycling response of brake chamber air pressure and wheel speeds, Ths is
in spite of the fact that the threshold of activity required 1o initiate recording would,
itself, filter out a great deal of insignificant activity, From one quanteér to one third of
the events observed do invalve cyelie response. Events with two or three cycles
macde up about 7 percent of the chservations and events with four or more cycles
were abomt 3 percent of the observations,
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Figure 12. The occurrence of intraunit ABS braking events according to
loading condition and the number of ABS cycles during the event
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The lower two graphs of the figure indicate the rates af which ABS events were
abserved sccording 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 cyelical response occurs, on average, about
ande every twenty to thirty hours, or every 1000 to 1600 miles, of wavel, (Both sets
of figures are for doubles and triples, respectively.) One third of these events involve
more than one cyvele and about 10 percent involve four or more cycles.

Adl of the graphs presented in figures 11 throwgh 13 sre markedly similar in form to
their counterpaits it fghres 8 through 10, In rétrespect, it 15 oot at all surprising that the
rwo measnres of severity of events—number of vehicle units involved and number of ABRS
cyeles observed—would correlate guite well, Thus, in general, the gualitative observations
made in the preceding section apply very well to the data of this section also.

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

Figure 14 presents the distribution of (intrannit) 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, emply, or partially loaded. The
height of the columns indicates percestages of events expenienced by the type of unit
{surmming to 100 percent for ezch combination of configuration and loading condition).
(The data represented in these graphs are presented in tabular form in appendiz H. The
presentation in the appendix distinguizhes among specific configirations of doubles.}

This figure only appears to suggest one strong trend: Some 70 1o B0 pereent of ABS
activity in LCVs with mixed loading occurs in the combination of the last trailer and iis
dolly. Bevond this, no other strong trend is readily apparent. In triples, there does appear
1o b2 & tendency for sctivity to take place in the tractor and dollies more ofien than in the
trailers, but this trend 15 not continued in doubles, (Mo is 16 evident in the data for western
doubles taken alone. See appendix H.

This relatively even distbution of ABS events throughout the combination vehicle
suggests that, for stability enhancement, ABS is ar least as important for A-dollies as for
trailers. Given the A-dollv's greater propensity for unstahle yaw respanse relative to
trailers,!* 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 doliy, reducing the safety significance of ARS
o this rype of unit (assuming that the trailer wwing the dolly is equipped with ABS)

13 The shorter wheelbase and light weight of soilies promotes quicker and larger jackknife of doflics thon
of eraileea.
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POWERING ABS ONLCYVS THROUGH THE BRAKE-LIGHT
CIRCUIT

An impodtant objective of the program was Lo delerming conditions under which
sufficient electrical power for the operation of ABS on LCVs could be provided through the
brake fight circuit using the conventional seven-pin connector. ' To this end, special wiring
madifications were made to both the ractors and the trailers vsed in the swdy 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 smdy,

% The reader should kesp in mind that in this field stody, all railer ind delly ABS were powered through
the bmke-light circuit That is. througheat this discussion, ABS supply waltage and brake-light-cinzwit
voltage should be recognized as winually one and the sams,
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The alterations to the electrical systems of the vehicles of the study are shown
schemnutically in figure 15, All tractors were squipped with heavy gage wiring for the
ground and brake-light circuits feeding the seven-wire jumper cable to the traifers, Further,
brake-light circuits were modified such that breke-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 afl of the seven-wire jumper cables used in the stody wene of the heavy duty
vpe[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 smdy test (1.5 years). Given
that all the units were outfitied with new conneciors and wires, the results do nod inclode
the detrimental effects of corrosion and other degradations that occur with extended age,

The following discussion presents brake-light-circoit voltages & measured for two
distinet 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-Clreuit Voltage In MNormal Braking

Results for brake-light-cireuil voltapes during nommal braking are given in figure 16 and
in table 5. These results derive from Lterally thousands of measurements of brake light
voltage, The instrumentation system on each unit continuously observed the brake light
circuit voliage. Each time this voltage changed from an OFF condition (mear zero) 1o an ON
condition, the ON voltage was recorded along with the time of the measurement. The
results presented in the figure and table desive from these recorded voltages.

The figure shows the average brake-light voltage observed on esch 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 voliage drops berween adjacent umits sre
presented in table 5.

The relationships between the individuel datum of figure 16 ane generally as wonld 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,

+ Foreach respective vehicle/lamp configuration, the largest voltage drop oocars
berween tractor and first wailer. For vehicles with incandescent lamps, this drop

41



ESTUDIO DE INVESTIGACION DE LA UNIVERSIDAD DE MICHIGAN
Puede ser consultado en:
http://www.hti.umich.edu/cqi/t/text/text-
idx?sid=50cf84488b83cc2b8ba0554be1cc5¢c98;c=umtri;idno=88519.0001.001

13.5 i
13.0
&
% 12.5 G : '
§ 12.0 — - ! i
= s '
gus i | ~~m
1.4 — .
g Doubfes Triples] | \u'\
< !
10,54 LED lamps O ] by
Incandescent o ) Nﬁ
lamps = . —{T
10,0 } ! ;
Tractor First First Second Second Third

trailer dolly trailer dolly trailer
Unit of the combination

Figure 16. Average brake-light-circult voltage dering normal braking

exceads a full volt These interunit voltage drops fypically become smaller toward the
rear of the vehicle,1®

+  Brake-light-circuit voltages fall off mose severely in trples thon in doubles in the
progression from front to rear,

= Brake-lght-circuit voliages are substantially higher when LED lamps are used rather
than incandescent lamps, due to the fower current draw of LED lamps.

The data of the figure and table reveal other resulis with significant implications,
namefy:

+ The tractors provide & voltage source for the brake-light circuit which averages in the
range of 13.1 1o 13.3 volis."® This vanes appreciably within the fleet, however, as
mdicated by standard devianions of nominally 0.2 volis,

+ Ewven in aormal braking (withous the electrical loads of ABS activity), brake-lamp-
cirenit voltages dropped to 10.2 volts on average in the third wmailer of triples using

15 In theary, the dats should shaw this 1o be swictly wue. The overall trend is evident from the peneral
curvaturs of the four ploned Lines of fgare 16, Yariations from this principhe are probably the resules
of vasiations n instrament eafibranions scross the 131 wnits and one year of ose,

18 Measurement of the hrake-light-¢iscuit volage on tractors was made af 8 point in the cinsuit hefors the
power relay and jumper cable
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Table 5. Statisties of the brake-light-circuit voltages measured
in normal braking

Tractar .F:I'.:'.'f.‘{ Firs | Second | Second | Third

filer | dolly froler | dolly | tradler

Doubles with incandescent lamps
Average, volis 327 | 12.15 T 11.46 | !
| Standard deviation, volts | 017 | 018 | 022 | 0.24 |
!n:er-umnjmp. vm!r;_ [ 112 | 0.34 | 0.35

Triple_s with incandescent Iam!.'ns |
Average, volis | 1313 | 11.81 [ 1 1.31 10.83 10,29 10,23
Standard deviation, volts | 0.16 | 023 | 025 | 029 | 024 | 031
Interanitdrop. volts || 132 | 050 | 048 | 054 | 0.06 |

Daubles with LED lamps

Average, volts _ 13.11 [ 1282 | 1275 | 1262
Srandarn‘dey&m'an. voles 022 0.24 026 | 027
Trter-wenit drop, volts | 0.3 | 005 0.14 ]

Triples with LED lamps
1331 | 1267 | 1257 | 1237 | 12.35 | 1226
| Standard deviarion, volis | 020 | 030 | 0.25 | 025 | 051 | 025
Inser-unit drop, volts 065 | 008 | 023 | 00l | 0.09

Average, volis !

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

Brake-Light-Circuit Vollage During Braking With ABS Activity

Tl instrsmentation system on each vehicle unit recorded brake-light-cireusy voltage
continually during braking whenever therr was significant ABS activity on that unit. These
continuous recordings of brake-light-cimuit voltage were analyzed to determing the
percentage of tme 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 fieid study,

The results that follow represent volizges observed under & broad, and presumably
representative, mix of conditions of ABS activity, The instrumentation systems on sach

I7  Deusils of the analysis method spgear in appendix B.
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vehicle unit were autonomous and did sor communicate with other units of the
combination. Thus, brake-light-circuit voltage on & given uait was recorded when the ABS
on that unit was active, regardless of the state of ABS activity on other units, The results
peresented 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 preseated here
are for all ABS activity, be it activity of one valve dlane or two valves simualtanecusly,
Results from similar analyses carried out for single-valve activity only appear in appendix
H,

The results for double- and trple-trailer combinations with candescent 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 fill 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 vetucles squipped 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 & ABS event times for doubles and triples using
incandescent brake lamps

| Fiest Firsr | Second | Second | Third
Tractor | ailer | dolly railer | dolly truiler

All doubles with incandescent brake lamps

Time below 9.7 volis, sec. 0.0 : 01 | 108 8.4
Time below .F'.ﬂ valls, sae, 0.0 0.0 4.5 5.3
Time below 8.5 volis, sec. | 0.0 0.0 2.0 1.B
| Total ABS event time, sec. | 29.7 | 1545 | 150.9 | 108.8

All triples with incandescent brake lamps

Time below 9.7 volts, sec. 0.0 : 0.3 0.0 .7 g7 | 123 _
Timie below &0 volts, sec. 0.0 | 0.0 _ 0.0 0.0 4.9 4.3
Time below 8.3 volis, sec. | 0.0 | 00 | o0 | 00 | 29 | 10
Total ABS event fime, sec. | 6.7 | 211 | 397 | 364 | 566 | 296
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Figure 17. Percentage of time during' ABS braking events when
the brake-light-circuit voltage was less than the indicated
threshold voltage for all LCVs with incandescent brake lamps

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 svstem, and (2) the losses that
ocour due 1o resistance in the wiring and connectors of all the units of the vehicle, Spacial
efforts wene made at the outsel of this project 10 optimdze the onits of the field stedy vis-a-
vis the second item, but no effort was made 1o contral the ficst. Clearly, however, the
supply voltage provided by the tractor can be expected 1o have a major influence on the
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voltage available for ABS on the dollies and trailers. To exarmine this influence, ABS
voltage data were segregated according w tracter supply voltage, and additional analyses
similar to those described above were conducted on each sabset of the data, As would be
expected, the measures of time-below-voltage-threshold were found to be strongly
mfluenced by tractor supply veltage.

As noted previously, brrake-light-circuit voltage was measured and recorded for each
individual brake application, (This is virwally always & measure of voltage in the absence
of ABS activity, since it i5 taken very shortly after the brake [ight 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 wsed to characterize the tractor supply voltage for all of the units of the vehicle for thar
trip. The brake-light-voltage data from ABS evenss 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 tovo data sets were analveed to detormine 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 voftage. This held true for both double- and triple-trailer vehicles,

Results for analyses of date subdivided by this supply-voltage criterion are presented in
figure 18 and 19 and in tables T and 8. The first figure and table show resalts from trips for
which the average tractor supply voltape excesded 13.3 volis, (This group includes 31
percent of all ABS events for doubles and 40 perceat 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 resubts for all doubles and
results for triples are in the battom 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 3.3 volis. For triples, ABS supply veltage does fall below 9.7 volis for a
significant percentage of the time, especially on the third traler, but these voltages remain
above 9.0 volts at virtually all times.

Conversely, figure 19 shows that, for trps in which the average tractar supply voltage
was below 13.3 volts, ABS supply voltage falls below the recommended mintmums during
& substantial percentage of the ABS event time periods.

These results show;

* The brake-light-circuit voliage 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 1B. Percentage of time during ABS braking evenis 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 duning ABS activity. This is especially
true for uiples, 8

= The time-below-threshold measure is very strengly intluenced by the range of
threshald voltages exaruned, that i, 9.7 1o 8.5 volts,

18 The reader may pobe, and wonder about, the difference beiween the measares for second trilers of
doubles and s=cond trailers of miples, ord the simitar difference between the messume for first dollies of
thase o configurntion. All ather things being equal, one waould expaal he balow-threshold-time 1o
be= greater an the orits of tiples than on the units of doubles. We have oo sdequate explanation fir
this apparent anomaly,
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Figure 19. Percentage of time during ABS braking events when the brake-
light-cireuit voltage was less than the indicated threshold voltage for LCVs
with incandescent hrake lamps and supply voliages less than 133 volts
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Table 7. ABS event times for LCVs wsing incandescent brake lamps and
with tractor supply voltages greater than 13.3 volts

First Firw | Second | Second | Third
Troctor | irailer dolfv fradier dolly tragler

Doubles with tractor supply voltages greater than 13.3 volis
0.0 0.0 0.0 0.0

Time below 9.7 volts, sec.

Time below 9.0 volts, sec. 0.0 0.0 0.0 0.0 |
Time below 8.5 volts, sec. o0 | 0.0 0.0 0.0 i
Total ABS event time, sec. | 7.5 | 481 | 304 | 316 |
) Triples with tractor supply voltages greater than 13.3 volts
Time below 9.7 volts, sec. | 0.0 | 00 | 00 | 0.1 03 | 22
Time below 9.0 voits, sec. 00 | 00 0.0 0.0 | 0.0 .0
Time below 8.5 volss, sec. | 006 | 00 | 00 | 00 | 00| 00
Toral ABS event time, sec. 0.7 8.7 20.8 29.8 21.2 14.4

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

Firs Firg Second | Second | Thind
Tractor | trailer doliy fraifer dolly tratler

Doubles with tractor supply voltages less than 13.3 volts

Time below 9.7 volis, sec. o0 0 108 | B4
Time below 9.0 volrs, sec, oo o0 4.5 53 |
Time below 8.5 volrs, sec, oo oD 2.0 1.B

Tomal ABY event time, sec. | 222 | 1058 1200.5 772

Triples with tracior supply voliages less than 13.3 volis

Tine below 9.7 volts, sec. | 0.0 0.3 0.0 0.6 5.4 10.1
Time below 9.0 volts, sec, ] oo b 00 0.0 4.9 4.3
Time below 8.7 volts, sec. | 00 | 00 | 00 | 00 | 29 | 10
Total ABS event time, sec. | 6.0 | 124 | 188 | 6.6 | 354 | 152

4%
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ABS Supply Voltage In Especially Fntense Eventsy

The findings presented to this point in this section are based on the full sst of ABS
events recorded in the project. The majority of these events are retatively minor and invalve
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 #s intense and
might oeur in several units simultaneonsly.

Therefore, all LCV braking events characterized by (1) tractor supply voltags exceeding
13.3 wolts and (2) ABS activity on three or mare 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 siaged 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 &nd 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 1o 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
eariier period, the brake-light voltage on the third trailer fell to a minimmim of 9.34 volts,

Examination of all of these events, in fact, confirmed the findings from the broader data
=2t {as presented earlier in figure 18 In these special events, ABS voltage was never
found 1o fall below 9.7 volts on doubles or Below 9.0 volis 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 wiples, the supply voltage was below 9.7 volis for 2
percent of the to1al 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, aversged over all brake applicatons in the wip in
which the event ocearred) for these three events were 12,36, 13,55, and 13.55 valis,
respectively, The tractor supply woltages evaluated in these specific three events (pror to
ARS aetivity, for example prior 1o 0.6 seconds in fgure 20} were 13,48, 13,51, and 13,48
volts, respectively.

The most severs events examined hers could be considered 10 approach a worst-case
scenario with respect to electrical current demands on the brake-light circuit, Readers
famulior with the detals of ABS operation (espectally with the peak current demands of
moduiator valves which ocour upon initial acruation) mey be surprised that the voltage
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Figure 20, ABS supply voltages and brake system pressures during an
intense ABS hraking event
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supply Lo the last trailer is so consistently above the ABS thresholds. The authors believe
that the basic fact underlying this result is simply that sruly simualtasecus firing of the
several modulator valves throughout the vehicle is rare. Thus, the absolutely worst-case
scenirio of the peak curment 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 sepply sufficient voltage for operation of ABS on LCVs ifthe following
conditions arns met:

+ the tractor supply voltage exceeds 13.3 volts

* tractors and trailers are equipped with heavy gage wiring and circuft elements of
capacities similar (o those in this study

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

+ ABS voltage requirements do nol excesd 9.0 volis

The focus of the preceding discossion has been on brake-light-cirevit voltagss on
vehicles using incandescent brake lights, The brake-light-circuit voltages found on LCVs
with LED stop lights were high encugh that ABS supply voltage was virtually always
adequate in both deuble- or triple-trailer combinations regardless of the tractor supply
voliage (down to the minimum tractor supply voltage of 12 volts observed in this sudy).
While the effect of LED stop lights on brake-light-cireuit voltage is significant, the reader
should keep in mind thet these results were observed only under conditions that include the
feavy-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 lengitudinal performance of LCVs.
This section presents analyses intended to do that, Specifically, the following items will be
presented,

+ the distribution of ravel time by confliguration 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 cendition
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Disiribution Of Travel Time

Figure 21 shows the distribaution of travel accumulated at low (0 to 25 mph), mediom
(25 to 45 mph), and higher (above 43 mph) speeds as a function of vehicle configuration,
The measure is in mirutes per hour, This statistic shows thot, on average, each
configuration examined spends nearly fifty minutes per hour of wavel (R0 percent) at
speeds of 43 mph or more. This is so despite the probability of seme bias in the quality of
roiites of traveled. (That is, doubles generally traveled two-lane roads for 8 larger fraciion
aof the time since triples are more confined fo interstate highways.)

Vehicle speed:  [] 0to 25 mph 25 1o 45 mph =45 mph

8 8 & 8 8

=1

Travel Gme, minules per hoor

T | I I
Trple Rocky Min. Western Double Reverse Rocky
Vehicte configuration

Figure 21. Distribution of travel time by configuration and speed

Figure 22 shows a similar distribotion of the time spent while applying the brakes. The
fipuere shows the number of seconds per hour of ravel that the brakes wers applied 25 a
function of configuration and speed. Although these results are not as uniform across
configuration as those of figore 21, they generally show that, regardiess of configuration,
LCV drivers spend approximately the same amount of tme breking in each of the three
velocity ranges. Summing aceoss all velocities, brakes are applied about 108 seconds per
hour {3 percent), on average.

Brake Applications Per Mile

Anather simple statistic derived from the ekectronic datz was the number of brake
applications per mile. Table 9 presents this measure, and assocrated data, for all the LCVs
of the study. The presentation distinguishes berween doubles or triples and by loading
condition.
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Figaure 22. Distribution of brake application time by configuration and speed

Om average, the LCVs of this study experienced 030 brake applications per mile.
Triples, however, sveraged 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 iriples (including those in which the field study took place), restrict the operations of
these vehicles to specific highways, better weather conditions, andfor times of lesser waffic
congestion, Thess 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 aumber of brake applications per mile
than are apparent for loaded vehicles. This may be due o the fact that retardation
mechanizms such as engine braking, rolling resistance, and acrodynamic fosses, produce
greater deceleration of the empty vehicle than of the loaded vehicle, reducing the relative
need for brake applicaton,

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

Mean Brake | Number of Number of
AppMile | Brake App, | Total Miles Trips
All 0,30 | 752355 286,000 747
Doubles | 0.34 | 61138 | 205856 554
Triples 0,19 14,117 £0,153 193
Empty 0.26 27025 121747 | 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 mare insight into the number of brake application per mile by
exprmining the data on a trip-by-irip basis. The average number of brake applications per
mite was determined for each trip. These resulis are plotied to show the percentage of mps
in which the average number of brake applications per mile fell into the seversl ranges
indicated (by shading). This is again done for all vehicles, for doubles and for triples, and
for empty and boaded vehicles.

Figure 23 suggests that the majorty of individual trips are characterized by brake
application rates per mile that are less than the average rate for all wips. Said in another
way, the average rate of brake applications per mile {for all trips) appears o be elevaied by
a few trips in which 2 great deal of braking is dong,

Brake Application Pressure

T instrumentation systems meritored the air pressure in the service brake line at all
times that the brake-light woltage indicated that brakes were being applied. The measured
pressures were not recorded continucusly, but were used 1o generate histograms of brake
application pressure on line in the loggers on the vehicle, These histograms covered seven
ranges of brake appiication pressure. That is, the cumulative times spent with brake
pressure applied within these seven specified ranges was recorded, These data were further
subdivided socordmg o the vehiche speed, such that individual histograms were prodoced
for eight ranges of vehicle speed. (See appendix B for details on pressure and velocity
TANEEs. |

a3



ESTUDIO DE INVESTIGACION DE LA UNIVERSIDAD DE MICHIGAN
Puede ser consultado en:
http://www.hti.umich.edu/cqi/t/text/text-
idx?sid=50cf84488b83cc2b8ba0554be1cc5¢c98;c=umtri;idno=88519.0001.001

An extensive set of the resulting histograms is presented in appendix I. For review
here, the histogram data are reduced to the average brake spplication pressure as a function
of vehicle speed. This is done for different configurations and loed conditions.

The average brake application pressure for each velocity is calculated as follows:

Payg = [Et x P}l/E] (1}
where Pyyg I8 dverage pressure
ti is the cumulated time of the it histogram matrix position

F; is the center of the pressure range of the 8 histogram matrix position
and the summations take place over values of | representing all pressure ranges for the
velacity of interest,

These caleulations 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 braks pressure as a function of vehicle speed for different
load conditons. The general shape of the curves in the figure shows that drivers tend to
apply the beakes harder at lower speeds than at higher speeds. For all load conditions,
drivers tend to use the highest brake pressure when traveling between 15 snd 25 mph. This
may suggest that, during the approach to a stop, it is in this speed range that the driver
comects speed to achisve an accurate positioning of the vehicle at the completion of the
Stop.

B2
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Loading condition |
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—a— Full |

=

Average brake application pressure, psi

Otwes Swl5 15w25 251035 3543 451w 55 55t 65 >65
Speed, mph
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 avernge brake pressure is between eight and nine psi, which is only a few psi above the
so-called pushont pressure (the pressure at which the brake friction material actually
engages the drump, Not surprisingly, drivers appear to be more cautions when braking at
higher speeds—and observation thet was also supported by the very low incidence of ABS
cyehical events at speeds above 43 mph as shown in fgure 10,

The relative levels of brake pressure for the empiy and full load conditions are as one
would expect. Mean brake pressures for the fally loaded vehicles are consistently higher
than those for the empty vehicle. The form of the two curves across all velocities iz
remarkahly similar, In contrast to the fixed relation berween the curves for the empty and
loaded vehicles, the curve far the mixed loading condition is somewhat emratic. This may be
related 1o the morne difficult braking task which the driver must address when there is & mix
of loaded and empty tratlers in the vehicle.

Figure 25 shows the average brake a]:-p]]:atinn pressure as & function of spesd for
dauhle and triple treiler combinations. These data show that, at low and moderate speeds,
drivers tend to apply higher pressures when operating triples than when operating doubles,

12 I T T I |

/\\ [ Vehicle configuration
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g ) \\ | = v —
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{lto 5 Sl 1525 25te3d 351045 451055 55t0a3 =63

Averape brake application pressure, psi

Figure 25. Average brake spplication pressure as g function of speed for
double- and triple-trailer LCVs

Longltudinal Deceleration

The electronic monitoring equipment also measured the longitudinal deceleration
characteristics of the LOVs, Longitudinal peceleromsters wene 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 1.} Average
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Flgure 26. Average longitudinal deceleration as a function of speed for
different load conditions

deceleration was caleulated from these dzta in the same manner & described for the
calculation of average brake pressure.

Figure 26 shows average longitudinal deceleration as & function of speed for different
load conditions. As expected, these curves are similar in form to those for brake application
pressure, excepd thet the relationship between the curves far full end empry vehicles is
reversed. This is consistent with the fact that full vehicles are heavier and therefore required
greater brake pressures {o achieve the same level of deceleration s 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 longinudinal deceleration experience for doubles and iriples. This
figure shows the rather surprising result that drivers in this stody tended o brake triples
somewhat more aggressively than doubles, particularly at lower spaeds,
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MAINTENANCE, RELIABILITY, AND OPERATING COSTS
OF ANTILOCK BRAKING SYSTEMS ON LCVS

The observations made in this LCV field stedy suggest that introducing ABS on all
units of a fypical double- or riple-trailer combination veldele would increase the
mainienance expense of the entire vehicle by about | percent. The cost of maintaining ARS
om trailers and dollies appears to be about 3.2 cents per one hundred miles teaveled per unit,
This represents aboot | percent of the maintenance costs of & 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
imcurred through tire flat spotting, Actual savings could not be established, since it was not
possible to determine a reference cost fior tire flat spetting experdenced without ABS,
However, 131 individoal units accurmulated 2 total of 10,5 million unit-miles in this study
without the loss of any tires to flat spotting which oceurrad in normel or emergency
braking.!?

A summary of the mainlenance costs of ABS in the context of the costs for the entire
LY (and, in particular, costs for railers and dellies) is presented in the following section.
The next section will consider the effect of ABS on flat spotting of tires. Then, the ABS
mpintenancs experience of the 131 vehicle units in this study will be discussed in detail.
This section will inclede companisons with the results of previous field shadizs conducted
by the NHTSA, which examined ABS vse on tractors and on semitrailers. [2,3] In the
centexl of this chapter on ABS, the expenses related to other systems of trailers and dollies
are presented in summmary form for reference but are not considered in detail, However, an
extensive review of all dally systems and their costs does appear in the chapter of this
report on maintenance, reliability. and operanng costs of C-dollies. (For a review, see the
section on tire costs and see figure 49 snd 1able 20 of that chapler.) A brief discussion of
the sources of the reference costs of mainienance of other systems of trailers is presented in
appendix K

SUMMARY OF THE MAINTENANCE COSTS OF ABS ONLCVsS

Figure 28 presents the continuing maintenance costs for typical double-trailer and triple-
trailer LCVs with 2nd without ABS as determined in this study. (Theze values include the
unscheduled maintenance costs for all systems, buz do not inclode the costs of regularly
sciveduled periodic and annucal 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 gppasent intabie |0 where cost figures are presented in tabular form,

1'% Frozen brakes did sccoart for tbe koss of four tines wo flal spotting dusing 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 sysiems are again separated. The cost of maintaining
ABSE 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 mites, which is 1.2 percent of the 1otal 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 LOCVs individual units

Cest. dallars her Diaeihie T."clr.l.'c' Cinsl (.I'(.l|'|'.:?r_!.'per

1083 miles for: f3 miles for: Tractors| Traflers | Dollies
ABS 0141 0.20% ABS 0045 | 0,032 | 0.032
All other systemst [15.247 [18.863 | | Al other systems?| 9048 | 2.582 | 1,034
Toral 15288 |19.088 Tl 0093 | 2614 | 1066

" Thess costs do not isclude the eapense of periodic @nd annual inspection on mailers and dollkzs
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The Cost Of ABS On Teailers And Dollies In Comparison To The Total
Maintenance Costs OF These Units

Figure 29 shows a complete surnmary picture of the representative maintenance costs
for trailers and for dollies, respectively, as determined by all the data sources considered in
this smudy, This figure reveals that ABS 15 the least expensive system of the unit to maintain
when compared with seven other catepories of maintenance items into which all asther
mainicnence expenses are divided,

Cost rate, dollars per 1060 miles

ABS Susgy. Whezls  Elecincal Frame Brakes Tires 'Bod:,:
Trailer systems

(164
.5+
0.4 4
.34
1.2 4

.14

Cost rate, dollars per T miles

(.04

ABS Trim Wheels Frame  Couwpling Electrical  Brakes Teres

Dially systems

Figure 29. Maintenance cost rates for ABS and other
syslems for trailers and for dollies

Figure 30 presents a compurison betwesn the maintenance experience of ABS and of
other trailer systems. The figure includes results from both this study and a previoos field
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study of semitreilers conducted for the NHTSA.[3]20 For systems other than ABS, the
values shown as “LCV study™ derive from the historical records of rwenty-four single-axle
and tandem-axle van trailers in this study. These rates wene calculated from records
collected over 4.5 million miles of use for these units. The résults of both studies show tha
ABS repairs oceur 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 cosis,

180
160
140
120
1]
B0
&l
40
20
0

oy study

O Semitrailer study

Interval of repairs, thousands of miles

Wheels Electrical Tires

Trailer systerm

Figure 0. Intervals of repairs for ABS and other traller sysiems 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 1o wheel lock during beaking, Duning this study, the 131 individual units sccumulated a
total of 10,5 million unit-miies: drivers submitted sixty-three reports of significant braking
events; several other very severe braking events were purpose fully undertaken with
vehicles participating in the study. Mevertheless, monthly tire read assessments conducted
throughout the study revealed no clearly visibie tire flat spots, nor did the tire mamtenance
records of the fleets revea] any tire chanpes due o flun spoting resulting from efther normaal

or severs braking.

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

2 Figuse 3.5 “Comparison of Miles Traveled Bepasen RepainReplacement Maintsnance Incidents, For
ABS and Crber Major Vehicl: Componenis, ir the Test Fleet of 50 ABS-Equipped Vehlcles", page 3-
21
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occurred in cold weather when o “frozen™ brake faiied to release as the vehicle was pulling
gway from a standing position. The respective drivers were apparently unaware of their
situations and continoed for sufficient distances to ruin the rwo sets of tires involved, 2!

An chjective measure of the cost savings resulting from the meduction of tire flat
spotting could not be determined in this study. Prior to this project, none of the
participating flests muintained recosds of the replacement of truiler or dolly tires in & 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 w simpiy note that the experience of this smdy suggests that
the costs associated with tire flat spotting can be largely sliminated 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 simation

RELIABILITY, DURABILITY, AND MAINTENANCE COSTS OF ABS

All work orders and maintenancs records for the 131 units in the LCV field study
[seventeen ractors, elghiy-six trailers, twenty-eight dollies) were collected from August
1993 through April 1995, These records became the basis for evaluating the reliability and
maimenance costs of ABS on wactors, wailers, and dolles. In total, these 131 units
accumutated over 10.5 million miles of service, and a1 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 waranty service or
10 the installation procedures carried out in this study. These problems are treated separately
in the first subsection that follows, sz it is not appropriase (o associate them with the
expenses of continuing mainlenance,

The remaining fifiy-six problems were classified as in-serviee and, thus, contribute to
muinienance EXPENss of the vehicles. For v-1wn of these {59 percent) occurred on trailers
and dollies and fourteen (20 percent) on tractors. The second subsection is a detailed

31 1 has been speculated that ABS could reduve Mal sposting frean 1his type of event also, The theary i
that. under this type of condition. the ABS daugnosnic svstem should detest the locked whesl, Hgh the
wazming lomp, and alert the drover ia the peoblem. However, inihis siedy, ABS on rablers and dolhes
wiere powered through the stop-lght cinoust such that the sysiems would not |3pi|;:9,'||_1- be pqwm'c:d
during this type of evenl.

2 Informally, managers of several of the participating Neews indicated that they did believe that the costs
assnciated wiil o spoiting werg signdlicany, some quating substantial percenteges of all tre costs.
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diseussion of ABS problems found on trailers and doflies. Finally, a suhsection on the
problems that cecurred on iractors is presentsd 23

Results for trailers and for dollies are considered rogether, 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 iractors 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 spproximately 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 eircuit was energized,

+ The seveqlesn lracloss 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, teenty-five
(mostly dollics) were pew with ABS installed by the manufaciurer, and eighty-nine
were used with ABS retrofitted for the sdy

F'Drtil;_!i:ms Reluted To The Design And Installation O ABS On Trallers And
GHIIES

There were fifteen repairs of ABS on traifers and dollies that could be directly attributed
1o design deficiencies or 1o aversights during the installation process, These problems are
viewed as warranty 1sues and their costs are not included in the costs of continuing
mainlenegnce. Four of these were related to cables and connectors, and eleven invalved the
ECLL Also, there was a recall issued during the study for the twenty Bendix MC-12 ABS
units used 0 the study.

The toral cost of the problems related w dr:-ig.n and installation (including the recall)
was 511.112.10in pans and labor, OF these costs, 59,651,235 (BT percent) were a resalt of
design problems which, in normal operations, would have been covered by warranty.
(Seventy percent of the otal was relued to the Allied Signal recall.) The remainder involved
problems that were peculiar to the retrofitting or other elerments of the startup of the field
study. None of these costs were ascribed 1o the expense of continuing maintenance.

The cost per unit for the ABS design and installation problems was $97.47 in pars and
tabaor, This is substantially more than the S65.36 per unit found in the previous study of

Z3 In Jight of the facts thar the firse of NHTSA s tiree field studies followed 200 tractoes and that anily
sevenieen tractors were included s this siudy, conssderably greater emphasis s placed on trailers &nd
dollies than o tractors in this discussion
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ABS-related cost for semitrailers.[3] When the costs associsted with the recal] are removed
from the total, however, the cost per unit is reduced o §20.93,

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

Cables and conmectors

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 incomectly wired on a new trailer at the fuctory.
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,
serews used to mount quarter fenders on a dolly pierced the status light wine causing an
electrical shor

The fourth problem occurred early in the study and was reported by & driver wha
thought the ABS status light was not fusctioning carrectly, The trailer was returned to the
shop that had performed the retrofitting, and & loose power lead and two wheel-speed
sensor wires were replaced. Further investigation revealed that the problesn was actually
due to driver misunderstanding, not the ABS, and that the wires had been damaged by fleat
maintenance personnel before the trailer was returmed to the shop. The total cost to correct
this non problem was 3395, This is a peod example of te importance of thorough ABS
traiming for fieet personnel,

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

Electronic conrral 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 installatien. To comrect these problems, the teo BCUs had to have all fault
codes cleared from memaory and the svstem properly reconfigered. The total cost to
meke these changes was 320,30

-

The ECUs on the study dollies of one of the participating flaets were mounted in a
vulnerable location. As o 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
thereafies, the flest mainlenance personnel relocated all the ECUs on these units,
The total cost o replace one ECL and relocate the ECUs on six dollies was
F952.00. 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 parchased
the ABS and specified the ECU location themselves.

Two BECU failures were attributed to moisture contemination insids the ECU
enclosure. Both problems occurred on Midland-Grau systems and were manifest in
the cecurrence of a “communication fault between the dual microprocessors."2 The
first problem ocewrred after 4 vear of service and the second oecurred near the end
of the program. Midland-Ceran reporned that changes were made to the ECU
enclosure to prevent mwisture from ¢otering. At the conclhusion of the program,
Midland-Grau nated that they are now marketing a newer version of their ABS
which has a sealed ECU. The rotal cost 1o repair these two problems was $752.50.
Three BCU failures were a result of inadequate surge protection in the Midland-
G system, Two of the failures occumed early in the stody and the third near the
end of the program. Midland-Grau indicated that there was inadeguate surge
protection on the stetus-fight circoit and supply-voliage spikes could harm this
circuit, Midland-Grau also indicatss that changes to the design of their ECTT have
addreased this problem. The total cost to repair these three problems was
1,198.75.

The remaining two prodlems 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 unt] 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
congleded that some emmor in nstallation or hookup caused the problem,
Fortunately, these urits did not accumulate much mileage following the installation
of the new ECUs. Based on the hubometer readings, these ECUs were imoperabie
for approximately 850 miles, The total cost 1o inspect these unitz was $35.

Electronic comntrol wnit recall

Allied Signal issuwed @ recall of the Bendix ABS MC-12 antilock modulator controllers
duning the study. According to commespondence from Allied Signal dated September 20,
1994, a rubber part in the valve was subyect 10 swelling upon prelonged exposure to
various types of aloohol and antfresze. Such swelling could restnct ar biock air passage
within the assembly and, if excessive, could result in loss of braking. Replacernent
controllers with inent (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 recatled ECUs was paid for by Allied Signal, but was estimated at
F7, 700,00 in pars and labor.

4 When = fauly ECLU was replaced, the original umt was senl 1o 1t manafactuser for a diagnosis of te
Lail e,
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Maintenance Of ABS On Trailers And Dollies During The Field Study

The 114 trailers and dollies of the fHield 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 52,180,55 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 distabution of these maintenance events and costs according
to the component of ABS at fault, A discossion 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 Tewel 1 Cost per| Cost/ 100

Prablems Time (krs)| Costs (81| Costs (3)) Cost (8) | Unie (3| Miles (3)
Cables/Conneciors 7 | 5% 20405 | 0.00 | 204.05 1.79 | 0.003
ECU 2 | 3.0 10500 | 700,00 | 805,00 T.06 | Q012
Inspection - NPF | 18 | 90 | 31500 000 31500 | 276 | 0.005
Modulator Valves 1 | Lo | 3500! 3s0.00 38500 3.38 | 0.006
E{J-ﬁ‘fr!'_,;.l?niﬂ_.l‘s e} 2.5 £7.50 #0000 0 167.50 0 1.47 | D.002
Status light 9 T.4 25900 4500 | 304,00 ! 2.67 | 0.005
Toial 42 2940 1100555 | 1175.0K) 2180.55 | 19.13 | 0.032

Cable and connectors

There were seven problems asseciuted 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 30,003,

These problems fell into two groups. The first group was composed of four problems
imvolving damage to wires: one power hamess, one wheal-speed sensor wire, and two
status-light wires. The 1otal cost o diagnose and repair these four problems was $151.55.

The repairs to the status-ligh: wires and 1o 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 chams on the tractor drive
whesls. These two problems highlaht the need 10 protect wires that pass near of above
tires. The damage to the harness was cavsed when it was crushed during maintenance
service on a different system.

6o
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The remaining three problems with cables and connectors are best described a< loose or
poar wire connections. They involved connectors at a wheel-speed sensor, an ABS starus
light, and an ECU. Each problem was corrected when the suspected connector was
loosened and resecured, The total cost to repair these thres problems was 52,50,

Electronic contral unit

There were two problems associated with the electronic control units. These problemns
required 3.0 labor hours and ST00.00 in replacement parts to repair, This class of problem
had & total cost of $305.00 (37.06 per unit) and was the most expensive type of
maintenance problem. The CPCM for the ECU problems was $0.012 and constitated 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 firss problem oceurred with a vnit from Midland-Grau, and
their diagnosis was that it resulied from a faled diode. They also noted that there was no
ppparent reason for the faiture and no prior history of similar failores, The second problem
oecurred with a Bendix ECU. The cause of the failure, as reported by Allied Signal, was a
bad solder joint at a capacitor connection. Mo other problems of this nature occurred doring
the program.

Inspection - No prablem found

There were gighteen ABS problems reported in which no malfunction could be detected
and no repair was neceasary, These problems did require effort on the pan of maintenance
personnel, and an estimated general inspection time of (1.5 |sbor hours was specified for
this type of problem, The problems required a total of 9.0 lebor hours to inspect and had a
cost of 331500 (51.79 per unit). The CPCM for this category of problems was $0.005,

These problems ¢learly fell ino three distinct groups. The first and largest group
involved ten reports related 1o drivers who did not understand the starus-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 wsed by drivers o disgnose the ABS, a clear
vnderstanding 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 prohless underscore the desirability of thorough
driver training and a standard agreement on Suries-hgks fuection,

There was one repont by & driver involving status-light function for which no
substantive problem could be identified, Thes event could nod be explained by inadequate
training since the driver was expericnced with ABS and the report was filed after his
tweaty-erghth trip during the field study, Following the report, the wnit was closely
mcnitored, and no further problems were reported.

0
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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 dallies
using the Bendix system. To better understand how this svstem warked, some informul
bruking tests were conducted by the fleet involved. The local Allied Signal representative
participated in this activity. The 12s1s showed that the Bendix ABS on the trailers and
dollies did allow momentary wheel lock during sevess braking, but Allied Signal assens
that this is characteristic of the proper cperation of the sysiem. No true defects were found,
Driver reports of lock-up apparently referred 1o this nermal performance. Investigation of
the seventh preblem showed that the ARS was working correetly, but that an BCU fault
code reporting wheel-speed sensor fault was present. Twenty days later, this unit was
servieed for a wheel-gpeed sensor problem. (This problem was sceounted for ssparately.)

Modulater valees

There was one failure of 5 Bendix ABS modulator valve during the program. The valve
was removed, inspected and found w deliver air at reduced rates because of contaminants
inside the unit. This fleet used in-line antifresze, 4 practice which is discouraged by Allisd
Signal because of the possibility of damage to rebber components, Allied Signal indicated
that this incident plaved a role 1o their decision fo recall their modulater valves. The cost o
replace this valve was 5385, This hugh Ggure is dus in part to the fact that the ECU snd
modulstor 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 & 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 S0.003,

All the problems were identified by the imternal diagrostic 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
stanes light illuminating. Commenas by the repair personnel indicated that snow may have
packed around the sensor and cassed the wvstem 1o indicate a fanlt The second problem
restilied from an accidental disturbance of the wheel-speed sensors during a brake
overhaul, No spesific cause could be identified for the third problem in this group,

The remaining two prodlems with wheel-speed sensors were discoversd afier the
completion of testing. In both cases. 4 representutive frem Rockwell WABCO checked the
ABS and found and replaced a faifed wheei-wpeed sensor, One of the failures was caused
by & severed lead wire 1o the sensor. The exact rezsons for the other failure could not be
resolved. 2

25 The report from the Rockwell WARDD represenavive oo this problem did indicate that the wheel-
speed senwor wire was installed incomecily such i ir came e when the axbe moved up and down, IF

7l
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Status fighr

There were nine problems with the status lght during the program which had a totgl
cost of $304.00 (S2.67 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 comecting 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 (e railers and dollies of this field study required ABS
maintenances in compansan with the results of the previous smdy in which 63 percent of the
semitralers involved required similar ABS maintenance.[3] Similarly, there wene 0,37
repairs per unit during this program as epposed o 0,88 repairs per unit in the previous
study, However, it should be noted that the previous study covered two vears, whereas the
average duration for the five Meets in this study was seventy-seven weeks, or 1.5 years, If
the results of the curmrent study were projected Jinearly to two vears, a total of fifty-six
problems would be predicted. This would increase the number of problems per unit from
0,37 o 049, 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 averags of $19.13 per unit to cormect in-
service ABS problems. This also compares favorably o the semitrailer study in which the
costs related o the maintenance of ABS were $35.27 per enit. Meither these costs, nor the
©osts in the discussion below on ABS mainienance, include the labor costs associated with
scheduled annual and penodic mainienance

A mare meaningful way fo comparg the results of this study with those of the previous
study of fifty semitrailers is to compare ABS maimenance costs per hundred miles. Figure
31 shows the costs, in dollars per hundred miles (CPCM) found in each of the two
programs.| 312 These cost rates include all in-service repairs, inspections, and adjestments
1o the ABS over the evaluation periods of both programs. The total CPCM was S0.0032 for
the LOY study and 50,044 for the semitrailer study

the failed wheel-speeq s=nsor resulied from smproper msiallagion, this problem shoald be re-classified
Howewer, hecause the wheel-speed sensor wis replaced and discarded, the exact cause of the problem
could mod be condfirmed, and 5 remains i this classification

8 The resulls frome the semdlraiter study are laken fom Aguse 3.5, “Dismbution of ABS In-Service Wear
Eefaped Mamneemance Cosis on a Cents-perMile of 1ravel basis Over the Twie-Year Test Period by
Svatem Componenl Nesding Work™, pags 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 stodies is for wheel-speed sensors,
In this classification, the rate is $0.00% per 100 hundred for the previous stady bat only
$0.002 per 100 miles for this stedy, The difference Is almost compledely due to the larger
number of adjustments of wheel-speed sensors reguired during the previous study, These
adjustments are required when the gap between the wheel-speed sensor and the exciter ring
exceads the acceptable tolerance. This can be cavsed by external factors like road debris,
sccidental jurring during wheel mainterance service, or through improper wheel bearing
adjusiment and the resulting runcot of the exciter ring. One possible explanation for the
reduction of wheel-speed sensor problems in this study is that seventy-fiour of the units (&5
percent) had new friction materal and beanngs installed during the retrofitting of ABS at
the cutset 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 unils and the semitrailers of the previeus
program.[3 57 These numbers are based on 6.7 million males of avel for the 174 LOV
units of thiz study and 4.0 million miles for the fifty wnits of the semitrailer study. In both
studies, inspections resulting in a0 repaics or adjwstments were the most frequent cause of
maintenance-related service, These datz indicae that a typicel non power unit will have a
false problem report about every 350,000 miles, Problems associated with status Hehts will
ocour, on average, every 710,000 miles, Problemns with cables and connectors and with

27 Figure 3.6 “Mikes Traveled Betwoen ABS In-Service Woar Ralasd Maimenance Incidests Over the
Twn-Year Test Period by System Component Needing Work™, page 3-17
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Figure 31. 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 BCU will require
service about every 2, million miles. Finally, only one modulator valve problem occurred
in the LCV field study while none cccurred in the semiteailer study. Besed on the miles
accumulated by the LCV urits. a problem of this tvpe would occur every 6.7 million miles
on & typical non power unit. However, it should be noted thet this problem was related to
the use of in-line antifreeze which is discournged by ADS suppliers,

Figure 13 presents yearly rates of maintenance of ABS cornponents as projected for a
hypothetical fleet of 100 semitrailers. Projections are presented based on data from the LCV
study and the sermitratier study. These data inclede average vearly mileages per uait 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 replacemenis.#* Using the
sverage of the rates shown in the figure. 8 typical Dest with 100 non-power units would
experience 11.6 false inspections; 8.3 whecl-speed sensors; 5.8 starus lights, 5.2 cables
and conrectors; and 2.7 ECU malmenance incidenis per year.

2E o the semitradler siady, repair mtes given for the varooss ARS components wene basesd onlv on
repamireplacement incidents and excluded adpusiments or inspections. For this progrom, howsver,
neidenzs of adjustments or inspeclions were meluded. Mareover, the resalts of the semitrailer study
tsawe been re analyzed o includs adpostmems or mspections. Upon review of all of the maintenance
reconds oollssted in this study | including the Ristoncal records), il zppears that sl five of the
participsizng Meets did track and assign all maimenance activity o specific units, Review of the
records showed that of the 1,472 truiler reconds collecied from the five flests, 485, or 33 percent, were
fiar inspections or adjustments. For this reason, the fregoency of maintenenee ovents shown in figare
13 dncludes all costs aeanciated valk Lhe system, nod jitl the ones that invalved repair ar replacensent
ol a cotApanent.
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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 ail seventeen tractors during the
field study. These fourteen problems were concentrated in six of the units (35 percent). The
fourizen problems resulied in a total maintenancs cost of $1,126.25, Overall, the cost per
unit tor ABS maintenance was 300,25, Given that these units waveled 3.76 million miles
during the study, the mamntenance cost per 100 miles was $0.030. The cost per unit and
cost rate from this study compare favorably with thase of the sarhier study conducted by the
NHT3IA.[Z] In that study, 200 tractors were found 1o have average ARS mainlenance costs
of $90.7% per tractor and ABS maintenance cost rates of 30,0460 per 100 miles.

Seven of the fourteen ABS problems occurred on one tractor, This unit seemed to have
inlerminent problems thal caused the status ight 10 indicate the system needed service, Four
of the problems were resolved by replacing wheel-speed sensors or adjusting the wheel
hearings. The other thres reports were investigaled but resulted in no problems bemg
found, Two of these repons were filed laie in the study by experienced deivers, The system
was tharoughly checked at the end of the stdy by a Rockwell WABCO representative.
During the investigation the representative found that a wheel-speed sensor wire hed been
repaired in a manner rot recgmmended by Rockwell WABCO, This may have caused the
intermittent fanles.

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

Component Ne. of | Labor | Lobor | Parts Total | Cost per| Cost/100
Problems Time (hrsp; Costs (8)| Costx ($)| Cost (8) | Unir (S} Miles (5)
Cables Comneciors 3 9.0 | 315300, 40.0] 35500 | 20.88 | 0.009
ECU 0 0.0 0.00 0.0 000 000 D.000
Inspection - NPF f 3.0 | 105.00 0.0 | 10500 | 618 | 0.003
Modulatar Valves | 0 00 | o0oo] 00| 0oo| 000 o000
Speed Sensors 4 128 | #4625 120.0 | 566,25 | 33.31 | 0015
Status light 1 20 | 7000 300/ 10000 588 | 0.003
Toal 14 26.8 | 93625 | 190.00 [1126.25 | 66.25 | 0.030
Cable and commectors

The three cable and connector problems occurred on three different wnits in thiee
different fieets. Two were uliimately rezolved when looss cables were located and
reconnected. One of these was the result of 2 loose wheel-speed sensor cable and ook 1.5
lubor hours v find and comect, The second was an intermittent problem and occurred on
rough roads only. This problem also tock 1.5 labor hours 10 eorrect. The third cable and
connector problem was a reselt of dumage to the cable of a wheel-speed sensor. Repair
required the removal of a drive whee! in onder o replace the wheel-speed sensor and cable
This repair required 6.0 labor hours and & wheel-speed sensor costing 340,00,

In total, the three cable and connector problems required 9.0 hours of fabor and 540,00
in parts. The total cost wes estimated at 333500 or 520,88 per ractor. The CPCM far this
class of repair was 30009,

Inspection - Mo problem found

Thers were six reports of ABS problems for which no malfunction could be detected
and no repair was necessary. These problems did require effost on the pan of maintenancs
personnel and an average inspection time of 0.5 Jabor hovrs was specified for this type of
problem. Three of these problems cooumed on one tracior that continued 1© have
imtermitient wheel-speed seasor problems throughout the study, Two of the problems
occurred very early in the study and were anributed to driver inexperience. In one case, the
driver was confused by differences in the operation of the stazes-light function an irsctor
and trailer systems. The other repon indicated that, when applying hrakes hard, some of
the: drive tires would lock-up and slide. Since this svstem involved a tandem-axle unit with
& tWO-SENS0T Systerm, we speculale that the non-sensed axle may have expenienced the lock-
up. The last problem was reporied lute in the program by an experienced driver, However,
no problem could be identified on subsequent trips or opon completion of the study. The

TG
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total cost of these probiems was 3105.00 or $6.18 per tractor. These problems had &
CPCM of $0.003,

Wheel-speed sensors

There were four problems with wheel-speed sensors during the stdy. Three of the
four problems involved one tracter. In two cases, the wheel-speed sensor on the laft drive
wheel was replaced 2 The third problem was caused by excessive wheel bearing lash that
led 1o a bad signal from the wheel-speed sensor. The fourth problem was originally
identified a5 a dirty wheel-speed sensor. However, during later trips the problem
reappeared. Afier further investigation, the wheel-speed sensor was replaced and the
alignment of the exciter ring comected. The total cost of these problems was $566.25 or
533,31 per tractor. These problems had a CPCM of 50,015, which was the highest rate of
expense for any ABS component on traclors

Status light

There was one problem involving the function of the status light. The source of the
profolem wes identified & a circuir breaker faiiure, The breaker was replaced at a total cost
of S100.00, or $5.88 per wractor, Thiz problem had a CPCM of $0.003.

¥ s discussed above, when the sysiem on this tractor was thoeoughly checked Bt the end of the sudy, it
wias found tha! s wheel-speed-sensor wirz had been connecied 1o an extension cable using shrink tubiag
tver the comnechion. This s not recommended pracice for this ABS component.
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THE OPINIONS OF FLEET PERSONNEL REGARDING
ANTILOCK BRAKING SYSTEMS IN LCY OPERATIONS

The drivers, mechanics, and fleet managers participating in the LCV field snedy wers
surveyed to determine their opinions on ABS. Five surveys were conducted periodically
throughout the feld study so that changes in opinion with exposore 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 1o 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, deivers, on average, felt that ABS had
helped them avoid or reduce the seventy of an accident “a fow times.”

The survey included prepared questions dealing with reliability, matntainability, and
general usefulness of ABS. Participants responded to these questions according 10 a
prepared rating scale. They were also encouraged to provided written comments and
ohsgrvations about their cxperience with, and views on, ARS. 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 fumiliar are you with antilock braking systems 7 Not familiar; somewhat
familiar; very familiar,

* How would you rare the reliabiliy of ABS? Mot eeliable; average reliability; very
reliable

s How difficulr is ABS 1o maintain #5 Not difficull; average; very difficult.

* What is your opinion regarding ABS om traciors? Strongly favor; no opinion;
stromgly opposed.

* What is your opinion regarding ABS on reailers” Strongly favor; no opinion;
strongly opposed

* What is your opinion regarding ABS on dollies? Strongly faver; no opinion;
strongly opposed.

* Have vou ever been in an emergency situation where ABY helped vou avoid or
raduce the severity af an acciden: ™ Many times; o few times; never,

* Do you feel the use of ABS on the entire vehicle will change your job P52 Make it
easicr; no change; make i harder.

30 Only maragers and mechanics were asked 1his guestion
31 Omly drivers were ssked this quession
iz Omnly drivers were asked this goestion
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An average of thirty-two drivers, fourteen managers, mmd twenty-one mechanics
responded to each of the five surveys. One hondred ninety-one drivers participated in the
study, but many of these only tock one or two trips with the feld study vehicles, Only
those drivers who used the equipment regularly were asked to complete questionnaires.

The summery results for cach of these questions are presented in figure 34, Pooled
results are presented for drivers, mechanics, and managers, respectively, The verical scals
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 dizcussion of results for each individual guestion follows. A sample of written
comments related to the question is presented where available. Comments are identified
with the personnel group end the data source (j.e., the number of the survey or the
gbbreviation DTF, for driver inp form), for examgple, [Driver, 3].

Familiarity: How [amiliar are you with Antilock Braking Systems?

As expected, all the feet personnel showed a trend toward becoming more familinr with
ABS as the study progressed Surprisingly, all three groups felt they were somevhar
Jfamiliar with ABS &t the start of the stedy. Drivers had the largest change from less than
sommewhat familiar o nearly very famifiar, an increase of about 50 percent. Most
imporantly, 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 inerease in their evatvation of
the reliability of ABS. Initially, the drivers and mechanics gave ABS an average relighility
rating, while the managers were & little more conlident in the systems_ At the study’s
conclusion, drivers and managers felt most conlident while the mechanics feli the sysiem
Was not guite as reliable but sull beter than average.

Werirten commants

* From what T've seen the brakes (ABS) work well and seem to be reliable.
[Mechanic, 2]

* The ABS are a great advantape. 1 haven't heard any complaints by the drivers and 1
haven't soticed much mecharcully wrong with the systerm. [Mechanie, 2]

* The ABRS system seems lo work very good in the few times T have had io really use
it. [Driver, 3]

* This stuff is still working great. Everybody should be using it [Mechanic, 3]

a0
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Figure 34. Opinions of Aeet 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 mose education & training. Operators accept them for the maost
part, but as with anything new there is always some resistance, I personally liked
all the equipment involved and felt afier a delayed start-up period, T think our part of
the test went really well! [Mechame, 5)

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

* ECU Box needs 1o be placed {away from in] front of tires, too much water & spray
shorts out [on trailers]. [Mecharc, 5]

Maintenance And Use: How difflcull are ABS to maintain?

Only the managers and mechanies were asked to evaluate how difficolt ABS are to
maintain. Throughout the study, the mechanics raied ABS as & linle easier than average to
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Figure 34 [continued]. Opinions of Meet personnel on ABS in
LCY operations

maintain and showed a slight improvemnent in this rating over the course of the program,
This is encouraging because the general attziude seems 1o be that any elecinical system on
heavy-duty units is more difficull to understand, diagnose, and fix than a mechanical
systern. However, this attimde is probehiy changing doe to the increasad use of elactronics
in the heavy-tractor business. Additonally, the ABS suppliers gave the flects repair
manuals and all ECUs had built-in diagnostics 1o help identify and repair problems

Managers were tnitially more optimistic then mechanics ghout mantaining ABS, bat by
the end of the study their assessment of the ease of maintaining ABS had declined and was
very close 1o thot of the mechanics, This was the only case in which the trend of the resulis
did mot increase during the study. There was a surprising dip in the managers” response
during the fourth survey period. This may be explained by the smal] number of responses
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for this question in that survey. Typically, there were twelve to fourteen respenses for
every question. However, only eight were received for this question in the fourth survey,

Written comments

* It appears that ABS iz NO more difficult to maimtain than non-ABS equipment,
[Manager, 5]

* We have nol seen many problems with the ABS, [Mechanie, 2]

+ T don™t think we encountered any more problems with the test equipment than other
equipment in the flect. [Mechanic, 5

+ Rockwell ABS is real simple to install and madntain, 25 well as finding fault codes.
[Mechanic, 2]

* We do not ses 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 stronely fincorable
opinion. On average, the results were viruwally identical for a1 three types of units.
Munagers 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
wis Lhat the primary goal of ABS is to maintain directional stability during braking and,
since C-dollies can mot steer relative 1o the lead traiter, ABS on the dolly may not be as
necessiry, particularly if the lead trailer has ABS, However, if tire flat-spotting is the
concemn, then ARS is as approprizte on C-dollies a5 on any other Goit.

Wristen Covmmenis

* The ABS defivers maximum braking akility 1o doukle and triple operation with
obvious safety consequences. {Drver, 3}

*+ Braking and sigbility of doubles and tnples combinations are greatly improved with
ABS. {Manager, 2]

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

* As a mechanic and shop foreman, [ am impressed with the operation of both ABS
and the C-dolly, [Mechanic, 51

+ [ feel that ABS 15 a plus 1o all flects operating LOVs, EMechanic, 2]

+ I believe the ABS brakes, when wsed on tractors, railers, and dolly together as a
umit, gives the driver a much greser braking abilicy in a much shorter distance.
[Driver, 2]

* The only reason 1 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 T had my choice, | would want ABS on all vehicles. [Driver, 5]

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

To obtain a sense of the frequency of substantial ANS activiry, the drivers were asked
tr judge how often ABS helped them o avoid or reduce the severity of an accident, The
results from the first survey showed drivers did not feel that ABS hed helped them in such
g situation. Owver the course of the study, however, the average response to the question
rose to indicate these drivers felt ABS had been significant 1o them a few times. This result
is interesting because it shows that drivers do believe they periedically encounter sinsations
where ABS play a rele in the stabiliny of the vehicle.

This trend toward crediting ABS in emergency situations was supported by a total of
sixry-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 (142 hoose) drove into the path of my truck with traffic in the left lane
that wouldn't mowve, so 1 had 10 make a sudden stop - from 55 mph to 10 mph,
[Driver, OTF]

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

Had te change lanes and get on the brakes hard to avoid a slow car, T 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 oot into rosdway. | had 10 come (0 & complete stop in order 1o
miss all of the deer. T don't think that | could have stopped in time or without
skidding tires or jackknifing with regular brakes, Conditions: Time - 10:30 am,
Weather - clear, Rozd Condrion - dryv, Loed Condition - full. [Driver, DTF]
Commung down Winchester grade, | came around a curve and a rock shide came
across two lanes, T got on the brakes hard and wen? 1o the right into a wide spot
along the road. I had no problems with zny sliding or locking up, Tractor, dolly
and trailers handled good! Conditons: Time - 1:40 pm, Climate - rain, saowfice
and windy, Eoad - wet, Load - full. [Driver, DTF]

Braking incident - & vehicle spun oul sideways in front of me and T had to come 10 8
very sudden stop to avoid (i) Everything staved in line and seemed to handle well.
Conditions: Time - 2: 10 am, Climate - snow/ice, Road - jee, Load - full (63500
GCW. [Driver, DTF]
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* Following about 100 ft. behind a four wheeler on Hvy. 395 at milepost 67 in g
[severe] dust storm when T saw brake lights and then was able to see waffic ata
stop in froat of us. The four wheeler locked up his brakes and stesred off the
roadway to avoid stopped vehicles. Est. speed at tirme of emergency was 40-50
mph. Even though trailers were virtually empty, everything came to & smooth,
straight stop with about 80 fi. to spare, [Driver, DTF]

+ Sudden Braking - Trucks in middie of road on hill and curve, Road surface was
solid fee, I was able to stop and pull off out of the way with very little trouble,
Conditions: 12:30 AM, Climare - fieezing rain, Road -ice, Load - full, [Driver,
IDTF}

Effect (O ABS On The Driver's Job: Do you leel the use of ABS on the
entire vehicle will change vour job?

Ta detesmine whather drivers view ABS a4 an aid or & burden, they were asked to rate
the overall influence of ABS on their job. The drivers consistently indicated that, oversll,
ABS did change their fnb toward making ir easier

Written comments

* [ like having ABS. It makes mv pob safer and the safer it is, the more 1 like it
[Driver, 4]

= [ have never been in & Vnear™ accident with ABS and yet I feel much more
cormfortable pulling equipment with ABS systems -- especially when “bob-tail” or
pulling empsy trailers, [Driver, 2]

* [owas a joy 1o drive the all ABS systems berween Portland and Boise—the “C™
dollies were temrific and the ABS brakes were a nice change from individual axles
“lecking-up™ in demand situations. [Driver, 3]

* Use of a bobtail tracter with ABS is much more easily maneuverable when in a
braking situation. T appreciate the use of ABS equipment ["ve had the opportunity to
use as o driver here an [flest name]. [Dnver, 4)

* [always fieel confident T'1 be able 10 control my equipment even under extreme
conditions when my tneck and tridlers are equipped with an ABS equipped C-dolly.
C-dollies equipped with ABS keep vour trailers in a siraight line on slick surfaces
even under hard braking siwations. [Driver, 3]

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

+ ABS brake system are 100 percent more efficien: 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 flests 1 ABS was very
positive. Table 14 shows a summary of the opinion resalts 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.?3 All of the calegories except one
show a strong bias toward a positve response. In fourieen of the twenty-four categordes,
over 90 percent of these surveyed answered positivaly,

Table 14. Positive ratings of ABS by fleet personnel

Fercent pagitive responges
Survey gueshions Dirivers ] Mgr. | Mech.
How familiar are you with Antilock Braking Systems? Not T 96 83
familiar; somewhat familisr, very famziiar.
How would you rate the reliability of ABS? Not reliable;
average relinbility; very relishie, 9z 9% 92
Hew difficult is ABS 1o malnsain " Not difficult: H-'\"CJ'EE'C.;
very difficul. Na 71 L
Wihat ix your apinion regarding ABS on rractors? Strongly 100 100 100
favor; no opimon; Strongly opposed,
What iy your opinion regarding ABS on trailers? Strongly 100 100 100
favor, no opinten; Sirongly opposed
Whar bs your opinion regarding ABS on dollies? Strongly 100 100 56
favor; no opimon; Strongly opposed.
Have vou ever been in an emergency sineation where ABS 4 NIA MiA
helped vou avold or reduce the severity of an acciden! ?
Many times; a few times; never
Dro you feel the use of ABS on the entire vehicle will change
vour job? Make it easier: no change; make it harder, 2 N/A WA

33 A positive response is @ response abive & on the T-paint rating scnle wsed for esch question. This
scale is represented by the sevan lines of the veriicle grid of figuens 34
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C-DOLLIES AND THE DYNAMIC STABILITY OF
LONG COMBINATION VEHICLES

The findings of this feld study confirm the findings of many previous research efforts
in regards to the laiteral performance quabities of LCVs. That is, this study found that C-
dollies serve to improve the dynamic stebility of donble- and triple-trailer vehicles by
reducing the rearward amplification responze which is evident in these vehicles when they
are equipped with A-dotlies. The lateral acceleration performance of the roughly one
hundred tractors and trailers of the Deld study fleet showed the same tendencies with
respect (o rearward amplification as have previously been measured and explained through
test-irack experiments and analyses, When operating with A-dolikes, the wailers of the LCV
study vehicles tended 1o experience substantially farger lateral accelerations then the mactors
towing them (i.e.. rearward amplificanion . When equipped with C-dollies, this tendency
wits greaty reduced or reversed. The seasitivities of the rearward amplification response to
such factors as wrailer wheelbase, speed, and number of trailers was generally the same in
the test fleet as found in previous work. C-dollies produced the greatest improvemeni in
lateral behavior in those vehicles displaying the greatest rearward amplification when using
Aedollies (e, triples). '

Beyond the raditional measure of rearward amplification, the data gathered in this field
study glse provide other interesting insights inla the lneral acceleration experience of muolti-
traiter commercial vehicles, and perfaps into the response of the drivers 1o the laeral
performancs characterisiics of their vehicles,

INTRODUCTION TO REARWARD AMPLIFICATION AND THE
STABILITY OF MULTITRAILER TRAINS

C-duolizes exist because of a desire to improve the dynamic mancuvering capability of
commercial vehicles puiling multiple wiilers. The emergency manenvenng capability of
douhle- and triple-trailer vehicles equipped with the raditional A-delly is reduced (relative
to typical tractor-semitrailer vehicks) due 1o 3 phenomenon known as rearwarg
amiplification. The use of C-dollies improves the dvnamic performance of these vehicles by
reducing rearward amplification

In mormal hughway drniving, the mansuvering qualities of multiple-tratler vehicles are
quite good. Howewver, In situations where the driver must make & guick, evasive maneuver,
ihe lateral ovotion of the tractor may be expggerated by each successive trailer. The Jast
trailer of the vehuele may experience @ manewver which is anywhere from fwice io several
times more severe than the maneuver imtated by the tractor, As & consequence, the rear
trauler of such vehicles 15 mone susceptible to rolling over in an evasive manewver, and the
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Figure 35. The rear traller of a western double approaching rollover in a rapid
lane chanpe maneuver

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

Rearwand amplification has been studied in much detal] by a number of researchers
ie.g.. [14-23]% The work to date has besn both analyical {including extensive vehicle
simulation wark) and experimental. Test track work has generally confirmed analyses
leading to & general acceptance within the technical community that the phenomenon is well
undersiooed,

I formal definitions, rearward amplification is expressed as the ratdo of the laeral
soceleration experienced by the last tranier to that of the treetor,[24,25] One such definition
is iliwstrated in figure 34,

Rearward amplification &5 strongly influenced by the frequency content {guickness) of
the maneuver. Thus, methods for measunng reareand amplification dlways sccount for the
Freguency contend of the maneuver. The frequency of the maneuver represenied in figure 36
is characierized by the time required for the tracior 1o complete the lane change, To fully
charactenize rearward amplification by this method. a nomber of tests would be underiaken
in which the time period of the tractor maneuver would be varied—typically from a low of
twio seconds up to four or more seconds. (Expressed in frequency, this is the same as 0.5
100,25 cyeles per second, or herrs (5210 A different rearward amplification would be
measured for each maneuver {requency.
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Figure 36, Rearward amplification is defined as the ratio of the traller lateral
acceleration to tractor lateral aceeleration and is sensitive to the period (or
frequency) of the tractor maneover

Another means for measuring rearward amplification on the test track involves pseudo-
random steenng, The method is more scientifically arractive than the lane change method
sinee it yields a more commplete and generaliv applicable measure, bot it does not have the
intuitive appeal of & “real-world” maneuver. In this method, the driver introduces psendo-
random steering. There 1s no intent wo follow a path; rather, the intent iz o introduce
steering over the full frequency range (slow to guick). The resulting motion of the trailess is
compared with the motion of the tractor throwgh freguency domain analysiz techniques by
which the rearward amplification of the vehicle can be determined at all frequencies at
which the driver provided significant inpun power.

Results from both lane-change and pseudo-random-steering metheds for measuring the
rearward amplification appear in figure 37. The plot shows measored rearward
amplification {on the vertical axis) as a function of maneuver frequency (on the horizontal

89



ESTUDIO DE INVESTIGACION DE LA UNIVERSIDAD DE MICHIGAN
Puede ser consultado en:
http://www.hti.umich.edu/cqi/t/text/text-
idx?sid=50cf84488b83cc2b8ba0554be1cc5¢c98;c=umtri;idno=88519.0001.001

30
i | ]
a5 Fay —_ Ps«l:udcr random
- ‘ I O Single lane change
£ :
2.0] o - |
£ ‘ O
i
=
3‘ L5 [ ;
=
B 10 _/’D/ \
g1 .
k N
0.5 . l - A S
- | | ‘\'\J"-\V\-’\
0 ' ' - |
0 23 0.5 5 1.0 123 L5

Maneuver frequency, hz

Figure 37. Rearward amplification of a loaded western double from
simulations of the lane-change and pseudo-random test methods (55 mph)

wxis). Rearward amplification is expressed in terms of latersl acceleration gain, that is, the
ratio of trailer lateral acceleration 1o tractor lateral seceleration as a functon of frequency,
Maneuver frequency i in hertz, The graph illusirates how strongly rearwird amplification
is @ 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 tums on exit ramps) takes place. At more elevated frequencies,
rearward amplification grows (o abowt two or more. haneuvers in this frequency range
{characteristic of emergency maneuvers) resul? 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 manewver iz 2o quick that the railer is not able 1o
follow. Maneuver frequencies this fugh are generally faster than the driver is capable of
inpactting to the vehicle talthough road roughness and other disturbances coninbute input to
the tractor ot these frequencies).

The qualities that prodece rearward amplification are always present in the vehicle, but
dranuatic trailer response is unusual because the dnver rerely makes significant steering
inputs in the sensitive frequency range. On the other hand, road rowghness and cther small
disturbances such as wind gusts dointroduce small motions of the tractor and lead irailers
which are in the sensitive frequency range. These inpats, muliiplied by the rearward
amplification mechanism, produce the visible swaving of the rear trailer of doubles and
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triples which is often apparent to other motorists, The existence of these motions i
evidence that the rearward amplification mechanism is inherent in the vehicle,

MEASUREMENT OF THE DYNAMIC STABRILITY OF THE LCV FIELD
STUDY FLEET

Each tractor and trailer of the field study fleet was equipped with an accelerometsr to
measure the lateral motion of the unit. (Although examining the influence of dolly design
was the goal, the dollies themselves wer not equipped with accelarometers. The influence
af the dollies on the mation 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
werne partially processed on-line in the vehicle and were stored in reduced forms. Data
describing the frequency conten® of the lateral acceleration experience of the unit was
stored in the on-board logger, as were histograms of the magnifiude of latera] aeceleration
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 10 55 mph, etc). Continuous recording of lateral
ecpeleration took place only during unusual events, Continuous recording conld be
triggered by high values of lateral acceleration as well as bigh-level braking and substantial
ARS activity. Vehicle mstrumentation end data processing are described in far more detail
in appendix B.

The resilis presented below derive from cumulations of data over mony irips, That is,
results are not presented for one vehicle or one wip, 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 % Data classes may be defined by vehicle
configuration, dolly tvpe, loading, speed, e1c.

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

Figure 38 provides one example of the rearward amplification behavier observed im the
LCV study fleet, These results derive from data taken on loaded triples when thess vehicles
were traveling in the 35 to 65 mph range. Starting from the left, the figure presents separate
plots for rearward smplification as a function of frequency, measured at the first, second,

3 The firsc syslemalic opsration of the elecironic data gaibering sysiem begar in Mey of 1994, The
sysiems wede i full operation in all figes by the end of June, 19, and use continsed wnei] the emd
of Aprtl, 1995

Thess daa represeensd the pewer spectral densies (PSDY of laseral acceleration experience withan aich
velocity range. Lateral sccsleration gain as a furclion of frequency (for A given veloeity range) was
abtained by manipalaing waiker P50 and wactor PSD data along with o cokerence fimction obiaimed
in special t2sis of the study vehicles, See appendia B for detls.

By ali trips, we mean all rips from which ssisfactory éaa records were derived. Ses the discussion on
e accummilanons of milesgss in the field siody starting on page a1,
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and third trailers, respectively. Each of these plots shows results obtaimed for the vehicles
cperating with A-dollies and C-dollies, respectively,

Figure 3% clearly reveals the relavely high kevels of rearward amplification thet were
present in the second and third trailers when A-dollics were in use, and the very substantial
redoction in nearward Bmp]iﬁ{*aﬁ-:m that resulted from the use of C-dolljes,

The data plots of figure 38 are of the form used in figure 37 to present rearward
arnplification measarements, That 1s, the vertical axis represents lateral acceleration gain—
the ratio of mailer luteral aceeleration o iracior lateral acceleration—and the honzontal axis
represent maneuver frequency. The data plots cover a frequency range up toone he, As
noted earlier, frequencies input by the driver in normal deiving le roughly in the lovwer
quarter of this range. Measurement of rearward amplification during the rormal ravel of
this study, vet, covering thus full frequency range, was possible becagse the small
disturbances input to the tractor frem road roughness and other external sources provide
adequate input power in the higher frequency tange, The fact thar rearwand amplification is
readily apparent even m vehicle motions generated in this way is simply confirmation that
this response property is inhersnt—and always present—in the vehicle,

Figure 38 displays rearward amphification properties which are remarkably similar to
those obiained in traditional analyses and fest track experiments: (1) Rearward amplification
15 & strong function of frequency, peaking in the range of 0.33=0.5 hz for these short-treiler
vehicles, £2) Rearward amplification grows with each successive trailer, regandlass of dolly
type in wse. (3) Peak amplification of the second truiler of the loaded, shor-trailer A-train is
it the range of 2 1o 2.5 and nearly twice that {4.8 in this case) for the third trailer. (4) C-
dollies substantially reduce rearward amplificetion; the rearward amplification of the third
trailer af the C-trains is roughly equivalent (but somewhat Jower in this case) to that of the
second traler of the A-trains,

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

The detailed results of the appendix are summaisized here in figures 39 and 40. Rather
than presenting the full rearward amplificwion plots (a5 in figure 38), these two figures
show only the peak values of amplification luken fnom thess plots. Peak rearaard

-amplification {on the vertical axis of figure 393 is then thown as a function of speed (on the
horizontal axis) with the preseniation distinguishing between vehicle configeration, dolly
twvpe, and loading condition.

Figure 3% gives the summary datu presemation for western doubles and triples. The
two graphs ab the top of the page recull from data collected with A-dallies in use and the
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Figure 39, Peak rearward amplilication of short-traller doubles and triples
as a Tunction of loading, dolly type, and speed

94



ESTUDIO DE INVESTIGACION DE LA UNIVERSIDAD DE MICHIGAN
Puede ser consultado en:
http://www.hti.umich.edu/cqi/t/text/text-
idx?sid=50cf84488b83cc2b8ba0554be1cc5¢c98;c=umtri;idno=88519.0001.001

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 resolts for the two types of vehicles that use short trailers exclusively (westem
doubles and triples) are superimposed in this figure because previous wark suggests that
the first and second trailers should behave similarly regardless of the presence ar absence
of the third. The datas of the figure tend to suppont this with qualified success. Cenainly the
tendency for rearwand amplification o menease 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 3% clearly shows the
advantage of the C-delly over the A-dolly in all the applicationz of short-tratier
combinations examined

The data of figure 39, particularly the A-train data, also reflect the tendency for
rearward amplification 1o increase with increasing vehicle speed. This is another property in
which the field study data clearly agree with previous fndings.[20] (This trend, of course,
is the reason that results for wravel below 35 mph are not presented.)

Finully, in contrast , the difference—or perhaps more accueately, the similanty—
berween the results for empey and |loaded vehicles in figure 39 is not a8 might be expected
bised on previous work. In general, earlier findings suggest that rearward amplification
should be somewhat mare severe i loaded velucles then in empty vehicles, While the
difference is small, it would appear that the opposite 15 true in these duts, We suspect this
difference in results derives from the fact that raditional work concentrated on
measurements made during moderate to severe mansuvers, 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-read travel. In this regime, there anre many relatively minor
mechanisms which mey be more imponant than they are in severe maneuvers, For
example. the relative importance of small ameunts of play in the pintle hitches is surely
mare sighificant in minor maneuvering than ik severe maneuvering,

Figure 40 presents results for Rocky Mounian doubles and reverse Rocky Mountain
doubles in the same format wsed in figure W (There is no panicolar concepmial regson o
superimpose the resulis for these oo vehicles as there was for shon-trailer doubles and
triples. They are placed on the same graph simgly 10 enhance comparison.) When using A-
dollies, the irailers of these two vehicles tend 1o show similer or lesser rearward
umplification than the first and second trailers of the shon arailer vehicles. Interestingly, the
second trailer of the reverse Rocky displays markedly fess rearward amplification than the
second trailer of the standasd Rocky. while the motions of the first trailer of the reverse
wvehicle are typically more amplified than those of the standard vehicle, These Gndings ars
compatible with previous work that indicites that longer trailer wheelbases reselt in redoced
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resrward amplifications. Also, while the C-dolby improves the performance of these
vehicles, the improvement is certainby not =0 striking as it is for the short-trailer vehicles.

Considering the immense differences between the methodology used in the LV fiekd
study and the methodologies used in previous analytical and experimental investigations,
the generdl agreement berwaen the results shown in figures 38 and 39 and results reported
in the literameee is startling.*” These new resuliz would seem to lend further credence 1o
existing findings, and vice versa.

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

Analyses of the lateral acceleration histogram data collecied in the LOV field study flest
corroborate the observations made in the frequency domain, Thart is, that the rear trailess of
mulaple-traiier vehicles equipped with A-dollies tend to exaggerate the lateral motion of the
tractor and that the nees of C-dothies markedly reduces this response quality,

Frgure 41 presents cumulative histograms of the lateral sceeleration experience of all of
the vehicles of the LCV field study in all travel above 43 mph. The upper graph results
from data collected on vehicles equipped with A-doliies 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 expenenced lateral acceleration {absolute values, of course) above the
indicated value. The hordzontal axis displays that indicated value of latersl acceleration
expressed in gravitadonal units (g).*

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

travel time oocurs abowe 0,03 g, and Jess than | percent of travel time is spent above 0.12
p.3%

If the rearward amplification properies of vehicles influences these hisiograms, one
would expect that influence 1o be manifest at higher secelerations, Accordingly, figure 42 is

=1 Hee appendix B for @ discossies of the (eld e methodology and a comparison of & sample of thess
resubis with previows work.

Lateral acceleration histogram data wese collected in discrews bins all de way up o 0.47 g Generally,
however, the date above 0022 p was so spare as 1o produce very “nosy™ results in the aralyres which
follow. Accordingly, the presentations of this section generally show cumulative histogram dats up o
0,22 g. (Note that the higher data is not excloded, b is jumped o “above (.22

Oine percent shouald pot be interpreted as an insiprificant period of thme. Conaider the driver whe
covvers L0 miiles per vesr averaging 30 mph. Thas is 2000 hoars per vear, or the eguivabenl of a
foriy-hour per week job At the | pescent figure, ihis driver woold spend owesity hours per vear in thes
elevalad rnge of laterad acceleration,

B
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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
influsnce of the rearward amplification mechunism becomes readily apparent in the relative
experience of the tractors and the trailers whiich they tow.
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Figure 42, The lateral acceleration experience ahove 0.08 g of all vehicles
in the LCVY study distinguished by dolly type (speeds above 45 mph}

Examining the upper graph, we note that when A-dollies ane used, the trailers spend
more tme at elevaied levels of lateral aceeleranon than do the wactors which pull them.
Further, the trend s for each successive tratler io spend more time at higher accelerations
than jits predecessor,
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Conversely, the lower graph shows just the opposite trend for vehicles equipped with
C-daollies. In this ease, each successive unit—iractor and trailers—tends to spend less time
at elevated aceslerations,

To present these data in & more readily interpretable format, we have created a
rearward-amplification-like numeric which expresses the lareral acceleration experience of
traflars relative to the experience of the traciors . This relarive experience numeric 15 simply
the percent-time figuse for the wraflers divided by the associated percent-time figure for the

. tractoes 40

Figure 43 presents the relative isteral acceleration of the railers which derives from the
data of figure 41 (and 42). The plot makes the trends clear: the use of A-dollies tends o
exaggerate the laters] acceleration expenience of railers while the use of C-dollies attemates
their lateral accelaration expenence, Both wends appear stronger in the more rearaard
trailers and at more elevated levels of lmeral acceleration,

Figure 43 presented data for alf the vehicles of the fisld study flest—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
experence with A-dollies is shown in the upper graphs and the expenience with C-dollies 1%
shown in the lower graphs. The wends seen for the entire flest (Agore 43) are again seen
here, bat generally in more powerfol and more orderly forms. (See footnote 40.) For
exarnple, the third trailer of loaded A-trains experience lateral accelerations above 0022 g
approximately 7.5 rimes more than their ractors expericnce that level of latersl acceleration,
But, third srailers of C-tram inples expenenced those sarne high levels of lateral acceleration
only 1 timey as often as their traciors,

The presentations of figure 43 and 44 (and the additional abular data which appear in
appendix L) corroborate the findings presented previously herein regarding measurement of
regrward amplificatios in the study fleer That s, the previous results show that the use of
C-dallies tends o reduce the exaggeraied motions of rear trallers as expressed i terms of
rearward amplification, a measure in the frequency domain, The results of this seetion
show that C-dollies also tend to reduce ltersl motions of rearward trailers &s observed in
the time domain.

40 Wogs tha, in the development of the relative experience dala presenied herzin, the division of traiter
Gabw by imcior data i% done affer the ewmulaben of data, This is in comrast 1o the method wsed 1o
develop rearward amplificabion dala i whech e demsace in the freguency domain was dope on @ Lrp-
by-1rip basis and she resulus then cumalsind. In seirospect, tis ladter opproach wanild be mone
appropriale in hoth cases, and would lessen spme of the ematic guality of these pressntations. For
expmple, the désling i the felatbve exparsee measure of the thind troilers oF A -rsine shown at the
higher accelerations of figuere 43 1w, in jar, dise 1o the faci that fied troiler data is dovided by aill wactor
duta (Including ihe ractors of Geubles), This problem is atienuzte when less inclusive dacs seis e
analvzed, &g, Digore dd.
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Figure 43, The lateral acceleration experience of all trailers relative to the
lateral acceleration of tractors distinguished by trailer position and dolly
type (speeds above 45 mph)
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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 histogeam data taken from the tractors of the field study
that are noteworthy in this regard. These data tend to snggest that drivers take note of the
lateral performance qualities of their vehicles and modify their driving behavior in a fashion
i compensate for the perceived shontcomings of their vehicle, We caution at the owtsst of
this discussion, bowewer, that the reader should look upon the following s some
interesting observetions from the data, but that, in the absence of further stody, tey do not
merit the status of fndings. They are speculative, and in the language of the statistician,
there is a great deal of powential for the influence of lurking varfables, not sccounted for
here. Nonetheless, they are potentially imeresting,

Figure 45 shows the lateral-acceleration histograms for the tractors of the loaded wiples
from the four participating flests that operated both A-dollies and C-dollies in the study.#!
The upper graph is the full histogram and the lower graph is the magnified view of the area
above .03 g. The graph distinguishes between triples using A-dollies and C-dollies, Note
that the fower graph shows that the tractors of A-train triples spent less time at elevated
lateral accelerations then did the tractors of Comin triples. This suggests the hypothesis that
drivers are gware of the escillatory behavior of the railing undts of A-trains and aftempt (o
compensate for this behavior by driving more precisely,

In pursuit of this line of reasoning, & relative racror-lareral-aecelerarion-experience
numenc wis developed and used w exarmine the relative Jateral-aceeleration experience of
the tractors of the six vadations of wples, wesiem doubles and Roclies when using A-
dollies and C-dollies (loaded vehicles and. again, only for the four fleets that operated bath
A-dollies and C-dollies fleet).

This relative rrrcior expenence measurne is virtually identical in form to the relagve
trailer experience numeric of the previows section in that it is caleulated from the ratio of
performance of ane unit to the performance of a reference unit. In this case, the reference
performance was the lateral acceleration expenience of the tractors of westem doubles using
C-dollies. {The choice wis essertially arbitrary and was made simply becauss the
performance of this tractar fell near the center of the dats examined. )

Figure 46 shows the relative lateral-accelzration experience of the six classes of tractors
imvestigated, (ot that the measure for the wesiemn double tractor using C-dollies is
identically one, as g resule nfu:i:ln_l; this wehicle as the reference.) Ciose examination of the
graph reveals that (1) tractors of C-trains always fall above tractors of A-trams of the same

21 Recall that ene of the pasticipating Meets had used Codollies exciusively for severnl years prior 1o this
sludy. Thas Meed would not agree b use Ac-doliies at ol in the field study, Therefore, we have excluded

data fnoin this Mee oo this analyves.
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Figure 45, Comparison of the lateral acceleration experience of the
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configuration rype, and (21 there is 4 progression from the wp to the botom of the graph of
Rockics, then western doubles, then iiples,
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Figure 46. Relative lateral acceleration experience of the tractors of loaded
LCVs pulling A-dollies and C-dollies, respectively (speeds above 45 mph)

In order to quantify this ohservation, these dala were examined with a regression model
of the following form:
REAL{a,) =ag+a) () + a3 (x2) + a3 (x3) (2}
Where:

REAL{ay) isthe pclative Jateral geceleration gxperience at the specified lateral
acceleration, o,
af... &y are the coefficients of the regression mode]

% i5s 1 for A-dolliss, 0 for C-dollies
K3 is 1 for Kocky Mt doubies, O for other conftgurations
X3 is | for riples, 0 for other configurations

Results for this model using REAL{C.22) (1.0, at (1.22g jateral acceleration) appear in
table 15. The model sccounts for the variability ie the data rather well (2 = 0.99). {Similar
© results derive using data ar lateral aceelerations of 0,12, (.16, and (.19 g with r-squared
walues in the 0,92 to 0,99 range. ) The model shows that, starting with the reference valoe
af 107 for the Cetrain double, chunging o 2 Rocky Mouniain double has a positive
influence of 1.07, switching to tiples has a negative influence of 0,38, and switching to A-
dollies has a negative infleence of 0.48.

15
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Table 15, Regression model of the relative lateral
acceleration experlence of tractors

REAL{G.22) = 107 + LO7 (Rocky) - 0.37 (Tripie) - 0.48 (A-dolly)

irl = 0.90)
Where:
Reference vehicle:  Western double with C-dolly (REAL = 1)
Source data; (blinks spaces =
R:i;g: lateral accele | Rocky | Triple | A-dolly
O0.1a i 1 1
0.67 1
0.77 1
b (ref)
1.66 P 1
2.16 |

Theze regression coefficients imply that the higher-fzvel-lateral-peceleration experience
of the iractor has something o do with the vehicle configuration and dolly type. They tend
o suppont the hvpothesis that drivers are reacting to the latersl performance qualities of the
wehicle in 2 an attermpl to compensate for the rearward amplification properties of their
vehicles, However, as noted at the cutser of this discuzssion, potential for the correlations
observed 1o be the result of other variables not accounted for in the model is substantial,
Further work 15 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 co2ts by about 3 percent for doubla-trailer combinations and by 5 percent for
tripie-traiter combinations. Most of these increases in maimtenance expense resolted from an
80 percent increase of tire wear rates on C-dollies relative to A-dollies. Continuing
maintenance costs associated with the unique feamres of the C-dolly (e double-tow har
and its hitches, and the self-steering system) appeared minor in relation to itcreased tire
costs, However, appreciable expense for repair of pintle hitches did occur in those flests
with no previous experience with the operation of C-dollies. These were not true
maintenanee Costs, but wene shown to be strongly related o 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 mechanismms,

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

Figure 47 presents the continuing maintenance costs for typical double-trailer and wiple-
traifer LOWs as determined in this study, (These values incliede the unscheduled
maintenance costs for all systens, bur do not include the costs of regulady scheduled
periodic and annual inspections, ) The increass in cost associated with operating with C-
dollies, which is reflected in this figure, &5 due almost completaly to increased tire wear
observed in C-dollies relative 1o A-dollies, Other conlinuing maintenance expenses

AVCrage maintenance cost,
dollars per i) miles

T

A-train Double ) Cetran Double A-train Triple I C-train Triple
Figure 47. Maintenance costs for LCVs using A-dollies and C-dollies
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Table 16. Maintenance cost for C-traing and A-trains

Costs per 100 Donbles i Triples

miles for- Cargin | A-train | Corain | A-train
Tires 352 3.08 | 515 4,27
All other itemst | 1225 | 1219 | 1475 | 14.63
Tatal 1577 | 1527 | 1990 | 18.90

T These costs dao not inclode the expense of periodiz and annual inspection
on trailers and dollies,

associated with C-dollies are relatively insignificant, The cost valnes supporting these
ahservations are presented in table 16, The table presents the same data as ihe figure bt
also discriminates between tire costs and the mainienance expense for all other systems.

Frgure 48 shows the rypical maintenance costs of the individual units of an LCV (from
which the previous figure was constructed ) 42 OF courss, the most exXpensive unit is the
tracior with & cost of $9.05 per 100 miles (CPCM). Van trailers typically have & CPCM of
ghout $2.5%, The C-dellies and A-dollies have a CPCM of $1.54 and $1.04, respectively.
Tabic [T presents these values along with the breakdown between tire costs and the costs
of all other systemns. The figures of the table show that tires contribute more than one half
of the tofal maintenance expense of A-dollies, In relation to this, tire expense for C-dollies
is about double that of A-delbes, which amounts to a S0-percent increase in total
maintenance cost of C-doliies relative 1o A-dollies.

Deetails of the bases for the numerical values presented in the figures and tales of this
section fallow,

TIRE WEAR AND COSTS 'OR A-DOLLIES AND C-DOLLIES

Tires represent the largest, single. mainignance-cost item for dollies end are 50 percent
or mare of the total maintenance costs of dollies. Nonetheless, tire costs were the most
difficult element of the muntenznce expense of dollies to guantify in this study,

The policies and practices of tire wse vary considerably among the five fleets
participating in the LW field study (and. indeed, among commercial fieets in general).
Some fleets wse dollies 1o rue our older tires thal were initially used on their power units,
while other fleets buy new ures for their converter gear. Further, the duration of the LCV

* study was not sufficiznt to experience & representative number of tire changes on the units

42 Dewiled discussion of the basis for custs for trailers was presensed previoasly in the chipier on ABS
mairtenance and reliabality. Similar discussion of the details for costs associated with A-dolliss and C-
dollies follows i this ssciion, The hasis for racior cosds is presented in appendiz K
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AVerage maintenance cost,
dollars per 100 miles
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Figure 48. Maintenance costs for tractors, trailers, and dollies

Tabkle 17. Maintenance cost for individeal unfts

Costs per 100 ! |

miles for: Traciors | Traflers | Cedolly | A-dolly
Tires 1.2 | 064 0,99 0.55
All ogher irems’ 780 | 195 .33 .49
Tenal 05 | 250 | 154 1.04

T Thesa costs do not include the cxperse of perindic =nd 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 socurnulated 64,800 miles during the project.)

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

Tire Wear For A-Dollies And C-Dollies

Tire tread wear records wers kept on every tire of every unit in the Aeld study
(seventeen ractors, elghty-5ix railess and twentv-eight C-dollies) plus ten additional A-
dollies distriputed among the flects,*? Tread depth measurements were made by the project

43 A ioiad of sixieen A-dollies were followed in the study. Floswever, sdequate resd depih informson
coald only be tracked on ten of these

104



ESTUDIO DE INVESTIGACION DE LA UNIVERSIDAD DE MICHIGAN
Puede ser consultado en:
http://www.hti.umich.edu/cqi/t/text/text-
idx?sid=50cf84488b83cc2b8ba0554be1cc5¢c98;c=umtri;idno=88519.0001.001

field representative who visited ezch feet for this purpose monthly throwghout the study.
The resulting data were analyzed using linear regression technigues w obtain representative
measures of tire weer rates for A-dollies and C-dollies, respectively, Additionalky, some of
the participating fleets maintained records in a fashion that allowed determination of lire
wedr rates for A-dollies and C-dollies, respectively. The representative tire wear rates
obtained by these methods are piven in whle 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 1532 of an inch per 17,493 miles. Tires on the dollies in fleets B and C wore more
rapldly a1 1732 inch per 12,126 and 12.824 miles, respectively. The pocr tre wear
performance of the units in flest C is explained by the occumence of wheel-alignment
problems with two of their C-doellies. (The result was very rapid tire wear for a brief
period, which underscores the imponance of closely monitaring tire wear for early
indication of misalignment with the C-dolly.) It is not clear why the tres on the C-dollies
operatad by flest B wore so rapidly. Perhaps this result is simply unrepresentative, due to
the fact that the C-dallies in this fleet wers undenstilized. These dollies traveled an average
of only 18,600 miles during the stedy, compared with an average of 64,800 miles for all
the C-dollies. Fleets D and E had the best wear rates: 1532 inch in about 21,000 miles, Fleat

Tahle 18. Tire wear rates for A-dollies and C-dollles

i Neoaf | Averape Miles| Milex per [/32
Sonirce i Linsts Total Miles | per Unit wnch af fire wear
Tire wear for C-dollies of the study by feet
Flees A 3| 133826 | 44,609 16,616
Fleet B 6 | 111522 | 18,587 12,126
Fleet C 4 | 261588 | 65397 | 12,824
Fleer D G EECE IR 34,433 20,804
Fleet E & | 299960 | 49993 | 21,385
Tire wear for A-dollies and {.';;ullim from the study and historical
records
 Study C-dollies | 28 1566.195 55951 17,493
Historical C-dollies | 17 | 1918533 | 112855 17,600
| Smady Adollies | 10 | 437581 | 42758 | 33572
Historical A-doliies | 9 | 1774496 | 197,166 | 31,965
Representative tire ru_tn .fi..';:I:-I” A-dollies and C-dollies
All C-dollies | 45 0 3 385,328 77452 17.550
All A-doliies 19 202,079 132,538 31,908
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[ had been operating C-dollies prior to the study; their experience may be reflected in this
befier wear rate.

On average, the wear rates determined within the stody and those determined from the
historical records of the fleets agres very well, We do note, however, that the wear rute 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
agresment suggests that thase are representative results,

The overall results show tire wear rates of 132 inch per 17,550 and per 31,908 miles
for C-dollies and A-doliies, respectively. This 1.8-t0-1 ratio of tire wear between the two
dolly types is obviously very significant in that it implies a 1.8-to-1 ratio of tre coss. The
basis for estimating the resulting costs follows #

Tire Costs For A-Dollies And C-Dollies

A pre-cost rate of 50,55 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
thiz study.#* Table 19 shows the total cost, miles raveled, and costs per 100 miles for the
A-dollies followed during the sivdy and as derived from the historical maintenance records
of two of the particinating eats, 4

A% a group, the twelve A-doliies followed dunng the study hed & tire-cost rate of
50,537 per 100 miles, This rate is based on a total of 0.8 million miles of service and a toal
lire-maintenance cast of 54,298 for both pans and labor, The rates vary considerably from
50,213 to $0.93 per 100 mules. 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 souress.

44 There is 2 reasonable argummenat shech sugpests that this ratio is o0 large. The berer tire wear
performance of C-dollics aperaved by Aeet D dureng tbe stwdy may reflect this fee's expericace in
operatng Cedollies. (Later sections wil! show that this expericnce s imporant with nespect b oilesr
pasis. ) Also, lhe requirement that dodlies porchaod by the sludy adhere o ibe Canadian performance
stapdands may have adversely allzcted bre wear L these dollies (all bur fheet D[ 10,8 I_I Ulrdier these
maore favorable assamplions, the ratio of ure wear s C-dollies and A-dollies would be about 151w 5.

- 43 Ineodal, sixceer A-dollbes from four of the purticipating ees wene followed daring the study.
However, in ane e, four of these delines raveled 262 492 miles with oo tre mainlesance records
bring found on file al the distribesn center. Unlike the primary wails ol the study; these A-dollies
were ot conglrained 1o opesale from s ungle disirbdlion aeater. We believe i likely that maimie nance
weps done of these wnis alsther distribulion ceniers snd (hose rscords werns nol aval lable o tbe
projesl. Purely on the basis of this judgment, thode dollies have been dropped lrom thiz calealabon,

A6 Oaly wwo of the pamicipating feets maintained recoads in o manner adequate 10 desermine tirs costs on
a per mils basis for a-dollizs
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Table 19, Tire costs for A-dollies

I Cost rate, dollars
Total cost, dollars,  Miles raveled per 100 miles

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

Fleet A 1,602 | 335,166 | 0.478
Fleet B 485 | 207816 | 0213
Fleer C 2212 237,765 0930

All Study Dollies| 4,298 800,747 0537 |

Tire mainlenance cosis from historical records of
twelve A-dollies

FleetH-A | 14,519 2615392 0.555
Fleet H-B | 8,350 1553885 | 0.538
All Historical | 22,877 4160277 | 0549
~ Tire maintenance costs for A-dollies
All A-dollies | 27175 | 4970024 0.547

Of the 34,298 incurmed for tire maintenance for these A-dollies, $1,214 (28 percent)
were the result of buying and mounting new tires, A total of 32,862 (67 percent) were the
result of recapping and mounding used tires. The remaining $222 (5 percent) were
associgted with other tire expenses such as flat repairs or tire rotation,

The histerical records of eight A-dollies in one fleet (H-A) and three in another flest (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
lahor. Of this $22 877 total, 512,348 (54 percent) were a result of the costs of buying and
mounting new Gees, A total of 38929 {39 percent ) were a result of the costs of retreading
and mounting wsed tires. The rematning 31601 (7 percent) are associated with other tire
expenses, such as flat repairs or tire rownon. The mistoncal records for the dollies of flect
H-& covered a five year period between October of | 9ES and November of 1993, The
historical records for the dollies of fleet H-B covered a 7.5 year period betaeen January of
1988 and Moy of 1995,

The authors recognize that this is a rsther mited basis on which to establish tire costs,
hut data respurces were severely limaed 47 However, the consisiency of the cost rates

47 Adequate mileage dats for pormalizing costs are difficuli 10 oheain, especially for trailers and dolfies,
Very few flesls use hobemeters on iraibers and even fieser use them on dellies, For fleeis houling only
single semmitrailers, & pood eubmae of avesige wabler mileage can be mnde wsing tractor mileage,
which is closely tracked by moar Deets, In LOV operations, howsver, this estimating technique is Tar
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ohserved in the study fleet and in the historical reconds 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
fieets which inciuded 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 wo estimating the differences in tire wear gnd tire costs berween C-dollies
and A-dollies, all other maimtenance costs for both C-dollies and A-dollies were measured,
Theza costs were subdivided according to seven systems defined as follows:

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

= Coupling - This svstem includes all parts associated with the fifth wheel and pintle
hitch such as release handles, eye hooks, end trailer mounted hitching mechenism,

+ Electrical - Thes system ncludas wires, lights, fuses, junction boxes, switches,
connectors, and cther miscellanesus electrical componests.

* Frame - This svstem incledes the frame, dolly jack, suspension components, and
axle,

= Steering - This system is umigue o the C-dolly. The steering svstem inclodes the
damper, valves, and all miscellaneous pans associated with the control of the self-
ﬁn:l:ring action of the dolly wheels,

* Trim - This svsiem includes ilems sueh as mud Maps, quarter feaders, chan
hangers, beackets, efc

+ Wheels - This systern includes hubs, studs, wheel seals, bearings, rims, etc.

Figure 49 compares the maintenance costs for C-dollies and A-dollies according o
these seven major systems. The individual rates are derived from both the experience of the
study and from histerical 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, ane presented in table 20.

Figure 49 shows total weadiusred CPCMWs for all C-dolly and A-dolly maintenance of
5041 and $0.49, respectively. Among the individual svstern costs, enly those for brakes
and steening systems show appreciable differences berween C-dollies and A-dollies, The
steering system is, of course, unigue to the C-dolly and reprasents a true additional cost.
We believe, however, that the low cost of brake maintenance (80.07) for C-dollies reflected
in this figure and in table 20 is prohably not representative, but is an antifect of the study.
(An explanation foliows later in this chapaer,) There is no fundamental difference between

lass relzable since the number of railers and dollies pulbed by a wactor varies from erp we irip &nd even
diring a given Lp
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the brake systems of C-dollies and A-dollies that con explain this cost difference.
Therefore, the cost rase for C-dolly brake maintenance has been adiusted o 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 figare 49 but have not been included in table 20, Commenis
made earlier on the overall maintenance costs of C-dollies and C-traing were based on the
edjusted rate, A detailed discussion of the sources of all the velues in table 20 follows in the
next sechon.

Finally, it is noted that there were significant additionnl costs incurred by those flegts
that had no previons experience with C-dollies, These costs were related to the pintle
hitehes installed on trailers for the double-tow-har C-dollies, As will be explained in some
depth in the next section, they were not tue mainiznance costs, but were closely associaed
with driver training. In this study, hitch-svstem expenses of approximately 3100 were
gssociated with the first thirty trips taken by o driver otherwise inexperienced with the use
of the C-dolly.*® This cost is not fixed and could be redoced by improved driver waining or
an improved hitch design,

55
S50
A5
A
A5
30
23
20
15
A0
M5
LK

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

Maintenance costs, dollars per 106 miles

Brakes  Coupling  Elestirical  Frame Steering Trim Wheels Tatal
Sysiem
¥ This tatal codr e was used for C-dollies in the previoas section comparing C-train and A-truin 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 no: represenistive. We exgeet et it ks wo high due 1o some of the artificial
gonditaons brought on by 1he stdy.

114



ESTUDIO DE INVESTIGACION DE LA UNIVERSIDAD DE MICHIGAN
Puede ser consultado en:
http://www.hti.umich.edu/cqi/t/text/text-
idx?sid=50cf84488b83cc2b8ba0554be1cc5¢c98;c=umtri;idno=88519.0001.001

Table 20. Summary of the mainicnance costs of C-dollies and A-dollies
in dollars per 100 miles

C-dallies A-dollies All sources
Svaten Seudy Historical Srudy l Historieal | Cedpllies | A-dollies
Brakes 0.093 0.066 0.278 | 0.197 0.074 0.213

Coupling 0.047 0.097 0.052 | 0076 0.081 0.071
Electrical 0.106 0.046 0.063 | 0074 0.065 0.072

Frame 0431 | 0064 | 0019 | 0079 | 0084 | 0060
Steering 0038 | 0071 | 0000 | 0000 | 0060 | 0000
Trim 0031 | o014 | 0037 | 0031 | o019 | o032
Wheels 0.031 | 0025 | 0053 | 0036 | 0027 | 0040
Toral 0477 | 0381 | 0501 | 0492 | 0411 | 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 rwenty-eight C-dollies of the 1OV field west from Aungust 1993 through April 1995 were
collected. These, along with all problem reports generated by the stedy, became the basis
for establishing the continuing maintenance casts of C-dollies.

A total of 250 problems were reporied during the program. OFf these problems, eight
were found 10 be peculiarly related 1o the installation of hitching hardwane or other elements
of the startup of this field smdy. There were also a large number of problems relsted to the
special bell-mouth pintle hitches used with the C-dollies, Most of these problems wers
related more to issues of drver training than (o continuing mainténance issoes, The
remnainder of the reparied problems were each idemtified with one of seven major dolly
systems defined previously. Finally, one of the participating fleets expenienced very high
expenses resulting from damage to dolly jack legs. These costs were seen 8% 50 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 w damage of the jack legs, respectively, These sections
are followed by a discussion of the reliability and maintenance costs of the smdy C-dollies,
the historical C-dollies and the study and historical A-dollies, respectively, The last
subsection presenis, as additional refersnce, data on the maintenance costs of A-dollies
from sources outside of this field study.
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Startup And Instzllation Problems

There were eight problems that conld be clearty related to the initial installation of
hardware or other elements of the starup of the LCV field stedy. A deseription thess
problems follows:

« Five probilems involved the C-dolly brake system. Four of these were for the
installation of filters in the ar lines of the dollies a1 one fleet. This flect normally
uses such filters, and despite efforts 1o customize the field west 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 S117. The fifth brake system problem involved replacing a release valve
ot & dolly at the same fleet. The falure cocusred because small pleces of grave]
comtaminated the valve, This problem was considered o startup problem because it
would not heve happened had the doliies initially been specified with in-fine filters.
This problem cost $33 o repair.

Three startup problems invelving the frame system all oecurred in one purticular
fleet. This fleet is unique inasmuch as it experiences damage to dally jack legs and
caster assembiies at a very high rate. In order to beiter 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
1736,

-

Prohlems Of Driver Training And Inexperience

Problems associsted with the double-tow-bar hitching systern of the C-d.cul.l_v.' WErS e
to be strongly associated with the amount of éxperience (or inexperience) that the driver
previously had with C-dolltes. This section examines the record of these types of hitching
proflems in the LCV field study in an anempt (o separate expenses of 4 comtinuing
maintnance type and those associoled with driver tnexperience.

All the drivers who panticipated in the LCV field study were experienced in operating
LCWs. Further, the fleel operating oul of Boise had been using C-dollies since 1983 and
was using them exclusively in their Boise operations before the start of this study. Hence,
the drivers of this flees were expenenced 1 wang C-dollies.

In contrast, none of the fleets operwting out of Portland, or any of their drivers, had any
reqt] experience with C-dollies prior (o the stedy, As noted elsewhers, UMTRL mn
cooperation with the C-dolly munufacturer, ITR, provided training in the use of C-dollies
for the personnel of the Portland flects, Nonetheless, observations made in the course of
the smudy made it clear that this training wis not eompletely sufficient and that drivers
experienced a disproportionate number of problems with the double-tow-bar hitching
system garly 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 wsed with C-dollies in the LCV field stody

Unlike A-dolly operations. which typically employ a drap-on style of pintle hitch, the
pintle hitches supplied far the C-dolly operations of the filed study were of the bell-mouth
varely in which the e ring is intended o engage the hitch siraipht in on a horizontal
course, The two stvles of hitches agpear in figare 50, (For more details on the bell-mouth
hitch, see appendix E.)

Operation of this bell-mouth hiteh is bath diferent and somewhat more complicared
than operation of the drop-on style of hitch, (A brief discussion of the drivers” difficulry
with this hitch and cormments 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. Comect procedures for hitching the C-dollies using the bell-mouth hitch were one
element of the raining sessions provided by UMTRL ITR, and the ABS suppliers at the
start of the field study, Not all the dovers who partctpated in the Dield study wers able to
amtend these raining sessions, so additional driver training was provided throughout the
study by UMTRI's representative in the fizld <

4% Eome drivers could nat atierd the train ing sessions due o schedule conflicts. Many more entered the
progmm after the treining sessions had whken place, Alse, UMTR] anc ITR wer not allowed b tmin
the drivers of one fleet directly. Thes Nect preferred o provide driver maining themse] ves throegh
management personee] who had sliznded the tmining sessions. This fleel operated about EY percent of
the twenty-eight Cdollies bul was ihe source of £3 percent of the hitch problams under discession.
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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 iraining efforis, the data clearly indicated that drivers of the Portland flests
were not fully prepared and, therefore, experienced a disproportionate number of preblems
with the bell-mouth pintle hitches in their ariy experience with C-dollies. On the cther
hand, the drivers from Boise, wiw were experienced with C-dollies, reported no problems
with these hitches throughous the figld study.

Figure 51 derives from the experience of the Porlard flesis only, It shows, as a
percentage of total, (1) the accumulation of their problems with the bell-mouth hitches and
{2} the accumnulation of their LCY study trips. Both are presented as functions of driver
experience. Experience i expressed. on the horizontal axis, as the mymber of trips that the
driver involved had aken using Cadolliss

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

S 15 this discussion, the werms oip” docs nos refer 1o 8 compleis Tound trip, bat rather o a segment of &
trip during which a specific vehicls configuration and loading condilion is maintained, Typically, a
drves wionuld be mvolved in hisching andfor unhitching doliies of the start andior end of each such
SEgMmenL

There were A total of fifty-six prohiems reportad with bell mouth hitches. Fifly of these were reponed
by drivers amd could be assigned to specific irips, The remaining six were reporied by hosibers o
mbinenance people and ore nol inclueded in this graph

51
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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 fotal, and 94 percent of the problems were experienced
in the drivers” first twenty trips with C-dollies, which are just 48 percent of the fotal wips.

Mote 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 dunng the study, If this were done
it weould be reveaksd that the last reported hitching problem was related (o the ninely-ninth
trip of one driver's experience, That is, ro problems were reported by Portland drivers
who had experienced at least one hundred trips with C-dollies. In this regard, it is probably
roore significant that the drivers of the Boise fleet accomplished 1,402 trips with C-dollics
with oo problems of this kind reparted. Tt would seem safe to presume thas thess drivers all
had at least one hundred trips with C-dollies prior to the LCY study since their company
had been using C-dollies for three vears prioe to the fisld study.

Figure 52 derives from the same data used (o produce figure 51. Here, the mmte of
problems with hell-mouth hitches is expressed as problems per trip, agein as a function of
driver experience. Presented in this way, the data show a high rate of problems in &
driver's first five trips—{0.85 problems/irip or one problem every 1.2 tips. But this rate
falls off in @ manner suggesting that the drivers leamned rapadly in the first few trips and
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continped to gain valuable experience over at least their first thicty trips. In the range of
thirty-one to forty-five trips, however, the rate at which problems cccur dropped to 0.005

preblems per trip, or one problem i every 200 trips. After one hundred trips, the rate of
problems experienced in this stedy was zera,

These treatrnents of the data clearly indicate that a large propostion of the problems
expenenced with the bell-moithed hitches are el problems associated with drver
experience, that is, not of a continuing nature. However, it is not likely that the
representative rate of continging problems is zemo, 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 approprate 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 wrips.5? This representative rate is indicated by the
hoerizontal line on figure 52

The rate of 0.001 problems per trip tmplies that 3,24 of the fifty-six hitching problems
reported in the study should be considensd as maintenance problems. At an average cost of
5110 per problem and with a total of 1.8 million C-dolly miles, thiz amoants o & CPCM of
H0.020.53.54 This cost rate is used to represent this panticular class of problems in the other
analyses of this chapter.

There remains the problem of expressing the expense associated with each new dnver
becoming experienced in the use of C-dollies. Assuming that a driver becomes experienced
after thirty trips with C-dellies, this stud'y (and it attendant lavel of training), suggests a
rate of 0.9 problems per driver, Based on an average cost of 3110 for this type of problem,
this amounts 1o $99 per driver,35% 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 abserved m this study were a result of damage to dolly jack legs. One
flest in particular had an unusvally high tae of domage 10 their jack legs on both C-dollies
and A-dollies. As a result, and depending on the dara sewrce, maintenance costs for the

¢ This ealovlation also ascouals for the sia probdems whizh could not be assipned o 5p-e-;i1'|c trips.

¥ The rave of 5110 per incidens 1s prahably artificially high due 1o the fsol that lches wers ollen
replaced immedintely upan complaint o expedite the progress al the siudy. See appendiz E.

Minde that this rate i% so low that the effect on overall continuing mainterance costs is small
Choosing 1060 rips as the threshold woald result (e 2erd contivuing meintznancs cost for this item.,
bt wonld have little iafluesce on the overail mainseeance coste of LCVs

5 pgain, the rave of $110 per ovens is protably high

Ths raie of %% per drives is more sensilive to the chaics af the dividen polat, Assuming 104 trips
are requinsd 1o become enperienced, this cosi rises io 5127 par driver

th LA
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frame system for this fleet were as much & sixty-five imes greater than the average costs
for the other four fleets in the study. Due to this anomaly, the costs for jack leg
mainienance for this fleet were excloded from the caleulation of average frame-maintenanoe
cost throughout this stody. Details of the costs for jack leg maimtenance follow. (The fleet
that has been discounted in this category will he referred to as fleet X in this discussion.)

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

A wotal of forty-eight repairs of replacements of jack legs were required for the twenty-
gight 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 50,13,

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

The three A-dollies of fleet X that were followed dusing the study suffered frame
roaintenance cests at a rate of $1.237 per 100 miles dwe to ninety-tovo jack leg repairs or
replacernents in & otal of 333,000 miles. This rate is some sixty-five times higher than the
averege rate of 0,019 expenenced by the A-dollies that were followed in the other
participating fleets. 7

The frame cosis taken from the historical records for A-dollies indicated & CPCM of
S0.670 for flect X and an average CPCM of 80079 for another fleet.

Malintenance And Rellability OF C-Dollies In The LCY Field Test

Of the 250 problems experienced by the C-dollies in this study, eight have been
associated with startep and installation peoblems, fifty-three with problems of driver
training and inexpenzance, and thirty with the excessive rate of damage 1o dolly jeck legs at
fieet X. The remuining 15% problems ane considered to contribute to the continuing
marmlenance ¢ost of C-dollies. The ol expense for parts and labor needed to cotrect these
prodlems was 58,478, or an average of 3303 for each of the twemty-gight C-dollies. The C-
dolly fleet traveled approximately 1.81 million miles during the stndy (64,839 miles per
unit) yielding an everall CPCM of $0.477. Table 21 summarizes the problem counts and
costs for the seven classifications previously defined.

The most expensive systems were [rame, elecireal, and beakes, These three systams
combined had a CPCM of 30,330, or 69 pereemt of the total CPCM for maintenance of
these seven systems. The remaining four sysiems, two of which embody the defining
characteristics of the C-dolly (coupling and steering), had relatively low costs,

57 The CPCMW of $0.01% is small parily because two of the three Aeets had no frame cogs ae all.
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Detailed discussion of the problems with each of these seven systems follows.

Table 1. Summary of maintenance problems and costs of the C-dollies of
the field study

Sysrem Na, of | Labor Labar ! Fares Towl | Cast per| Cast/100
Froblems| Tinte (hes)| Cosis (5)) Costs (2)| Cost (8) | Unit (5) | Milzs (8]

Brakes 37 | 2836 | 1,000 677 | 1,687 | 60 | 0.093
Coupling 14 | 1044 266 496 862 | 31 | 0047
Electrical 45 | 4400 | 1,543 /0 | 1,923 | 69 | 0.106
Frame 21 | 2515 B8O | 1322 | 2,202 @ 79 | 0.131
Steering 21 374 | 48] 04 683 24 0.038
Trim 1 645 | 226 331 557 | 20 | 003
Wheels o | wes | 3w 17 s62 | 20 | 0.031
Total 159 | 130.68 | 4889 | 3,589 | 8478 | 303 | 0477

Brake system

For the purposes of this study the brake system includes all brake valves, chambers,
heses, air reservoirs, foundation brukes, stuck adjisters and all other miscellaneous brake
parts, During the study & total of thiny-seven brake system problems were reported for the
program. They ranged from a simple brake adjustment 1o 2 3782 road repair. The total
arcumulated standardized cost of these probiems, both pants and labor, was §1,687.47
{36027 per unit),

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

There were a toral of thirty-one normal bruke repairs, These were typical brake systein
problems and were primarily die 1o ais-line lzaks, glad-hand and check valve repairs, and
brake adjustments. The average labor time 1o repwr these problems was (.56 hours with an

average repair cost of 327.34 including pans and Sabor.

There was one significant road service call reported during the study. The driver
commented on his trip form that “the brikes would not release because of o valve
problem.” A road breakdown form was filed and a Jocal repair facility was called for
assistance, The repair facility towed the delly, performed a thorough inspection of the unit,
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Figure £3. Average accumulated costs per unit for the maintenance of the
brake system of C-daollies

and replaced the ABS valve with a standand vahve and replaced another air control valve on
the dolby, The cost of the repair was 3441 in parts and $340 in labor, The suspected ABS
valve was sent 1o the manufacturer, Allied Signal, for inspection and disgnosis. This
ivestigation showed the valve had no defects, and it was returned to the fleet for
reinstallation. The other valve invelved in the incident was retumed 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 vses brake line anti-
freeze. During the course of this study, Allied Signal 1ssved a servics alert and eventually
recalled its modulator valves in connection with difficulties arising from exposure 1o brake
litie antifrecze, (The manufacturer of the other valve also objects to the use of such
antifreeze. ) However, Allied Signal personnel were not convineed this was the cause of the
orginal brake release probiem. Because other reports by this fleet indicated their drivers
had trouble understanding bow the spring brakes and ABS valves worked, it was
pc\.l;tulalcd that this driver and the repair person aiso did not understand the svstem and
made unnecessary changes. The cause of this problem was never fully resolved. Although
the problem is incleded in the beake syatem coses, it was uaigue. During this study, of in
the historical C-dolly data, there were no other servies calls on the C-dolly brake svstem
that required this level of effort or expense.

The average rate at which brake mainlenancs costs cccurred over the entire study was
30,093 CPCM. This result s less thar the 30,213 CPCM that represenis the average brake
systemn costs for A-dollies as determuned from: the stedy and historical records of the
participating fleats, This is ot surprising since pone of the C-dollies had a major brake
system overnaul during the study. Histarical records show a brake cverhaul for a single
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axle can cost approximately $200 in parts and labor, which 5 eight times the costs of the
average brake system repair in this study.

Coupling syifem

The coupling system includes all parts associated with the fifth whesl and with the
pintle hitch systems such as release handles, eve hooks, and tratler-mounied hitching
mechanism. During the stndy there wers sixtv-seven coupling problems and mainlenance
reparts for the C-dollies,

Fifty-six of the coupling problems were associated with the special bell-mouth pintle
hitches wsed with the C-dellies of this study, These problems were examined in moch detail
in the previous section of this snady dealing with the problems of driver inexperience. Of
ihese fifty-six problems, fifty-three were considered to be related to driver mexperience and
the expenses related to those problems are therefore not applied to continuing maintenance
costs *% The maintenance-cost rale pssociated with the remaining three problems with bell-
mouth hitches was found wo be 30020 per 100 miles.

Nine of the remaining eleven coupling problems were not necessarily unigue o C-
dollies and mcluded repairs like fifth-wheel adjusiments and straightening of fifth-wheel
refease handles,

The remaning two problems invelved replacement of two pintle eyes af one fleet, Both
eyes were replaced because of cracking. Upon inspection, ITR foand that only one of the
two eves had fracnered. ™

Figure 54 shows the accumulation of coupling costs for thess eleven problems. The
erratic natune of the plot resulis from the relatively tugh cost of replacing the two eyes. The
total cost to replace thess two eyes was 3240 in parts and labor, For all eleven problems, &
total of £505.25 ($18.04 per unit) was spent, and each averaged (028 hours to repair, The
maintenance-cost rate for these eleven problems amounts to 30.028 per 100 miles.

When the three problems with bell-mouth hitches are included, the total expanse for
coupling systems increeses to $861.59, or 53077 per unit. This results in & cost rae of
S0L07 per 100 miles for the manienance of coupling sysiems

Elecirical system

For the purpese of this siudy, electrical syaiem includes wires, lights, fuses, junction
baxes, switches, connectors, and other misceltaneous elecincal components, During the
study, forty-five elecirical system probiems were reponed. The total sccumulated

5B Wors precisely, this figuse was 52,76 and 1he sumber of problems assigned (o maintenance was 3,24,
but we will refer only 1o round pumbers in ts secmon

3% Thig damage can be atribuied w improper hiching procsdure and related abuse of the hardwane, As
suich £ might arguatly he coneldered o tmining problem as opmosed 10 8 maanieaance probbem,
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Figure 54. Average accumulated costs per unit for
the coupling system of C-dollies

standardized cost of these problems, both parts and labor, was $1,923,15 (368,68 per
umnit).

Figure 55 shows the accumulation of electrical system costs for an average C-dally as a
function of accumulated miles. OF the forty-five problems, sight invalved repair of the tail
light assembly, damaged wien stacking doliies at the distribution terminals. Seventy-five
percent of these accidents occurred 81 one fleet where the C-dollies tail light assemblies
gligned exactly with the pintle-cyes of their other dollies, The total cost to repair these
probiems was §382.25 (515.65 per unit).
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Figure 55, Average accumulated cost per wnit for the maintenance of the
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Fourteen (31 percent) of the forty-five electrical problems were considered tvpical
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 ssven-way connectors. The total cost to repair these problems was
5503 (17.96 per umit).

The remaining twenty-three problems wene unique to the C-dolly and involved the
seven-wire jumper cable af the dolly, When coupling dollies, if the two seven-wire cables
attached to the dolly are of different lenpgth, drivers and hostlers are accustomed to attaching
the longer cable 1o the leading wailer and the shorter one o the following trailer, This is
logieal with & conventional A-dolly because the range of mation between the dofly and the
leading trailer is greater than between the dolly and following trailer, However, with the C-
dolly, the opposite is true, The distance berween the Cdolly and the lead trailer is basically
fixed (with the exception of small pitch motions), while the distance between the C-dolly
and following trailer wiil vary more than with a conventional A-dolly. This caused
problems during the stedy because drivers and hostlers would follow their wsual procedure
and attach the shorter lead to the following trailer. This often resulied in the electrical
junction box being damaged when the driver made a sharp, low-speed tem. The twenty-
three problems of thes type had a wtal cost of 1,037.90, and they were distributed through
all the Portland fleets,

The average CPCM for the electrical sysiem maintenance on C-dolfies for the entire
study was S0, 106, This is greater than the 3(L.072 CPCM found to represent Lhe average
elecirical system mainicnance cost for A-dollies, If the costs arsing from the improper
hook-up repairs are subtracted the CPCM for C-dollies drops to $0.049,

Frame svitem

For the purpose of this study. the frame systemn inclodes the frame, dolly jack,
suspension components, and axle. Durning the study, twenty-one frame problems were
reponed for the C-dolly fleet5 The wal accumulated standardized cost of these problems,
hoth parts and fabor, was 82,201.75 (375,63 per unit].

Figure 36 shows the accomulation of frame system costs for an average C-dolly as a
funciion 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 adjostments to the frame system and cost a total of only $29.25,
The third problem invalved the repair of & broken weld on an axle al the lef backing plate.
{The axle supplier, KGI, szid the problem was cansed by a bad welding rod from one of

B0 Thiry reports of damage 1o the delly jack leg 21 fleet X were excloded from this 1o1al, See the
discusshon op iack leg costs #i Meet X presented aarlier in this seclion,
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their suppliers.) The cost for this repair was 3490, including parts, labor, and $350 to rent
welding equipment.
The average CPCM for maintenance of the frame system of C-dollies was 50.131. This

average is greater than the $0.060 CPCM found to represent the aversge 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 sysiem

Sieering-system costs are unique to the C-dolly. For the purpase of this study, the
steering sysiem includes the damper, valves, and all rmoscellansons parts associated with the
contral of the self-steering action of the dolly wheels. During the sudy, twenty-one
steering-system problems were repomed, The total accumelated standardized cast of these
problems was 368490 (524 .46 per unit).

Figure 57 shows the accumulation of sieening-system costs for an average C-dolly as a
function of accumulated miles. Thireen (62 percent) of the iwenty-one problems were a
resiilt leaking air daphragms within the steerng damper assemblies. The average time of
repair wis 0,54 hours and the otal 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 stecring problems with a total cost of
$246.10. These problems mcluded repairs to the air-damper mounting bracket, regulator
vitlve, and axle lock valve. These repairs eccurred ai four different fleets.

There were two problams of whesl alpnment during the siedy, They occorred on two
different units at one fleet and were detected when very excessive tire wear was found
during a periodic mainienance cycle, The realignments reguired one hour for cach doliy and
had a total cost of $70.00.
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Figure 57. Average accumulated costs per uwnit for the
steering sysiem of C-dollies

The average CPCM related 1o the steering system for the entire study was $0.038, This
average iz less than the $0.072 CPCM for the steering system found in the historical C-
dolly records.

Trim Svstem

For the purpose of this study, the rim system includes items sech as mud flaps, quarter
fenders, chain hangers, brackets, e1c. 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, 51988 was spent on this system. A breakdown of
these repairs follows: seven were 10 fix the mud faps, three were for guarter fenders, and
ane was o stratghten chain hangers. The CPCM for these repairs was $0.031

Wheels System

The wheels system includes hubs, studs, whee! seals, beanngs, etc. There were ten
repairs made 1o the wheel sysiems during the study. The total accumulated standardized

was spent on this system. A breakdown of these repairs follows: eight were to fix leaking
seals, one wis 10 raplace a hub cap, &nd one was (o op-off o low ofl level in a hub, The

CPCM for these repairs was 30.031
Maintensnce Costs Experienced By C-Dollies Based On Historical Records

Review of historical C-dally recards shows & 50,381 CPCM for the seven dolly
systems. These costs were derived from newrly 900 muintenance records gathered from the
ome fleet. The records reflect the cost o maintain twenty C-dollies between March 198% and
April 1993, These units accumalzied o totel of 3.8 million miles during this period.
Generally, these results are consistent with those of ciher sources with the exception of the
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brake system costs. These data reflect a 30,068 CPCM for brakes, which appears low
relative 1o A-dolly results, A review of these reconds revealsd very few brake system
overhauls. This is unusual since the records from other Neets 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 incresses o 30,528

CPCML
Table 22, Sommary of historical maintenance costs for C-dollies

Muaintenance cot,
Sysrem dollars per 10 miles
Brakes 0056
Coupling 0,007
[ Beorial | 0045
Frume 0064
Steering 0.071
Trim | 004
Wheels 0.025
Tatal {381

Maintenance Costs Incurred By A-Dollies In The Field Study

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

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

Number af | Toial Fleer Average Miles
Fleet Dolles Miies per Unir
A 3 P 237,765 To.255
B__| o6 | 227816 | I7.969 |
¢ 3| 335166 | 11L122
e 4 263 492 H5,623
Toral H 1063239 | 6h,452
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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 30,565 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 cosis All fleets
System from least 1o mast expensive in each category Ppoaled
Brakes 0.256 0.271 0.293 0.297 0.278
Coupling 0.011 0.060 0.061 0.068 0.052
Elecirical 0.028 0.036 0.055 0.138 0.063
Frame 0000 | 0000 | 0053 | gat | 0019
Trim 0012 | 0021 0.03 | 0081 | 0037
Wheels 0.000 0.023 0.049 0.118 | 0052
All svstemst? 0.385 0.478 {1,535 0565 0.501

T The CPCM for frame sysiems of DNeet X s bebieved 1o be anomalous and is excleded from
the calcolatiom of the averzge.

1t Mot the tal of the eolomns., but the v&loes of the indsvidual flecns ordered from least io
mist expensive

Maintenance Costs Incurred By A-Dollies Based On Historical Records

A-dolly maintenance costs were derived from historical records retrieved from two
fleets. 51 The maintenance records for eight A-dollies in one flest for the period of October
1988 through Movember 1993 were collected and standardized. These units traveled a total
of 2.6 million mules during this period and, on average, each dolly accumulated
approvimately 327,000 miles. The average CPCM was 30.407.

The records of three dollies in & third fleet included sufficient mileage information to
dalermine maintenance cous per mile. Records for these dellies were obtained for the
period from January of 1983 through May of 1995, These units traveled 2 total of 1.5
million miles during this period and, on average, each dolly accumulated 0.5 million miles.
These units had a toal CPCM of 500305

Tahle 25 is & summary of the CPCM for the historical maintenanoe records on A-
dollies. The total CPCM for all eleven A-dollies taken a5 & group wos 50,492,

&1 These were the only twa fleets wath sufficizm infermation to determine mainlenance codt on & 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

Sysiem Least expencive | Most expensive pooled
Brakes 0.165 | 0216 0.197

Coupling | 0035 | 0145 | 0076

Electrical _[.]. 07l 0.076 ﬁ.ﬂ?-ﬂ-
Frame 0.079 nat 0.079
T.:J'm ) 0,02 o |_-_ EEEE - 0,031
Wheels | D026 |  0.043 0.036
All systems?? | 0407 | 0.503 0.492

T The CPOM for lranse sysiems of flees X s belleved wo be anomalous and
is pagloded from the calewlation of the average.

1T Mat the tozal of the columes, but the values of the individual fleets
ordered friom beast to maodl expensve.

Maintenance Costs For A-Dollies From Other Sources

Additional data on the maintenance costs of A-dollies is shown 1n table 26 in
comparisen to the summary costs for A-doliies and C-dollies determined in this stedy, The
new data are for an LTL fleet with approximately 4,000 dollies. They are the average of
year-crd costs for five of the six years from 1957 through 199252 Despite the fact that
these LTL values are not based on the standard lebor rate (533 per hour) or parts costs used
in this study, they are in general agreement with the representative costs found for A-dollies
znd C-dotlies in this study,

These additional data are presented for reference only. Because of the different bases
for costs, these Ngures are not wsed 10 any of the anulyses presented in this chapter.

62 These daas were supplied vy Ronert Deierlica in privaie comespondence with UMTRL Mr. Deaerlien is
a consultant o the rucking indusny
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Tahle 26, (dther maintenance costs for A-dollies,
dollars per 100 miles

LTL Fieer | Field Study | Field Study
System Dzt A-doflier | C-dollizs
Brakes | 0280 | 0213 0.074
Coupling | 0022 | 0071 | 0.8l
Electrical ﬂf.ﬂSH 0,072 0.065
| Frame | 0.124 0.060 0.084
Sreering 0,000 0.000 | 0.060 |
 Trim | 0018 0.032 0.019
Wheels | 0.033 | 0.040 0.027
Toial 0536 | (487 | 0411
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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 wers
surveyed to determine their opinions on C-dollies. Five opinion surveys were conducted
periodically throughost 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 genecally 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 consisient over the
pericd of the study,

The survey incleded prepared questions dealing with reliability, maintainability, and
general usefulness of C-dofiies. Participants responded to these guestions according o 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 s¢t of survey results, are presented in appendix C,

The prepared questions on C-dollies, and the language of the respective response
scales, were a5 follows:

* How familiar are vou with double-drawbar C-dollies * Mot familiar; somewhat
farmiliar; very familiar,

= How would you rate the reliability of C-dailies? Not reliable; average relizbality;
very reliable.

= Buted on your experience with borh A-dallies and C-dollies, have you fourd one to
be more difficnlt o use (mainsain) 7 C-dolly maore difficolt; hoth are the same; A-
dolly more difficult

= Whar is your aeinion of using C-dollies in double and triple combinations
Strongly opposad: no opinionr: strongly Taver

» How do vou feel the use of C-dollies will change vour job? Make it harder; no
change; make it ensier,

An average of thirty-two drivers, founeen managers, and twenty-one mechanics
responded to each of the five surveys, One hendred minefy-one drivers participeted in the
study. but many of these only took one or two trips with the field study vehicles, Onaly
those drivers who used the equipment regularly were asked to comiplete questioners.

The summary results for cach of these guestions are presented in figure 58. Pooled
results are presented for deivers, mechanmcs, and managers, respectively. The vertical scale

fid Dieivers and mEnEgemen were asked about use, Machamics were askid about mainterance.
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of the graph is arranged such that positive reactions 10 C-dollies are up and negative
reactions are down., Resulis are presented for ench of the five surveys, with time
progressing from left to right.

There were fifty-four positive and thirry negative comments on C-dollies written in on
the survey forms. (Occasionally ons résponse contains both positive and negative
comments.) The positive comments concentrated on safety and ease of driving. The
negative comments related primasily to hitching and tire wear. All written comments appear
in gppendix C.

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

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

As could be expected, all three classes of fleet personnel showed a tmend toward
becoming very famifiar with the C-dolhes over the course of the study, Surprisingly, ail
three groups feli they were somewhar fomilior with te C-dolly at the start of the study,
Diivers had the most dramatic change from less than somewhicl fivnilicr to nearly very
Jamiliar,

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

All three groups of fleet persgnnel rated the reliability of C-dollies sbove average, The
drivers gave the C-dolly its highest scores for reliability and consistently ranked the dolly
as nearly very religble. The mechanics gave the lowest seores bal still consistently ruted C-
dellies as having bener than average rediabiline. The opinion of the managers was betwesn
that of the drivers and mechanics, giving the C-dolly an ahove average refiability rating. In
general, opinions on reliability stayed fairly constant over the course of the study. From the
first to the fourth survey, there was 2 madest improvemnent in the opinions on reliability,
burt this was followed by a general decline in the last survey,

Ower the 1.4 million tip miles that the twenty-eight C-dollies traveled dusing the stedy,
there were two breakdowns on the road reponted. One resulted witen the driver was unable
to unhook the dally even afler receiving msiructions by phone, The second resulted from a
brake system air leak that caused the brokes to lock op, The second problem was discussed
in detall the chapter on C-Ijl:l]]:.' ITEU N anoe.

Maintenance And Use: Based on vour experience with both A-dellicz 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-
doily or C-dolly is more difficult to use or maintain. The drivers and manapgers wers 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 guestion which elicited a negative response regarding C-dollies.
Mechanics found the C-dolly to be more difficult to maintain than the A-dolby. This is nat
surprising since the C-dolly 15 more complicated, mastly due to its steering mechanism.
Also, managers felt that C-dollies were more difficult te use than A-dollics, although their
opinion here was nearly neutral,

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

Mene 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-dally operation is much safer than A-dolly. [Driver, 2]

+ The C-dollies are much (very much) an improvement in tractability in Jong

combinations (triples). They also eliminate sway almost completely, [ feel safer in

snoow or ice when pulling a set with & C-dolly than with an A-dolly. [ would hope
that, in the near furure, these C-dollies will become universal converier gear used

with all dovbles and triple combinations. [Driver, 2]

Moticed difference between A-dollies and C-dollies in the first mile of freeway

driving. C-dollies pull straight a5 a pin—can’t get them to sway without really

trytng. The C-dolly comering 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 triv to pull the rest of the s=1 out of line like with A-dollies. [Driver, DTF]

The C-dolly. T'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 & reguolar

dolly, From a service point of view, the C-dolly is not muoch harder than the A-

dolly, At a mechanic and shop forzman 1 am impressed with the operation of both

ARS and the C-dolly. [Mechanic, 2]

« C-Dollies hard 1o hook up and seem to get damaged during hookfunhook more thin
A-dollies, Drivers and vard hostler, say it takes taice a5 long to hook triples with
C-doliies. [Manager, 2]

+ The C-dolly hitches require training in gddition to regular single hitches, They can
easily frustrate an unfemiliar driver. [Mechanic, 3]
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*» The C-dollies seem in have been rough on tires & the hitches could nse some
release improvements, [Mechanic, 5]

+ C-dollies seem to be mare stable but harder to maintain and more difficult to ose,
[Manager, 41

C-dolly Use: What is your opinion of wsing C-dollies in deuble and teiple
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 ts nol surpeising since it is the drivers
who benefit the most from the positive qualities of the C-dolly, Management’s view on thiz
question fluctuated during the study, but always remained favoreble, The mechanics
consistently had a favorable view of C-dolly use in LCY operations. Again, there were no
stromg trends towand chinging opinions over the course of the study.

Wrirten commments

» From what I have seen | am impressed with both (C-dollies and ABS), [Mechanic,
3]

* In my opinion the C-doily 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 stifl hard 1o unlock, C-dollies not suited for this compeny's type of
work, [Machanic, 3]

* Both types of equipment will improve ihe safety and handling of doobles and
triples. [Manager, 3]

» After leaming how the Cedolly works, its the best way 10 go! Back trailers are a lot
more stable in wind, on rutted roads, ete, [Driver, 1]

* | fee] the C-dally should be law to pull triples and deubles. (LCVs) would be a lot
safer. T have had several compliments pulling doubles and triples down the road on
how straight they are pulling! [Daver, 3]

+ The C-dolly eguipment 15 great. [ have never driven anything that handled that good
in my life? [Driver, 3]

F;@}m]l Influence: How do you feel the wse of C-dollies will change your
ob?
This guestion was only addressed to drivers, and was intended to assess whether
drivers viewed C-dollies, overall, as a burden ar an aid in their jobs,

Drespite the additional burden of a more complicated and sometimes difficult hitching
miechaniss, the dovers 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 agatn at the end, However, it always
remained distinctly positive.

Written comments

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

The C-delly made for the most stable combination of trailers that T have ever pulled.
I was highly impressed with the way the trailers handled. Tt alse made it very ersy
to maneuver when backing mio a dock. [Dmver, DTF]

Liked the way they pulled down the road. First tip with C-dolly made job a little
slow because of hook-up, bat can see no real change in job oF Sme with more trips.
[Drver, 3]

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

SUMMARY OQF QPINIONS ON C-DOLLIES

In general the respoase of the persenne] of the panicipating fleets 1o C-dollies was VEry
positive. Table 27 shows a summary of the opinion resulis for sech quastion, The table
shows the percentage of eack group (deivers, mechanics, management) wheo rated the C-
dolly positively in response 1o the individual questions.® All of the categories except two
show & strong hias toward positive response. In the two exceptional cases, managers rate
C-dollies more difficult i use than A-dollies and mechanics rate C-dollies more difficult o
masntain

% A positive response 15 & response sbove 4 on the T-pobnt ratng scale used for each question, This
seale is represanted by the seven lines of the verticle grid of figure 38,
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Table 27. Positive ratings of C-dollies by feet personnel

FPercent pasitive responses

Survey questions Drivers | Mpr. | Mech,
How familiar are you with double-drawbar Cedollies? 7% | &% 7

Mot familiar; sormewhat familiar; very familiar. ) _
How would vou rate the reliabilivy of C-doilies? Not 100 96 83
reliable; averape reliability; very religble. ] | .
Bused on your experience with both A-dollies and C- 74 29 I 13
dollies, have vou found one (o be more difficult 1o use

{ow miriaing 7 C-dolly more difficult; both are the same;

A-dolly more _rl_i fficult,

What is your opinion of using C-dollies in doubls and 100 97 100
triple combinations ¥ Strongly opposed; no opiniban;
strongly faver.
How do you feel the use of C-dollies will charge your &3 NIA NIA
Job 7 Make it harder; no chanee: make it easier.
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CONCLUSIONS AND RECOMMENDATIONS

1. Dolly Performance end Design Guidelines

The results of the simulation siudy, and generally supported by the vehicle test
program, suggest that it 38 both ressonable and practical to develop commerpial vehicle
dollies which can significently improve the dynamic performance of the multiraiter
combingtion vehicle. Accordingly, 2 set of reasonzble performance &nd design
"gridelines” can bs enumerated which define goals for the development of inmovative
commescial vehicle dollies. The guidelines sat forth below apply speeificaliy to the wehicle
confignration commeniy Jmown as the Western double, in the fully londed, 8000010
{30,320kg} gvw condition with both trailers having sprung mess c.g. heights of 80 in (2
my (typical of "medivm density” freight). The reference vehicle is shown in figure 19 of .
this report. Performance expectations would be diffsrent for other configuratons. Tn that
regard, corrent understanding suggests that cavtion should be exercised in applying B-
dollies in long-drawbar confirurations,

Cuidelings for Vehicle Dynamics Performance Propersies. Results of the simulation
study indicete that inmovative dolly designs can echisve substandal improvemsnts in
rearward amplificution and dynamic rollover threshold withour degrading other
performance qualities of muoltitrailer vehicles, The following represent reasonable and
practical vehicle performancs gozls which have besn shown 1o be atainabis for the Western
double with several innovative dolly typas:

+ A maximum rearward amplification of less than 1.75 -:n--.:'.r the usable range of
maneuvering frequencies (0 to 4 radfec)

= A dynamic rollover threshold (measured by peak laterzl acceleration of the ractor in
sine-stesr manguvers) of .3 g. or greater, over the usable range of mansovering

frequencies

» A minimum effective demping rave of 0.2% or grester (as determined from the
lateral asesleration retponss of the sscond trailer in a pulse-staer maneuver)

= A lowespeed offeacking performancs esual 1o o improved over that af the Western
double squipped with an A-dolly,
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Guidelines for Dolly Mechanical Properties. The simuladon study indicasss that there
are s=veral design approaches which can achieve some or all of the abave performance
gols, Thes: properues are associnted with the yaw and roll articulations of the dally with
respect 1o e first wadler. The general mechancoal gualises of ment are as follows:

11 elimination or alieraton of the yaw ardculztion behavior of the dolly relatve to the
{irzt trailer (for improving rearward amplification performance) by means of one of
the folicwms methods:

+ shifting of the dolly sicer point substantially forward (at least 100 i (3 m)
forward of the rvpical pintle position) during travel at highway speeds (above
gpproximatzly 30 mish (48 km/h)) through the appiication of special hitching
hardware or appropriately stesring the deolly axle as a function of
drawhbarfaraculation angle. To prevent degradation of low-speed affracking, the
steer pornt mav be shifted resrward o the vicimty of the pintle dusing low-spead
MANEUVEnE.

» providing a meshanism to link the vaw articulation behaviors of the dolly relasive
to the first railer and of the dolly relative to the second trailer, thus eliminatng
one vaw degres of freedom from the wehicle. A mechamism which provides
approximaiely the aréculaton angle linkage gain of:

Grory = DH2TL (1
WB
(see figure &4 is desirable gince it provides "Ackerman steering” at low speed
and good dynamic pesformance at high speed.

sliimimating the vaw degres of freedom between the dolly and first trailer,
rypically through the use of & rigid, doable drawgar on the dolly of the B-dolly
configuration. To prevent unacceptably high levels of tire senffing and stroctural
giress in low-speed maneuvering, this mey be sccompanied by the introduction
of "controilad steering” or "sali-sipering” of the dolly tires, A controlled steering
mechanism providing for steesing of the dolly tires as & function of the
erticulation angile baraesn the dolly and the second traller {5 desirable. A
mechanism which provides approcimately the following steering gain (see figurs
45) is approprizte since this gain provides for “Ackerman steering" at low speed
and good dynamic performance at high spesd:
Cpyra=—Ld =T (18)
WE + OH + LT
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Seif-steering mechanisms require “centering spring” devices {or steering fock)
which effectively prevent sweening of the dolly wheels in éynamic highway
maneuvers, This project hes not specifically identified the level of stzering
resistanee peguired (o estabiish pood performanes, but & device which prevented
steering 2t lateral vive friction wtilization levels of approaimately 0.3 was fouad w
provide very good dynamic performance,

#) Connecticn of the first and second mailers in roll, typically through the use of rigid,
double drawbars of the B-dolly configuration. This scoon proves 1o be very
powertul in improving dynamic rollever threshold dirsctly, Ii may also be
moderately effective in reducing rearward amplification, depending on the
properies of the tires installed on the vehicie, The level of rigidiey anained in this
coupiing is critical in determuning its effectivensss. A manimum siffness of 30,000
in-Ib {3,350 N-m) per degree of relative roll is desirable.

Guldelines for Worse-Case Sratie Loagding. These guidelines are significznt enly 1o
dolliss of the lnked-gniculaton and B-dollv configurations. These dolliss provids new
consmants in vaw andror roll between the dolly and first trailer, thereby intraducing
sigmificant new loads at the coupling between the dolly and first trailer. (Dollizs which
effectively relocate or alter the conventional single-point pintle, do not subsmntally alter
hitch loadings.} These loadings, particularly in response to roll, are bighly dependent on
the rigidity of the delly stuctares and the trailer structures, and this study examined a very
limited sample in this regasd. The simulation sudy assemed roll stiffness of the B-dollv
drawbar coupling of 30,000 in-lbideg (3,390 N-mideg), and otherwise sffectively righd
dally end railer sructar=s, Accordingly, the resulis from the simolation are expected to be
conservaive, All the simulation resulis are from extreme lane-cheange maneavers at the
rollower threshold of the second railer. The physicel testing employed conventionsl van
wailers, 8 lEnked-articulation dolly mechanism with wnknown, but certainly sigmificant,
compliance, and B-dollies with unknown yaw compliance, but with approximately =2.3
degrees of roll-eoupling lath. Vehicles of differing structusal quality could be expected 1o
vield different results, Maximem structural loads in the physicel esting gll came during
tow-speed manenvers specifically designed to siress the couplings.

The waorst-case loadings derived from the resuls of this study are listed in w2ble 41,
These valnes of forces ind moments are intended to serve as first-crder estimates for
guiding the design of nnovative dollies.

(The large difference berween st megsurements and simulation results for M, is due o
g special stress relieving feature of the teor dolly, See the discussion presented in
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[l = 4448 N
in-1b =113 N-m

639,800 648,900

253,900 305,600

Mz, in-lb
Yaw hMoment

Srmulition. Test = Simwfation  Tesl
M.A
GT2400 243300

Roll Momem._
MN.A

Worst-Case Loading YValues
Mz, in-lb
5,800
6i, 250

Fy, Ih
Lateral Fome

Shmwlation_ Test
4014
8.6

Table 41

Linked-Articulation Dollies
B-Dolties (SA-60 or PRO)
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connestion with table 17, If this stress relieving featare is not included in the design of the
dally, the simulaton resuits provide 2 first-order estimate of the maximem roll moment )

Low-speed mansuvering tests that can be parformed in & large parking 2rez can be used
to introduce these forces and moments info prototype versions of new dssigns. Repeated
applications of these foress and moments could be used to investgate stuctural fatigie.
Heravever, this would not rule out the possibility of other types of fatigus faflure.

2. Further Development of Innovetive Dollies

The findings of this smdy indicats that B-doilies are dynamicaily superior to A-dollies
end ether types of innovative dollies because of (a) the roll coupling betwesn the leading
semitrailer and the dolly, and (b} the possibility of steering the dolly wheels to achieve
good trailing fidelity of the last wrailer. However, sstimates from acsident snalyses indicate
that the safety benefits obiained by emploving B-dollist result in a reduction of operating
costs of only 0,84 cents per dolly per mile (1.6 km) (due primarily to an anticipated
reduction in the nember of roliover accidents). This reduction in operating costs dus to
aczident prevention is not pradizred to offset other inereased costs associated with B-
dollies. As lomg as productivity is the ruling force, there Is not much
economic incentive to use heavier B-dollies in place of lighter, simpler A
dallies,

The permif system that exists in the Western Frovinees of Canads encourages the use of
B-dollizs there, Weight allowances and the right o operate on secondary roads are strong
economic incentives that promote the use of B-dolliss in Canads. The ability w back up
and make local deliverizs means that the operation of doubles with B-dollies can be very
stiractive and profiteble in cemain types of service. In order for B-dollies w0 become
popular in the United States, economic incentives may nesd 1o be developsd, These
incentives might come feom (2) reduction, through design or speciel permission, of the
weight penalty associated with B-dollies, (b) extraordinarily unfavorable changes in
insurance rates andior increasss in settlements from law suis, thersby increzsing the
sconomic importance of safety, or (o) allowance to wavel off of the mterstate and primary
highway system to meke deliveries and pick ups.

This study has demonstrated that inmovative dolliss can improve the dynamic
performence of muit-railer combination vehicles. In pddition, flest owners in Canads
mcicate that the:r drivers have greater confidence in the dynamic performance of doubles
equipped with B-dollies. Nevertheiess, several wechnical matters have not been studied
encugh to provide a comprehensive engineering understanding of the phenomena involved.



ESTUDIO DE INVESTIGACION DE LA UNIVERSIDAD DE MICHIGAN
Puede ser consultado en:
http://www.hti.umich.edu/cqi/t/text/text-
idx?sid=50cf84488b83cc2b8ba0554be1cc5¢c98;c=umtri;idno=88519.0001.001

Wiih regard to the mechanics of combination vehicles emploving innovadve dallies, the
fallewmg subjeess wamant furiher mvesosation:

= the sensitivity of dvnamic rollover o the frequency
regponss propesties of the roll motons of doubles

» tha influsncss of "dolly stesring” rules on trailing fidality
(rearwerd amplification versus offiracking)

» the fatigue of dolly and traiter structuret dos to long-term
use in normal service,

In the eree of accident smdi=s, more information is needed on the operation of doubles—
specifically, dzta on acoident oosts, accident types (rollovers of the rear weiler oaly, for
exzgmplel, 2nd exposare (what types of muolt-trailer combinations are operaed by what
rvpes of drivers on what rvpes of roads).

The findings of this study are positve enough with respest to B-dollies to support 2
recommendetion that combinetions with new tvpes of dolbies be tested and evaluated
practical service in the United Stztes, This evaluetion effort would be in additon to a fizld
wial of the prototyps dolly that is currently undsrway in Canada. The evaluation efforis
should inclode en investigation of the time savings, and thersby cost savings, that can be
achieved through the abiliny to back up doubles equipped with B-dollies.
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